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Abstract

Ž .Objectives: The aim of the present study was to test two hypotheses: 1 the momentum of the blood flowing out of the left ventricle
Ž . Ž Ž ..toward the aorta inertia force plays an important role in the initiation of decay and the maximum rate of decay peak yd Prd t of left

Ž . Ž .ventricular pressure P ; 2 a normal heart itself generates the inertia force which enhances its function. Methods: The contribution of
Ž .the inertia force to yd Prd t was theoretically given as rca , where r is the blood density, c the pulse wave velocity, and a the

Ž . Ž .deceleration rate of aortic blood flow. The correlations of peak yd Prd t with rca and with the time constant t of the pressure decay
during isovolumic relaxation, which was considered to represent myocardial relaxation characteristics, were compared in seven dogs. We

Ž .developed a method of grading the strength of the inertia force, using the phase loop of left ventricular pressure d Prd t vs. P relation .
The method was applied to the records of 25 patients with ischemic heart disease, from which high fidelity left ventricular pressure

Ž . Ž .recordings were available. Results: The correlation of peak yd Prd t with rca was much higher than with t 0.75 vs. y0.46 . 16 of
the 25 patients showed evidence of the inertia force. However, other patients showed no inertia force. The strength of the inertia force

Ž . Ž . Ž .showed a significant P-0.05 correlation with left ventricular end-diastolic pressure rsy0.46 , cardiac index rs0.62 , stroke
Ž . Ž . Ž . Ž .volume index rs0.69 , ejection fraction rs0.46 , and peak yd Prd t rs0.56 . Conclusion: The inertia force of late systolic

aortic flow contributed to ventricular relaxation in the normal heart.

Keywords: Momentum of blood; Diastolic function; Hemodynamics; Blood flow; Computer model; Myocardial ischemia

1. Introduction

It has been generally assumed that the ejection of blood
from the left ventricle to the aorta is stopped near end-sys-
tole, since the myocardium loses its tension and cannot
maintain the force required to eject blood against the

w xperipheral resistance. However, Parker et al. 1,2 have
reported that in late systole, forward negative pressure
waves, in other words rarefaction waves, travelling from
the left ventricle towards the periphery predominate, and it
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Ž . Ž .Japan. Tel.: q81-3 3353-8111; fax: q81-3 3341-0472; E-mail:
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is mainly these negative pressure waves that account for
both the aortic flow deceleration and the decrease in aortic
pressure near end-systole. Questions remain about the

Ž .mechanism s by which the left ventricle generates these
negative pressure or rarefaction waves.

The decay in left ventricular pressure during isovolumic
relaxation is a consequence of myocardial relaxation, i.e.

w xthe decay in the tension-bearing ability 3 of the my-
ocardium. The isovolumic relaxation phase begins at the
time of aortic valve closure. However, left ventricular
pressure starts to decline a short time before aortic valve
closure. This may be due to myocardial relaxation. How-
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ever, we proposed the hypothesis that a major additional
cause of the decline in left ventricular pressure before
aortic valve closure is the ability of the ventricle to decel-
erate the blood flowing out of the ventricle under its own

w xmomentum 4 . In isolated cardiac muscle, shortening abil-
w xity 3 decreases to zero before the tension-bearing ability

w xdeclines 5 . If this were the case in the intact heart in vivo,
the left ventricle would stop actively ejecting blood before
its tension-bearing ability is diminished by relaxation. At
this time, blood still flows out of the ventricle into the
aorta under its inertia, which would cause a decrease in left
ventricular pressure. This hypothesis is consistent with the
negative pressure wave generation near end-ejection.

A simple piston model was adopted to demonstrate the
effect of the momentum of blood quantitatively. Animal
experiments were undertaken to clarify what causes the
decay in left ventricular pressure before aortic valve clo-
sure. The effect of the momentum of blood was also
studied in patients with varying degrees of cardiac disease.
Based on the results of these studies, we suggest the
hypothesis that a normal heart generates the momentum of
blood which enhances its function.

2. Methods

2.1. Theoretical considerations

2.1.1. Decelerating piston model
In considering the effect of the momentum of the blood

flowing out of the ventricle into the aorta on the decrease
in left ventricular pressure near end-ejection, one-dimen-
sional motion of the blood in an elastic cylinder driven by

Ž .a piston is assumed Fig. 1 . The blood is treated as an
incompressible and nonviscous fluid. Because of the elas-
ticity of the cylinder, the flow has wave nature as the
blood flow in the aorta. The x axis is taken along the axis
of the cylinder. At time ts0, the piston is at position

Ž .xs0. On the side x-0 i.e. for t-0 , the piston moves

Fig. 1. Decelerating piston model.

with a constant speed U towards the right. On the side
Ž .xG0 i.e. for tG0 , the piston moves with a constant

deceleration rate a . Then, the velocity of the piston Õ is
given by

ÕsUya t 1Ž .
The upper panel of Fig. 1 shows the trajectory of the

piston.
The equation of continuity for the flow is

E ArE t q ErE x Au s0 2Ž . Ž . Ž . Ž .x t

where A is the cross-sectional area of the cylinder and u
the velocity of the fluid. The equation of fluid motion is

E urE t qu E urE x q 1rr E prE x s0 3Ž . Ž . Ž . Ž . Ž .x t t

where r is the density of the fluid and p the pressure in
the cylinder. The elastic properties of the cylinder wall
determine the relation between p and A:

psp A 4Ž . Ž .
The pulse wave velocity is given by

c2 s Arr d prd A 5Ž . Ž . Ž .
In general, the blood flow measured in the aorta con-

sists of forward waves generated by the left ventricle and
backward waves reflected from the periphery. However,
the above model is applied only to the blood flow during a

Žshort period of rapid deceleration near end-ejection see
.aortic flow in Fig. 5 . Analyses of wave intensity in the

w xaorta 1,2,4,6 assert that in this phase, the forward rarefac-
tion wave dominates blood flow. Therefore, we assume
that the flow in the model cylinder consists of forward

Ž .waves towards the right only. Such a flow is often called
Ž . w xa simple forward wave 7 , and u can be expressed as a

Ž . Ž .function of p and vice versa . According to Eq. 4 , u can
also be expressed as a function of A. Based on this, Eq.
Ž . Ž .2 and Eq. 3 can be written as

E ArE t q d Au rd A E ArE x s0 6Ž . Ž . Ž . Ž .Ž .x t

E urE t q uq 1rr d prdu E urE x s0 7Ž . Ž . Ž . Ž . Ž .Ž .x t

Since

E ArE t r E ArE x sy E xrE tŽ . Ž . Ž .x t A

Ž .Eq. 6 becomes

E xrE t sd Au rd AsuqA durd AŽ . Ž . Ž .A

Ž .and similarly Eq. 7 becomes

E xrE t suq 1rr d prduŽ . Ž . Ž .u

Since the value of A uniquely determines that of u, the
derivatives for constant A and constant u are the same, i.e.

E xrE t s E xrE tŽ . Ž .A u

so that

A durd A s 1rr d prdu 8Ž . Ž . Ž . Ž .
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Ž .From Eq. 5 ,

durd p s durd A r d prd A s Arrc2 durd AŽ . Ž . Ž . Ž .Ž .
9Ž .

Ž . Ž .Combination of Eq. 8 and Eq. 9 yields:

2 2 2durd p s 1rr cŽ . Ž .
whence

durd p s" 1rrc 10Ž . Ž . Ž .
Since rcsconstant, integration of the above equation

gives:

us" 1rrc Hd ps" 1rrc pqC 11Ž . Ž . Ž . Ž .
w xwhere C is an integral constant 8–11 . The plus sign in

Ž . Ž .Eq. 10 and Eq. 11 corresponds to the forward simple
wave and the minus sign to the backward simple wave.

ŽChoosing the plus sign and putting psp at ts0 us0
.U , we obtain

CsrcUyp0

Ž .Substitution of the above equation into Eq. 11 gives

p ypsrcUyrcu 12Ž .0

At the piston surface, the fluid and the piston must have
the same velocity:

usÕsUya t
Ž .Substitution of the above equation into Eq. 12 yields

p ypsrca t 13Ž .0

Ž .Differentiation of Eq. 13 with respect to time gives

yd prd tsrca 14Ž .
Ž .Eq. 14 means that at the piston surface, the negative

time rate of pressure change caused by the deceleration a

is equal to rca .
The time of the maximum rate of fall in left ventricular

Ž .pressure, peak yd Prd t , is generally considered to be
w xthe end of ventricular ejection 12 . Therefore, if the above

piston model is applicable to the left ventricle near end-
Ž .ejection, peak yd Prd t is equal to the product of r, the

density of blood, c, the pulse wave velocity, and a , the
rate of deceleration in the aorta at the time of peak
Ž .yd Prd t .

2.1.2. Myocardial relaxation model
During isovolumic relaxation after aortic valve closure,

the decline in left ventricular pressure is caused purely by
myocardial relaxation, i.e. the decline in the tension-bearing
ability of the muscle. The pressure decline during isovolu-
mic relaxation is often approximated by an exponential

w xcurve, and characterized by a time constant, t 13 .
Experimental observations on isolated cardiac muscles

Žw x w x.14,15 , Fig. 4 and Fig. 7 of reference 5 have shown
that in afterloaded twitches with physiological relaxation
sequence, the maximum rate of tension fall always appears

during isometric relaxation phase. In an isolated cardiac
muscle preparation, the momentum of blood flowing out of
the ventricle is not in existence. Hence, the tension fall is
caused solely by myocardial relaxation. Therefore, the
maximum rate of tension fall is directly related to the
characteristics of isometric relaxation. If the characteristics
of tension fall observed in isolated cardiac muscles can be
applied to relaxation in the intact ventricle, there must be a

Ž .good negative correlation between peak yd Prd t and
the time constant of isovolumic relaxation.

2.2. Animal experiments

Animal experiments were performed to confirm the
Ž .determinants of the peak yd Prd t . The investigation

conforms with the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of

Ž .Health NIH publication No. 85-23, revised 1985 . Seven
Ž .mongrel dogs 13–18 kg were anesthetized with pento-

Ž .barbital 30 mgrkg, intravenously and placed on
positive-pressure respiration with a mechanical respirator
Ž .Bird, Mark 7 . A left thoracotomy was performed through
the fourth intercostal space, and the heart was supported in
a pericardial sling. An electromagnetic flowmeter trans-

Ž .ducer Nihon Kohden, FB-140T was implanted around the
Žascending aorta, and a catheter-tip micromanometer Mil-

.lar Instruments, model PC360 was introduced into the left
ventricle from the left atrial appendage through the mitral

Žvalve. Two other catheter-tip micromanometers Millar
.Instruments, model PC370 were inserted into the left and

right femoral arteries; one was advanced to the ascending
aorta, and the other to the descending aorta. Continuous
recordings of an electrocardiogram, pressure, and flow

Žwere made on a magnetic tape recorder SONY, UFR-
.71460A . The cross-sectional area of the ascending aortic

lumen, A, was calculated from the diameter which equalled
the internal diameter of the electromagnetic flowmeter
transducer minus the thickness of the wall of the ascending
aorta.

Measurements were carried out during changing cardiac
contractility, preload, and afterload. Cardiac contractility
was altered by the intravenous administration of isoprote-

Ž . Ž .renol 2–5 mg or propranolol 10–15 mg . Preload was
increased by the rapid infusion of lactate Ringer’s solution
Ž .80–120 mlrmin . Afterload was altered by the intra-

Ž .venous administration of methoxamine 2–3 mg or phen-
Ž .tolamine 2–3 mg .

At the end of these measurements, the thickness of the
wall of the ascending aorta in situ was measured by
collapsing it with a vernier caliper. The distance between
the catheter-tip micromanometers located in the ascending
and descending aortas was also measured. For this pur-
pose, threads were tied around the catheters where they
entered the femoral arteries to mark how far they had been
inserted.
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2.3. Data analysis

The data on the magnetic tapes were fed into a com-
Ž .puter system NEC, PC9801 DA via an analog-to-digital

converter at a sampling interval of 2 ms. d Prd t was
obtained by differentiating digitally the left ventricular

Ž . Ž .pressure P with respect to the time, and peak yd Prd t
was defined as the maximum negative value of d Prd t.
The time constant of isovolumic left ventricular pressure
fall, t , was defined as the negative inverse slope of the

Ž .relation between d Prd t and P phase loop . The interme-
Ž .diate data points between peak yd Prd t and the mini-

Ž .mum pressure in the d Prd t versus P plane phase plane
were fitted by the method of least squares to a rectilinear
line

d Prd tsykPqC k)0 15Ž . Ž .
where k and C were constants to be estimated. We

Ž .excluded the first several data points after peak yd Prd t
and those before the minimum P, since these data points

w xdeviated considerably from the linear fitting 16 . We
carried out this exclusion as follows. We took a number of
Ž . Ž .about 20 data points at regular intervals say, every 2 ms

Ž .starting from peak yd Prd t . From these points, we
Ž .chose a given number of about 10 successive points,

fitted a straight line to this set of points by the method of
least squares, and calculated the standard error of estimate.
We repeated this procedure for all possible sets of the
same number of successive points, and selected the set
which yielded the minimum standard error of estimate
Ž .Fig. 2 . From this set, we calculated the least squares
values of k and C. The time constant t was given by
ts1rk.

Ž .The mean spatially averaged velocity of blood u was
obtained by dividing the blood flow rate of the ascending
aorta by its cross-sectional area A. The acceleration durd t
was obtained by digitally differentiating u with respect to
the time. The deceleration a was defined as the absolute
value of the peak negative durd t.

The pulse wave velocity was obtained by the method
w xdescribed by McDonald 17 . The pressure waveforms

recorded simultaneously in the ascending and descending
aortas were displayed on the same time axis on the CRT.
The upstream waveform was then delayed until the foot
and as much of the rising systolic limb as possible were
superimposed. The delay is then the time of travel of the
wave front. The pulse wave velocity was given by dividing
the distance between the catheter-tip micromanometers by
this time delay.

2.4. Clinical data acquisition

We picked out records of 25 patients with ischemic
Ž .heart disease Table 1 , from which high fidelity left

ventricular pressure recordings were available. 13 records
were from the archives of the National Cardiovascular

Fig. 2. Method of automatic selection of the data points on a phase loop
which give the best linear fitting during isovolumic relaxation phase.
P s left ventricular pressure. d Prd tsderivative of left ventricular pres-
sure with respect to the time. q: an inadequate set of data points to give
a linear fitting. `: the set of data points to give the best linear fitting
Ž .minimum standard error of estimate . The negative inverse slope of the
best linear fitting line is equal to the time constant of exponential pressure
decay.

Center, Osaka, and 12 were from the archives of the Heart
Institute of Japan, Tokyo Women’s Medical College,
Tokyo. Of 25 patients, nine had been diagnosed as acute

Ž .myocardial infarction, ten old )3 months myocardial
Žinfarction, two angina pectoris one had undergone percu-

.taneous transluminal coronary angioplasty , three coronary
artery bypass grafting and one had normal coronary arter-
ies. These patients were chosen as they represent a range
of left ventricular performance characteristics.

Left ventricular pressure had been measured with a
Žcatheter-tip micromanometer Sentron 811-180SA or Mil-

.lar SPC-464D and recorded on a direct-writing recorder
Ž .Nihon Kohden RMC-2000 or magnetic tape recorder
Ž .Teac RD-135T or SONY PC116 . The data were digitized

Ž .with a scanner Epson GT-6500 at a sampling rate of 1
kHz or via an analog-to-digital converter at a sampling
interval of 2 ms, stored on floppy disks, and fed into a

Ž .computer system NEC, PC9801 DA to obtain the phase
loop.

ŽIn two patients with acute myocardial infarction cases
.8 and 9 and one patient with old myocardial infarction

Ž .case 19 , left ventricular pressure had been measured in
the resting condition, during exercise, and in the recovery
period after exercise. An electrically braking bicycle er-

Ž .gometer Aerobike 232C, Combi, Tokyo, Japan had been
used to impose workload on the patients. Workload had
been increased at a rate of 15 Wrmin until dyspnea
andror fatigue terminated the study. The peak oxygen

Ž .uptake V had been defined as that averaged over theO 2
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Ž .Fig. 3. Relation between peak yd Prd t and the time constant t . Data
from seven dogs were pooled together. Different symbols refer to differ-

Ž .ent dogs. Note that peak yd Prd t is expressed in kPars. Note also that
the correlation between variables is relatively poor.

final 18 s of exercise. The exercise test data were as
follows. Case 8: peak V s15.6 mlrminrkg, peak work-O 2

load s 105 W, exercise time s 8 min, diagnosis s
moderately reduced exercise capacity. Case 9: peak V sO 2

32.6 mlrminrkg, peak workloads180 W, exercise time
s13 min, diagnosissnormal exercise capacity. Case 19:
peak V s21.9 mlrminrkg, peak workloads135 W,O 2

exercise times10 min, diagnosissmildly reduced exer-
cise capacity.

2.5. Grading the effects of the momentum of blood

A method of grading the strength of inertia force using
the recordings of left ventricular pressure alone was devel-
oped. We assumed that if the decline in left ventricular
pressure is caused purely by myocardial relaxation, as is
the case during isovolumic relaxation, it is approximated
by an exponential curve. Then, the corresponding part of

Ž .the phase loop d Prd t-P relation is approximated by a

Ž .Fig. 4. Relation between peak yd Prd t and the inertia effect rca .
Data from seven dogs were pooled together. Different symbols refer to

Ž .different dogs. Note that peak yd Prd t and rca are expressed in
kPars. Note a relatively good correlation between the two variables.

Table 2
Ž . Ž .Correlations of peak yd Prd t with inertia effect rca and time

Ž .constant t

Dog no. Inertia effect Time constant

r P r P

1 0.896 0.008 y0.427 0.199
2 0.933 0.003 0.299 0.283
3 0.611 0.099 y0.803 0.027
4 0.920 0.005 0.830 0.021
5 0.752 0.042 y0.267 0.304
6 0.859 0.014 y0.067 0.450
7 0.893 0.008 y0.721 0.053

r scorrelation coefficient, P sone-sided P value.

Ž . Žrectilinear line represented by Eq. 15 ayb in Fig. 12 in
.Appendix A . However, as shown in Fig. 7, the rate of

Ž .pressure decline yd Prd t often becomes highest around
the time at which left ventricular volume reaches its
minimum. After it reaches the minimum, left ventricular
volume increases again because of the reverse flow accom-
panying the closing motion of the aortic valve. After the
complete closure of the aortic valve, the left ventricle
becomes truly isovolumic. The decelerating piston model
simulates the dynamics of the flow around the time of the
minimum volume.

Ž .In some hearts, as shown in Fig. 8, yd Prd t is low
around the time of the minimum volume, and becomes
highest during the true isovolumic phase. The myocardial
relaxation model is applicable to the dynamics in this case.

In the former case, which is simulated by the decelerat-
Ž .ing piston model, yd Prd t decreases from its maximum

Ž .value to that expected from the isovolumic exponential
pressure decay during the time course from the minimum
volume to the isovolumic volume. The corresponding part
of the phase loop forms a downward hump before becom-
ing rectilinear, and the data point goes below the straight
line which is extended retrogradely from the rectilinear

Ž . Ž .part Fig. 5 and Fig. 12 . Thus, peak yd Prd t becomes
considerably larger than expected from the exponential
pressure decay. We considered this as the effect of the
momentum of blood, and designed a method of grading

Ž .this effect see Appendix A .

3. Results

3.1. Animal experiments

The pharmacological interventions produced a wide
range of measured variables. Fig. 3 is pooled data obtained
from seven dogs showing the relation between peak
Ž .yd Prd t and the time constant t . The correlation be-

Ž .tween the two quantities was weak rsy0.46 , though
significant.

Fig. 4 is also pooled data obtained from seven dogs
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Ž . Ž . Ž .Fig. 5. Left ventricular pressure P and its derivative with respect to time d Prd t , aortic flow, and the phase loop d Prd t-P relation representative of
w xthe group of six dogs. Modified from Sugawara et al. 32 .

Ž . Ž . Ž .Fig. 6. Left ventricular pressure P and its derivative with respect to time d Prd t , aortic flow, and the phase loop d Prd t-P relation from dog no. 3.
w xModified from Sugawara et al. 32 .
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Ž .showing the relation between peak yd Prd t and the
product of blood density, pulse wave speed and decelera-

Ž .tion rca . There was a good correlation between these
Ž .two quantities rs0.75 . The correlation between peak

Ž .yd Prd t and deceleration a alone was also significant
Ž .rs0.63 . However, the correlation coefficient was not as

Ž .high as that between peak yd Prd t and rca .
Table 2 shows the correlation coefficient between peak

Ž .yd Prd t and the inertia effect rca and that between
Ž .peak yd Prd t and the time constant t with the one-sided

P value in each of the seven dogs during the various
interventions. In six out of the seven dogs, the correlation

Ž .between peak yd Prd t and the inertia effect rca was
Ž .significant P-0.05 . In contrast, there was no consistent

Ž .pattern of correlation between peak yd Prd t and the
time constant t . Indeed, a positive correlation was found
in two dogs, the expected negative correlation reading

Ž .significance only in one dog dog no. 3 .
Fig. 5 shows left ventricular pressure and its derivative

with respect to the time, which is d Prd t, aortic flow, and
the phase loop representative of the group of six dogs. The
abscissa of the phase loop is left ventricular pressure and
the ordinate is its derivative d Prd t. The upper half of the
phase loop displays the period of pressure rise, and the
lower half displays the period of pressure fall. The lower
half of the loop had a conspicuous downward hump which

Ž . Žformed peak yd Prd t refer to the hatched area in Fig.
.12 . Fig. 6 shows the data from dog no. 3. The phase loop

had no downward hump.
Fig. 7 shows the pressure-volume curve obtained from

the same data as in Fig. 5. The ordinate is left ventricular

Fig. 7. Time course of pressure-volume curve obtained from the same
data as in Fig. 5. P s left ventricular pressure; V schange in left
ventricular volume. The change in left ventricular volume was obtained
by integrating the aortic flow rate with respect to the time. The volume
during isovolumic relaxation was arbitrarily chosen as the zero point on

Ž .the volume axis. The data points ` were taken at a regular time interval
of 2 ms. Around the time of the minimum volume, the vertical compo-
nent of space intervals between the data points becomes largest, which

Ž .means that yd Prd t becomes highest.

Fig. 8. Time course of pressure-volume curve obtained from the same
data as in Fig. 6. Arranged as in Fig. 7. The vertical component of space

Ž .intervals between the data points becomes largest, i.e. yd Prd t be-
comes highest, during isovolumic phase.

Ž . Ž .Fig. 9. a A clinical phase loop case 17 with an effect of the
Ž . Ž .momentum of blood. b A clinical phase loop case 25 with no effect of

the momentum of blood.
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pressure and the abscissa is the change in left ventricular
volume. Since we did not measure left ventricular volume,
its absolute value was not available. However, the change
in volume was obtained by integrating the aortic flow rate
with respect to the time. The volume during isovolumic
relaxation was arbitrarily chosen as the zero point on the
volume axis.

Ž .The data points open circles were taken at a regular
time interval of 2 ms. Therefore, the horizontal component

of space intervals between the data points indicates the rate
of volume change, and the vertical component of space
intervals indicates the rate of pressure change. The pres-

Ž .sure-volume curve forms a leftward hump abc before
becoming isovolumic because of the reverse flow accom-
panying the closing motion of the aortic valve. Around the

Ž .time at which the volume reaches its minimum b , the
vertical component of space intervals between the data
points becomes largest, i.e. the rate of pressure decline

Ž . Ž . Ž . Ž .Fig. 10. Relations between the inertia force and left ventricular end-diastolic pressure a , cardiac index b , stroke volume index c , ejection fraction d ,
Ž . Ž .and peak yd Prd t e .
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Ž . Ž Ž ..yd Prd t becomes highest peak yd Prd t . As the
data point approaches the isovolumic phase, the vertical
component of space intervals becomes smaller, i.e.
Ž .yd Prd t becomes lower.

Fig. 8 shows the pressure-volume curve obtained from
the same data as in Fig. 6. The method of obtaining this
figure was the same as that for Fig. 7. This figure also has
a leftward hump. However, around the time of the mini-
mum volume, the vertical component of space intervals

Ž .between the data points is small, i.e. yd Prd t is low.
Ž .The intervals are largest, i.e. yd Prd t is highest, just

after the data point reaches the isovolumic line.

3.2. Clinical data analysis

Fig. 9a shows a representative clinical phase loop with
Ž .an effect of the momentum of blood case 17 , and Fig. 9b

shows that with no evidence of an effect of the momentum
Ž .of blood case 25 . The effect of the momentum of blood

Ž . Ž .inertia force graded by Eq. A6 in each patient is shown
in Table 1. 64% of the patients showed the effect of the
momentum of blood to various degrees.

Ž .The inertia force had significant P-0.05 correlations
Žwith left ventricular end-diastolic pressure rsy0.46,

. ŽPs0.02, s.e.e.s3.1, ns25 , cardiac index rs0.62,

. ŽPs0.006, s.e.e.s2.7, ns18 , stroke volume index rs
.0.69, Ps0.002, s.e.e.s2.6, ns18 , ejection fraction

Ž .r s 0.46, P s 0.02, s.e.e.s 3.1, n s 25 , and peak
Ž . Ž .yd Prd t rs0.56, Ps0.004, s.e.e.s2.9, ns25 ,
where s.e.e. is the standard error of estimate and n is the
number of cases. Fig. 10 shows the relations between the
inertia force and these factors. There was no significant
correlation between the inertia force and any other factor
in Table 1. It should be noted that the correlation between

Žinertia force and time constant t was poor rs0.29,
. Ž .Ps0.2, ns25 , and that between peak yd Prd t and t
Ž .was also poor rs0.20, Ps0.3, ns25 . Table 3 shows

the correlation coefficients between factors which had
significant correlations with the inertia force.

Fig. 11 shows the phase loops obtained from cases 8, 9
and 19 in the resting condition, during exercise, and in the
recovery period after exercise. In cases 8 and 19, the phase

Table 3
Correlation coefficients between hemodynamic parameters

LVEDP CI SVI EF Peak IF
Ž .yd Prd t

LVEDP 1.00 NS y0.51 NS NS y0.46
CI NS 1.00 0.94 0.71 0.50 0.62
SVI y0.51 0.94 1.00 0.75 NS 0.69
EF NS 0.71 0.75 1.00 0.60 0.46

Ž .Peak yd Prd t NS 0.50 NS 0.60 1.00 0.56
IF y0.46 0.62 0.69 0.46 0.56 1.00

Ž .NSsnot significant P )0.05 , other abbreviations as in Table 1.

Fig. 11. Phase loops in the resting condition, during exercise, and in the
Ž . Ž .recovery period after exercise from cases 8 top , 9 middle , and 19

Ž .bottom .

loop had only a slight downward hump in the resting
condition while in case 9, the phase loop had a relatively
large downward hump with an inertia force of 4.9 mm Hg.
During exercise and in the recovery period a big down-
ward hump appeared in cases 9 and 19. Inertia forces for
cases 9 and 19 during exercise were 19.5 and 5.5 mm Hg,
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respectively, and those in the recovery period were 8.1 and
5.1 mm Hg, respectively. In case 8, on the other hand, the
lower half of the phase loop did not change distinctly in
the resting condition, during exercise, and in the recovery
period.

4. Discussion

Introducing a new parameter, arterial wave intensity,
w xParker et al. 1,2 showed that it is the heart itself which

stops the flow of blood from the heart by generating
forward rarefaction waves travelling from the left ventricle

w xtowards the periphery in late ejection. Jones et al. 6
supplemented the physical meaning and physiological sig-
nificance of arterial wave intensity, and validated the idea
that the heart stops the blood flow. This was a surprising
finding, since it was generally believed that reflected waves
from the periphery dominated aortic deceleration. How-
ever, if we keep in mind the fundamental characteristics of
a simple forward and a simple backward wave, and ob-
serve carefully the changes in aortic pressure and flow
which precede aortic valve closure, the finding of Parker et
al. seems natural.

Ž .Eq. 10 indicates that pressure and velocity changes
caused by a forward wave are of similar sign, and those

Ž .caused by a backward reflected wave are of opposite
sign. Reflected waves from the periphery are generally
compression waves which increase aortic pressure. There-
fore, these waves decelerate aortic velocity. These changes
in pressure and velocity opposite to one another are often
seen during mid-ejection, especially in humans. However,
aortic pressure starts to decline rapidly near end-ejection
before aortic valve closure. During this period, aortic flow
velocity continues to decrease even more rapidly. Thus,
the changes in pressure and velocity become similar near
end-ejection. This type of pressure and velocity changes
can occur only when forward rarefaction waves are pre-
dominant.

Rarefaction wave generation by the left ventricle can be
a consequence of both the loss of tension-bearing ability
caused by myocardial relaxation, and the deceleration of
aortic flow caused by a reduced rate of myocardial short-

w xening. Jones and Sugawara 4 have proposed a hypothesis
that the momentum of the blood which must be deceler-
ated to a standstill causes a rapid decrease in pressure and
generates rarefaction waves in the left ventricle near end-
ejection.

w x w xSpencer and Greiss 18 , and Noble 19 have suggested
the importance of the momentum of the blood to left
ventricular ejection. Noble has said, ‘‘The early systolic
pressure gradient between left ventricle and aorta acceler-
ates the blood to a high peak velocity and peak momentum
Ž .mass times velocity . The blood may then continue to
flow under its own momentum, and a negative pressure
gradient will be required to decelerate it.’’ This is a most

lucid explanation of the momentum of the blood. He has
also said, ‘‘The blood, once set into motion, will continue
in motion because of its inertia until resistance stops it.’’
In this context, he assumed that the blood is stopped by the
peripheral resistance. According to the finding of Parker et
al., however, the last clause of Noble’s sentence ‘until
resistance stops it’ may be changed to ‘until the heart stops
it’. If Jones and Sugawara’s hypothesis were applicable to
every heart, the above sentence could be changed to ‘‘The
blood, once set into motion, will continue in motion
because of its inertia until it is stopped by the heart,
causing a rapid decrease in left ventricular pressure.’’ The
objective of this paper was to evaluate to what extent this
hypothesis may be applicable.

Ž .In deriving Eq. 14 , we assumed that the blood is an
incompressible and nonviscous fluid. The assumption of its
incompressibility has been generally accepted. However,
the assumption that blood is a nonviscous fluid may need
justification. There has been no analytical solution of the

Žexact equation of motion of a viscous fluid the so-called
.Navier-Stokes equation even for the flow in a straight

elastic tube. The availability of faster computers may
render it feasible to provide numerical solutions of the
Navier-Stokes equation under a smaller number of assump-
tions. However, numerical solutions do not necessarily
elucidate functional relations between flow parameters.
There have been attempts to solve model aortic flows as
analytically as possible under various simplifying assump-
tions. Womersley took into account the viscous force in his

w xpioneer study 20 on the motion of a liquid in an elastic
tube which modelled blood flow in an artery. However, he
neglected the nonlinear convective acceleration term in the

w xequation of motion. Anliker et al. 21 have stressed the
importance of the nonlinear convective acceleration term
to the blood flow in the aorta. They have modelled the
aorta as an elastic tube with a constant peripheral resis-
tance at its distal end, and performed numerical calcula-
tions based on the method of characteristics. They have
assessed the importance of viscous effects on aortic pres-
sure and velocity waveforms by changing the value of
viscosity from 0 to a value ten times as high as that of

Žblood, but leaving the distal boundary condition periph-
.eral resistance unchanged. The comparison of the case of

zero viscosity with the case in which viscosity is the same
as that of blood suggests that the differences due to
viscous force are small in the region of the aorta up to 60

Ž .cm distal to the heart dog model . Of course, the periph-
eral resistance is caused by the effect of the blood viscos-
ity on the flow in small arteries. However, for the fluid

Ž .dynamics of the aorta wave-propagation treatment , pe-
ripheral resistance is lumped as the boundary condition at
the distal end, and is not included in the governing equa-
tions.

w xIn the three-element Windkessel model 22,23 , which is
often used as a model for the systemic arterial load, a
characteristic impedance and a peripheral resistance are
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included. It is obvious that the peripheral resistance corre-
sponds to the distal end boundary condition of the fluid
dynamic treatment. However, the characteristic impedance
is often misunderstood to be a viscous term, since it
produces a pressure drop which is in proportion to flow
rate. The characteristic impedance is derived from the
wave-propagation theory of a nonviscous flow in an elastic
tube. Indeed, it is an inertia term associated with wave
propagation and expressed as rcrA, where r is the fluid
density, c the pulse wave velocity and A the cross-sec-

w xtional area of the tube 24,25 .
Concerning the fluid dynamics of the left ventricular

w x w xejection, Pasipoularides et al. 26 and Pasipoularides 27
assert, based on their clinical measurements and consider-
ing the impulsive and transient nature of the flow, that the
dynamics of the main flow can be analyzed using the
nonviscous fluid approximation. We applied the decelerat-
ing piston model to the flow near end-ejection. In this
phase, although the deceleration rate of ejection flow is at

Ž .its maximum, the velocity is nearly zero Fig. 5 . This also
supports the assumption that the fluid is nonviscous.

We have derived an analytical general solution, Eq.
Ž . Ž . Ž .11 , from the nonlinear basic Eqs. 2 – 5 , including the

Žconvective acceleration term the second term on the left-
Ž .. w xhand side of Eq. 3 8–11 . No explicit description of the

method of deriving this analytical solution from the nonlin-
ear equation had been given before. We derived this
solution by following the method of Landau and Lifshitz
w x7 for obtaining the fundamental characteristics of one-di-
mensional travelling waves in a compressible gas.

In the pooled data from seven dogs, the correlation
Ž .between peak yd Prd t and the time constant t of left

ventricular isovolumic pressure decline was weak, but that
Ž .between peak yd Prd t and the inertia effect rca was

Ž .good Fig. 3 and Fig. 4 . Therefore, it seems likely that the
Ž .major determinant of peak yd Prd t is not the time

constant of isovolumic relaxation, but the ability of the left
ventricle to stop the blood flowing out of it.

Ž .The pulse wave velocity c in Eq. 14 is, theoretically,
the regional pulse wave velocity in the ascending aorta.
However, because of technical limitations, we measured
the pulse wave velocity over the distance between a point
in the ascending aorta and a point in the descending aorta.
To obtain the regional pulse wave velocity in the ascend-
ing aorta, it is necessary to measure the time of travel of a
pulse wave over a distance of about 5 cm, which is an

w xinterval of about 10 ms. Although McDonald 17 asserted
the accuracy of his method, it was practically difficult for
us to read with sufficient accuracy the time interval be-
tween two pressure wave tracings recorded at two points
about 5 cm apart. It was also difficult to position the two
catheter-tipped micromanometers in line on the central
axis of the ascending aorta, since the catheters were ad-
vanced over the curved aortic arch. This made it difficult
to define properly the distance along the central axis
between two micromanometers in the ascending aorta. The

errors caused by the above-mentioned factors become rela-
tively smaller as the distance between the two pressure-
measuring points becomes longer. Therefore, we measured
the average pulse wave velocity over the distance between
the ascending and descending aortas.

However, the regional pulse wave velocity usually in-
creases with the distance from the heart, and the manner of
this change may vary with different dogs. Therefore, the
average pulse wave velocity may not be exactly in propor-
tion to or representative of the regional pulse wave veloc-
ity in the ascending aorta. This can be a source of the
variability of data points about the regression line in Fig.
4.

However, it is still important to include the pulse wave
velocity in the evaluation of the effect of the inertia of

Ž Ž ..blood Eq. 14 , since the change in aortic pressure influ-
ences both the deceleration rate a and the pulse wave

Ž w x.velocity c c increases with aortic pressure 28 . In fact,
Ž .the correlation between peak yd Prd t and a alone

Ž . Ž .rs0.63 was not as high as that between peak yd Prd t
Ž .and rca rs0.75 .

The ability of the left ventricle to stop the blood
flowing out of it may be related to the difference between
the time at which myocardial shortening ability decreases
to zero and the time at which myocardial tension bearing
ability starts to decline. As shown in Fig. 2B of the paper

w xby Brutsaert and Sys 5 , the shortening velocity of an
isolated cardiac muscle in the physiological relaxation
sequence decreases to zero before the force starts to decay.
Concerning this time difference, European physiologists of

w xold times 29 subdivided the systole of the left ventricle
Ž .into three phases: Anspannungszeit isometric contraction ,

Ž .Austreibungszeit ejection and Zeit der ruckstandigen¨ ¨
Ž . w xContraction remaining contraction . Patterson et al. 30
w xand Wiggers 31 referred to this idea and mentioned that

the latter portion of the systole of the ventricles represents
a ‘Verharrungszeit’ or ‘ruckstandige Contraction’, i.e. a¨ ¨
condition in which the ventricles remain contracted with-
out forcing out any blood. During this ruckstandige Con-¨ ¨
traction, blood may still have a tendency to flow out of the
ventricle into the aorta under its own momentum. This
inertia force may cause a rapid decline in left ventricular
pressure.

The aortic flow waveform in Fig. 5, which is represen-
tative of the majority of the dogs studied, has a round
contour with rapid deceleration near end-ejection, a shape
which is commensurate with a large stroke volume. The
high deceleration rate near end-ejection generates a large
effect of changing the momentum of the blood flowing out
of the ventricle at this time, and causes a rapid decay in
left ventricular pressure. Indeed, Fig. 7 shows that
Ž .yd Prd t reaches its maximum around the time of the

Ž .minimum volume end-ejection , and then decreases to its
isovolumic value. This time course of pressure change
causes a large downward hump in the phase plane in Fig.
5.
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On the other hand, the aortic flow waveform in dog
Ž .no.3 Fig. 6 has a lean triangular contour with a relatively

low deceleration rate near end-ejection, a shape which
does not equate to a large stroke volume. In this case, as

Ž .shown in Fig. 8, yd Prd t is small around the time of
the minimum volume and becomes largest in the true
isovolumic phase, i.e. left ventricular pressure decay is
caused predominantly by myocardial relaxation. The
downward hump in the phase plane does not appear in this

Ž .case Fig. 6 . We consider that the former heart is in a
better condition than the latter heart. Therefore, we have
hypothesized that a good heart generates the momentum of

w xblood which improves its function 32 .
The rapid decrease in left ventricular pressure near

end-ejection which may be caused by the momentum of
flowing blood results in rapid late-systolic unloading of the

w xheart. Fig. 5 of the paper by Gillebert et al. 33 shows the
effects of systolic unloading. Late-systolic unloading makes
isometric relaxation faster, and makes the subsequent
lengthening more rapid, all of which enhance diastolic
function.

The strength of inertia force showed a significant corre-
lation with left ventricular end-diastolic pressure, cardiac
index, stroke volume index, ejection fraction, and peak
Ž .yd Prd t . All of these parameters are considered to be
helpful in evaluating the working condition of the heart

Ž .and generally change together Table 3 . For this reason, it
is difficult to determine which index is most closely
dependent on the strength of inertia force. However, an
increase or decrease in the inertia force corresponds to
change in each parameter towards good or poor condition
of the heart. The lack of the correlation between peak
Ž .yd Prd t and the time constant t of relaxation implies
that relaxation itself is less intimately involved with the

Ž .peak yd Prd t than the inertia of blood.
w xCheng et al. 34 have reported that during exercise,

sympathetic stimulation and tachycardia produce a down-
ward shift of the early diastolic portion of the left ventricu-
lar pressure-volume loop which augments early diastolic
mitral valve inflow without an increase in left atrial pres-
sure. Exercise might also be expected to enhance the
inertia force. In case 9, the inertia force was greatly
enhanced during exercise and initial recovery. In case 19,
the inertia force was also enhanced. However, in case 8, no
effects of inertia were seen in the resting condition, during
exercise, and in the recovery period. In these three pa-
tients, a higher augmented inertia force was associated
with greater exercise capacity. Exercise tolerance became
lower in the order, cases 9, 19, 8, providing preliminary

Žsupport for the possibility that a good heart generates and
.benefits from a greater inertia force during exercise.

In conclusion, it appears likely that a normal heart
enhances its function by generating and then utilising the
inertia of aortic blood flow. The calculated inertia force
may prove to be a useful parameter for evaluating the
working condition of the ejecting heart in vivo.

Appendix A

The exponential pressure decay is represented by a
straight line

d Prd tsykPqC A1Ž .
Ž .in the phase plane Fig. 12 . Let t be the time at which1

the trajectory of the data point in the phase plane first
crosses the straight line from above to below, and t be the2

time at which the data point returns to the straight line
( ) ( )from below. Let P t and P t be the pressure at t and1 2 1

Ž .t , and P be the pressure at peak yd Prd t . The2 o

pressure decay from t to t is given by1 2

t2
P t yP t s yd Prd t d t A2Ž . Ž . Ž . Ž .H1 2

t1

If the pressure decayed exponentially following Eq.
Ž .A1 from t to t , it would decrease more slowly and its1 2

Ž .value at t would be greater than P t . Writing this value2 2
XŽ .as P t , we have2

t2XP t yP t s y ykPqC d t A3Ž . Ž . Ž . Ž .Ž .H1 2
t1

Ž XŽ . Ž ..We consider that the difference P t yP t is2 2

caused by the effect of the momentum of blood.
Ž . Ž .Using Eq. A2 and Eq. A3 , we obtain

t2XP t yP t s y d Prd t q ykPqC d tŽ . Ž . Ž . Ž .Ž .H2 2
t1

A4Ž .

Ž .Eq. A1 gives

d tsd Pr ykPqCŽ .
P in the denominator of the above equation varies from

Fig. 12. Method of grading the effect of the momentum of blood. The
Žarea of the hatched region divided by the vertical distance between P ,o

.0 and point d is equal to the amount of pressure decay augmented by the
effect of the momentum of blood. We define this as the inertia force.
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Ž . Ž .P t to P t , but we make the assumption that PsP .1 2 o

Then, we have

d tsd Pr ykP qC A5Ž . Ž .o

Ž . Ž .Substituting Eq. A5 into Eq. A4 , we obtain

Ž .P tX 2P t yP t s y d PŽ . Ž . ŽŽH2 2
Ž .P t1

rd t q ykPqC d Pr ykP qC. Ž . Ž .. o

Exchanging the upper and the lower limits of the inte-
gral, we have

Ž .P tX 1P t yP t s y d Prd t q ykPqC d PŽ . Ž . Ž . Ž .Ž .H2 2
Ž .P t2

r y ykP qC A6Ž . Ž .Ž .o

Ž .The numerator of the right side of Eq. A6 is inter-
preted as the area bounded by the phase loop and the

Ž . Žstraight line represented by Eq. A1 the hatched region in
.Fig. 12 . The denominator is equal to the distance from the

Ž . Žpoint P , 0 to the straight line in the vertical direction too
.point d .
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