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== Abstract =A quantitative analysis based upon the equivalent circuit model of the left ven-
tricle-systemic circulation was performed to study the afterload dependency of the peak accel-
eration of the left ventricular ejection flow. Also, in experiments with conscious dogs, the left
ventricular pressure, the left ventricular minor axis dimension, and the aortic flow were mea-
sured using implanted transducers before and after quick inflation of a pneumatic occluder
(balloon), circumferentially placed in the descending aorta, to induce changes of the peripheral
impedance with a constant ventricular contractile state and preload. The present circuit analy-
sis shows that the peak acceleration at the onset of the impulse-like pressure source is
dependent upon the factors of the ventricular performance, and also on peripheral conditions.
The present animal experiments in unanesthetized dogs confirmed the above theoretical re-
sults by showing significant changes of the peak acceleration of aortic flow after changes of the
peripheral impedances. (1052 + 431(cc/sec?), p<0.001 during aortic occlusion and — 1833+
799(cc/sec?), p<0.001 during aortic release) Also, as suggested in the analysis, the high
negative correlation coefficients(—0.74, p<0.01 during aortic occlusion and —0.83, p<0.01
during aortic release) between the peak acceleration and the end diastolic arterial pressure
were shown in the animal experiments. The present study shows that the peak acceeration of
the left ventricular blood flow may be used as an index of the left ventricular performance, only

when one compares the ventricular function at constant input impedance condition.
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INTRODUCTION

Rushmer suggested that the ventricle acts as an
impulse generator and the “initial ventricular im-
pulse” can be used as a useful index of myocardial
perofmrance(Rushmer et al. 1964). This view was
further supported by Noble et al. (1966) from the
observation of the high sensitivity of the maximum
acceleration of the blood flow in the early ejection
phase to the intracoronary injection of stimulating
drugs, prior to any changes in stroke volume.
Based upon these observations, the peak accelera-
tion of the blood flow in the ascending aorta was
proposed as an index of the contractile state of the
left ventricle.

On the other hand, Wilcken and his coinvestiga-
tors observed that the peak acceleration was
changed with the alteration in aortic impedance

(Wilcken et al. 1964). In this case, the peak accel-
eration cannot represent the intrinsic left ventricular
contractile state. To evaluate the above conflicting
results, we studied quantitatively the hemodynamic
factors influencing the peak acceleration of aortic
flow using the equivalent circuit analysis of the left
ventricle-systemic circulation model. Also, we per-
formed animal experiments in conscious dogs to
validate our anlaysis.

MATERIALS AND METHODS

1. Analysis

To evaluate quantitatively the changes of the
peak acceleration in response to the changes of
aortic input impedance, we have used the equiva-
lent circuit analysis on the left ventricle-systemic
circulation model of other investigators (Abel et al.
1966, 1971; Buoncristiani et al. 1973; Elzinga et al.



— 336~

(b)

prgle) = pr{ute) - ute-tg)}

#*

Pe

(c)

Fig. 1. (a) The equivalent circuit model of the ventric-
le-systemic circulatory system. (b) The circuit
model represented by Laplace transform with ini-
tial conditions. (c) Waveforms of source pressure,
Pg(t).

1973, 1974, 1976; Westerhof et al. 1973). In
theoretical analysis, the left ventricle is considered
to consist of a voltage source (Pg) and a series
source impedance (Zg) in Fig. 1. The afterload of
the left ventricle is simulated in the rodel as a
combination of a diode of aortic valve in series with
an inertance (L), and a resistance (Ra), represent-
ing characteristic aortic impedance. For the
peripheral circulation, the arterial capacitance (C)
Is connected in parallel with a peripheral resistance
(Rp) as shown in Fig. 1. In the model, the voltage
is equivalent to the pressure components, and the
current represents the blood flow. (refer
APPENDIX).

2. Animal experiments

To study the afterload dependency of the peak
acceleration in conscious dogs, we performed the

following experiment. The experimental protocol
was similar to Noble ef al.'s (1966) and Wilcken et
al.’s (1964) except that the present measurements
were performed in the conscious unanesthetized
dogs.

On the first day of experiment, the measuring
transducers were implanted in mongrel dog after
anesthesia. An electromagnetic flow prob-
e(HONEYWEL) was fitted around the root of the
ascending aorta, and a latex balloon was looped
around the descending aorta. This balloon was
used to produce a partial aortic occlusion after bal-
loon inflation. Pacing electrodes were attached to
the right atrium to control the heart rate and main-
tain it constant during the experiment. A
catheter-tip pressure transducer (Millar
MIKRO-TIP®) was located in the left ventricle or
aortic root for measurement of L.V. or aortic press-
ure. Ultrasonic transcers for a sonocardiometer
were implanted on the endocardium of the left ven-
tricle, through puncture wounds, to measure the
L.V. minor axis dimension, a sensitive measure of a
change in L.V. volume. Ten days after the above
transducers implantation, the experiment was per-
formed in the conscious state without anesthetiza-
tion, and this data were used for analysis. For the
present study, this surgical procedure was per-
formed on eight mongrel dogs(14 to 19 Kg). Two of
them died during the study, and in another case,
we failed to place the balloon occluder properly.
The experimental results were taken from the re-
maining five dogs. To discriminate the effects of
the time interval of the balloon occulusion, the ex-
periments were performed with broad spectrum of
occlusion time intervals (30 msec to 2 min).

3. Measurements and data processing

Fig. 2(a) and (b) show a sample waveforms of
aortic pressure, the acceleration, aortic flow, and
the L.V. dimension before and after balloon infla-
tion and deflation, respectively. Aortic flow signal
was used as an input to an electonic derivative
circuit for measuring the peak acceleration of aortic
flow. A four channel paper recorder was used to
recording of L.V. pressure, or aortic pressure, the
aortic flow, the acceleration of aortic flow, and the
L.V. dimension. A Houston Instrument HI-PAD™
digitizer was used to digitize the paper recorded
data as the input to a IBM-PC/XT computer for
further analysis. The ejection phase was selected
using the points where aortic flow corssed the zero
level. Then, the two points on the L.V., or aortic
pressure waveform corresponding to the onset and
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Fig. 2. (a) Waveforms of aortic flow (second), aortic pressure (third), LV minor axis (fourth), and the acceleration of
aortix flow (bottom) before and after partial aortic occlusion. (b) Same waveforms before and after release of

partial aortic occlusion.

the ending of the ejection phase were used as the
arterial end-diastolic pressure (Pad) and the arte-
rial end-systolic pressure (Pas), respectively.
Source presssure, Pg, was estimated using Fast
Fourier Series from the two adjacent beats using
the data of L.V. pressure and aortic flow (Min et al.
1976). The values of peak acceleration, Pad, left
ventricular stroke dimension, ejection time, and en-
d-diastolic L.V. minor axis were measured through-

out the balloon inflation and deflation procedures.
A correlation coefficient between the peak accel-
eration and Pad was also calculated.

RESULTS

The changes of peak acceleration was shown to
be sensitive to the changes of input impedance
produced by the balloon occlusion and release.
Fig. 3 and 4 show noticeable changes of peak



—338—

acceleration after the balloon occlusion and relase,
respectively. While there were clear changes in
peak acceleration, we could not observe any signi-
ficant changes of LV stroke dimension as shown in
Fig. 5 and 6. Also, the LV ejection time and the
end-diastolic LV minor axis diameter, which are
related to the contractile state of LV and the pre-
load did not change during the balloon operation
as shown in Fig. 7, 8, 9, 10.

The end-diastolic arterial pressure are shown to
be sensitively changed following the ballon inflation
and deflation in Fig. 11 and 12. These changes are
iversely related to those of the peak acceleration. It
should be noted that there exists an almost linear
relationship with negative slops between peak
acceleration and Pad as shown in Fig. 13 and 14.
These relations are implied in our present analytical
results.

The estimated LV source pressures, Pg, are
shown in Fig. 15. It shows that there exists some
increase of souse pressure between the initial and
final time of balloon occlusion, when this duration
IS long.

DISCUSSION

The results of the present study were basically
similar to the experimental results reported by Wilc-
ken et al. (1964). The peak acceleration dimi-
nished by 1054 +431(cc/sec?) after aoortic occlu-
sion and it increased by 1833+ 799(cc/sec?) after
release of the aortic occlusion. We could also
observe that the elevation of the peak acceleration
after balloon deflation was much greater than its
diminution after balloon inflation in dogs with lon-
ger occlusion period (longer than one minute). This
result was also consistent with other investigators'
obersvations (Wilcken et al. 1964).

Theoretical analysis and animal experiments in
the conscious dogs with chronically implanted
transducers were performed to study the factors
influencing the peak acceleration of left ventricular
blood flow. as a result of circuit analysis of Eqg. (8),
the peak acceleration is shown to be related to the
difference between the source pressure and the
end-diastolic arterial pressure, Pad. The ex-
perimental data also validates this analytical result
with high correlation coefficients (—0.74 and —
0.83 for balloon inflation and deflation, respectively,
p<0.01) between the peak acceleration and the
end-diastolic pressure.

In the second-order mechanical system consist-
ing of a mass(M) only, the applying force (F) is
related to the acceleration of the mass by Newton's

law; F=MA. This relationship can be expressed in
terms of electrical circuit elements in direct ana-
logue form by the equation;

Since Nable et al. (1966) assumed that at the
time of maximum acceleration, only the inertance
component dominates the opposition to left ven-
tricular ejection, the peak acceleration of flow was
shown to be directly reated to the afterload inde-
pendent cardiac force, which can be represented
by Pg*/L in the present circuit analysis.

However, the left ventricle and its peripheral cir-
culatory system can be more accurately repre-
sented by a force generator (pressure source) with
the source impedance. And, they are connected to
the combined loads of mass (inertia), resistance
component, and the elastic components.

The present analysis shows that the peak accel-
eration at the onset of the impulse-like pressure
source is dependent upon the factors including
source and peripheral impedances. In our present
study and other investigators' experimental study,
the peak acceleration was affected by the alteration
of input impedance. Especially, in our circuit analy-
sis, Pad was shown to be an important parameter,
where Pad was affected by the changes of the
peripheral resistance and the arterial capacitance
iIn addition to the source parameters. Changes of
the input impedance can alter the time constant of
arterial pressure waveform during diastolic phase
and the end-systolic arterial pressure Pas, which,
in turn, is related to the alteration of Pad. The
present experiments confirmed the above theoretic-
al results by showing a high correlation coefficient
between the parameters (peak acceleration and
Pad) in the range of from —0.6 to —0.9. In the
present study, we have assumed that the source
pressure acts as an impulse with finite duration,
and thus, the peak acceleration occurs at the onset
of ejection. These are based upon Rushmer's con-
clusion (Rushemr et al. 1964, 1962) other authors’
observations (Noble et a. 1966; Wilcken et al.
1964; Sonnenbick et al. 1962, 1962).

Another assumption of the present study is that,
for two or three beats just after aortic occlusion or
release of occlusion, the ventricular contractility
and the preload have not changed. This assump-
tion is based on the present observations of no
significant changes in ventricular dimensional
waveform in two beats, and, also, of other investi-
gators' observations (Noble et al. 1966; Min et al.
1976; Levine et al. 1964; Noble et al. 1964) sug-
gesting that changes in impedances between two-
consecutive beats do not result in variation in the



contractile state. From the above results, we may
conclude that the changes of the peak acceleration
just after the changes of the impedance condition
are not caused by changes of the source pressure
but due to the variation in the input impedance.

As shown in Fig. 15, the computed source
pressure, representing the contractile state of the

ventricle has increased, when the partial occlusion
state continued for longer than one minute. These
differences in hemodynamic parameters and its
changes after the ballon inflation and deflation in
the group of the longer occlusion period may be
mainly due to the difference of the source pressure
between the two states.

Based upon the above results, the peak accel-
eration of left ventricular blood flow may be used
as an index of the left ventricular contractile state,
only when we compare the ventricular functions at
the constant input impedance conditions. In the
case of the altered arterial system, the peak accel-
eration may not-be a reliable index of left ventricu-
lar contractile performance.

APPENDIX

The present analysis is restricted to the ejection
phase where the aortic valve opens at t=0, and it
is assumed that the ventricular pressure, Plv(t),
equals aortic root pressure, Pa(t), at all times when
the aortic valve is open. In Figure 1, the aortic flow
during ejection phase is related to the source para-
meter and the vascular input impedance, as well
as the arterial end-diastolic pressure, acting as the
capacitance’s initial stored voltage. Thus, in circuit
analysis, Pad is replaced by an initial condition
generator, Pad. - U(t), as shown in Fig. 1(a).

Applying Kirchhoff's current law at the node N
for the ejection period, the Laplace transform of
aortic flow, Q(s), becomes

Q(s)=Q;(s) + Qx(5)

or directly,

> 748+ Ryt Ls (1)-

where P’a is the pressure at the node N, and (s)

represents the Laplace transform. Equalizing the

right sides of Eqgs. (1)-a and (1)-b, it is given by
Po(s)+(Zy(s)+R,+Ls) - C - Puy

P )= T S TR, AL (Cot IR 1
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Eliminating Pa’(s) from Eqg.(1)-b using Eq.(2), te
jection flow transform, Q(s), can be related as fol-
lows;

{1+(CS+R1) + (Lg(s)+Ry+Ls) - Qs)
P
1
:(CS+?) + Pg(s)—C - Pq 3)
p

Representing source pressure Pg(t) as an im-
pulse with finite duration as shown in Fig. 1(c),
based upon Rushmer’s observation (Rushermer et

al. 1964) that the pumping action of the ventricles
can be represented in terms of initial impulse, de-
fined as the product of force and time, we can
assume for the analysis that the maximum accel-
eration occurs at the early onset phase of ejection
close to the instant of t=07.

This analysis is also related to the report (Rush-
mer et al. 1964) that the maximum rate of myocar-
dial shortening occurs at the onset of contraction
so that initial velocity is the greatest during contrac-
tion. Then, using the properties of the Laplace
transform, related to the differentiation with respect
to time and the initial-value property, the peak
acceleration can be obtained as follow;

dQ(t) _dQw
dt '™ dt

IsQ(s)t, (4)

| =0t JLmOO S

and from Eq.(3),

1sQ(s)] =
|‘ s {(Cs+1/R,) - Pg(s)—CP,4|
e (Cs+ 1Rp) - (Zy(s)+ Ry L5)+ 1

lim s

12

where “ «> " represents a Laplace transform pair.

At the infinite limit of the right side of Eq.(4), the
lower power terms of “s” can be deleted, and the
result becomes;

dat) | o 52+ Py(S) 4 5Py(S)/R,C— Pygs

dt e Ls+Z4(s)

For the source impedance, Zg(s), as it consists of
passive lumped-elements, the degree of its numer-
ator polynomial may be the same as the degree of
the denominator polynomial, or they can be diffe-
rent only by unity (Brenner 1967). Then, the limit
value of Zg(s) becomes;
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Fig. 9. Changes of the LV end-diastolic minor axis dia-
meter after aortic occlusion; mean and standard
deviation of difference between pre- and post-
occlusion = —0.22 + 0.32 (mm) (P<0.25)
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Fig. 11. Changes of the end-diastlic arterial pressure
(Pad) after aortic occlusion; mean and standard
deviation of difference between pre- and post-

occlusion = —16.34 + 5.0 (mmHg) (P<
0.001)
gi_{noozg(s): constant including zero,

gree of denominator.

L*gs,

when degree of numeratior < de-
gree of denominator, and Z*, is con-
stant. (6)

{when degree of numeratior = de-

From Fig. 1(c), the Laplace transform of source
pressure, Pg(t), can be represented as,
P*,
Pg(s):—s— (1 —exp(—sty)), (7)
where P, is constant.
From Egs.(6) and (7), the peak acceleration can
be described as follows;
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Fig. 10. Changes of the LV end-diastolic minor axis dia-
meter after release of aortic occlusion; mean
and standard deviation of difference between
pre- and post- release = 0.33 + 0.48 (mm) (P
<0.25)
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Fig. 12. Changes of the end-diastiolic arterial pressure
(Pad) after release of aortic occlusion; mean
and standard deviation of difference between
pre- and release = 27.56 + 14.46 (mmHg) (P
<0.001) ollcusion = 1052 + 431 (cc/sec) (P

<0.001)
dQ(t)
T dat ‘ max. at t=0"=
pP*.—P
g—Lﬂ' when lim_Zg(s)=constant.
P* —P
—L%Z—*E, when lim Zy(s)=2"; - s. )
g

The final result of Eq.(8) shows that the arterial
end-diastolic pressure, Pad, as well as P*; can
affect the peak acceleration for the constant values
of L and Z*; during ejection phase.

Then, we have studied the factors influencing
Pad. When the aortic valve is closed, the peripheral
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presure, Pa’(t), is equal to the aortic root pressure,  sovrce 180 [ SOURCE 180 F
Pa(t), and it dereases exponentially from the aortic ~ PRESSURE PRESSURE
(or arterial) pressure at the valve closing time, Pas, (e ) 120 - (naig) 120 -
down to Pad with a time contant of RpC during the
diastolic phase in Figure 1(a). Thus, the arterial
end-diastolic pressure is determined by the prop- 60 [~ 60 [
erties of the arterial tree (time constsant, RpC), the
factor related to the preceeding beat (Pas), and the oL oL
diastolic time duration (T-t). 55 Tnsec) Lo msec)
Using the voltage division rule in Figure 1(b), the (2) )
transform of the arterial pressure, Pa’(t), before
and after valve closing time t=t,, can be repre- Fig. 15. Computed source pressure in control state (a);
sented as follows: and after two minute of continuous aortic occlu-
. sion (b).
ey (1/R,+Cs) .
Pa’(s) 1 Pa(s) EQ.(9) can be simplified to Eq.(11) using an
(Z4(s)+ R+ Ls)+(m) approximation of the term (1+RpCs) to unity for
p typical values of Rp and C.
Ry Pa'(s)= % - Py(s
R (T RIS R A1) ) Rot (5 +R,+Ls) & (D
for 07 < t < to
for 07< t <to, and For the two consecutive beats before and after
oy exp(—stp) aortic occlusion, we can expect that with constant
a (S):TRDC. Pas, OF Pg(s) and (Zg(s)+Ra+Ls), and with the increase

) of peripheral resistance Rp, each harmonics of
Pa’(t)=Pas - exp [— (t—=1to)/RyC| (100 Pa’(t) increases parabolically to these of Pg(t). The
for o< t < T. above analysis shows that aortic pressure at the



time of valve closing, Pas, increases up to the level
of the source pressure Pg at the time of t=ty with
an increase of Rp.

As a result of circuit analysis, we can conclude
that, for the same Pg, the peak acceleration of
ejected blood changes as a function of the arterial
end-diastolic pressure, Pad. One the other hand,
Pad is determined by Pas, the time constant
(RpC), and the diastolic period. Also, it is shown
that the end-systolic arterial pressure, Pas, repre-
sents a portion of the source pressure, Pg, with its
magnitude varies depending upon the ratio of the
peripheral resistance to the sum of the source and
characteristic impedances.
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