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Left ventricular wave speed. J Appl Physiol 91: 2531-2536,
2001.— Left ventricular (LV) wave speed (LVWS) was stud-
ied experimentally and confirmed in theory. Combining the
definition of elastance (E) with the equations for the conser-
vation of mass and momentum shows that LVWS is propor-
tional to the square root of ELA, where L is long-axis length
and A is the cross-sectional area, and the density of the blood.
(We defined ELA = v, where v is compressibility.) We studied
nine open chest, anesthetized dogs, three of which were
studied during caval constriction when LV end-diastolic pres-
sure was =0 mmHg. The hearts were paced at ~90 beats/
min, and LV cross-sectional area was measured by using two
pairs of ultrasonic crystals; E was calculated from the LV
pressure-area loop. A pulse generator was connected to the
LV apex, and LVWS was measured by using two pressure
transducers: one near the apex and the other near the base.
Their distance was measured roentgenographically and com-
pared with the diameter of a reference ball. LVWS ranged
from ~1 m/s during diastole to ~10 m/s during systole. The
slope of the log ¢ (where c is wave speed) vs. log vy was 0.546,
which is in agreement with theory (0.5). When y = 0, LVWS
was ~1.5 m/s.

left ventricle; elastance; distensibility

BECAUSE THE LEFT VENTRICLE (L'V) profoundly changes its
elastance during the cycle of contraction and relaxation
(13), wave speed must also change significantly. At
present, there is only one report in the literature that
relates wave speed to elastance, and those measure-
ments were made during only a part of the cardiac
cycle (10). As we intend to study LV diastolic filling and
systolic ejection using wave-intensity analysis, we de-
signed a protocol to measure wave speed during all
phases of the cycle. Our findings are supported by a
theoretical discussion.

METHODS

Instrumentation. The experiments were performed in nine
healthy mongrel dogs weighing between 21 and 30 kg. Dogs
were anesthetized by thiopental sodium (20 mg/kg) followed
by fentanyl citrate (30 wg-kg 1-h™ 1) and ventilated with a
1:1 nitrous oxide-oxygen mixture with 1.6-2% of isoflurane.
The rate of a constant-volume respirator (model 607, Har-

vard Apparatus, Natick, MA) (tidal volume, 15 ml/kg) was
adjusted to maintain normal blood-gas tensions and pH.
Body temperature was maintained at 37°C using a circulat-
ing-water warming blanket and a heating lamp. An albumin-
saline solution was infused through the jugular vein to main-
tain the blood pressure.

A volume pulse generator was connected to the LV via a
purse-string suture at the apex (Fig. 1). It consisted of a
specially fabricated hollow cylinder with an inner diameter of
4.0 cm and volume of 153 ml, which contained a balloon that
was connected to a counterpulsation pump (Datascope, Para-
mus, NJ). The cylinder was filled with blood, and all bubbles
were carefully removed. Two catheter-tip manometers (SPC-
482A, Millar Instruments, Houston, TX) were introduced
retrogradely into the LV via the common carotid arteries, one
near the apex and the other near the base (Fig. 1), and were
referenced using their fluid-filled lumens so that absolute
values of pressure could be ascertained. The tips of the two
manometers were positioned on a straight line with the end
of the nozzle, and the distance between them was measured
on the radiograph. Two pairs of ultrasonic crystals (Sonomet-
rics, London, Ontario) were implanted in the LV endocar-
dium to measure the anterior-posterior and septum-free wall
dimensions. The pericardium was then loosely sutured to
approximate the normal constraint (9). The heart rate was
controlled at ~90 beats/min by right atrial pacing. A two-
channel laboratory stimulator (model S88, Grass Medical
Instruments, Quincy, MA) was used to trigger the counter-
pulsation pump, which could be adjusted to inflate and de-
flate the balloon (duration, ~100 ms) at any chosen instant
during the cardiac cycle. A smaller inflating volume was
chosen during systole (5 ml) than during diastole (13 ml) to
produce pressure increments of similar sizes. A pneumatic
cuff (In Vivo Metric, Healdsburg, CA) was placed around the
inferior vena cava (IVC).

At the end of experiment, the distance between the two
manometer tips (assumed to be in the same horizontal plane)
was measured from a single-plane, cut-film radiograph taken
with the use of a fluoroscope and a metal ball of known
diameter (1.90 cm) placed beside the LV as a reference.
Knowing the time interval required for the wave to travel
from one manometer to the other and the distance between
them, we could calculate wave speed.

Experimental protocol. A series of IVC occlusions was per-
formed to define LV elastance (see below). The dog was then
allowed to recover for 3—5 min before we started the wave-
speed measurements. The balloon could be inflated at any
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Fig. 1. Experimental setup. A pulse generator, which contains a
balloon, was connected to the apex of the heart. A Lucite cylinder
(inner diameter = 4 c¢cm; volume = 153 ml) was connected to a thin
steel tube (outer diameter = 1.27 cm), which was sutured into the
left ventricular (LV) apex (dotted lines) and filled with blood. The
balloon was connected to a counterpulsation pump. Two catheter-tip
pressure transducers were introduced in the LV via common carotid
arteries: one to the apex and the other to the base. These two
transducers were positioned on a straight line with the nozzle of the
pulse generator. Two pairs of crystals (solid dots, only one pair
shown) were implanted to measured anterior-posterior and septum-
to-free-wall diameter.

instant during the cardiac cycle, which we divided into 15
phases with respect to the marker on the pump. The exper-
iment started by inflating the balloon at the beginning of
systole. We then moved the inflation point to the next phase,
fired the balloon, and then proceeded to the next phase until
the whole cycle had been studied. Between each inflation, we
allowed an interval of 3—5 min for recovery.

In three dogs, we reduced LV transmural diastolic pres-
sures to negative values before measuring wave speed.
Whereas profound arterial hypotension was avoided, the IVC
was constricted until LV diastolic pressure became negative
(=1 to —5 mmHg). This protocol was the same as that
described above, except that measurements were made only
during diastole.

In all experiments, we sought to achieve a quasi-steady
state so that, later, we could subtract the pressure waveform
of the previous control beat from that of the balloon inflation
beat, thereby isolating the signal due to the generated pulse
(see below).

Data analysis. After preamplification (model VR-16, Elec-
tronics to Medicine, Honeywell, White Plains, NJ), the ana-
log hemodynamic signals were passed through an antialias-
ing, low-pass filter with a cutoff frequency of 500 Hz and were
recorded using an Intel Pentium computer with acquisition
software (Sonolab, Sonometrics, Ontario). Data were sam-
pled at 1,600 Hz. To determine the incremental increase in
pressure due to the pulse, the balloon inflation beat was
subtracted from the immediately preceding control beat (Fig.
2). The transmission interval could be measured by either of
two methods: 1) by shifting the base signal to best match the
apex signal and by multiplying the number of sampling
points shifted by the sampling interval, 0.625 ms, or 2) by

LEFT VENTRICULAR WAVE SPEED

fitting the leading edge of the pressure pulses to straight
lines and measuring the times of intersection with the ab-
scissa. The first method was generally adopted during dias-
tole, and the second method was used to increase the resolu-
tion during systolic ejection.

Having assumed that the long-axis length remained con-
stant, we determined the zero-pressure intercept by the stan-
dard Suga-Sagawa method (13). The end-systolic pressure-
area points recorded during IVC occlusion were fitted to a
straight line that was extrapolated to the abscissa.

THEORY

Wave propagation in the LV is modeled by one-dimen-
sional flow in an elastic tube. The expression for mass con-
servation for incompressible blood is

A, +AU),=0 (1)

where A is the cross-sectional area, U is the average velocity
across the vessel, and subscript x indicates partial differen-
tiation with respect to distance along the vessel. Neglecting
viscous dissipation, the momentum equation is
1
U+UU,+-P.,=0 (2)
p
where P is the pressure, p is the density of the blood, and
subscript ¢ is the partial differentiation with respect to time.
Solution of these equations relies on finding a functional

relationship between the vessel A and the local P (i.e., a “tube
law” relationship)

A(x,t) = F[P(x,t); x,t] 3

The ventricle is considered to be an elastic conduit whose
properties vary in time ¢. It is assumed that the properties of
the wall and the flow within the ventricle can be described
with a single spatial variable x, measured along the axis of
the ventricle. The instantaneous ventricular pressure, Plv(¢),
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Fig. 2. The apex (A) and base (B) pressures (P) from balloon-inflation

beats (thin line) superimposed on the respective control beats (thick
line). Arrows signify the arrival of the pressure pulse. ¢, Time.
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is related to the instantaneous volume of the ventricle, V(¢),
by the elastance, E(z) (8)

Plv(¢)

BO = Vv - v,

(4)
where Plv(#) is the spatial average of the pressure P(x,t),

Vlv(¢) (where Vlv is left-ventricular volume) is the integral of
A(x,t) over the length of the ventricle L, and V4 = A4L

1 L
Plv() = LJ. P(x,t)dx

0

L
Vlv(t) =J Alx,t)dx

0

Substituting these expressions into the definition of E, we
obtain the integral relationship

L[P
f [Z—E(A—Ad)]dxzo

where Aq is the zero-pressure intercept and L is assumed to
be a constant. However, variation of the long axis can easily
be accommodated into the theory by setting A(x,#) = 0 over
the part of the ventricle that is obliterated during contrac-
tion. If there is homogeneity in x (i.e., the local elastic behav-
ior of the ventricle is the same throughout the ventricle), then
the integrand must be zero

P() = LEQ)A(®) — Ad

)

(6)

This equation for the local P and A in terms of the time-
varying E of the ventricle provides the tube law necessary to
solve Egs. 1 and 2. In the APPENDIX, these equations are
written in their canonical matrix form from which the wave
speed, ¢, can be determined by solving for the eigenvalues of
the matrix in Eq. A3

ELA
c=4—
Ve

We note that, if we define the “compressibility” of the LV, vy
ELA, or equivalently in terms of the measurable P and A, y
PA/(A — Ag), then the ¢ is simply

(7)

vy
C = 4—
\p
RESULTS

A typical result of apex-to-base transmission of the
pressure pulse is shown in Fig. 3. Wave speeds varied
over an order of magnitude from ~1 m/s during dias-
tole to 10 m/s during systole. Figure 4 shows measured
values of wave speed in temporal relation to a pres-
sure-area loop of a representative cardiac cycle.

Figure 5 shows the log-log plots of wave speeds vs.
compressibility for the six experiments in which the
whole cardiac cycle was studied. The slope of the linear
regression line for each dog represents the power rela-
tionship between wave speed and compressibility from
the experiments ranging from 0.43 to 0.70. Pooled data
are shown in Fig. 6; the regression line for the com-
bined data yields ¢ = 0.974y%%46, which matches well

2533

with the theory ¢ = Vy/p = 0.976v°5, where p is 1,050
kg/m? (5).

The pooled data from the negative-elastance experi-
ments are plotted in Fig. 7 on an expanded linear scale.
The regression line for the positive data is the one
determined in Fig. 6. The average wave speed during

periods when compressibility was negative was 1.34
m/s.

DISCUSSION

One advantage of wave-intensity analysis is that it
can separate the upstream and downstream events
using the pressure (dP) and velocity changes (dU) mea-
sured at a single point in the artery (6, 7, 14). With the
assumption that they are additive, the dP caused by
the forward and backward traveling waves can be
calculated by dP- = %(dP = pcdU) and the velocity
changes by dU+ = *%(dP/pc = dU), where + and —
signify the forward and backward waves, respectively.
The power (W/m?) carried by the forward and back-
ward waves is measured by their wave intensities,
which can be calculated by 1/4pc(dP + pcdU)? and
—1/4pc(dP — pcdU)?, respectively. Note, however, that
these calculations require knowledge of the wave
speed.

A wave is the result of interaction between inertial
and restoring forces. When wave propagation in the
LV is considered, the restoring force is due to cham-
ber elastance, which varies continuously through the
cardiac cycle. The theory shows that the square of
wave speed is linearly proportional to ELA (i.e.,
compressibility), not elastance itself, as suggested by
Shishido et al. (10). Their conclusion resulted from
measurements done exclusively during isovolumic
conditions when the cross-sectional area changes
little. During periods in the cardiac cycle when cross-
sectional area is constant, the two expressions are
equivalent.

In principle, measurements of wave speed are af-
fected by the convection of blood during systolic ejec-
tion and diastolic filling. In our experiments in which
the generated pulse was propagating from the apex to
the base, the measured value in systole is the wave
speed plus the flow speed, and, in diastole, it is the
wave speed minus the flow speed. The peak systolic
flow in the outflow tract is ~1 m/s, which is less than
one-tenth the measured systolic wave speed. In dias-
tole, the convection due to the elastance and cross-
sectional area filling waves may be more important
because their peak magnitudes (~0.4 m/s) may be
approximately one-half that of the measured wave
speed. The convection correction in diastole, which
increases the value of wave speed, compounded with
the smaller correction in systole, which decreases the
value of wave speed, tend to reduce the measured slope
in the log-log plots in Figs. 5 and 6 by raising the low
values and lowering the high values of wave speed.
Thus correction for convection could bring the mea-
sured exponent 0.546 even closer to the theoretical
value of 0.5.
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Fig. 3. Typical example (dog 6) of
wave-speed measurements from early
systole to end diastole. Left: superim-

posed apical LV pressures from the
control and balloon inflation beats
(pressures from the base not shown).
The pressure of the control beat was
subtracted from that of the balloon in-
flation beat to identify the signal due to
the pressure pulse. Arrows indicate the
beginning of the pulse. Right: these
differences [change in pressure (AP)]
from the apex (A) and base (B) are
shown, plotted on the common time 0
scale. The 2 numbers in each plot rep-
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During diastolic filling, LV pressure sometimes falls
below zero. The simple theory above predicts that neg-
ative LV pressure yields a negative elastance and an
imaginary wave speed, which is not reasonable. When
the transmural pressure changes from positive to neg-
ative, compression stress and bending moments may
be induced with effects on wave speed that cannot be
predicted from the simple theory; therefore, when elas-
tance is negative, wave speed has to be determined
experimentally. We have found that wave speeds are

t(s)

consistently similar at near-zero positive and negative
values of elastance.

There are limitations to this model. The shape of
the LV lumen is approximately that of a hemiellip-
soid, surrounded by several muscle layers arranged
in different directions. The LV wall is mostly mus-
cular, but some of the septum is membranous. Only
the upper one-third of the septum is smooth and
membranous, but the remainder of the inner LV wall
is ridged by muscles, the trabeculae carneae. The
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Fig. 4. To show the conceptual relation of wave speed to LV elas-
tance (and therefore compressibility), we have plotted the wave
speed measurements from dog 6 on a representative pressure-area
(A) loop. Zero-pressure intercept (Aq) for this experiment was deter-
mined to be 10 cm?2.

wall is also thinner at the apex than the base (12).
This complicated structure, however, has been sim-
ulated by using one-dimensional models with respect
to the systolic ejection (15) and isovolumic contrac-
tion (10) periods. Using an in vitro model, Steen and
Steen (11) determined that blood moves simulta-
neously as a flow column during early mitral filling.

The wave in the LV was assumed to travel as a
plane, where the velocity is averaged across the
cross-sectional area. By applying the tube law, no
assumption of a uniform cross-sectional area is re-
quired, although we assumed that the long axis
remained constant. We have assumed homogeneous
time-varying compressibility, but this might not be
true near the apex. The assumption might be im-
proved by incorporating more complicated location-

1041 12
'/.)’ °*
D
0.70
. ] e 069 | S
L]
0.1
~ 101 3. ® 14
Q > °
1S e L
~ ¢ 0.45 0.57
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.
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Fig. 5. Log ¢ vs. log compressibility (y) for the 6 experiments in
which the whole cardiac cycle was studied. The slope of the best fit
line determined by least squares regression for each experiment is
indicated at the right of each regression line. The theoretical value
is 0.5, and experimental values range from 0.43 to 0.70.
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Fig. 6. Log ¢ vs. log vy for pooled data from 6 experiments. The
regression line for the pooled data yields ¢ = 0.974+0-546,

dependent properties, which might include time-varying
activation from the central left of the septum, the high
anterior and apical posterior paraseptal areas (1, 2, 4).

The assumption of homogeneous time-varying com-
pressibility implies that each part of the LV is mechan-
ically activated simultaneously. During systole, ~2 ms
were required for the wave to travel from one pressure
transducer to the other, and, during diastole, 16 ms
were required. These times are to be compared with
the ~12 ms required for complete electrical activation
(2, 3) and 22 ms for mechanical activation (4). As
compressibility can be assumed to be relatively con-
stant during diastole and as the transit time during
systole was relatively small, potential effects of com-
pressibility changing during the interval of wave tran-
sit can be ignored.

We conclude that the wave speed in the LV de-
pends only on the instantaneous compressibility,
which can be expressed in terms of the instanta-
neous elastance and volume of the ventricle. Our
experiments showed that this relationship holds
very well over the whole of the cardiac cycle during
which the elastance of the ventricle varies by nearly
two orders of magnitude. In the canine LV, we found
¢ = 0.974v%546 m/s, where vy = ELA, except when v is
negative, when the wave speed is approximately
constant with ¢ = 1.34 m/s.

3 -
c=0.974Y">*
L )
L ]
—_—— 2 | o ° o
0 o
E _"__Cigq,,____o_
© o
1 %o
o]
c=1.34m/s
0 T + v "
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Fig. 7. Average wave speed during periods when the elastance was
negative is 1.34 m/s (pooled data from 3 dogs). For y between —2,000
and 2,000 Pa, the c is effectively constant.
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APPENDIX

The relationship of cross-sectional area, local pressure,
and the elastance can be stated as (Eq. 6)

P-ELA-A)=0

Differentiating, we obtain the differential relationships be-
tween the local area and the pressure and area
P, P,-ELA-Ay
A=— AA=— 77—
Y ELTY EL
where E, = dE/d¢ is an ordinary differential, because of the
assumption of uniform elastance. Substituting these rela-

tionships, the mass conservation equation can be written in
terms of P and U

P,+ UP, + ELAU, - EL(A — Ay = 0 (AD)

The mass (Eq. A1) and momentum (Eq. 2) equations can be
written in the canonical matrix form

U ELA
e fE e - (e

This system of equations is hyperbolic and can be solved
using the method of characteristics. The eigenvalues of the
matrix found from the characteristic equation

U-\N ELA
I yo\=o
P
are A = U = ¢, where c is defined as
ELA
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