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MYOCARDIAL RAPID VELOCITY DISTRIBUTION
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Abstract—Myocardial motion exhibits frequency components of up to 100 Hz, as found by a phased tracking
method. To simultaneously measure the rapid and minute velocity signals at multiple points along the surface of
the left ventricle (LV), in this study, conventional ultrasonic diagnosis equipment was modified to allow 10 scan
lines from a sector scanner to be arbitrarily selected in real-time for analysis. By considering the maximum value
of the velocity in the heart wall and the maximum depth from the chest surface, the number of transmission
directions of the ultrasonic pulses should be carefully confirmed to be 10 to avoid aliasing, which is much less than
the number employed in conventional tissue Doppler imaging (TDI). By applying the system, the velocity signals
at about 240 points in the heart walls were simultaneously measured for three healthy volunteers. During a short
period of 35 ms around end-diastole, the velocity signals varied spatially in the heart wall. At the end of systole,
in the wavelets near the base of the interventricular septum (IVS), the slow pulse continued for about 30 ms, just
before the radiation timing of the second heart sound. Then, a steep pulse occurred just at the timing of the
closure of the aortic valve. The steep pulse at the base preceded that at the apex by several ms. By Fourier
transforming each wavelet, the spatial distribution of the phase of the steep pulse components were clearly
displayed. By applying the measurement method to two patients with aortic stenosis (AS), irregular vibration
signals, which correspond to the murmur of the heart sound, could be directly detected during the ejection
period. In conventional TDI, only the large slow movements due to the heartbeat are displayed, but these rapid
and minute velocity components cannot be displayed. In this study, moreover, the phase components were
detected for the first time from each of the velocity signals simultaneously measured at multiple points along the
10 scan lines. This measurement and method of analysis offer potential for new diagnostic techniques in cardiac
dysfunction. (E-mail: hkanai@ecei.tohoku.ac.jp) © 2001 World Federation for Ultrasound in Medicine &
Biology.

Key Words:Heart wall tracking, Heart wall vibration, Myocardial motion, Rapid and minute velocity, Spatial
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INTRODUCTION AND LITERATURE

Measurement of rapid motion in the heart wall has novel
potential for use in diagnosis of regional myocardial
motility and viability. In this paper, the measured “rapid
motion” includes components with minute amplitude on
the order of several tens ofmm up to several hundred Hz,
which has not been recognized in standard M-mode
echocardiography, B-mode echocardiography, nor in
TDI. It has already been experimentally shown that the
Fourier spectra of the rapid motion up to 100 Hz has
novel potential for use in diagnosis of myocardial fibro-
sis (Kanai et al. 1996) and that the frequency components

from 25 to 90 Hz contribute to regional myocardial thick-
ening and thinning (Kanai et al. 1997). The rapid motion
measured in this study should be distinguished from the
slow motion displayed in the M-mode or B-mode images
with large amplitude on the order of several hundredmm
and with low frequency of less than 15 Hz.

Because tracking of the instantaneous position of
the heart wall is indispensable in the above measurement,
the correlation techniques previously devised for the
measurement of blood flow (Dotti et al. 1976; Bassini et
al. 1982; Bonnefous and Pesque 1986; Suorsa et al.
1990; Jensen 1991; Hein et al. 1993; Hein and O’Brien
1993) and small slow motion of tissue (Adler et al. 1990;
Dickinson and Hill 1982; Tristam et al. 1988; de Jong et
al. 1990; Hein et al. 1992) cannot be applied directly in
the measurement.
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The locations of the endocardium and epicardium
are traced by analyzing the M-mode image (Fleming et
al. 1994), but only large slow motion of the wall is
followed. The specular reflectors in M-mode images are
tracked from the cross-correlation along digitized M-
mode lines (Adler et al. 1990). However, the spatial
resolution is limited to several wavelengths, namely,
those more than 1 mm.

In the estimation of two-dimensional (2-D) strain
distribution or tissue elasticity (Ophir et al. 1991), the
strain is estimated by correlation between the radiofre-
quency (RF) echo pair acquired at precompression and
postcompression, but the minute strain that sequentially
occurs during the compression process, is not consid-
ered.

In sonoelasticity imaging, using color Doppler in-
struments (Lerner et al. 1990; Parker et al. 1990) or the
correlation technique (Yamakoshi et al. 1990; Catheline
et al. 1999), 2-D spatial distribution of the amplitude and
the phase of the actuated minute rapid motion in soft
tissue or organs is displayed. The tracking operation,
however, has not been applied.

In TDI, the previous 2-D color-flow mapping in-
struments have been modified to acquire low-frequency
large-amplitude Doppler signals (Sutherland et al. 1994;
Yamazaki et al. 1996). The translation velocity and ro-
tation velocity in the LV short-axis view have been
obtained (Watanabe et al. 1997) and the strain rate of the
regional myocardium has been estimated (Heimdal et al.
1998). The velocity gradient, which assesses the regional
myocardial contractility, is also shown (Fleming et al.
1994; Uematsu et al. 1995). Various reports have vali-
dated TDI clinically (Miyatake et al. 1995; Donovan et
al. 1995). However, only large slow motion due to the
heartbeat is displayed in TDI. At the same time, the
velocity waveform in the heart wall is displayed at a low
sampling frequency of about 30–40 Hz (Fleming et al.
1994; Yamazaki et al. 1996). The clinical meanings of
the velocity waveform and the velocity gradients have
been investigated (Palka et al. 1995, 1996; Goecsan et al.
1996). However, because the sampling frequency is not
sufficiently high, the rapid and minute velocity compo-
nents are not included in any of these results.

A digital echo-tracking method has also been ap-
plied to measure arterial wall motion, in which the zero-
crossing point of the echo signal is tracked using a
flip-flop–based device (Hokanson et al. 1970), the elab-
orate phase-locked loop technique (Hokanson et al.
1972; Sainz et al. 1976; Korba et al. 1979; Rapoport and
Cousin 1982; Groves et al. 1982), or a high-speed A/D
conversion system of 25 MHz (Hoeks et al. 1990). The
spatial resolution in measurement of displacement is on
the order of tens of mm. A digital wall-tracking system
using counting clock pulses of 27 MHz has also been

proposed (Powalowski 1988). In these echo trackers,
however, only the phase of the received RF signal is
considered. Furthermore, it is easily affected by additive
noise, as pointed out by Hartley et al. (1991), and it is
difficult to lock onto and remain locked to the desired
echo inin vivo experiments. As described in Kanai et al.
(1996), to track the rapid and minute motion in the heart
wall, the quantization error in the determination of the
zero-crossing point or the rising edge is still large (sev-
eralmm), even when the sampling clock frequency,fCLK,
is 100 MHz.

We have already developed a novel ultrasonic-
based method, namely, the phased tracking method, to
measure the rapid velocity in the heart wall by accurately
tracking the movementxi(t) of a point (i ) in the heart
wall by the constraint least squares method applied to
both the phase and magnitude of the quadrature-demod-
ulated signals (Kanai et al. 1996). RF pulses are trans-
mitted from an ultrasonic transducer at a pulse repetition
intervalDT, and the reflected ultrasonic wave is received
by the same transducer and is multiplied by the original
RF signal in quadrature demodulation. By synchronizing
the pulse transmission timing and the acquisition timing
in A/D conversion rigidly with the original RF signal, the
achieved lower limituyminu in the above velocity mea-
surement is 0.1 mm/s, which was confirmed in phantom
experiments (Kanai et al. 1997), using the developed
method and system (Kanai et al. 1996). The lower limit
depends on the small dispersion in the above synchroni-
zation and on the additive noise in the received signal.
Because the lower limituyminu is less than 1/2000 of the
upper limit uymaxu of the measurable velocity, which is
free from aliasing, the dynamic range of the velocity
measurement is given by 20 log10uymaxu/uyminu 5 73 dB.
In phantom experiments (Kanai et al. 1996), a vibration
with small amplitude of 20mm generated on the large
motion with an amplitude of67.5 mm and a frequency
of 1 Hz, which simulates heartbeat, was successfully
measured in the range from 1 Hz to 1 kHz.

Application of the quadrature demodulation shifts
the spectrum peak from around the frequency (f0) of RF
US to around d.c. in the frequency domain. So long as
the employed acquisition frequency (fs) in the A/D
conversion is higher than the bandwidth of the original
spectrum aroundf0, no information is lost by the quadra-
ture demodulation. For this measurement method, there-
fore, there are two kinds of spatial resolution along an
ultrasonic beam; one is the minimum spatial interval
between the succeeding points presettable in the heart
wall, which is determined by the original frequency and
bandwidth and is about 500mm in the system. The other
is the lowest measurable displacement or change in
thickness between two points, which is dependent on
precision in the above synchronization and additive noise

482 Ultrasound in Medicine and Biology Volume 27, Number 4, 2001



and is about 0.5mm in the system, confirmed in separate
phantom experiments (Kanai et al. 1999c).

By applying this method and system toin vivo
experiments, the velocity signal,y(t; xi), of point i at a
depth ofxi in the heart wall with small amplitudes, which
are less than severalmm on the large motion resulting
from a heartbeat, can be successfully detected with re-
producibility as shown in Fig. 1c and d. By applying
frequency analysis to the resultant velocity signal,y(t;
xi), of the heart wall, the Fourier spectrum ofy(t; xi) has
been obtained for the first time with sufficient reproduc-
ibility in the frequency range up to 100 Hz (Kanai et al.
1996). The developed method has already been realized
in a real-time measurement system (Kanai et al. 1999a).
Moreover, from the difference of the resultant velocity
signals {y(t; xi)} between pointxi and its succeeding
point xi11 preset along the ultrasonic beam, a minute
change in thickness of several tens ofmm has been
detected with spatial resolution of 0.5mm (Kanai et al.
1999c), as described above. In this method, however,
measurement of the velocity signal and the change in
thickness is limited to multiple points along one scan line
of an ultrasonic beam passing through the object region.

To increase precision in the diagnosis, it is neces-
sary to display the spatial distribution of these factors
without decreasing the temporal resolution and spatial
resolution along the depth axis. In this paper, by employ-
ing multiple 1-D configurations, each of which shows the
axial component along the ultrasonic beam with fast
acquisition intervals, the 2-D spatial distribution of the

rapid velocity components is obtained on the cross-sec-
tional 2-D image.

The proposed method is applied to the following
three fields in this paper.
1. Identification of mode-2 eigenvibration at end-dias-

tole. LV pressure and its elasticity are significant
parameters necessary for the clinical diagnosis of
heart diseases. In particular, the LV end-diastolic
pressure (LV-EDP),PED, is usually needed to assess
the LV function in clinical settings. However, the
LV-EDP, the normal value of which lies between 5
and 12 mmHg, cannot be obtained from the blood
pressure measured at the brachial artery. Furthermore,
the LV end-diastolic elasticity (LV-EDE),EED, can-
not be noninvasively measured, and invasive cathe-
terization is essential for the measurement of LV
pressure of a patient. Though this measurement has
high precision, such cardiac catheterization is difficult
to apply at the bedside. Therefore, a noninvasive
technique for measurement of LV-EDP (PED) and its
elasticity,EED, is desired and has been developed as
follows:

By approximating the LV wall vibration at end-
diastole by a free vibration of an elastic shell, as
shown in Fig. 2, Honda et al. (1994) have experimen-
tally derived a simple relationship among the average
Young’s modulusE of the LV wall, LV internal
radiusr , LV wall thicknessh, myocardial densityr,
and LV instantaneous eigenfrequencyf2 of the
mode-2 eigenvibration. From experiments (Honda et
al. 1994), it has been confirmed that the elasticity,E,
of the shell is estimated from the two size parameters
(r andh) and the mode-2 eigenfrequencyf2 without
measuring LV-EDP.

By theoretical analysis (Mirsky et al. 1974), fur-
thermore, the LV elastic stiffness,Eq, is given by the
two size parameters (r and h) and the LV-EDP
(PED). By assuming coincidence of the values of
these two kinds of elasticity,E and Eq, which have
been differently derived, the LV-EDP (PED) is deter-
mined from the eigenfrequencyf2 of the LV wall
vibration and the two size parameters (r and h),
which are measured by B-mode echocardiography.

Fig. 1. Velocity signals on IVS measured by the phased track-
ing method for a healthy young subject. Five heartbeats are
overlaid. The discriminative pulsive waves at end-diastole and

end-systole are indicated by ovals.

Fig. 2. Three phases of a mode-2 vibration of an elastic spher-
ical shell.
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In in vivoexperiments, the vibrationy(t) on the LV
side of the IVS is measured by the phased tracking
method. By applying the short-time Fourier transform
to y(t), the instantaneous mode-2 eigenfrequencyf2 is
determined at end-diastole. Using thef2, the LV-EDE
(EED) and then the LV-EDP (PED) are determined.
The procedure has already been applied to five pa-

tients (Kanai et al. 1999b). The estimates,EED
ˆ , have a

significant correlation with the ratio,PED/VED

[mmHg/mL], which has been employed for evalua-
tion of the cardiac function, where the LV-EDP
(PED) is directly measured by catheterization and the
LV end-diastolic volumeVED is measured by angio-
cardiography. Furthermore, the resultant pressure es-

timate, PED
ˆ , almost coincides with the actual one,

PED, invasively measured by a catheter in the LV.
Though the mode-2 eigenvibration of the LV has

been observed only inin vitro experiments with iso-
lated canine hearts (Koiwa et al. 1988; Honda et al.
1994; Sato et al. 1996), it has not yet been confirmed
in in vivo experiments with human hearts. Therefore,
we applied the method developed in this study to the
LV wall of four subjects to confirm that there is
mode-2 vibration on the LV wall at end-diastole
based on the spatial distribution of the frequency
component around 30 Hz in the resultant vibrations
{ y(t; xkj)}. For this purpose, it is necessary to simul-
taneously measure the rapid velocity signals at points
along each of multiple scan lines and to apply fre-
quency analysis to each waveform.

2. Spatial delay-time detection of pulsive wave at end-
systole. With the phased tracking method, it is possi-
ble to accurately detect small amplitude velocity sig-
nals of less than a fewmm in the heart wall (Kanai et
al. 1996). As shown in Fig. 1c and d, there are several
remarkable pulsive waves during one cardiac cycle in
the resultant velocity signals, two pulsive waves
(slow positive pulse and succeeding steep negative
pulse) being commonly obtained around end-systole
for both healthy subjects and patients with myocardial
fibrosis, but their powers were reduced in the patients
(Kanai et al. 1996). These pulsive waves cannot be
recognized in standard B-mode echocardiography, M-
mode echocardiography, or in TDI. The physiological
meanings and the mechanism of the pulsive waves
have not been previously investigated at all. Herein,
to consider the mechanism of these waves, the timing
of the pulsive waves is simultaneously measured at
the multiple points in the IVS and the LV posterior
wall (LV-PW). For this purpose, it is necessary to
detect the minute time-delay of several ms in the
pulsive waves. If the mechanism of the pulsive waves

is clarified, it will offer potential for novel quantita-
tive assessment of myocardial viability.

3. Irregular vibration during ejection period in AS. For
patients with AS, a murmur, which is generated due to
the irregular blood flow around the aortic valve, is
generally detected during the ejection period in the
heart sound. For such patients, on the other hand, if
irregular vibrations are also directly detected in the
heart wall by the phased tracking method, it will offer
novel information regarding the origin of the murmur
and the negative effect of the irregular blood flow on
the myocardium.

For the above three applications, the following pro-
cedures are employed in this paper. Fromin vivo exper-
iments, novel results were obtained.

METHOD

Principle of measurement of heart wall vibrations with
tracking

RF pulses with an angular-frequency ofv0 5 2pf0
are transmitted at a time interval ofDT from an ultra-
sonic transducer on the chest surface. The ultrasonic
pulse, reflected at an object with the depthx, is received
by the same transducer. The phase differenceDu ( x; t)
between the received signaly( x; t) and the subsequently
received signaly( x; t 1 DT) is given by:

Du ~ x; t! 5 u ~ x; t 1 DT! 2 u ~ x; t!

5
2v0

c0
Dx~t!, (1)

whereDx(t) 5 x(t 1 DT) 2 x(t) is the movement of
the object during the periodDT from a timet andc0 is
the acoustic velocity in the human body. By dividing the
movementDx by the periodDT, the average velocity
y(t 1 DT/ 2) of the object during the periodDT is given
by:

ŷS t 1
DT

2 D 5
Dx~t!

DT

5
c0

2v0

Dû~ x; t!

DT
, (2)

where the phase differenceDû( x; t) is accurately deter-
mined by the constraint least squares approach based on
the complex cross-correlation betweeny( x; t) andy( x;
t 1 DT) for suppressing noise components, under the
constraint that the signal waveform is invariant during
DT but only the signal phase can change (Kanai et al.
1996). By multiplying the resultant velocityŷ(t 1
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DT/ 2) by the periodDT, the next depthx̂(t 1 DT) is
estimated by:

x̂~t 1 DT! 5 x̂~t! 1 ŷS t 1
DT

2 D 3 DT. (3)

By moving the depth of the object along the direction of
the ultrasonic beam based on the resultant object depth
x̂(t 1 DT) by ŷ(t 1 DT/ 2) 3 DT, the displacement of
the object is successfully tracked, and then the velocity
signal ŷ(t 1 DT/ 2) on the tracked large motion is
accurately estimated (Kanai et al. 1996). This procedure
is called the phased tracking method.

Limit in the number of scan lines from the ultrasonic
probe

The time-domain complex cross-correlation tech-
nique is employed in this paper to maintain the spatial
resolution, but it suffers from aliasing. In eqn (2), the
phase difference during the pulse repetition interval,DT,
must be less thanp to avoid aliasing. Therefore, the
upper limit in the velocity measurement,uymaxu, is deter-
mined by:

uymaxu ,
c0p

2v0DT
5

c0

4f0DT
5 0.77 m/s. (4)

In a typical case ofDT 5 167 ms andf0 5 3 MHz, the
upper limit uymaxu is equal to 0.77 m/s.

To measure the velocity signals simultaneously at
multiple points along the surface of the LV, the ultra-
sonic diagnostic equipment was modified so thatN scan
lines with directions {uk} ( k 5 1, 2, . . . , N) from a
sector scanner are arbitrarily selected in real time using a
microcomputer, as shown in Fig. 3, where {z } denotes
set. In the employed phased-array ultrasonic probe, the
direction of the ultrasonic beam in the fan-shaped region
is identified by inputting the beam address,nk, which is
numbered from 0 to 239, into an 8-bit address register,
which controls the directionuk of thek-th scan line from
the phased-array ultrasonic probe. The number,N, of the
directions should be increased as much as possible so as
to increase the spatial resolution. For the heart wall,
however, it is not easy to increase the number,N, of the
transmission directions of the ultrasonic beams to defi-
nitely display the spatial distribution of the velocity on
the cross-sectional image, as described below.

WhenN directions are selected from the above 240
addressable directions, the equivalent transmitted inter-
val is lengthened toN 3 DT from the repetition trans-
mitted intervalDT of the ultrasonic pulses, and the upper
limit of the measurable velocity in eqn (4) is reduced to:

uymax,Nu 5
uymaxu

N
5

c0

4f0DTN
. (5)

The maximum value of the velocity at the points in the
IVS or the LV-PW of the human heart is about 0.07 m/s
(Kanai et al. 1996) in a typical case, which is about 1/10
of uymaxu in eqn (4). The maximum depth,dmax, of the
human LV-PW is about 120 mm from the chest surface.
Therefore, the transmission intervalDT of the ultrasonic
pulses cannot be shorter than 2dmax/c0 (5 156 ms).
Thus, we must select 10 appropriate directions (N 5 10)
from the 240 directions addressable in the phased-array
ultrasonic probe.

Let us consider the case where the number of the
directions of the ultrasonic beams is equal toN at the
measurement. If the addresses of the beams are assigned
in the order of:

n1, n2, n3, . . . ,nN, n1, n2, n3, . . . ,nN, n1, n2, n3, . . .
u4OOOOOO3u4OOOOO3u4OOOO

NDT NDT
,

(6)

the equivalent pulse repetition interval at each direction
lengthens toN 3 DT. Therefore, the upper limit of eqn
(4) becomesuymaxu/N, as described in eqn (5).

Fig. 3. A diagram illustrating simultaneous measurement of the
velocity signals at multiple points on the LV wall by selecting
10 scan lines with directions {uk} from a sector scanner in

real-time using a microcomputer.
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Alternatively, for the procedure in which the trans-
mission order of the beam is assigned as:

the ultrasonic pulse is transmitted twice in every direc-
tion to determine the displacement of the object from the
phase shift duringDT. This procedure is employed in
conventional color Doppler imaging and TDI. However,
there are two kinds of equivalent pulse-repetition inter-
vals, DT and (2N 2 1) 3 DT. Thus, the measurable
upper limit of the velocity is reduced touymaxu/(2N 2 1),
which is about half ofuymax,Nu in eqn (5). For the tracking
operation in eqn (3), such error in the velocity estimated
in the longer interval of (2N 2 1) 3 DT accumulates in
one cardiac cycle and introduces serious errors. There-
fore, we employ the transmission order of eqn (6) inin
vivo measurements in the following sections.

Because the frequency components up to 100 Hz
are significant in the novel diagnosis of the myocardium
(Kanai et al. 1996, 1997) and the velocity signal on the
heart wall is not stationary, the sampling frequency of the
velocity signal should be higher than 200 Hz. By the
transmission order of eqn (6), the equivalent sampling
frequency is 1/(N 3 DT), as shown in Fig. 4a and about
600 Hz, which satisfies the above conditions whenDT 5
167 ms andN 5 10. Note that, even by this procedure,
a time lag of DT is caused in the sampling timing
between the velocity waveyk(t) in thek-th direction and
yk11(t) in the (k 1 1)th direction and, for TDI, as shown
in Fig. 4b, the time lag caused in the sampling timing
betweenyk(t) andyk11(t) is equal to 2M 3 DT and is
much larger, whereM 3 N is the number of the beam
directions in the conventional TDI.

When all conditions are considered to be satisfied,
the number,N, of the transmission direction of the ul-
trasonic pulses should be carefully confirmed to be 10,
which is much less than the number employed in the
conventional color Doppler method or TDI (i.e., M 3
N) which is more than 100.

RESULTS

By applying the phased tracking method described
in the previous section to eachj -th point preset along the
k-th scan line of 10 directions, the velocity signals at
about 12 points, {Ak, j} ( k 5 1, 2, . . . ,10), from the RV

side to the LV side of the IVS and about 12 points,
{ Bk, j} ( k 5 1, 2, . . . ,10), from the endocardium to the

epicardium in the LV-PW of a 21-year-old healthy male
volunteer (subjectNA) were simultaneously measured. In
the in vivo experiments, the employed pulse repetition
intervalDT and the ultrasonic frequencyf0 were 167ms
and 3 MHz, respectively. That is, the original pulse-
repetition frequency (PRF5 1/DT) was 6 kHz. The
sampling frequencyfs in the A/D conversion of the
quadrature demodulated US signal was 2 MHz.

Figure 5a shows the original cross-sectional
B-mode image along the parasternal short-axis of the LV
chamber at the timing of the R-wave of the electrocar-
diogram (ECG). The overlaid curved broken lines show
the surfaces of the IVS, LV-PW, and the right ventricular
(RV) wall. The ultrasonic beam was transmitted in 10
directions every 10th address fromn1 5 80 to n10 5
170. The 40white dots in Fig. 5a show a portion of the
measurement points on the RV side and LV side of the

n1, n1, n2, n2, n3, n3, . . . , nN21, nN21, nN, nN, n1, n1, n2, n2, . . .
u4O3u4OOOOOOOOOOOOOOOO3u43u4OOO

DT ~2N 2 1!DT DT
, (7)

Fig. 4. The sampling timing and delay time between the digi-
talized velocity signalsyk(n) in the k-th direction when the
number,N, of beam directions in the proposed method is 10
andDT 5 167 ms. The productM 3 N shows the number of
beam directions in conventional TDI and is assumed to be 100
in this paper (M 5 10). (a) By themethod proposed in this

paper; (b) by the conventional TDI method.
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IVS and the endocardial and epicardial sides of the
LV-PW. Figure 5b shows the cross-sectional image re-
constructed from the amplitude of the A/D converted
data in each of 10 directions of ultrasonic beams at a
timing of 6.7 ms after the R-wave. In this figure, the six
dots fromA1,1 to A10,16 and the six fromB1,1 to B10,13

show the initial positions of the tracking points on the
borders at the timing of end-diastole.

Figure 6 shows a typical example of the tracking
results and the velocity signals at the four points in the
sixth direction of the ultrasonic beam. Each depth of the
four points,A6,1 andA6,12on the RV and LV sides of the
IVS andB6,1 andB6,12 on the endocardial and epicardial
sides of the LV-PW, was manually preset at the timing of
the R-wave. The tracking results {x̂(t; A6,j)} and { x̂(t;
B6,j)} of these four points (j 5 1, 12) are overlaid on
the M-mode image, as shown in Fig. 6a. Their velocity
signals, {ŷ(t; A6,j)} and { ŷ(t; B6,j)}, at these four
points are shown in Fig. 6d, e, f and g, respectively. The

resultant velocity signals were reproducible for two
heartbeats. It has already been experimentally confirmed
that these velocity components measured by the phased
tracking method are reproducible in the frequency range
from d.c. to 100 Hz (Kanai et al. 1996). Such rapid and
small velocity components still cannot be observed by
conventional ultrasonic equipment. During systole, the
signals {ŷ(t; Ak, j)} and { ŷ(t; Bk, j)} have velocity com-
ponents, so that the LV lumen contracts. At the begin-
ning of diastole, on the contrary, they have velocity
components so that the LV lumen expands.

The same tracking operation was applied to all of
about 240 points {Ak, j, Bk, j} ( k 5 1, 2, . . . , 10,j 5 1,
2, . . .) preset at the timing of the R-wave at equal inter-
vals of 385mm (5 c0/ 2fs) in the IVS and LV-PW along

Fig. 5. (a) Original cross-sectional short-axis image of the LV
of a 21-year-old healthy male volunteer (subjectNA) at the
timing of the R-wave. The broken lines show the surface of the
IVS and the LV-PW. Forty measurement points on the beams
from the first to 10th address are also shown by white dots. (b)
Reconstructed cross-sectional image of 10 directions of ultra-

sonic beams at the timingTR of 6.7 ms after the R-wave.

Fig. 6. In vivo experimental results of the LV vibrations at
points A6,1, A6,12, B6,1 and B6,12 along the 6th ultrasonic
beam for the same subject (subjectNA) as in Fig. 5. (a) Four
tracking resultsx̂(t; A6,1) andx̂(t; A6,12) of the IVS,x̂(t; B6,1)
andx̂(t; B6,12) of the LV-PW overlaid on the M-mode image,
(b) ECG, (c) phonocardiogram (PCG), (d)(e) the velocity sig-
nals ŷ(t; A6,1) and ŷ(t; A6,12) of the IVS, (f)(g) the velocity
signals ŷ(t; B6,1) and ŷ(t; B6,12) of the LV-PW; TR-end-
diastole and the display timing in Fig. 7;TII -the peak timing in
the power of the second heart sound;T9II -the display timing in

Fig. 11.)
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each of the scan lines fromn1 to n10. For each of about
240 points, the velocity signals {ŷ(t; Ak, j)} and { ŷ(t;
Bk, j)} were obtained.

The direction of the scan line ofn6 in Fig. 5 was
almost always perpendicular to the movement of both
heart walls during one cardiac cycle, and the points
{ A6,j} and {B6,j} along the beam traced their move-
ments. For the points along the beam other thann6,
however, it was difficult to precisely trace the movement
of the same region in the heart wall over time during one
heartbeat because the direction of the ultrasonic beam
was always fixed, but the heart chamber contracted dur-
ing systole and expanded during diastole. Thus, the
point, the depth of which was preset at the R-wave,
slipped off the ultrasonic beam during systole. In a strict
sense, therefore, each of the velocity signals {ŷ(t; Ak, j)}
and {ŷ(t; Bk, j)} ( k Þ 6) does not continuously reveal
the accurate movement of each point for one cardiac
cycle. However, for the short period of every several tens
of ms, we can assume that these points stay at the same
region in the heart wall. For example, during 30 ms, a
region with an average speed of 0.03 m/s moves by 0.9
mm, which corresponds to the size of the focal area of
the ultrasonic beam in the myocardium.

By the phased-tracking method we have developed,
some discriminative pulsive waves have been found at
end-systole, as shown in Fig. 1c and d, and their Fourier
power spectra have potential for use in diagnosis of the
heart (Kanai et al. 1996). At end-diastole, on the other
hand, by applying the Fourier analysis to the signal, it
has been experimentally found that a frequency compo-
nent around 30 Hz is superior. In this study, therefore,
the spatial distribution of these velocity signals was
analyzed at end-diastole and end-systole, as described
below.

For eigenvibration at end-diastole
Figure 7 shows a typical example of the wavelets of

the simultaneously measured velocity signals {ŷ(t;
Ak, j)} ( k 5 1, 2, . . . , 10) in the IVS and {ŷ(t; Bk, j)}
in the LV-PW, respectively, at end-diastole. The central
vertical axis in each wavelet shows a timing ofTR 6.7 ms
after the R-wave in Fig. 6. Each amplitude of the velocity
has already been manually corrected by dividing it by the
cosine of the angle between the ultrasonic beam and the
vector from the center of the LV at end-diastole to the
measurement point in the heart wall. As shown in these
wavelets, the waveforms gradually varied according to
the directions of the ultrasonic beams at the timing ofTR.
Along the left-hand side of Fig. 7, each point in the IVS
and LV-PW moved upward towards the ultrasonic probe
while, along the right-hand side of Fig. 7, each point had
an opposite motion (i.e., a downward velocity compo-
nent).

Each instantaneous value of the velocity at the tim-
ing TR is color-coded and the spatial distribution is
displayed on the B-mode image in Fig. 8a. As shown in
Fig. 4a, in a strict sense, a time lag of (k 2 1)DT 5 (k 2
1) 3 167 ms is hidden in the sampling timing of the
velocity wave in thek-th direction of the scan lines (k 5
1, 2, . . . ,10), whereDT 5 167 ms. To simulate con-
ventional TDI, on the other hand, Fig. 8b shows the
color-coded instantaneous value of the velocity, but an
extra time lag of (k 2 1)2MDT 2 (k 2 1)DT 5 (k 2
1)(2M 2 1)DT 5 (k 2 1) 3 2667 ms is added to the
sampling timing of the points along thekth scan line
from the points along the first scan line (k 5 1), as shown
in Fig. 4b, whereDT 5 167 ms andM 5 10. There is
a rapid change in the polarity of the velocity waveform,
as shown in Fig. 8a, especially in the IVS. By conven-
tional TDI, however, these instantaneous motions cannot
be precisely displayed in Fig. 8b.

Moreover, to detect the spatial distribution of the
phase of the eigenvibration components, the Fourier
transform was applied to each wavelet of {ŷ(t; Ak, j)}
and {ŷ(t; Bk, j)} in Fig. 7 after the Hanning window with
a length of 35 ms was multiplied by each wavelet. The
resultant instantaneous phase values at a frequencyf0,
{ f(t; Ak, j)} and {f(t; Bk, j)} ( k 5 1, 2, . . . , 10) are
color-coded and shown in Fig. 9a. The frequencyf0 was
set at 23 Hz because the power spectrum has a peak atf0,
which corresponds to the experimental values of the
eigenfrequency of the human heart at end-diastole
(Honda et al. 1998). In the phase values {f(t; Bk, j)} and

Fig. 7. The vibration velocity signals {ŷ(t; Ak, j)} and { ŷ(t;
Bk, j)} ( k 5 1, 2, . . . , 10) at end-diastole ofTR in Fig. 6
(subjectNA) in the IVS (top) and LV-PW (bottom), respec-

tively, along the scan lines in each of 10 directions.

488 Ultrasound in Medicine and Biology Volume 27, Number 4, 2001



{ f(t; Bk, j)}, the time lag of (k 2 1)DT in measurements
of { y(t, Ak, j)} and {y(t, Bk, j)} along thek-th scan line
compared to measurements of {y(t, A1,j)} and {y(t,
B1,j)} along the first scan line was corrected before the
phase values were displayed.

As illustrated in the upper right of Fig. 9a, the value
shows the phase delay of the measured wavelet when the
cosine wave of 23 Hz is fitted. Both in the IVS and the
LV-PW, the phase values vary from cyan (downward
pulse) at the right-hand side, through blue and violet, to
red (upward pulse) at the left-hand side. That is, the
spatial distribution of the phase value at this timing does
not conflict with the mode-2 eigenvibration of the LV
chamber in the leftmost portion of Fig. 2.

For the cross-sectional view along the longitudinal-
axis, on the other hand, similar processing was applied to
the same subjectNA and the resultant spatial distribution
of the phase values at end-diastole were overlaid on the
longitudinal-axis cross-sectional image, as shown in Fig.
9b. The phase values along the eighth beam in Fig. 9b

were similar to those along the fifth beam in Fig. 9a. On
the longitudinal-axis image in Fig. 9b, however, the
phase value at the points in the IVS and LV-PW did not
greatly vary from the base to near the apex; that is, each
of these walls almost homogeneously moved on the
longitudinal-axis plane, resulting in the expansion of the
LV lumen at this timing of end-diastole.

By applying the same procedure in Fig. 9a to two
other young healthy male subjects (NB and NC) and a
patient with AS (subjectPA), the resultant spatial distri-
butions of color-coded phase value of the spectrum of the
measured wavelet at end-diastole are shown in Fig. 10,
(1), (2) and (3), respectively. The employed frequency
for NB andNC was the same as that forNA in Fig. 9 but,
for patient PA, a lower frequency was employed. For
both the IVS and LV-PW of subjectsNC in Fig. 10,(2)
and PA in Fig. 10,(3), the spatial distributions were
similar to those for subjectNA in Fig. 9a; that is, the
phase values vary from green or cyan (downward pulse)
at the right-hand side, through yellow, to orange or red
(upward pulse) at the left-hand side. For subjectNB in

Fig. 8. Spatial distribution of color-coded velocity value of the
measured wavelets at end-diastole (TR in Fig. 6 of healthy
subjectNA) on short-axis image corresponding to Fig. 7 (sub-
ject NA). (a) By the method proposed in this paper; (b) by the

conventional TDI method.

Fig. 9. Spatial distribution of color-coded phase value of the
spectrum at 23 Hz of the measured wavelets at end-diastole (TR

in Fig. 6 of healthy subjectNA). (a) On short-axis image
corresponding to Fig. 7; (b) on longitudinal-axis image.
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Fig. 10, (1), however, the change in phase from the
right-hand side to the left-hand side was not clearly
obtained for the LV-PW. For the IVS ofNB, however,
spatial distributions similar to those of the other subjects
were obtained.

For pulsive wave at end-systole
Figure 11 shows a typical example of the wavelets

of the simultaneously measured velocity signals {ŷ(t;
Ak, j)} ( k 5 1, 2, . . . , 10) in the IVS and {ŷ(t; Bk, j)} in
the LV-PW at the timingT9II of end-systole for healthy
subjectNA in Fig. 6. The 10 scan lines were set on the
longitudinal-axis cross-sectional image, as shown in Fig.
9b. The central vertical-axis in each wavelet shows the
timing T9II 25 ms before the peak timingTII of the second
heart sound. As shown in these wavelets near the base of
the IVS, a slow upward pulse continued for about 30 ms
before the timingT9II ; that is, this slow pulse occurred
before the closure of the aortic valve. Then, a steep
downward pulsive wave occurred in the IVS around the
timing T9II at the beginning of the radiation timing of the
second heart sound. The dip timing and the downward
amplitude (dip depth) varied gradually from the base to
the apex. That is, the downward steep pulse at the base
preceded that at the apex and its amplitude gradually

decreased from the base to the apex. In the LV-PW, the
gradual first pulse in the IVS was not clearly observed. A
second steep pulsive wave was clearly obtained only at
the points near the mitral valves or the left atrium (LA)

Fig. 10. Spatial distribution of color-coded phase value of
the spectrum of the measured wavelets at end-diastole of
other subjects. (1) 24-year-old healthy male subjectNB

( f0 5 23 Hz); (2) 24-year-old healthy male subjectNC

( f0 5 23 Hz); (3) 77-year-old female patientPA with AS
( f0 5 10 Hz).

Fig. 11. Measured wavelets in IVS (top) and LV-PW (bottom)
at end-systole (T9II of Fig. 6 of subjectNA).
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along the right-hand side in Fig. 11, but the polarity was
upward.

Similar to Fig. 8a and b, the spatial distribution of
the instantaneous velocity component at the timingT9II is
shown in Fig. 12a and b, respectively. In Fig. 12b, a time
lag was added to simulate the conventional TDI as in Fig.
8b.

To show the spatial distribution of the phase of the
steep pulsive components, the Fourier transform was
applied to each wavelet of {ŷ(t; Ak, j)} and { ŷ(t; Bk, j)}
in Fig. 11 after the Hanning window with a length of 35
ms was multiplied by each wavelet. The resultant phase
values at a frequency of 50 Hz are color-coded and
shown in Fig. 13a, where the steep pulses have their peak
power at around 50 Hz.

In the IVS represented in Fig. 13a, the phase values
varied from violet (2100°) near the base, through cyan
(2180°), to green (2220°) near the apex, as can be seen
in Fig. 13b, which shows that the distribution of the time
delay gradually increased from24.4 ms near the base to
12.2 ms near the apex for the downward steep pulse

around the timingT9II in Fig. 11. In the LV-PW, on the
other hand, the phase values varied from orange (130°)
near the mitral valve, through yellow (190°) and green
(1150°) and, finally, to blue (1210°) near the apex as
shown in Fig. 13c, where it can be seen that the time
delay of the upward pulse gradually increased from11.7
ms near the base to111.7 ms near the apex. Therefore,
it is clearly evident that there is a delay of several ms
from the base to the apex of the steep pulsive wave.
However, such a time delay is not detected in either Fig.
12a or b because only the amplitude of the velocity
waveform around the timingT9II is considered.

By applying the same procedure in Fig. 13a to the
two other healthy subjects,NB andNC in Fig. 10a and
(2), and two patients with AS, subjectPA in Fig. 10,(3)
and an 80-year-old male patientPB, similar results
were obtained for the IVS as shown in Fig. 14, (1), (2),
(3) and (4), respectively. Though the frequency em-
ployed with both healthy subjectsNB and NC was the
same 50 Hz as that employed with subjectNA, for both
patientsPA andPB, the frequency employed was 10 Hz
because noisy components that are generated by dis-

Fig. 12. Spatial distribution of color-coded instantaneous ve-
locity value of the measured wavelets at end-systole (T9II in Fig.
6 of subjectNA). (a) By the method proposed in this paper; (b)

by the conventional TDI method.

Fig. 13. (a) Spatial distribution of color-coded phase value of
the spectrum at 50 Hz of the measured wavelets at end-systole
on longitudinal-axis image corresponding to Fig. 11 of subject
NA. Illustrations showing (b) the delay time of the downward
pulsive wave in the IVS and (c) the upward pulsive wave in the

LV-PW.
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ease were higher at 50 Hz. There is a clear time delay
of several ms for the propagation of the negative pulse
from the root of the aortic valve near the base to the
apex side in the IVS. Especially for subjectsNB andNC

in Figs. 14, (1) and (2), from the root of the aortic
valve (marked by white arrow), the pulsive wave
propagates radially in the IVS. For the LV-PW, how-
ever, the pulsive signals were not clearly detected in
these subjects other thanNA.

For irregular vibrations in the ejection period of patients
with AS

The proposed method was applied to IVS and
LV-PW along each of 10 scan lines set on the longitu-
dinal axis cross-sectional image of patientPA with AS.
Acquired aortic valve stenosis often results from pro-
gressive degeneration and calcification of a congenitally
defective bicuspid valve. Figure 15 shows the tracking
results and velocity signals of the four points on both
sides of IVS and LV-PW. AS leads to LV hypertrophy

and LV ischemia. The IVS became thickened to about 18
mm in patientPA, as shown in the M-mode of Fig. 15a.
Generally, one of the clinical features of AS is a systolic
thrill at the base of the heart and a mid-systolic murmur,
which was obtained in Fig. 15c, in the aortic area (Forbes
and Jackson 1997). By thein vivo experiments in this
study, moreover, noisy vibration signals, especially in
the IVS in the ejection period, were observed for the first
time, as shown in Figs. 15d and e. These noisy compo-
nents are caused by the irregular blood flow in the
stenotic aortic area.

Each of Figs. 16, 17 and 18 shows the waveforms of
the simultaneously measured velocity signals {ŷ(t;
Ak, j)} ( k 5 1, 2, . . . , 10) in the IVS and {ŷ(t; Bk, j)}
in the LV-PW in the ejection period of healthy subject
NA, and of patientsPA andPB, respectively. The center
of the vertical axis in each waveform was determined by
the mid-systolic timing ofTsys 5 (TR 1 TII )/ 2, where
TR and TII are the peak timing of the R-wave and the
second heart sound, respectively, as shown in Fig. 15.

Fig. 14. Spatial distribution of color-coded phase value of the spectrum at 50 Hz of the measured wavelets at end-systole
on longitudinal-axis image of the other four subjects. (1) 24-year-old healthy male subjectNB of Fig. 10a (f0 5 50 Hz);
(2) 24-year-old healthy male subjectNC of Fig. 10b (f0 5 50 Hz); (3) 77-year-old female patientPA with AS of Fig.

10c (f0 5 15 Hz); (4) 80-year-old male patientPB with AS ( f0 5 15 Hz).
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For healthy subjectNA of Fig. 16, at the points near
the LV lumen of IVS and LV-PW, there were high-
frequency components in the velocity signals during the
ejection period. These components are due to the rapid
blood flow during the ejection period. For patientPA of
Fig. 17, high-frequency components were observed at
the points near the LV-PW endocardium, but at points
almost in the IVS. For patientPB of Fig. 18, especially
near the root of the aortic valve of the base in the IVS,
there were large noise components with high-frequency
components around 100 Hz.

To quantitatively evaluate the power difference be-
tween the observed positions, 16 points were selected on
the four layers of the RV side of IVS, the LV side of IVS,
the LV-PW endocardium, and the LV-PW epicardium
along the beams from the fourth to seventh scans, as
enclosed by rectangles in Figs. 16, 17 and 18. By apply-
ing the Fourier transform to each signal at these 16 points
in each of Figs. 16, 17 and 18, after multiplication by the
Hanning window with a length of two or three hundreds
ms, the power spectrum was obtained. The employed
Hanning window is shown at the top of each column in
these figures. By averaging the resultant power spectra at
the points in each of the four layers, the results are shown
in Fig. 19 (1), (3) and (4), respectively. By applying the

same procedure to healthy subjectNB, the result is
shown in Fig. 19, (2).

For healthy subjects (NA andNB) in Fig. 19, (1) and
(2), the low-frequency components around d.c. were
large for both walls (IVS and LV-PW). At the same time,
there were large power differences between the two
layers in both walls, which shows that the change in
thickness generated in each wall during the ejection
period was large; for the IVS ofPA in Fig. 19, (3),
however, the power was large. However, the power and
power difference were not so large for the LV-PW ofPA

in Fig. 19 (3) nor for either wall ofPB in Fig. 19 (4).
With regard to the high-frequency components in

the signals of Fig. 17, for healthy subjectNA in Fig. 19
(1), the power spectrum at the point near the LV lumen
of IVS and LV-PW had larger power in the frequency
ranges from about 100 Hz to 120 Hz and from about 140
Hz to 180 Hz. The power spectra at the RV side of IVS
and at the LV-PW epicardium were roughly similar.
Similar results were obtained for subjectNB in Fig. 19
(2). Although for patientPA in Fig. 19 (3), the RV side
of IVS had a power spectrum similar to that of the LV
side of IVS and the LV-PW endocardium. For patientPB

in Fig. 19 (4), the LV side of the IVS had a much larger
power than the RV side of IVS. For both patients with
AS, the power of the velocity signals in IVS was at least
5 dB larger than that in both healthy subjectsNA andNB

in the frequency range from 30 Hz to 200 Hz.

Fig. 15. In vivo experimental results of the LV vibrations at
points A8,1, A8,24, B8,1 and B8,23 along the 8th ultrasonic
beam for the same patient (PA) with AS as in Figs. 10,(3) and
14,(4). (a) M-mode image and four tracking resultsx̂(t; A8,1)
and x̂(t; A8,24) of the IVS, x̂(t; B8,1) and x̂(t; B8,23) of the
LV-PW overlaid from top to bottom; (b) ECG; (c) phonocar-
diogram (PCG); (d)(e) the velocity signalsŷ(t; A8,1) and ŷ(t;
A8,24) of the IVS; (f)(g) the velocity signalsŷ(t; B8,1) andŷ(t;

B8,23) of the LV-PW.

Fig. 16. Measured velocity signals along longitudinal-axis in
IVS (top) and LV-PW (bottom) in ejection period of the same
healthy subject (NA) as in Figs. 5–9 and 11–13. The signals
enclosed by rectangles in four layers are employed in Fig. 19a

for evaluation of the averaged power spectra.
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DISCUSSION

In this study, for each of about 20 points preset in
the IVS and LV-PW along each of 10 scan lines, the
velocity waveform was measured continuously for a few
heartbeats. By applying the Fourier transform to the
velocity wave, the power spectrum was obtained up to
100 Hz and the phase value at the frequency with the
peak power was color-coded and displayed. The power
of the high-velocity components up to several tens of Hz
was less than 1/30 in amplitude of that of the large slow
motion up to 10 Hz due to heartbeat. The wide dynamic
range in amplitude up to 100 Hz was achieved in the
measurement (Kanai et al. 1996).

When the instantaneous velocity is color-coded and
displayed as a 2-D image, as shown in Figs. 8a and 12a,
the results highly depend on the timing of the sampling.
In the phase value at the peak frequency, however, the
phase values were averaged during the period of the
window length (35 ms) employed in the Fourier trans-
form. Thus, the results did not highly depend on the
timing. Moreover, the time lag in the scanning of the
beam was corrected in Figs. 9 and 13a.

The large slow motion, on the order of several
hundredmm up to 10 Hz, is displayed by conventional
TDI. However, the displacement of each point is not
tracked. For rapid small motion, on the order of several
tens of mm up to 100 Hz, conventional TDI cannot

display it because the sampling frequency is about 30 Hz.
In this study, the motion was tracked and accurately
measured at a sampling frequency of 600 Hz, and its
spatial distribution was displayed by restricting the num-
ber of the beam directions to 10 so as to avoid aliasing.

From thein vivo experiments, various results were
obtained. For end-diastole, the phase values of the points
along the fifth beam in the short-axis image in Fig. 9a
were similar to those along the eighth beam in the
longitudinal axis image in Fig. 9b. From these results
from separate experiments, the promise of the measure-
ments was confirmed.

The distribution of the phase value at 23 Hz in Fig.
9a and the instantaneous velocity values in Fig. 8a show
that there was a mode-2 eigenvibration in the short-axis
image, which has not been observed in conventional TDI
methods. The reasons why such eigenvibration was ex-
cited, for example, by the blood flow at atrial systole,
should be considered in the future.

For end-systole, on the other hand, the spatial dis-
tribution of the phase values of the pulsive wave which
we found in the previous study (Kanai et al. 1996) at
end-systole was definitely displayed for the first time in
Fig. 13. The mechanism of the pulsive wave generated at
end-systole should also be investigated in the future byin
vitro andin vivoexperiments. There are two possibilities:
the propagation of the pulsive wave caused by the clo-

Fig. 17. Measured velocity signals along longitudinal-axis in
IVS (top) and LV-PW (bottom) in ejection period of the same
female patient (PA) with AS as in Figs. 10,(3), 14,(3), and 15.

Fig. 18. Measured velocity signals along longitudinal-axis in
IVS (top) and LV-PW (bottom) in ejection period of the same

male patient (PB) with AS as in Fig. 14,(4).
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sure of the aortic valve and the time difference in the
depolarization in each regional myocardium. For the
former case, the propagation speed of the 50 Hz compo-
nent was about 5 m/s in both IVS and LV-PW for healthy
subjectNA in Fig. 13a because the distance from the
base-side to the apex-side is 34 mm in IVS and 50 mm
in LV-PW, and the delay is 6.6 ms in IVS and 10 ms in
LV-PW. For the other healthy subjects,NB and NC in
Fig. 14, (1) and (2), the propagation speed was also about
5–6 m/s. For patientsPA and PB in 14, (3) and (4),
however, the propagation speed of 10 Hz component was
about one-tenth of the above value.

For patients with AS, it is well known that a mur-
mur is radiated especially at systole (Constant 1985).
However, the original vibration of the heart sound cannot
be directly detected from the chest surface using a stetho-
scope or a microphone. In this study, the myocardial
vibration that corresponds to the murmur was directly
detected for the first time. The spatial distribution of the
myocardial irregular vibration should be investigated in

more detail by increasing the number of patients. More-
over, the effects of the irregular vibration on the heart
function and the myocardium should be clarified in the
future because it is already known that the actuated
vibration on the order of several tens of Hz in systole
rapidly affects the contraction of the myocardium (Jans-
sen et al. 1996; Koiwa et al. 1997).

Further possible applications of the technique pro-
posed in this paper are as follows:
1. The different transmural layers of the myocardium

have transmural heterogeneity with respect to the
microvascular flow, metabolic consumption and the
strength of contraction. The method developed in this
study can reveal the intramyocardial contraction/re-
laxation heterogeneity by evaluating the change in
thickness or its speed in two dimensions.

2. By in vivoexperiments represented in Figs. 8a and 9a,
the mode-2 vibration was confirmed. Thus, using this
mode, the end-diastolic pressure and the average elas-
tic property of the heart wall can be obtained, as
described in the Introduction.

3. A discriminative pulsive wave at end-systole was
found in the measured velocity waveform in our pre-
vious study (Kanai et al. 1996). The power spectra of
patients with fibrosis were different from those of
healthy subjects. The origin and the mechanism of the
pulsive wave should be investigated continuously,
based on the method developed in this paper for the
development of a novel method of diagnosis.

The following problems remain to be solved:
1. In the velocity measurement employed, based on the

cross-correlation between the quadrature-demodu-
lated signals of the succeedingly received signals,
spatial averaging of the phase shifts due to the dis-
placement around each measurement point is un-
avoidable. As described in the Introduction, the min-
imum interval between the succeeding points preset-
table in the heart wall is determined by the original
frequency and bandwidth and is about 500mm in the
system. In this paper, we have assumed that the ve-
locity is spatially constant in the region, with a width
of 500 mm around each measurement point. For in-
creasing precision in measurement of the velocity and
displacement, it will be necessary to consider the
velocity gradient, even in each small region, in the
next stage of the research.

2. It is reasonable to consider that each ultrasonic beam
passes through the same myocardium for a short
period of several tens of ms. However, during one
cardiac cycle, it is difficult to track the movement of
the myocardium because the direction of the move-
ment does not always coincide with the direction of
the ultrasonic beam. To overcome this problem, track-
ing operation in 2-D or 3-D will be necessary.

Fig. 19. Power spectra of measured velocity signals in ejection
period averaged in the points from the fourth scan line to
seventh scan line in each of four layers. left-hand side: for the
RV-side of IVS (squares) and LV-side of IVS (crosses); right-
hand side: for LV-PW endocardium-side (crosses) and LV-PW
epicardium-side (squares). (1) For healthy subjectNA in Fig.
16; (2) For healthy subjectNB in Fig. 14,(1); (3) For patientPA

with AS in Fig. 17; (4) For patientPB with AS in Fig. 18.
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In the literature, by transmission of multiple ultra-
sonic beams, the lateral flow component is deter-
mined by correlation using a dual-beam probe (Wei-
qi and Lin-xin 1982; Overbeck et al. 1992; Routh et
al. 1990) or a two-sector transducer probe (Dotti et al.
1992). However, it is not easy to apply these tech-
niques directly to the heart wall, which has complex
structure.

In the optical flow technique (Horn and Schunck
1981), cardiac contractility is assessed by decompos-
ing the overall heart wall motion into translation,
rotation, deformation and contraction components of
the cardiac muscle (Mailloux et al. 1987; Meunier et
al. 1989). This method requires extremely long com-
putation time and the decomposed motion compo-
nents, which are based on the direction of the contrast
brightness, are limited to large and slow, which can be
recognized in the B-mode image.

In frame-to-frame 2-D correlation analysis of
speckle patterns in B-mode images, the lateral and
axial components of the 2-D tissue slow motion (Rob-
inson et al. 1982; Trahey et al. 1986; Akiyama et al.
1988; Bohs and Trahey 1991; Chen et al. 1992) or
blood flow (Bohs and Trahey 1991; Trahey et al.
1988; Ramamurthy and Trahey 1991) have been as-
sessed. Morsy and von Ramm (1999) tracked tissue
motion and blood flow in 3-D by a similar correlation
technique. The size of the employed correlation win-
dow is coarse, on the order of tens of mm. In these
methods, the axial resolution is limited by the center
frequency and bandwidth of the US. The lateral res-
olution is limited by the actual beam-width and the
spacing interval of the A-scans. For LV-PW, the
typical depth,d, is about 120 mm from the chest
surface. The finest lateral resolutionr at the LV-PW
is d tan{(p/ 2)/ 240} > d(p/480) 5 785 mm, when
240 ultrasonic beams are scanned by a sector-type
probe in the 90° range. The achievable lateral resolu-
tion is still coarse in the measurement of rapid motion
with an amplitude of severalmm. Moreover, the typ-
ical video frame rate in the 2-D imaging system is on
the order of 1/30th of a s. Thus, the acquisition rate is
limited to at most on the order of 30 Hz, which is too
slow to detect the rapid components. Therefore, the
measurement of rapid velocity components in 2-D or
3-D is currently still difficult to realize.

3. Though typical timings have been selected on the
order of a few ms, and are displayed in Figs. 8a, 9, 10,
12a, 13a and 14, a continuous display of the 2-D
distribution of the instantaneous amplitude and phase
would be more effective.

4. In the determination of the propagation delay of the
discriminative pulsive wave or irregular vibration due
to blood flow among different transmural layers of the

myocardium along a beam direction, the delay time is
smaller than that obtained among the different direc-
tions of the ultrasonic beam in Fig. 13a. It should be
possible to determine accurately such small delay
time in the frequency domain using high-frequency
components up to 100 Hz.

SUMMARY

In this paper, we have modified a conventional
ultrasonic diagnostic system to allow 10 scan lines from
a sector scanner to be selected arbitrarily for measure-
ment and analysis, so that the velocity signals can be
simultaneously measured at multiple points in the IVS
and the LV wall for imaging of their spatial distribution.

By applying this method to healthy subjects and
patients with AS in this study, we obtained spatial dis-
tributions of small vibrations that were superimposed on
the B-mode image. From the results at end-diastole, we
confirmed that there is mode-2 eigenvibration on the LV
wall. For end-systole, the time delay in the propagation
of the steep downward pulses from the root of the aortic
valve near the base to the apex can be definitely detected.
Moreover, for the ejection period of the patients with AS,
irregular vibration components, which correspond to the
systolic murmur and have large power, were detected.
This method offers potential for imaging of the spatial
distribution of small vibrations with high-frequency
components, which cannot be recognized by conven-
tional B-mode echocardiography, M-mode echocardiog-
raphy or by TDI. The method developed herein has
potential for application to many patients with various
kinds of heart diseases in the near future.
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