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INTRODUCTION

Rushmer suggested that the ventricle acts as
an impulse generator and the “initial ventricular
impulse” can be used as a useful index of myo-
cardial performance(Rushmer, 1964). This view
was further supported by Noble et al. (Noble,
1966) from the cbservation of the high sensiti-
vity of the maximum acceleration of the blcod
flow in the early ejcction phase to intracoronary
injection of stimulating drugs, prior to any
changes in stroke volume. Based upon these
observations, the peak acceleration of the blocd
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 co-inve-
stigators observed that the peak acceleration
was changed with the alterations in aortie
impedance (Wilcken, 1964).

peak acceleration cannot represent the intrinsic

In this case, the

left ventricular contractile state.

To evaluate the above conflicting results, we
performed animal experiment using a conscious
dog, and then, studied quantitatively the hemo-
dynamic factors influencing the peak acceleration
of aortic flow using the equivalent circuit an-
alysis of the left ventricle—systemic circulation

model.
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EXPERIMENT AND RESULTS

To study the afterload dependency of the
peak acceleration in the conscious dog, we per-
formed the following experiment. The experi-
mental protocol was similar to Neble et al’s
(Noble, 1966) and Wilcken et al.’s (Wilcken,
19G4) except that the present measurement was
performed on the conscious dog without ane-
sthesia.

Animal Preparation. On the first day of experi-
ment, the measuring transducers were implanted
on a mongrel dog after amesthesia. An electro-
magnetic flow probe was fitted around the root
of the ascending aorta, and a later balloon was
looped around the descending aorta. This balloon
was used to produce a partial aortic occlusion
after the balloon inflation. A pacing catheter
was used, and a saline-filled catheter was located
in the left ventricle for measurement of L.V.
pressure. Ultrasonic transducers for a sonocar-
diometer were attached to the epicardium of
the left ventricle for measurement of the L.V.
dimension. Ten days after the above transducer
implantation, the experiment was performed in
conscious state without anesthetization, and
these data were used for the analysis.

Measurements and Data Processing. Aortic flow
signal was used as an input to an electronic
derivative circuit for measuring the peak acce-
leration of aortic flow. A four channel paper
recorder was used for recording of L.V. pressure,

the aortic root flow, the acceleration of aortic
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flow, and the L.V. dimension. A Houston Ins-
trument HI-PAD™ digitizer was used to digitize
the paper recorded data as the input to a PDP
MINC-11 computer for further analysis. The
ejection phase was selected using the points
where aortic flow crossed zero level. Then, the
two points on the L.V. pressure waveform
corresponding to the onset and the ending of
the ejection phase were used as the arterial
end-diastolic pressure (Pad) and the arterial
end-systolic pressure (Pas). Between the two
points of Pas and Pad, aortic pressure was con-
nected by a mono-exponential curve, and its
time constant was computed from the values of
Pas, Pad, and the diastolic duration. Left ven-
tricular mean pressure and aortic mean flow
was calculated during the ejection period, and
the equivalent input resistance, Req, was com-
puted as the ratio of the mean pressure to the
mean flow. Source pressure, Pg, was estimated
using Fast Fourier Series from the two adjacent
beats using the data of L.V. pressure and aortic
flow (Min, 1976). A correlation coefficient bet-
ween the peak acceleration and Pad was also

calculated.
RESULTS

The results of the present study were basically
similar to the cxperimental results reported by
Wilcken et al. (Wilcken, 1964). The peak
acceleration diminished by about 179% after
aortic occlusion, and it increased by 33% alfter
release of the aortic occlusion. We could also
observe that the elevation of the peak accele-
ration after balloon deflation was greater than
its diminution after balloon inflation. This result
was also consistent with other investigators’
observations (Wilcken, 1964).

A. Effects of sudden increase in aortic impe-
dance after partial zortic occlusion: When the

aortic impedance increased after aortic occlusion,

the left ventricular pressure increased in the
following beat, and the aortic flow and its peak
acccleration decrcascd temporarily. During the
period of two consecutive beats, therc was no
significant alteration in the performance of the
left ventricle as observed by stable L.V. dimen-
sion wavcform in the consecutive beats. The
arterial end-diastolic pressure, Pad, and the
cnd-systolic arterial pressure, Pas, increased
linearly after occlusion. The time constant of
the exponential decay curve of the diastolic
arterial pressure has increased. Also, the equi-
valent resistance, Req, increased, but the ejec-
tion period decreased slightly. After these tran-
sient phenomena, the aortic flow, the accloration,
and the left ventricular dimension returned to
the pre-occlusion state. With the partial occlusion
remaining for about three minutes, all these
hemodyramic data increased significantly, pre-
sumably due to the autonomic nerve activity.

B. Effects of sudden reduction in aortic impe-
dance after release of aortic occlusion: After
three minutes of the above partial aortic occlu-
sion, the balloon was deflated abruptly to observe
the changes of the peak acceleration after dimi-
nution of aortic input impedance. With the
release of aortic occlusion, there was significant
increases of aortic flow and the peak acceleration
together with a large reduction in left ventri-
cular pressure in the first two or three beats.
During this period, the data of Pad, Pas, the
time constant, and Req decreased significantly,
and the ejection time increased slightly. Follo-
wing these transient changes, L.V. pressure
and aortic flow returned to its normal level
gradually.

The hemodynamic data are summarized in
Table 1 and 2 for pre- and post-aortic occlusion.
The correlation between the peak acceleration
and the end-diastolic arterial pressure is shown

in Table 3.
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Table 1. Hemodynamic parameters before and after impedance elevation caused by aortic occlusion
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Systolic Diastolic

Experimental Pad Pas Mean Mean Req Time
Heart Pressure Flow mmHg Constant Time Time
I%Z?t Procedure (mmHg)  {mmHg) (mmHg) (L/min) (E'/Eirﬁ) {sec.)  (msec.) {msec.)
1 Pre-Occlusion 76.8 99.8 122.9 3.53 34.8 2. 06 40. 8 04.6
2 85. 1 120. 4 129.5 3.47 37.3 2.53 47.1 68.8
3 Post-Occlusion 105.0 136.5 142.6 2.93 48.7 3.07 47.1 70.3
4 121.7 144.4 117. 5 3.01 49.0 11.8

Table 2. Hemodynamic parameters after impedance diminution caused by release of the aortic occlusion

Mecan Req Systolic  Diastolic

Experimental Pad Pas Time
Pressure Flow mmHg Constant Time Time
Beat Procedure (mmHg) (mmHg) (mmHg) (L/min.) (L/min) (sec.) (msec.) (msec.)

1 Prc-Release 160. 9 126. 4 143.2 4. 09 35.0 0.73 54. 8 58.6
2 84.2 128.5 139. 2 4. 06 34.3 0.70 55.5 59.7
3 83.6 112. 1 134.9 4.37 30.9 0. 34 57.0 56. 3
4 Post-Release 48.0 90.8 110.8 6. 16 18.0 0.43 55.9 50.7
5 5.0 77.3 106. 4 5.98 17.8 56.3

Table 3. The relationship between the peak acceleration and the end-distolic arterial pressure, Pad

Beat No. .

. . . Correlation
Experimental 1 2 3 41 5 -
Procedure. Coefficient.
After aortic Peak Acceleration 1. 353 1.393 1.191 1.12
occlusion from (L/min?®)
the control state Pad (mmHg) 76.8 85. 1 105.0 121.7 -0.951
After release of Peak Acceleration 1.592 1. 559 1. 604 1.949 2.077
aortic occlusion (L/min?)

100.9

Pad {mmHg)

THEORETICAL ANALYSIS

To evaluate quantitatively the present experi-
mental results of the changes of the peak
acceleration in response to the changes of aortic
input impedance, we have used the equivalent
circuit analysis on the left ventricle-systemic
circulation model of other investigators (Abel,
1966, 1971; Buoncristiani, 1973; Elzinga, 1973,

1974, 1976; Westerhof, 1973). In theoretical

84.2 83. 6

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 left ventricle is simulated in the model as a
combination of a diode of aortic valve in series
with an intertance(L), and a resistance(Ra),
representing aortic charateristic impedance. For
the peripheral circulation, the arterial capa-
citance (C) is connected in parallel with a
peripheral resistance (Rp) as shown in Fig. 1.

In the model, the voltages are equivalent to
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Fig. 1. (a) The equivalent circuit model of the
ventricle-arterial circulatory system,
(b) The circuit model represented by
Laplace transform with initial conditions,
(¢) Waveform of source pressure, Pg(r).
the prcssure components, and the current repre-
sents the blood flow.

For the sake of convenience, the present
analysis will be restricted to the ejection phase
where the aortic valve opens at t=0, and it
will be assumed that the ventricular pressure,
Ply(t), equals to root aortic pressure, Pa(p),
at all times when the aortic valve is open.

In Fig. 1, the aortic flow during ejection
phase is related to the source parameter 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 Kirhhoff’s current law at the node
N for the ejection period, the Laplace trans-
form of aortic flow, Q(s), becomes

Qs =QI(s) -+Q2(s) o))
_ Pg(s)—Plals)

or Q)= Zg(s)+RatLs
Pad 1 ,

p )"‘*R;’"'P a(s) 2)

-rCs-(P’a(s) -~

where P’a is the pressure at node N, and
(5) represents the Laplace transformation.
Eliminating P’a(s) from Eq. (2), the ejection

flow transform, Q(s), can be related as follows:

{ 1+<Cs+-—-Rl;w> - (Zg() +RatLs) | Qs

:<Cs+,,,RlT).Pg(s) —C+Pad 3

Representing source pressure Pg{t) as an im-
pulse with finite duration as shown in Fig. 1-
(¢), based upon Rushmer’s observations (Ru-
shmer, 1964) that the pumping action of the
ventricles can be represented in terms of initial
impulse, defined as the product of force and
time, we can assume for the analysis that the
maximum acceleration occurs at the early onset
phase of ejection close to the instant of =",
This analysis is also related to the refort
(Rushmer, 1964) that the maximum rate of
myocardial shortening occurs at the onset of
contraction so that initial velocity is the greatest
velocity during contraction. Then, using the
properties of Laplace transform, related to the
differentiation with respect to time ard the
initial-value property, the peak acceleration can
be obtained as follow;

- d%gt)’ max:%L 1=0+C)£i_12 5 [SQ(S)},

and from Eq. (3), {4)
lim s+ [sQ(s)]

i SL(Cs+1/Ry)  Pg (s)—CPad )

e (Cs+1/Ry)<(Zg(s) +Ra+Ls)+1
where “©” represents a Laplace transform
pair.

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

daQie) | .

dr pelim

St Pg(s) P1/RCes Pg (5)— Pades oy

Ls+Zg(s)

For the source impedance, Zg(s), as it com-

sists of passive lumped-elements, the degree of

its numerator polynomial may be the same as

the degree of the denominator polynomial, or

they can be different only by unity. Then,
the limit value of Zg(s) becomes;

lim Zg(s)—

Py

Constant including zero,
when degree of numerator<degree of
denominator,

Zg¥ss,
when degree of numerator>>degree of
denominator, and Zg* is constant. £}

From Fig. 1-(¢), the Laplace transform of

source pressure, Pg(t), can be represented as,
P *
Pg(sy=-—"%

s
where Pg* is constant.

(1—exp{—sty)), (7

From Eqs. (6) and (7), the peak acceleration

can be described as follows;

Qo
gt e
*__
“Pg—L@’ when lim Zg(s) =constant.
¥
%“i‘ » when lim Zg(s) =Zg*es.

(8
The final result of Eq. (8) shows that the arterial
end-diastolic pressure, Pad, as well as Pg* can
affect the peak acceleration for the constant
values of L and Zg* during ejection phase.
Then, we have sutdied the factors influencing
Pad. When the aortic valve is closed, the
peripheral pressure, P’a(t), is equal to the
aortic root pressure, Pa(t), and it decreases
exponentially from the aortic (or arterial) pre-
ssure at the valve closing time, Pas, down to Pad

with a time constant of R,C during the diastolic

phase in Fig. 1-(a). Thus, the arterial end-
diastolic pressure is determined by the properties
of the arterial tree (time constant, R,C), the
factor related to the preceding beat (Pas), and
the diastolic time duration, (7T—¢). Using the
voltage division rule in Fig. 1-(&), the trans-
form of the arterial pressure, P’a(i), before
and after valve closing time, t=t,*, can be
represcnted as follows;
1
Plals)—=. . o /Ry Cy
(Zg(s) -+ Ra3-Ls) +

}
(1/R,+Cs)
*Pg(s), )
U .Y
R, +{l+R,C:s) (Zg(s)+Ra+Ls)
+Pgls)
for 07 <e<yy,

and

rals) e CXPC—Sto)
Pla(s) = STR,C Pas,

or (10)
P'a(t)=Pas+exp [(—(t—10)/R,C]
for #,<t<T.

Eq. (9) can be simplified to Eq. {11) using

an approximation of the term (1-+R,C+s) to
unity for typical values of R, and C.

R
Ryt Ze(o TRaT Ly T8

for o+<e<t,. (1D
For the two consecutive beats before and

Pla(s)=

after aortic occlusion, we can expect that with
constant Pg(s) and (Zg(s)+Ra-+Ls), and with
the increases of peripheral resistance Rp, each
harmonics of P’a(t) grows parabolically to those
of Pg(). The above analysis shows that aortic
pressure at the time of valve closing, Pas,
increases to source pressure Pg at the time of
t—=t, with an increase of Rp.

As a result of circuit analysis, we can con-
clude that, for the same Pg, the peak accele-
ration of ejected blood changes as a function
of the arterial end-diastolic pressure, Pad. On
the other hand, Pad is determined by Pas, the
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Fig. 2-(a). Changes of aortic pressure (upper; line), L.V. pressure (upper; dot) and
aortic flow (lower) waveforms before (first two beats) and after partial

aortic occlusion.
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Fig. 2-(b). Same waveform before (first three beats) and after release of the partial

aortic occlusion.

time constant(RpC), and the diastolic period.
Also, it is shown that the end-systolic arterial
pressure, Pas, represncts a portion of the source
pressure, Pg, with its magnitude varies depen-
ding upon the ratio of the periphecral resistance
to the sum of the sourcc and characteristic

impedences.

DISCUSSION

Theoretical analysis and animal experiment
in the conscious dog with the chronally im-
planted transducers were performed to study
the factors influencing the peak acceleration of
left ventricular blood flow. As a result of circuit

analysis of Eq. (8), the peak acceleration is
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shown to be related to the difference between
the source pressure and the end-diastolic arterial
pressure, Pad. The experimental data also sup-
ported this analysis result with high correlation
coefficient between the peak acceleration and
the end-diastolic pressure.

In the second-order mechanical system con-
sisting of a mass(M) only, the applying force
(F) is related to the acceleration of the mass
by Newton’s second law; F=M-a. This rela-
tionship can be expressed in terms of clectrical
circuit elements in direct analogue form by the
b d©

.

a o T L
(t). Since Noble et al. assumed that at the

equation; v{¢)=L-

time of maximum acceleration, only the iner-
tiance component dominates the opposition to
left ventricular ejection(Noble, 1966), the peak
acceleration of flow was shown to be directly
related to the afterload independent cardiac
force, which can be represented by Pg*/L in
the circuit analysis.

However, the left ventricle and its peripheral
circulatory system can be more accurately rep-
resented by being consisted of a force generator
(pressure source) which the source impedance,
and they are connected to combinations of mass
(inertia), resistance component, and the elas-
tance component. The present analysis shows
that even the peak acceleration 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
analysis, Pad was shown to be an important
parameter, where Pad was affected by the
changes of the peripheral resistance and arterial
capacitance in 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, led to the
alteration of Pad. The present experiment
confirmed the above theoretical results by sho-
wing very high correlation coefficients between
the two parameters (peak acceleration and Pad)
in the ranges of —0.95. 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
cjection. These are based upon Rushmer’s con-
clusion (Flanklin, 1962; Rushmer, 1964) and
other authors’ observations (Sonnenblick, 1962;
1962; Wilcken, 1964; Noble, 1966).

Another assumption of the present study is
that, for two or three beats just after aortic
occlusion or release of occlusion, the source
pressure has not changed. This assumption is
based on the present observations of stable
ventricular dimensional waveform in two beats,
and also, other investigators’ observations (Le-
vine, 1964; Noble, 1972; Noble, 1966; Min,
1976), suggesting that the changes in impeda-
nces between two consecutive beats do not result
in variations in the contractile state.

As shown in Fig. 3 and Table 1 and 2, the
computed source pressure, representing the con-
tractile state of the ventricle has increased,
when the partial occlusion state continued for
three minutes. From the above results, we may
conclude that the changes of the peak acceler-
ation just after the changes of impedance con-
dition are not caused by changes of the source
pressure but due to the variation in the input
impedance. Also, the differences in hemodynamic
parameters and its changes for the balloon
inflation case (Table 1) and the balloon deflation
case (Table 2) may be mainly due to the diffe-
rence of the source pressure between the two

states.

Based upon the above results, the peak acce-

leration of left ventricular blood flow may be
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Fig. 3. Computed source pressure in contro] state (a); and after three minutes
of continuous aortic occlusion (b).

Appendix 1. Four channel paper recorded waveforms of (a) L.V. pressure,

(b) accele-
ration of aortic flow, (c¢) aortic flow and (d) L.V. dimension before and

after partial asortic occlusion.
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Appendix II. Same waveforms before and after release of partial aortic ocelusion.

used as an index of the left ventricular cont-
ractile state, only when we compare the vent-
ricular functions at the constant input impedance
conditions. In the case of the altered arterial
system, the peak acceleration may not be a
reliable index of left ventricular contractile

performance.
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