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Abstract—The ability to noninvasively detect regional dynamic myocardial damage related to action potentials
and mechanical properties affected by heart disease is of great clinical importance. Though there are invaluable
clinical tools for diagnosis of a broad range of cardiac conditions, such myocardial properties cannot be evaluated.
We have previously shown that pulsive vibration occurs on the myocardium after electrical stimulation of an iso-
lated heart. In this study, using a novel technique for ultrasonic measurement of the myocardial motion, we
detected pulsive vibrations spontaneously caused by electrical excitation and by valve closure. Using a sparse
sector scan, the vibrations were measured almost simultaneously at about 10,000 points set in the heart wall at
a high temporal resolution. The consecutive spatial distributions of the phase of the vibrations revealed wave prop-
agation along the wall in healthy subjects for the first time in vivo. At around the time of the Q-wave of the elec-
trocardiogram, the propagation started from the interventricular septum and extended to both the base and apical
sides of the heart with a speed of 1 m/s, which corresponds to the propagation of electrical excitation from the Pur-
kinje fiber-myocyte junction in the interventricular septum. Other vibrations then propagated from the base at
several m/s, although some of them had dispersion properties. These are shear waves caused by the mitral-valve
closure, corresponding to the first heart sound. These phenomena have potential for detection of regional myocar-
dial tissue damage related to propagation of the action potentials and regional myocardial viscoelasticity. (E-mail:
hkanai @ecei.tohoku.ac.jp) © 2009 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION tomography (CT) has become possible by placement of
many electrodes on the surface of the human body (Ram-
anathan et al. 2004). Though the electrophysiologic acti-
vation sequence during activation and repolarization can
be noninvasively reconstructed, the mapping is restricted
to the surface of the heart.

We have previously found that pulsive vibration
occurs in response to electrical stimulation of the extracted
myocardium of a rat (Kanai et al. 2003). The amplitude
was minute, i.e., about 30 um in displacement and 0.5
mm/s in vibration velocity. Though the delay times in
both the generated force and the change in thickness in
response to the electrical stimulation were long at about
100 ms, the delay in the vibration velocity was short at
about 15-30 ms. Therefore, transcutaneous measurement
of the minute vibration caused by the electrical excitation
has potential to reveal the propagation of the electrical
excitation in the heart wall in vivo.

Typical imaging tools, namely, magnetic resonant
imaging (MRI), X-ray computed tomography (CT) and

Though electrocardiography (ECG) has become an
invaluable clinical tool for diagnosis of a broad range of
cardiac conditions, the regional properties of the myocar-
dium can still not be directly measured noninvasively.
Many research reports on the physiologic properties of
the heart conduction system have been published but
almost all of them have concerned animals or isolated
human hearts (Durrer et al. 1970). If the propagation of
electrical excitation and mechanical vibration in the heart
wall could be directly visualized, regional tissue damage
related to both ion channel gating, which generates the
electrical action potentials and the regional myocardial
mechanical properties due to heart diseases could be trans-
thoracically detected. Recently, imaging of epicardial
potentials by a combination of electrocardiographic
imaging and heart-torso geometry obtained by computed
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torsional deformation during contraction have been nonin-
vasively measured by CT (Mahoney et al. 1987), two-
dimensional (2D) echocardiography (Notomi et al.
2005) and tissue tagging MRI (Axel et al. 1989; Buchalter
et al. 1990). However, the temporal resolution in MRI is
inevitably limited by the relaxation time (about 14-25
ms) of the tissue in response to the magnetic excitation
(Zwanenburg et al. 2004). The time resolution is 13 ms
(Wyman et al. 1999a). The in-plane spatial resolution is
1.25 X 3 mm and the slice thickness is 7 mm (Wyman
et al. 1999b). As a characteristic timing parameter of
cardiac contraction, the time to onset of circumferential
shortening was measured with MRI tagging (Wyman
et al. 1999a), in which the time to onset of activation
was determined by the time when the strain due to contrac-
tion has a maximum, at least several tenths of a micro-
second after the pacing. The tissue Doppler imaging
(TDI) technique (Sutherland et al. 1994; Fleming et al.
1994; Heimdal et al. 1998)—modified 2D color flow
mapping—has been developed to accurately measure
myocardial velocity. This technique is still restricted to
static configurations or large motion (>1 mm) with low
frequency components (<30 Hz) because the detectable
amplitude is greater than the wavelength (about 400 um
at 3.75 MHz) and the temporal resolution is at most 16
ms. Therefore, it has been considered that there are no
minute vibrations with high frequency components in
the actual human heart walls and none of these con-
ventional clinical imaging methodologies can detect
minute vibrations of the myocardium caused by electrical
excitation and valve closure nor visualize myocardial
dynamic properties with high temporal resolution of
a few milliseconds.

To measure the original wall vibrations of the heart
sounds, which are audible by a stethoscope, we have
developed a novel ultrasound-based transthoracic method
to measure the minute vibrations in the heart wall as wave-
forms and to show their spatial distribution (Kanai et al.
1996, 1999a, 1999b). The measurement of the vibration
is simultaneously applied to several thousand points
preset at 51.3-um intervals along about 10 ultrasonic
beams, which are scanned sparsely in the heart wall to
maintain a high frame rate (Kanai et al. 2001). The spatial
distribution with regard to the waveform or the instanta-
neous phase of the specific frequency component is shown
at every 2 ms, precisely revealing the propagation of the
vibration waves on the ultrasonic cross-sectional plane
of the heart wall (Kanai 2005).

By applying this novel method to healthy human
subjects, we have previously found that some impulsive
vibrations, which correspond to the second heart sound,
are mechanically caused by closure of the heart valves
(Kanai et al. 2000) and propagate along the heart wall
with frequency dispersion (Kanai 2005). Their characteris-

tics were found to agree with the theoretical characteristics
of the Lamb wave, a kind of the shear plate wave. In healthy
human subjects, we have detected vibrations corresponding
to the response of the myocardium to electrical excitation
(Kanai 2007). However, dispersion properties and transmu-
ral propagation were not shown. Similar results have been
obtained in an animal study (Pernot et al. 2007; Konofagou
2007) in which acquisition at a depth of about 10 mm was
applied to small animals to realize an equivalently high
frame rate (8 kHz) with the ECG gating, that is, its measure-
ment continued during several heartbeats, by referring to
the R-waves, the measured waveform was divided into
several heartbeats and, then, the cross-sectional image of
the instantaneous displacements was reconstructed in one
cardiac cycle. In a recent article (Wang et al. 2008), this
method was applied to the left ventricle of a human subject.
However, based on the ECG-gating technique, showing the
results was restricted to the period after the R-wave. Thus,
the wave propagation from the time of the Q-wave to the
time of the R-wave was not shown and the wave propaga-
tion could not be analyzed for each frequency component.

In the present study, this novel method was applied to
healthy human hearts to reveal the propagation and disper-
sion properties of the myocardial vibrations caused by
electrical excitation both in the base-apex and transmural
directions. Furthermore, regarding the mechanical vibra-
tions caused by valve closure, which correspond to the first
heart sound, the present study revealed that there are
several components which propagate at different speeds.

To understand the following discussion, it may be
helpful to recall that the P-wave of the electrocardiogram
is the electrical trigger for mechanical contraction of the
atria, while the QRS-complex is the electrical trigger for
mechanical contraction of the ventricles. The first heart
sound follows the QRS-complex and is traditionally
thought to be primarily associated with vibrations result-
ing from the closure of the tricuspid and mitral values.
The second heart sound usually follows the T-wave and
is thought to be primarily associated with vibrations re-
sulting from the closure of the pulmonary and aortic
valves. The techniques and results presented below permit
one to visualize subtle features of specific mechanical
vibrations occurring during the propagation of the electro-
chemical depolarization wave responsible for the surface
electrocardiogram. Timing points such as T, correspond-
ing to the Q-wave of the surface electrocardiogram, and T
and T7y, the time of first and second heart sounds, respec-
tively, are employed in the following discussion.

MATERIALS AND METHODS

According to a novel ultrasonic-based method—the
phased tracking method (Kanai et al. 1996, 1999a) —
the rapid vibration in the heart wall is measured as
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a waveform as follows. RF pulses are transmitted from an
ultrasonic transducer at a pulse repetition interval AT and
the reflected ultrasonic wave is received by the same
transducer and is multiplied by the original RF signal for
quadrature-demodulation. A complex cross-correlation
technique is employed to determine the phase shift Af(7)
between the consecutively obtained resultant signals.
Since Ad(f) corresponds to the displacement Ax(¢) during
the short-period AT, the average velocity during the period
is estimated by v(f) = Ax(f)/AT. By accumulating the
instantaneous displacement estimate Ax(f), the large
motion x(¢) due to the heartbeat is tracked over one heart-
beat (Kanai et al. 1997; Yoshiara et al. 2007) and the
minute vibration component v(¢) superimposed on x(f) is
simultaneously obtained as a waveform. Since the high
frequency components contained in the velocity waveform
v(t) are suppressed by the integration, the equivalent time
resolution of the resultant displacement wave x(f)
decreases. Therefore, the velocity waveform w(f) is of
concern in the present study. When the maximum measur-
able depth d,,.x is 100 mm from the chest surface and the
sound speed cg is 1540 m/s, the repetition pulse interval
AT should be equal to or shorter than 2d,,,./co = 130
us. The upper limit |vy,.«| of the vibration measurement
is given by

e
max| =Co——=~0.7 y 1
Pl 2=079 m/s m

where the frequency f; of the ultrasound is assumed to be
3.75 MHz. A minute phase change Af(¢) of 0.4 degrees
caused by displacement during AT can be accurately
determined by introducing a constraint, namely, that
their waveforms are identical but their phase values
change (Kanai et al. 1996, 1999a). The achieved lower
limit |V, in the velocity measurement has been vali-
dated as being about 0.1 mmy/s, which was confirmed
in phantom experiments (Kanai et al. 1997) and which
corresponds to 0.13 um in displacement. The wave-
length is about 410 um for the typical frequency (3.75
MHz) applied to the human heart. Thus, the measurable
displacement on the order of 0.13 um corresponds to
about 1/3000 of the wavelength. It is difficult to achieve
such minute displacement with the conventional speckle
tracking method when the maximum amplitude of the
cross-correlation function of the RF signals is detected.
On the other hand, for the conventional Doppler method,
the large motion is not tracked and thus the displacement
and the velocity of the same point cannot be measured.
Thus, such a minute vibration superimposed on the large
motion cannot be noninvasively measured by any other
method.

To simultaneously measure the vibrations at many
points in the interventricular septum (IVS), ultrasonic
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diagnostic equipment (SSD6500; Aloka Co. Ltd., Tokyo,
Japan) was modified so that N scan lines with different
directions from a sector scanner could be arbitrarily
selected in real time (Kanai 2005; Kanai et al. 2000).
The number, N, of directions should be increased as
much as possible so as to increase the spatial resolution.
However, the actual maximum velocity |v,| of the vibra-
tion at the points in the IVS of the human heart is about
0.07 m/s (Kanai et al. 1996, 1999a) in a typical case,
which is about 1/10.7 of |vpa]. That is, the maximum
number N,,,x of the beam directions is given by dividing
[Vinax| of eqn 1 by [vael,

N =m0, ®)

| Vact |

Thus, about 10 appropriate directions (N = 10) are
sparsely selected from the 240 directions addressable in
the phased-array ultrasonic probe as illustrated by the
narrow fan-shaped area at the center of Fig. la. Along
each scan line, the RF signal is acquired at a sampling
frequency f; of 15 MHz and, thus, many points at intervals
of colfs = 51.3 um are set from the apical side to the base
side in the IVS. The spatial resolution along the ultrasonic
beam depends mainly on the length of the transmitted
ultrasonic pulse, which is a few times the wavelength
(about 410 um) of the employed frequency of 3.75
MHz. By applying the above procedure to each j-th point
preset along the k-th scan line, the vibrations at several
thousand points, {v;«(H)} (G = 1,2,...; k = 1,2,...,N), are
simultaneously measured.

If the propagation speed of the detected pulsive wave
is 7 m/s for a 50 Hz component, its wavelength is 14 cm,
which is comparable to the size of the whole heart and,
thus, its propagation phenomenon along the heart wall
cannot be easily visualized by showing the amplitude of
the pulsive wave. Instead, the phase value of the pulsive
wave, which varies from 0 to 360 degrees within one
wavelength, is effective for such visualization. The phase
value @; (#; f1) of the measured wave v; 4(?) for a frequency

/1 is obtained by applying a short-time Fourier transform

with a Gaussian window. From the results obtained at
multiple frequencies {f;}, the dispersion property of the
propagation of the detected vibration is shown. For
a frequency less than 20 Hz, however, the length of the
Gaussian window would have to be long, precluding
detection of change in the propagation phenomena. For
the frequency components higher than 60 Hz, the signal-
to-noise ratio was rather poor. Thus, the frequencies {f;}
at 40 Hz and 40 = 16 Hz were selected. In the actual
experiments, instead, 21 Hz, 41 Hz and 55 Hz were
replaced by the respective values closest to the discrete
frequencies determined by the window length. The total
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Fig 1. (a) Illustration showing a typical cross-sectional image of
the heart in the apical view acquired by a conventional ultra-
sound diagnostic system. The fan-shaped region corresponds
to the sparse scanning range of the ultrasonic beams in the
present measurements. The conduction system from the sino-
atrial (SA) node through the atrio-ventricular (AV) node and
His bundle to the Purkinje network, shown by green lines, trans-
mits the cardiac impulse almost simultaneously to the entire right
and left ventricular endocardia. (b) Example of the spatial distri-
butions of color-coded phase values of the 42 Hz component in
the waveforms of Fig. 2. The region surrounded by the upright
thin black rectangle for each time was cut out and set in an array
to show consecutive spatial distributions of color-coded phase
values of the waveforms along the center of the IVS around
TR, as shown in the upper panel of each of Figs. 4, 6 and 7.
The region surrounded by the horizontal black rectangle was
cut out, rotated by -90 degrees, and set in an array to show the
transmural distributions from the LV side to the RV side around
Tr as shown in the lower panel of each of Fig. 4a through c.

length of the Gaussian window was * 72 ms, but its
amplitude parameter was set so that the amplitude at *+
36 ms decreased to 3.5% of that at the window center.

Since the amplitude at *= 8.2 ms decreased to 50% of
that at the window center using this setting, the equivalent
time resolution of Fourier analysis was about 16 ms. The
underlying hypothesis for the frequency analysis is that
the spectrum does not change during the equivalent
period.

The phase value @; (#; f1) is color-coded based on the
upper-right circular illustration in Fig. 1b for imaging of
2D spatial distribution {¢;(t; fi)} (G = 1,2,...) (Kanai
2005; Kanai et al. 2000). An example of this is shown
in Fig. 1b. The detected phase value @; (f; f;) corresponds
to the delay time of the specific frequency component
from the center of the short time window. By shifting
the time ¢ of the window by about 2 ms, the same analysis
is consecutively applied. By this procedure, minute vibra-
tions {v;x(#)} are simultaneously detected at many points
in the heart wall and the spatial distribution of their phase
components, { @; «(; f1)}, are consecutively obtained with
high time resolution, which is sufficient to visualize the
propagation of the wave caused by electrical excitation
and that of mechanical vibration in the heart wall. In the
present study, this method was applied to three normal
young male volunteers. The study was approved by the
review committee of the Graduate School of Engineering,
Tohoku University and the healthy subjects gave
informed consent.

RESULTS

Figure 2 shows a typical example of the vibration
waveforms, va(#), vg(f) and vc(¢), for a subject at three
points—(A) apical side, (B) middle and (C) base side—
set on an ultrasonic beam passing through the IVS
between the left ventricle (LV) and the right ventricle
(RV), as illustrated in Fig. 1. Though four consecutive
heartbeats were overlaid, there was high reproducibility
in succeeding cardiac cycles. Around the radiation time
(Ty) of the first heart sound and the radiation time (T7;)
of the second heart sound, some discriminative steep
pulses can be observed in these waveforms. Steep pulses
at Ty were the mechanical vibrations caused by closure
of the semilunar valves (the aortic and pulmonary valves)
(Kanai 2007). The pulsive vibrations at 7} were mechani-
cally caused vibrations due to closure of the atrioventric-
ular valves (the mitral and tricuspid valves). These
components at 77 and Ty correspond to the original vibra-
tions of the two major heart sounds (the first heart sound
and the second heart sound), which are audible using
a stethoscope (Luisada and Portaluppi 1982). Especially
during atrial systole, middle systole and the period of rapid
inflow, there are small noisy components, which show the
interaction between the rapid blood flow (inflow or
outflow) and the heart wall.
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Fig 2. Vibration waveforms on the heart wall accurately measured at points A, B and C set in the interventricular septum

(IVS) along an ultrasonic beam in Fig. 1a for a young healthy subject. The waveforms for four consecutive cardiac cycles

are overlaid. Times Tq, Tr, T1 and Ty, respectively, show the Q-wave and R-wave of the ECG, the beginning of the first
heart sound and the beginning of the second heart sound.

Figures 2 through 4 show data for the above-
mentioned subject. The ultrasonic beams were transmitted
at every 2.25 degrees in eight directions (N = 8) and the
pulse repetition interval AT = 1786 us, that is, the pulse
repetition frequency (PRF) was 560 Hz and the temporal
resolution in the measurement was about 2 ms. Figure 3
shows the consecutive instantaneous velocity distribution,
{vix(®} G = 1,2,...; k = 4), along the fourth ultrasonic
beam which passes through the center of the IVS in
Fig. 1a for a period of about =100 ms around the time
(Tr) of the R-wave of the ECG. The horizontal red and
blue bars show the upward velocity (v; «(f) > 0) and down-
ward velocity (v; (f) < 0), respectively.

For the same subject in Fig. 3, the consecutively
obtained phase distributions are shown in the upper panel
of each of Fig. 4a through c, in which the scales along the
time and the depth axes exactly coincide with those in
Fig. 3. In each of Fig. 4a through c, the upper panel shows
the consecutive instantaneous phase distributions {¢;
&)Y G =1.2,...; k=4 |t-Tr| = 100 ms) for the f; =
21 Hz, 41 Hz and 55 Hz components involved in the vibra-
tions {v; (1)}, simultaneously detected at several thousand
points in the upright thin rectangular region of the heart
wall of Fig. 1b. That is, the region surrounded by the
upright thin black rectangle for each time was cut out
and set in an array to show consecutive spatial distribu-
tions of color-coded phase values {@;(f; fi)} of the

waveforms along the center of the IVS around Ty, as
shown in Fig. 4. The dashed straight lines, which corre-
spond to the wave propagations in Fig. 3, are overlaid in
Fig. 4. Since the low frequency component is dominant
in the measured vibrations {v;(#)}, the phase distribution
{@; (& f1)} in Fig. 4a corresponds to the velocity distribu-
tion {v;(#)} in Fig. 3. When a higher frequency of f; is
employed in the Fourier transform, however, the wave-
length of the sinusoidal wave component detected by
the Fourier transform with f; becomes shorter and then
the temporal resolution in the phase distributions
{@;«(t:f1)} increases; these phase distributions { ¢; «(#f1)}
for higher frequency components (f; = 41 Hz and 55 Hz)
are different from that (f{ = 21 Hz) in Fig. 4a and the
velocity distribution {v;4(f)} in Fig. 3.

On the other hand, the region surrounded by the hori-
zontal black rectangle in Fig. 1b was cut out, rotated by
-90 degrees and set in an array to show the consecutive
instantaneous phase distributions {¢;(t; f1)} (j: fixed; k:
varied; |+-Tg| = 100 ms) around Ty in the lower panel
of each of Fig. 4a through c. Employing these panels, it
is possible to show the propagation of the vibration in
the transmural direction from the LV side to the RV side
in the center of the IVS. For the propagation component
which starts at the time of the Q-wave (Tq) of the ECG,
the propagation speed is 0.9 m/s, which corresponds to
the conduction speed in the myocardium. On the other
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Fig 3. Consecutive velocity distribution along an ultrasonic beam which passes through the center of the IVS in Fig. 1a for
the period of about * 100 ms around Ty of the same subject as in Fig. 2. The horizontal lengths of the red and blue bars show
the upward velocity and downward velocity, respectively.

hand, for the components around 77, there is no time delay
between the LV and RV sides of the IVS.

The results obtained by applying the same proce-
dures as those in Figs. 3 and 4 to two other healthy
subjects are shown in Figs. 5, 6 and 7. Similar phenomena
were observed for all three subjects. Since the duration of
the first heart sound of the second subject (Figs. 5 and 6)
was shorter than that of the first subject (Figs. 3 and 4), the
number of wave propagations was less than that of the first
subject. In Fig. 6b and ¢, at 130 ms and at 30 ms before T,
waves propagated twice from the base side of the IVS to
the apical side with a propagation speed of 4 m/s, which
corresponds to the conduction speed in the Purkinje fibers.
A wave then propagated from each of a few points in the
IVS to both apical and base sides of the IVS with a propa-
gation speed of 0.9 m/s, which corresponds to the conduc-
tion speed in the myocardium. For the third subject in
Fig. 7, however, these propagations started at about 200
ms and 100 ms before T, the propagation phenomena
of the wave which started at 100 ms before T, in Fig. 7
being similar to Figs 6b and c, and Fig. 4b and c.

DISCUSSION

The source of myocardial contraction is electrical
stimulation. As shown in the vibration waveforms v(?),
vp(#) and vc(¢) of Fig. 2, from the end of the first heart
sound, these points move upward to the apical side and
there are differences in amplitudes among these wave-
forms, which correspond to the speed of change in length.
By integrating the difference between the waveforms, the
changes in length between these points are obtained,
which shows the contraction of the myocardium in the

IVS. However, contraction is obtained by integration
along the time axis and, thus, the time resolution
decreases. In Figs. 3 through 7, the displayed period is
until the end of the first heart sound and, in this short
period, no contraction is distinguishable.

As shown in Fig. 2, around T, there were small
inflection points in v(#), ve(t) and vc(f). Around T,
mechanically caused vibration is not possible because
the atrioventricular valves are still open. Physiologically,
the depolarized action potentials, cyclically generated at
the sino-atrial (SA) node, propagate through the atrio-
ventricular (AV) node and His bundle to the Purkinje
fibers. The Purkinje fibers form interweaving networks
on the endocardial surface of both ventricles and transmit
the cardiac impulse almost simultaneously to the right and
left ventricular endocardia at a speed of 2—4 m/s (Zipes
and Braunwald 2005; Katz 2001). Around T, based on
cell-to-cell connections, the action potential starts to prop-
agate with a speed of 0.3—1 m/s (Katz 2001) to the entire
heart wall from the Purkinje fiber-myocyte junctions on
the surface of the IVS, where the Purkinje fibers are in
contact with the myocardium. For the papillary muscle
of arat, the response of the myocardium to electrical stim-
ulation can be detected as vibration velocity of the
myocardium (Kanai et al. 2003). Thus, the vibration
with inflection points around T in Fig. 2 would corre-
spond to the response of the myocardium in the IVS to
the electrical stimulation.

As shown in Fig. 3, before T, the downward (blue)
components were dominant due to the ventricular dilata-
tion during the atrial contraction. However, from T, the
region of the downward component was gradually
replaced by the upward (red) component from the center



942 Ultrasound in Medicine and Biology Volume 35, Number 6, 2009

o]

Q-wav —wave~._ S—-wave

first heart sound

depth from skin surface [mm)]

g0 |, ‘ g ;
E jo[RVside — " 09m/s —
=

g O L i A, hY i
5 -100 -50 Ta 0TR

3 time from R-wave [ms]

o

|
P-wave  ECG Q-wave ~R-wave~_S-wave s

first heart sound
heart sound 1

depth from skin surface [mm]

E base side {
E RV side |
2
E 1
2
~—
] i / |
g i
] Ta 0Tr T
&
© time from R-wave [ms]
C

|
P-wave  ECG Q-wave —R-wave~_S-wave »hz

first heart sound

heart sound

depth from skin surface [mm]
-
S

baseside
10 RV side

T -100 -50 To 0T T 50 100
time from R-wave [ms] first component second component

distance from LV [mm]

Fig. 4. Consecutive spatial distributions of color-coded phase values for the 22-Hz (a), 42-Hz (b) and 55-Hz (c) compo-

nents of the measured waveforms for the subject in Figs. 2 and 3. The upper panel of each figure shows the consecutive

distribution along the center of the IVS from the apex to the base. The lower panel of each figure shows the consecutive

distribution in the transmural direction from the LV side to the RV side. At least the same dotted straight lines correspond-
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Fig. 5. Consecutive velocity distribution of the second healthy young subject for the period of about =100 ms around Tx
along an ultrasonic beam, which passes through the center of the IVS as in Fig. 1a. The horizontal lengths of red and blue
bars show the upward velocity and downward velocity, respectively.

part of the IVS to both the base and apical sides. Since its
propagation speed was slow at about 0.8 m/s, which corre-
sponds to the conduction speed in the myocardium, this
phenomenon would correspond to the muscle contraction
caused by the depolarization of the heart muscle. At the
radiation time (77) of the first heart sound, the velocity
distribution became complex due to propagation of
several vibrations corresponding to the heart sound.
Then, 70 ms after Ty, the upward (red) component became
dominant, reflecting the contraction of the ventricle in
systole. The propagation speeds of the vibrations corre-
sponding to the first heart sound were 3—15 m/s. Since
the vibration was measured in the axial direction of the
ultrasound and its direction was the same as the wave
propagation along the IVS, the measurement was incon-
sistent with the definition of a shear wave. By separate
in vivo experiments, from the parasternal longitudinal
axis view of the IVS, there were some wave propagations
from the time of the R-wave and the propagation speed of
each component was on the order of several m/s. Though
the IVS is narrow, there is possibility that the wavefront
inclined by several degrees from the axis passing through
the IVS and from the axial direction of the measured ultra-
sound. Due to these factors, these vibrations correspond to
the shear wave (Kanai 2005; Kundo 2003; Sarvazyan et al
1995). It was found for the first time in the present study
that two or three pulses propagate with different speeds
along the IVS.

In the upper panel of Fig. 4a, phenomena similar to
those of Fig. 3 were observed because the low frequency
components were dominant in the detected vibrations.
Before T, blue or green components, which show the
downward components according to the upper-right

circular illustration in Fig. 1b, were dominant. From T
in the upper panel of Fig. 4a, a wave (violet: 270-degrees
component of a sinusoidal wave) began to propagate from
the center of the IVS to both sides. The dotted straight
lines in Fig. 4a coincide with those in Fig. 3. Another
propagation is shown in Fig. 4a, which started 100 ms
before the R-wave and propagated at a speed of 4 m/s.
In Fig. 4b and c, a similar propagation was found. For
this subject, the peak time 7p of the P-wave of the ECG
was 130 ms before the R-wave. Thus, after the time of
the P-wave, a pulse propagated from the base side to the
apical side at a speed of 4 m/s, corresponding to that of
the conduction speed in the Purkinje fibers.

By increasing the temporal resolution using higher
frequency analysis in the upper panel of Fig. 4b and c,
at 50 ms after the propagation, there were three waves,
which started at points a, b and c in the upper panel of
Fig. 4b and c. Their propagation speed was about 4 m/s.
These phenomena are very complex and are considered
to show the response of the myocardium to the excitation
due to the propagation of the electrical conduction wave.
Though there are a few propagations, which correspond to
the propagation of the electrical conduction wave from the
viewpoint of propagation speed, direction and time, these
differences and causes could not be clarified in the present
study.

Then, from 12 ms after T, the upward (red) compo-
nent clearly propagated from the base of the IVS to the
apical side. Its speed was about 7 m/s and did not vary
for the frequencies of 21 Hz, 41 Hz and 55 Hz. This would
be the shear wave mechanically caused by closure of the
atrioventricular valves. The reason why the propagation
speed was unchanged at different frequencies for a shear
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Fig. 6. Consecutive spatial distributions of the color-coded phase values of the waveforms along the center of the IVS
around Ty for the 22-Hz (a), 42-Hz (b) and 55-Hz (c) components for the second subject in Fig. 5.

wave is described in the next paragraph. At 77 (about 30 the propagation speed is 7.0 m/s. For the green compo-
ms after Ty), the two components (yellow and green nent, however, there was large dispersion since its speed
components) started to propagate in the same direction. was about 3.0 m/s for 21 Hz, 5.8 m/s for 41 Hz and 7.0

The yellow component is clearly shown in Fig. 4 and m/s for 55 Hz. Thus, this would be the Lamb wave, a shear
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Fig. 7. Consecutive spatial distributions of the color-coded phase values of the waveforms along the center of the IVS
around Ty for the 42-Hz component for the third healthy young subject.

horizontal wave of the guided wave in a thin wall (the
septum), which was mechanically caused by closure of
the atrioventricular valves. The propagation of this
mechanically caused vibration was also observed at the
radiation time of the second heart sound in a previous
study (Kanai 2005), in which the pulse propagated from
the root of the aortic valve to both the base side and the
apical side at the time of the aortic value closure. The
dispersion property for the Lamb wave is determined by
the geometric dispersion and the viscous dispersion. As
shown in the upper panel of Fig. 4b and c, from 50 ms after
TR, the second component of the first heart sound propa-
gated in the same direction. The propagation speed was
about 7 m/s and there was no clear dispersion. In
Fig. 4a, the propagation of the second component cannot
be clearly detected since the temporal resolution is not so
high for the low frequency component.

For the shear wave, its propagation speed at the
angular frequency w depends on the complex viscoelastic
modulus G*(w), which is composed of the storage
modulus Ggr(w) and the loss modulus Gi(w), the latter
being given by the viscosity u,(w) multiplied by w. There
have been few data on the human myocardium, which
could be used to determine the frequency dependence of
such mechanical properties. Alternatively, according to
the measured data for the thoracic arterial walls of human
subjects (Learoyd et al. 1966), for the frequency range of 2
to 10 Hz, the storage modulus Gr(w) and loss modulus
Gi(w) are almost unchanged, which means that the
viscosity ur(w) = Gi(w)/w gradually decreased as the
frequency increased. However, the rate of decrease was
not given in the cited paper. Nasseri ef al. 2002 quantita-
tively determined the frequency dependency of the
viscosity uo(w) of pig kidney to be 2362.6 X o ©278D
= 626.7 X f *7* [Pa-s], where this relationship well

describes the frequency dependence of the above viscosity
o (w) for the human thoracic artery (Learoyd et al. 1966).
Thus, it can be assumed that the loss modulus Gy(w) = w
X (w) of the human heart is in proportion to o X o 722
= w%?’®, When the stiffness ratio Gi(w)/Gr(w) is assumed
to be about 0.8, which was measured for the canine left
ventricle in case of 120 mmHg by pressure perturbation
at 22 Hz (Templeton and Nardizzi 1974), the change in
the magnitude of the elastic modulus |G*(w)| = |Gr(w)
+ jGi(w)| can be roughly estimated to be |G*(55 Hz)|/
|G*(21 Hz)| = 1.13. That is, in the frequency range of
21 Hz to 55 Hz measured in the present study, |G*(w)|
is almost unchanged and thus the pro w pagation speed
of the shear wave appears to be unchanged. For the present
procedure, it is difficult to accurately measure the propa-
gation speed to differentiate these small changes. For the
Lamb wave, on the other hand, its propagation speed
depends on the viscous dispersion determined by elastic
modulus G*(w) and geometric dispersion.

The wave propagations in the lower panel in each of
Fig. 4a through c correspond to those found in the upper
panel of each of the figures. However, there was a time
delay for the component at T, which means that the
component propagates from the LV side to the RV side
at a speed of about 1 m/s, which corresponds to the
conduction speed in the myocardium. For the two vibra-
tion components corresponding to the first heart sound,
there was no clear time delay. Thus, the wavefront of
each of the latter components is perpendicular to the
axis of the apex-base along the IVS. In the upper panel
of each of Fig. 4a through c, the green component which
starts at a time 77 has a large dispersion property, which
would be the Lamb wave. On the other hand, in the lower
panels of Fig. 4a through c, there are corresponding green
components. However, as the thickness of the IVS is
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about 10 mm, it is difficult to detect the incline angle of the
wave front from the axis passing through the septum and
from the axial direction of the measured ultrasound.

The bundles of His have two branches, on the left
ventricular side and right ventricular side, respectively,
and on both sides there are Purkinje fibers. Thus, from
the physiologic point of view, it is normally considered
that the electrical conduction wave propagates from both
sides to the middle of the IVS. However, the in vivo exper-
imental results obtained in the present study do not corre-
spond to these physiologic facts. This should be clarified
in future studies.

At 20 ms before Tq, in Fig. 6 and at 90 ms before T
in Fig. 7, a wave propagated from the base side of the IVS
to the apical side with a propagation speed of about 4 m/s,
which corresponds to the conduction speed in the Purkinje
fibers. Then, from each of the several points in the IVS,
a wave propagated to both the apical and base sides of
the IVS with a propagation speed of about 0.9 m/s, which
corresponds to the conduction speed in the myocardium.
These results show the possibility that the detected
phenomena correspond to the response of the myocardium
to the excitation due to the propagation of an electrical
conduction wave. Since it is known that simple bifurca-
tion of the Purkinje fibers into the anterior and posterior
fascicles is uncommon (Katz 2001) and highly depends
on the subjects, such differences among the three subjects
regarding the propagation around T, will occur. Accord-
ing to the rough sketch by Netter 1969, the electrical
conduction wave arrives at the IVS at about the same
time as the Q-wave of the ECG. Thus, for the subjects
in Figs. 4 and 6, the above results correspond to the phys-
iologic phenomenon. However, for the subject in Fig. 7,
the arrival time of the electrical conduction wave was
much earlier than that of the Q-wave, which is also one
of the problems unresolved in the present study.

Since the propagation time of these components is
very short, i.e., about 10 ms from the base to the apex, it
has been difficult to measure and analyze these phenomena.
For noninvasive electrocardiographic imaging for cardiac
electrophysiology and arrhythmia (Ramanathan et al
2004), the estimation of the potential is restricted to the
surface of the heart wall (epicardium) and, thus, the poten-
tial inside the IVS cannot be estimated. Even with the excel-
lent MRI-tagging method (Wyman et al. 1999a, 1999b;
Zwanenburg et al. 2004), the spatial and time resolutions
are still not sufficient. These phenomena are very complex
and it is still difficult to completely explain the relationship
between these vibrations and either the ECG or the heart
sound, which was detected as a longitudinal wave by
a microphone attached to the chest wall.

In Figs. 3 through 7, the analyzed period, i.e., from
the P-wave of the ECG to the S-wave of the ECG, is about
200 ms around the time (Tg) of the R-wave. During this
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short period in end diastole, the wall moves slowly and
the displacement is very small. The displacement compo-
nent along the ultrasonic beam can be tracked by measure-
ment. The displacement component normal to the
ultrasound beam in the apical view can be estimated
from the displacement along the ultrasonic beam in the
parasternal longitudinal view as shown in Fig. 1b of Kanai
2005. For example, for the period just before the R-wave
of the ECG, there is a small downward pulse in the para-
sternal longitudinal view. For this pulse, the maximum
amplitude is about 50 mm/s at the middle septum but
the duration time is about 50 ms. By approximating the
velocity waveform of this pulse with a downward isos-
celes triangle, the displacement accumulated during the
period can be estimated to be about (50 mm/s) X (50
ms)/2 = 1.3 mm, which is comparable to the size (about
1.5 mm) of the focal area. Thus, it can be assumed that the
each myocardium does not move so much as the focal area
of the ultrasonic beam during this short period. In Figs. 3
through 7, moreover, since the analyzed period for each
propagation is at most 50 ms, it can be assumed that the
each propagation phenomenon is shown for the same
myocardium. These assumptions should be further clari-
fied by simultaneous measurements of various compo-
nents in the displacement.

The accuracy has been evaluated for the velocity
measurement (Kanai et al. 1997) and for minute change
in thickness (Kanai et al. 1999b). When the signal-
to-noise ratio (SNR) is low such as in obese subjects,
adecrease in the accuracy is inevitable. However, the rela-
tionship among the SNR in an acquired RF signal, the
accuracy in the velocity measurement and the accuracy
in the phase estimate of the velocity waveform have not
been evaluated. The decrease in the SNR for the subop-
timal images in actual clinical measurements has not
been evaluated either. These evaluations should be estab-
lished in the near future for actual clinical application.

The velocity of each wave propagation shown in
Figs. 3 through 7 was determined by dividing the distance
(vertical axis) by the propagation time. The dashed line
was drawn manually by considering the wave front visible
in Fig. 2. The emphasis of this study is not on the accurate
determination of the wave velocity but on the fact that
there are several wave propagations in the septum at
around the R-wave of the ECG. Thus, the velocity values
were expressed as two digits in this study. It is necessary
for clinical applications to develop a method to determine
the propagation velocity of each wave in the results as in
Figs. 3 through 7.

Infarcted muscle, resulting from an occluded coro-
nary artery, is already dead and so polarization of the cells
is not possible. Between the infarcted area and the
surrounding normal muscle, there is injured cardiac
muscle, which has cell membranes that are never fully
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polarized due to the deficiency of ion channel gating
(Netter 1969). In such injured myocardium, the conduc-
tion speed decreases. Moreover, during the remodeling
from the onset of acute myocardial infarction to the
chronic stage, myocardial mechanical properties (acoustic
velocity and attenuation) change (Saijo et al. 1997). Since
each of these propagations depends on the regional
myocardial characteristics, that is, the physiologic proper-
ties of the action potential and the mechanical properties
of the viscoelasticity, both of which cannot be noninva-
sively estimated in general, new insights on these sponta-
neous phenomena detected in human subjects in this study
show potential for noninvasive assessment of myocardial
tissue damage due to heart failure and its spatial range.
The method also has potential as a noninvasive tool for
assessing de-synchronization of myocardial function in
cardiac fibrillation as in Witkowski et al. 1998 and Rohr
et al. 1997.

CONCLUSION

To conclude, by observing rapid, minute vibration
components simultaneously at several thousand points
in the human heart wall to visualize the wave propagation
along the heart wall, we found for the first time that there
are several types of vibration propagation which start at T
and T;. By considering the time, the propagation direction
and the dispersion properties of each vibration, the vibra-
tion at T; was seen to correspond to the response of the
myocardium to electrical stimulation, which propagates
from the Purkinje fiber-myocyte junctions to the whole
heart and the vibrations at 77 correspond to the propaga-
tion of the waves mechanically excited by closure of the
atrioventricular valves. These phenomena have potential
for detection of regional myocardial tissue damage related
to propagation of the action potentials and regional
myocardial viscoelasticity.
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