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The in vivo measurement of the contractile response caused by electrical excitation has been studied to detect myocardial ischemia in its early
stages. In the present study, we used our previously proposed local velocity estimator to measure the two-dimensional distribution of the strain rate
using high-density beam scanning to obtain propagation of the local and minute contractile response in the heart walls of healthy humans.
Alternate layers of contraction and relaxation were observed around the time phase representing the onset of the conduction of electrical
excitation. The contraction propagated along the direction of the myocardial fiber in the myocardial layer. These results indicated that the electrical
excitation conducted in each myocardial layer and the transmural shearing deformation occurred at the boundary between alternate layers of
contraction and relaxation. The measurement of the propagation of the local and minute contractile response can reveal the effective contraction
with the transmural shearing deformation. © 2021 The Japan Society of Applied Physics

1. Introduction

The early detection of myocardial ischemia helps prevent the
onset of fatal ischemic events, such as myocardial infarction.
Myocardial ischemia occurs in the endocardial region of the
heart wall and progresses transmurally toward the epicardial
region.l_3 ) Thus, local measurement in the transmural direc-
tion of the heart wall has the potential to detect myocardial
ischemia in its very early stages and assess the progression of
myocardial infarction.

Ultrasound diagnosis has the potential to detect diastolic and
systolic dysfunction in the early stage of ischemic cascade.*
Ultrasound-based measurements of myocardial strain and
strain rate (SR) have been developed to evaluate regional
myocardial function.'" The myocardial strain and SR,
obtained by removing the whole motion of the heart wall,
represent the change in the myocardial thickness. Previous
studies have indicated the possibility of identifying myocardial
ischemia'?"'* or myocardial infarction'>™"” using myocardial
strain and SR as well as the importance of the transmural
locality of the strain and SR measurements.'*2? The im-
provement of the locality of the strain and SR measurements
may help reveal contractions in the layered myocardium and
clinical application for ischemic heart diseases.

Myocardial contractile response, caused by electrical ex-
citation, has been studied to detect myocardial ischemia in its
early stages. It is well known that the conduction of electrical
excitation in the heart wall activates the myocardial contractile
response”" and causes complex dynamics. The propagation of
the myocardial contractile response has been confirmed by
measuring the myocardial velocity,”>>> displacement,”**”
strain,”®*” and SR® around the time phase representing the
onset of the conduction of electrical excitation. It has been
suggested that myocardial ischemia causes an abnormal
propagation of the myocardial contractile response.**>%>%)

However, the propagation established by measuring the
displacement or strain waveforms, obtained by integrating the
velocity or SR waveforms, might contain not only the
myocardial contractile response caused by electrical excita-
tion but also other components because several natural
mechanical waves propagate in the heart wall during this
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short time phase.?>*'? The changes caused by large natural
mechanical waves in the displacement or strain waveform
may be dominant than those caused by the minute myocardial
contractile response. Moreover, the myocardial velocity and
displacement contain the whole motion of the heart wall;
however, the myocardial strain and SR do not contain them.
Thus, myocardial SRs in the heart wall can capture the
propagation of the myocardial contractile response in detail.

As the myocardial SRs are calculated using the velocities
obtained at multiple positions in the heart wall, local velocity
estimation is essential for the local measurement of SR. In
previous studies,”?%33% the transmural SR distribution was
measured at different depths in the heart wall with high
temporal resolution using the phased-tracking method.*®
However, it has been difficult for the conventional velocity
estimator’® to measure the minute changes in the spatially local
myocardial thickness because the estimated velocity is averaged
spatially by the cross-correlation function. We proposed the
multifrequency phased-tracking method to improve the locality
of the velocity estimation.”” Using the proposed local velocity
estimator,”” minute changes in the spatially local myocardial
thickness have been measured, which exhibit alternate layers of
contraction and relaxation.™

Two-dimensional distribution of myocardial SR, with high-
density beam scans, is required to obtain the propagation of the
minute changes in the local myocardial thickness. The two-
dimensional SR distribution was measured to visualize the
propagation of the contraction and relaxation in the heart
wall.>” In this study, low-density (sparse) beam scanning”**"
was applied to locally measure the SR to realize a high-frame-
rate measurement using a focused wave. Additionally, a
conventional velocity estimator with an averaging operation in
the depth direction was used. However, the low-density beam
scans and the low-locality SR measurement challenged the
detailed measurement of the propagation of the minute change
in the local myocardial thickness in the lateral direction.

In the present study, we measured the two-dimensional
distribution of the myocardial SR with high-density beam
scans, using the multifrequency phased-tracking method. The
propagation of the minute change in the spatially local
myocardial thickness was observed in the two-dimensional
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distribution of the myocardial SR, around the time phase
representing the onset of the conduction of electrical excita-
tion, to reveal the mechanism of the effective contraction of
the heart. We discuss the measured propagation of the local
and minute contractile response in the SR distribution from
the perspective of the physiological mechanism of the heart.

2. Methods

2.1. Ultrasonic measurement with high-density beam
scans and high frame rate

Figure 1(a) shows the schematics of the low-density beam
scans used in the previous study®” and high-density beam
scans in the present study. To increase the density of the
ultrasound beam scans in the lateral direction compared with
that of the previous study,”® the spatial interval of the
ultrasound beams was set at 1.5°, wherein the density of
the ultrasound beam scans was more than three times higher
than that of the previous study (5.6°).

Measurement using a focused wave has a higher spatial
resolution than a plane wave or a diverging wave. Thus, the
acquisition area of the radiofrequency (RF) signals was
limited to realize a dense measurement with a high frame
rate using a focused wave. The viewing angle of the
acquisition area was reduced to 24°, compared with 45°
used in the previous study. In the measurements, the frame
rate, fer, of the acquisition of the RF signals was set at
503 Hz, which was 630 Hz in the previous study.’”
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2.2. Measurement environment

In vivo measurements were applied to three healthy subjects
in their twenties using an ultrasound diagnostic apparatus.
The measurements were approved by the Ethics Committee
of Tohoku University. Additionally, all subjects agreed to
participate in this study.

A focused wave was transmitted from a sector probe
(UST-52105; Hitachi-Aloka-Medical Ltd., Tokyo, Japan)
connected to an ultrasound diagnostic apparatus (F75;
Hitachi-Aloka-Medical Ltd., Tokyo, Japan). The center
frequency of the transmitted wave was 3 MHz, and the
sampling frequency f; was 20 MHz. Assuming that the speed
of sound of the tissue, ¢y, is 1540 m s_l, the spatial interval of
the sampling points in the ultrasound beam direction is
0.038 mm. Electrocardiogram (ECG) and phonocardiogram
(PCG) waveforms were acquired simultaneously in the
measurements. For each subject, the ECG waveform was
measured for lead II using the three-point lead method, and
the PCG waveform was measured using a microphone
attached to the subject’s chest.

Figures 1(b) and 1(c) show the schematic of the in vivo
measurement and the B-mode image of the cross-section in
the parasternal long-axis view, respectively. The acquisition
area of the RF signals was limited to the interventricular
septum (IVS) to realize a high-frame-rate measurement. In
the parasternal long-axis view, the mitral valve (MV) was
used as a landmark such that the right-side boundary of the
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(Color online) (a) Schematics of low-density beam scans and high-density beam scans. (b) Schematic of in vivo measurement. (c) B-mode image of

the cross-section in parasternal long-axis view. (d) Schematic of calculating strain rate (SR).
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acquisition area was set by the ultrasound beam located
above the MV, as shown in Fig. 1(c).

2.3. Local velocity estimation using multifrequency
phase differences®”

In the present study, the local velocity in the ultrasound beam
direction was estimated at multiple positions in the heart wall
using the multifrequency phased-tracking method.>” The
process of local velocity estimation, presented as follows,
was based on that described by referring to Ref. 37.

The RF signal of the ith ultrasound beam in the nth frame,
s;(t, n), was cut out around the mth position using a Hanning
window (£1.50 mm). The frequency spectrum S; ,,(f, n) was
obtained by applying discrete Fourier transform (DFT) to the
windowed signal, s;,,(t, n). In the (n + 1)th frame, the
frequency spectrum, S;,,(f, n + 1), was also obtained by
employing the same procedure. The cross-spectrum between
consecutive frames, C;,,(f, n), was calculated as

Cim(f, m) = S5, (fs n) - Sim(fon + 1), ey

where * denotes the complex conjugate.

The phase gradient, a;,(n), of the cross-spectrum was
estimated by the least-square method using the amplitude of
the cross-spectrum, |C;,(f, n)|[, as a weighting function.
Assuming that the velocities in the window of the DFT are
uniform between consecutive frames, the estimated velocity, 7y,
between consecutive frames can be expressed using the esti-
mated phase gradient, d, ,, (1), of the cross-spectrum as follows:

ol G ), ®)

ﬁd(Zi,m; }’l) =

Here, z;,, is the depth of the mth position in the ith beam and
¢p s the speed of sound of the living tissue.

As the phase gradient of the cross-spectrum is estimated

using the multifrequency phase differences, the influence of

the frequency-dependent attenuation and interference of
backscattered waves can be suppressed.’” Thus, velocity
can be estimated locally without the spatial averaging
operation caused by the calculation of the cross-correlation
function.

2.4. Measurement of SR distribution in the heart wall
The myocardial SR distribution was calculated from the
velocities obtained at multiple positions in the heart wall. As
shown in Fig. 1(d), the SR on the mth position in the ith beam

31,353
was calculated as>!3>3®

Vd(Zi,m+Am; }’l) - Vd(Zi,mfAm; }’l)

SRi,m(n) =
|Zi,m+Am(n) - Zi,mfAm(n)l

3

where Am is the interval of the sampling points used to
calculate the SR. In the present study, the initial interval
|Zim+am(©0) — Zim—am(0)] was set to 0.821 mm. The interval
in the nth frame, |z, 4+ Am (1) — Zim—aAm(n)|, was determined
by tracking the (m + Am)th and (m — Am)th positions,
respectively, by integrating the velocity waveform. The SRs
were obtained at several hundred positions in the depth
direction in each ultrasound beam, using which the two-
dimensional distribution of the SR was obtained.

In the parasternal long-axis view, it is assumed that the
ultrasound beam 1is perpendicular to the myocardial fiber
direction in each myocardial layer. As the myocardial
thickness increases (decreases) when the myocardium con-
tracts (relaxes) in the fiber direction, the positive (negative)
SRs indicate myocardial contraction (relaxation).

3. Results

3.1. Two-dimensional distribution of myocardial SR
using local velocity estimator

Figure 2 shows the two-dimensional distribution of the
myocardial velocity and SR of the IVS at several time phases
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Fig. 2.

(Color online) (a)-(d) Two-dimensional distributions of velocity of the ultrasound beam and (e)—(h) two-dimensional distributions of SR at several

time phases in a cardiac cycle. (i) Electrocardiogram (ECG) waveform. (j) Phonocardiogram (PCG) waveform. (k) M-mode image in the central beam.
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in a cardiac cycle. The blue and red colors in the velocity
distribution represent the velocity toward the left ventricular
(LV) and right ventricular (RV), respectively. In the SR
distribution, the cold and warm colors represent the myocar-
dial contraction and relaxation, respectively. At the time of
the ECG P-wave, the values of the SR in the IVS were
approximately zero; i.e. the myocardia in the IVS did not
contract. However, at the time of the ECG R-wave, the SR
distribution shows alternate layers of contraction and relaxa-
tion, especially on the apical side. However, the velocity
distribution does not show the layers, as shown in Fig. 2(b).

In a previous study using the multifrequency phased-
tracking method,”® the alternate layers of contraction and
relaxation were observed clearly in each ultrasound beam. In
the present study, similar alternate layers of contraction and
relaxation were confirmed in each ultrasound beam.
Moreover, the alternate layers were measured as spatially
continuous in the longitudinal direction of LV, as shown in
Fig. 2(f), although the myocardial SRs were calculated
independently for each ultrasound beam. This continuity of
SR distribution in the longitudinal direction indicated that the
alternate layers of contraction and relaxation reflect the
physiological mechanism of the heart.

Figure 3 shows the SR distribution at the time of the ECG
R-wave in three consecutive heartbeats for three subjects.
The alternate layers of contraction and relaxation, continuous
in the longitudinal direction, were observed for all the
subjects and their heartbeats.

3.2. Propagation of local and minute myocardial
contractile response

The two-dimensional distributions of SR were measured
around the time phase of the ECG R-wave. Figure 4 shows
the two-dimensional SR distributions every 2 ms for subject
A around the time phase of the ECG R-wave. At —14 ms
from the ECG R-wave, a rapid contraction (cold color) of the
myocardium was observed in several myocardial layers on
the apical side of the LV side of the IVS, as shown in
Fig. 4(a). Then, the rapid contraction propagated from the

beat 1
subject A (a) 4

apical

subject B (d) /

10 mm

subject C (9? 4

Fig. 3.
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beat 2

apical side to the basal side in the longitudinal direction until
the time of the ECG R-wave and the contractile region
gradually increased after the ECG R-wave. Although the
same SR pattern was not obtained even for three consecutive
heartbeats for the same subject, the propagation of the rapid
contraction from the apical side to the basal side followed the
same pattern.

Figures 5 and 6 show the two-dimensional distributions of
the myocardial SR around the time phase of the ECG R-wave
every 2 ms for subjects B and C, respectively. As shown in
Figs. 5 and 6, the rapid contraction on the LV side of the IVS
propagated from the apical side to the basal side for subjects
B and C, similar to that observed in subject A. Especially on
the LV side of the IVS, the propagation of the rapid
contraction in the longitudinal direction was confirmed for
all subjects.

4. Discussion

4.1. Usefulness of local and dense measurement of
two-dimensional distribution of myocardial SR

In a previous study that used the multifrequency phased-
tracking method,*® the alternate layers of contraction and
relaxation were confirmed in each ultrasound beam around
the time phase representing the onset of the conduction of
electrical excitation. However, the relationship between the
alternate layers and the physiological mechanism of the heart
were not discussed because of the low-density beam scans. In
the present study, high-density beam scanning enabled the
local and dense measurement of the two-dimensional dis-
tribution of alternate layers of contraction and relaxation and
the propagation of the rapid contraction in the longitudinal
direction of LV. These local and minute contractile responses
were captured by the local SR measurement but could not be
confirmed by velocity measurement.

Similar SR patterns were measured in three consecutive
heartbeats for the same subject, although the patterns did not
completely correspond. As the local SR reflects the minute
change in the local myocardial thickness, subtle changes in

beat 3

SR [(m/s)/m]
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16

4

-16
relaxation

(Color online) Two-dimensional distributions of SR during the electrocardiogram (ECG) R-wave in three consecutive heartbeats with three subjects.

© 2021 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 60, SDDEO2 (2021)

Y. Obara et al.

subject A

SR [(m/s)/m]
contraction
16

4

-16
relaxation

(m) ECG 0oF

(m)PCG ¢

7120 -80

160

-200

20 -14 08 40 80 120 160 200

time from R wave [ms]
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ECG waveform. (n) Phonocardiogram (PCG) waveform.
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(Color online) (a)—(1) Two-dimensional distributions of SR around time phase of electrocardiogram (ECG) R-wave every 2 ms for subject A. (m)
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Fig. 5.
ECG waveform. (n) Phonocardiogram (PCG) waveform.

the cross-section might affect the local SR measurement in
consecutive heartbeats. This effect of the subtle change in the
cross-section will be examined in a future study.

4.2. Relationship between alternate layers of con-
traction and relaxation and physiological mechanism
of heart

Let us discuss the relationship between the alternate layers of
contraction and relaxation in the two-dimensional distribu-
tions of the myocardial SR and the physiological mechanism
of the heart. The conducting system in the heart, such as the

SDDEO02-5

(Color online) (a)—(1) Two-dimensional distributions of SR around time phase of electrocardiogram (ECG) R-wave every 2 ms for subject B. (m)

His-bundle, bundle branch, and Purkinje fiber, allows the
electrical excitation to be conducted fast. The myocardial
fibers in the IVS are activated by the electrical excitation
from the Purkinje fibers connected to the bundle branch.
First, in the LV, the apical side of the IVS is activated by the
left bundle branch, which runs over the entire surface of the
IVS.?'*? Electrical excitation then occurs in the myocar-
dium. The conduction speed of electrical excitation along the
myocardial fiber is 2—4 times faster than that across the
myocardial fiber.*? Thus, the conduction of the electrical

© 2021 The Japan Society of Applied Physics
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Fig. 6.
ECG waveform. (n) Phonocardiogram (PCG) waveform.

excitation depends on the orientation of the myocardial
fiber.*'*? As the LV is constructed with a continuous
myocardial band that forms a complex spiral from the basal
side to the apical side,*** the heart wall has a layered
structure of myocardial sheets in the transmural direction, and
the orientation of the myocardial fiber is different in the
transmural direction,' 434 Thus, electrical excitation con-
ducts spirally in the LV along the myocardial fibers in each
1ayer.47’

In the present study, it was confirmed that the contractile
response propagated in the longitudinal direction on the LV
side of the IVS, which corresponds to the result in the
previous study on animal models that the endocardial
myocardium contracts earlier than the epicardial myocardium
around the time phase of the ECG R-wave.*® As the
direction of the myocardial fiber on the LV side of the IVS
is similar to the longitudinal direction,'®**® the propagation
of the contractile response in the longitudinal direction
indicates that the electrical excitation was conducted along
the myocardial fiber direction. Considering the electrical
excitation conducts spirally in the LV along the myocardial
fibers in each layer, the electrically activated time of the
myocardium may be different for each layer in the transmural
direction. Thus, the differences in the electrically activated
time might have caused the alternate layers of contraction and
relaxation, as highlighted by the results of this study.

The mechanism of effective contraction in the layered
myocardium was clarified by the alternate layers of contrac-
tion and relaxation observed in the local SR distribution.
These alternate layers of contraction and relaxation may
cause transmural shearing deformation at the boundary
between the layers, which occurs due to the layered structure
of the myocardial sheets and helps thicken the heart wall
effectively.**” In the present study, the alternate layers of
contraction and relaxation suggested transmural shearing

SDDEO02-6

(Color online) (a)—(1) Two-dimensional distributions of SR around time phase of electrocardiogram (ECG) R-wave every 2 ms for subject C. (m)

deformation, which realizes the rapid increase in the internal
pressure of the LV in the transition period from diastole to
systole.
4.3. Transmitted wave condition for measurement
with high-density beam scans and high frame rate
The acquisition area of the RF signals was limited to the part
of the IVS to realize the dense and local measurement in the
lateral and beam directions with a high frame rate using a
focused wave. This measurement condition can be achieved
using existing commercial ultrasonic diagnostic apparatuses
and can thus be easily applied in clinical applications.
However, the acquisition area (24°) was not sufficient to
evaluate the entire LV region, as shown in Fig. 1(c)
(approximately 90°). Although the propagation of the local
and minute contractile response could be measured in the
limited acquisition area in the present study, the measurement
condition in the present study may not always be optimal.
Alternatively, the parallel beamforming method using a
plane wave or a diverging wave may be useful for measuring
a larger area densely in the lateral direction.”’® These
transmitted wave conditions allow us to expand the measure-
ment region with a higher frame rate than that with a focused
wave used in the present study. The local SR measurement
can also be applied to measurements using a plane wave or
diverging wave. However, measurements using a plane wave
or diverging wave have a lower spatial resolution and signal-
to-noise ratio than those using a focused wave,” and the
parallel beamforming method requires sufficient computa-
tional capacity. Thus, there is a trade-off relationship related
to the transmitted wave conditions. Therefore, a suitable
transmitted wave condition must be determined by consid-
ering the measurement region, spatial and temporal resolu-
tion, and feasibility of clinical application in future studies. It
is also necessary to clarify the physiological mechanism of
the heart to determine a suitable transmitted wave condition.

© 2021 The Japan Society of Applied Physics
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4.4. Clinical application for evaluating transmurality
of myocardial ischemia

Alternate layers of contraction and relaxation were observed
in the local SR distribution in healthy subjects. This may
have been caused by the conduction of electrical excitation
along the myocardial fiber direction. Abnormal conduction of
electrical excitation in myocardial ischemia causes a delay in
the contractile response,”>**?% and the local SR pattern may
change owing to the delay of the contractile response. Thus,
local SR distribution can visualize the transmurality of
myocardial ischemia. The differences in the local SR pattern
between healthy subjects and patients will be examined in a
future study.

There is a limitation in local SR measurements. As the
multifrequency phased-tracking method improves the locality
of the SR measurement in the ultrasound beam direction,>”
the ultrasound beam direction corresponds to the transmural
direction of the heart wall to realize the local measurement in
the transmural direction. Thus, the measurement view is
limited, depending on the evaluation. To evaluate the
transmurality of myocardial ischemia locally, basal-septal,
basal-lateral, mid-septal, and mid-lateral walls can be mea-
sured in the parasternal long-axis or short-axis view, apical
septal and lateral walls can be measured in the parasternal
short-axis view, and the apex can be measured in the apical
view. However, the local SR measurement of the anterior and
inferior walls may be difficult because the ultrasound beam
direction does not correspond to the transmural direction in
these measurements. The 17-segment model of the LV is
generally used for the assessment of wall motion.” It is
difficult to evaluate the transmurality of myocardial ischemia
using the local SR measurement in the anterior segments
(1, 7, and 13) and the inferior segments (4, 10, and 15) in the
17-segment model.

5. Conclusions

The two-dimensional distributions of the myocardial SR,
measured with high-density beam scans using our proposed
local velocity estimator, exhibited alternate layers of contrac-
tion and relaxation around the time phase, representing the
onset of the conduction of electrical excitation. The propaga-
tion of the local and minute contractile response along the
myocardial fiber on the LV side of the IVS was captured for
three healthy subjects. The results indicated the effective
mechanism of the transition process from diastole to systole,
where transmural shearing deformation occurs between the
alternate layers of contraction and relaxation. The evaluation

of the myocardial SR needs to consider the influence of 2;;
alternate layers of contraction and relaxation to detect
myocardial ischemia in its very early stages by measuring
the contractile response caused by electrical excitation. The  33)
measurement of myocardial SR, with high-density beam
. . . 34)
scans, using the multifrequency phased-tracking method,
can reveal the effective contraction with transmural shearing
deformation and determine the appropriate evaluation index  35)
of the contractile function in the layered myocardium.
36)
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