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Abstract—Local high-accuracy velocity estimation is important for the ultrasound-based evaluation of regional
myocardial function. The ultrasound phase difference at the center frequency of the transmitted signal has been
conventionally used for velocity estimation. In the conventional method, spatial averaging is necessary owing to
the frequency-dependent attenuation and interference of backscattered waves. Here, we propose a method for
suppressing these effects using multifrequency phase differences. The resulting improvement in velocity estima-
tion in the heart wall was validated by in vivo experiments. In the conventional method, the velocity waveform
exhibits spike-like changes. The velocity waveform estimated using the proposed method did not exhibit such
changes. Because the proposed method estimates myocardium velocity without spatial averaging, it can be used
for measuring heart wall dynamics involving thickness changes. (E-mail: mori@ecei.tohoku.ac.jp) © 2020
World Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Ischemic heart diseases, such as myocardial infarction
and cardiac angina, are the leading factors determining
the number of years of life lost in 2016
(Foreman et al. 2018). Ischemic heart diseases nega-
tively affect regional myocardial function. Therefore,
there is a need to develop highly accurate and repeatable
methods for evaluation of regional myocardial function;
these diagnostic methods can help to prevent the onset of
ischemic heart diseases and can increase the efficiency
of post-onset treatment. Ultrasound-based diagnostic
apparatuses are less expensive than other diagnostic
apparatuses, such as computed tomography and/or mag-
netic resonance imaging apparatuses, and can be used
for non-invasive real-time observation of organ dynam-
ics. Given this, ultrasound-based medical evaluation
methods have been popular.

Conventionally, B-mode and M-mode imaging
have been used for evaluating myocardial contractile
function (Mason et al. 1979; Shapiro et al. 1981;
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Guth et al. 1984). However, there are qualitative diagno-
sis methods that may be examiner dependent
(Picano et al. 1991). Thus, it is necessary to develop
quantitative diagnosis methods based on the physiologic
mechanisms of myocardial contraction.

Many physiologic studies of myocardial contraction
have confirmed that the myocardium contracts owing to

electrical ~ excitation  (Durrer et  al. 1970;
McVeigh et al. 2002; Faris et al. 2003;
Ramanathan et al. 2004; Pernot et al. 2007

Konofagou and Provost 2012; Grondin et al. 2019).
Therefore, the minute contraction response accompanied
by the conduction of electrical excitation has been mea-
sured in the time phase around the R-wave in the electro-
cardiogram, for regional myocardial function evaluation
(Kanai and Tanaka 2011). When the myocardium con-
tracts, its thickness increases owing to the volume con-
servation constraint. In previous studies in animal
models using invasive methods, the regional myocardial
function was evaluated quantitatively by measuring
changes in myocardium thickness (Theroux et al. 1974;
Heyndrickx et al. 1975; Sasayama et al. 1976;
Sabbah et al. 1981; Hartley et al. 1983, 1991;
Homans et al. 1985). Therefore, it is possible to measure
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myocardial contraction by observing changes in myocar-
dium thickness. Measurements of local changes in myo-
cardium thickness (Kanai et al. 2006), myocardial strain
(Sutherland et  al 2004, Marwick  20006;
Grondin et al. 2015) and myocardial strain rate
(Kanai et al. 1997; Sutherland et al. 2004; Marwick 2006;
Yoshiara et al. 2007; Tanaka et al. 2014a, 2014b, 2017,
2019) have been utilized for quantitative evaluation of
myocardial contractile function. Moreover, the strain
rate of the myocardium after the onset of ischemic heart
diseases has been studied, and the difference between
normal and infracted myocardia has been discussed
(Jamal et al. 2002; Pislaru et al. 2004).

The changes in myocardium thickness, myocardial
strain and myocardial strain rate are calculated from veloci-
ties at multiple positions in the myocardium. In addition to
measuring the myocardium contraction based on changes
in myocardium thickness, the minute contraction propaga-
tion velocity has been calculated from the delay times of
myocardial velocity waveforms (Matsuno et al. 2017;
Hayashi et al. 2019). Therefore, it is important to estimate
myocardial local velocity with high accuracy.

We have estimated the velocity in the ultrasound
beam direction using the phased-tracking method
(Kanai et al. 1996; Kanai et al. 1997). In the conventional
method, the quadrature detection method was applied to the
received signal at the center frequency of the transmitted sig-
nal (Kanai et al. 1996, 1997, 2006; Yoshiara et al. 2007;
Tanaka et al. 2014a, 2014b, 2017; Matsuno et al. 2017,
Hayashi et al. 2019), and the velocity was estimated using
the phase difference between the received signals at the cen-
ter frequency of the transmitted signal. However, the peak
frequency of the received signal does not correspond to the
center frequency of the transmitted signal, as it depends on
two factors. One of these factors is the attenuation that
occurs when the ultrasound wave propagates through living
tissue. Owing to the frequency dependence of this attenua-
tion, the signal’s high-frequency components are attenuated
more than its low-frequency components especially for sig-
nals reflected from deep-tissue regions. Therefore, the peak
frequency of the received signal is lower than the center fre-
quency of the transmitted signal. The other important factor
is the interference of backscattered waves from numerous
scatterers in the myocardium. Because this interference
depends on the scatterers’ spacing, the signal-to-noise ratio
(SNR) may decrease at a certain frequency of the received
signal affected by the destructive interference. Thus, the
peak frequency of the received signal can be interference
dependent (Hasegawa and Kanai 2008a). Therefore, the con-
ventional method is sensitive with respect to destructive
interference, which decreases the SNR at the center fre-
quency of the transmitted signal.

Here, we propose a method for local and highly accu-
rate estimation of myocardial velocity waveforms using the
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phased-tracking method extended to multiple frequencies.
By calculating such multifrequency phase differences, even
when the SNR at a certain frequency is low, the phase dif-
ferences at other frequencies (with high SNRs) can be used
to estimate velocity waveforms. A velocity estimator that
uses multifrequency phase differences has been considered
in several previous studies. One of them is the phase-sensi-
tive 2-D motion estimator proposed by Hasegawa (2016).
The primary objective of that study was to expand a 2-D
motion estimator using the phase at a specific frequency
(Salles et al. 2015) to one that uses multifrequency phases,
to improve the estimation accuracy of the displacement in
the lateral direction, that is, perpendicular to the beam axis,
using a smaller spatial window. However, the effects of
attenuation and interference of scattered waves have not
been studied thoroughly. In the present study, the main pur-
pose of the proposed method is to suppress the influence of
the attenuation and interference of scattered waves in the
heart wall dynamics measurements, where myocardium
thickness changes owing to myocardium contraction.

We compared the proposed phased-tracking method
extended to multiple frequencies with the conventional
phased-tracking method that uses the phase difference at
the center frequency of the transmitted signal, and evalu-
ated the reproducibility of the velocity waveforms esti-
mated using the proposed method. We discuss the
usefulness of the proposed method for measuring heart
wall dynamics involving thickness changes.

METHODS

Conventional method

The conventional phased-tracking  method
(Kanai et al. 1996, 1997) at the center frequency of the
transmitted signal is explained below and in Figure 1. (I)
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Fig. 1. Schematic of the estimation of velocity using the phase

gradient of the cross-spectrum in the conventional method

(blue lines) and in the proposed method (red Iines).
RF =radiofrequency.
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The received radiofrequency (RF) signal S,(t) around
the analysis point in the nth frame is cut out using a win-
dow function. (IT) The complex frequency spectrum Sy (f)
is obtained using the discrete Fourier transform (DFT).
The DFT is also applied to the received signal Sy (t) of
the (n-+ 1)th frame. (IIl) The cross-spectrum Cy(f)
between the consecutive frames is calculated as

Ca(f) = SaF) - Snir (f) (1)

where * denotes the complex conjugate. The amplitude
of the cross-spectrum, |Gy (f)|, represents the correlation,
in the frequency domain, between the frames of the
received signal, and the phase /Gy (f) of the cross-spec-
trum represents the phase difference between the frames
of the received signal. The estimated velocity V4(n) is
calculated as

Pa(n) = Cofer ) —/Ca(fe)
47 fe
where ¢ is the speed of sound in the living tissue, fgr is

the frame rate and f; is the center frequency of the trans-
mitted signal.

)

Proposed method

The proposed phased-tracking method, which is
extended to multiple frequencies, is described below.
Assuming that the velocity v4(n) between the frames is
uniform in the window of the DFT and the phase /C,(f)
of the cross-spectrum is linear, the phase gradient a, of
the cross-spectrum is expressed as

_ 4
Cofrr

Therefore, the velocity v4(n) between the consecutive
frames can be calculated from the phase gradient a, of
the cross-spectrum.

In the proposed method, the phase gradient d, of the
cross-spectrum is estimated from the phase /Cy(f) with
multiple frequencies. Assuming that the cross-spectrum
phase is linear, the root mean squared error (RMSE) of the
estimated phase gradient, oy(a), weighted by the cross-
spectrum amplitude |G, (f)], is defined as

S5 Gl 1£Galf) — af P
S oGl

for the sampling frequency f; and arbitrary variable a.
When the value of af is greater than (less than) 180°, 360°
is subtracted (added) from (to) the value of af to deal with
aliasing. From eqn (3), the velocity V4(1n) can be estimated
from the phase gradient d,, of the cross-spectrum that mini-
mizes the RMSE «y,(a). The velocity is calculated as

an = vg(n) (3)

an(a) = (4)

() = U (g, )
ap = arg minay(Q) (6)

a

The concept underlying this estimation method is the same
as that underlying the phase-sensitive 2-D motion estimator
proposed by Hasegawa (2016); however, the main purpose
is different, as mentioned in the Introduction.

Figure 1 schematically illustrates estimation of the
velocity using the phase gradient of the cross-spectrum in
the conventional and proposed methods. The blue lines rep-
resent the spectra and phases for the conventional method,
whereas the red lines represent the spectra and phases for
the proposed method. In the conventional method, the esti-
mation accuracy of the cross-spectrum phase might be
lower, owing to the influence of attenuation and the inter-
ference, because only the phase at the center frequency of
the transmitted signal is used. Because the higher-fre-
quency components of the ultrasound wave are more atten-
uated, the peak frequency f, of the signal received from the
heart wall is lower than the center frequency f; of the trans-
mitted signal, as illustrated in Figure 1. Therefore, in the
conventional method, the velocity might be estimated from
the phase difference at the frequency with a low SNR of
the cross-spectrum.

Furthermore, the phase difference at a certain fre-
quency may be affected by the interference, depending on
the position of the myocardium to be analyzed. Because
there are numerous scatterers in the myocardium that are
smaller than the resolution of the ultrasound wave, the
received signal is the interference of numerous backscattered
waves. When destructive interference occurs, for example,
as a result of the opposite phase in assuming two scatterers,
the SNR decreases dramatically, and the cross-spectrum
phase cannot be calculated accurately. When destructive
interference occurs at the center frequency of the transmitted
signal, the estimation accuracy of the velocity using the con-
ventional method with the phase difference at the center fre-
quency of the transmitted signal becomes lower. In the
proposed method, the cross-spectrum phase gradient d is
estimated by using the cross-spectrum amplitude |C,(f)] as
the weighting function. Therefore, the influence of the phase
difference at the frequency at which the SNR is lower owing
to the attenuation and/or interference can be suppressed.

Measurement environment

In vivo measurements were made on the interventricu-
lar septum (IVS) of healthy subjects in their early twenties,
using ultrasound diagnostic apparatuses. The measurement
was approved by the Ethics Committee of Tohoku Univer-
sity, and the subjects agreed to participate in this study. For
measurement of subjects A, B and C, a plane wave with the
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center frequency f. of 3.75 MHz was transmitted from a sec-
tor probe (UST-52101 N; Hitachi-Aloka-Medical Ltd,
Tokyo, Japan) connected to an ultrasonic diagnostic appara-
tus (Prosound «-10; Hitachi-Aloka-Medical Ltd, Tokyo,
Japan), and high-frame-rate measurements (frg= 860 Hz)
were made using parallel beamforming (Hasegawa and
Kanai 2008b). The sampling frequency f; was 15 MHz, and
the sound velocity Cy in the living tissue was assumed to be
1540 m/s; thus, the depth interval of the sampling points was
0.051 mm. For measurement of subjects D, E and F, a
focused wave with the center frequency f, of 3.75 MHz was
transmitted from a sector probe (UST-52101; Hitachi-
Aloka-Medical Ltd, Tokyo, Japan) connected to an ultra-
sonic diagnostic apparatus (SSD6500; Hitachi-Aloka-Medi-
cal Ltd, Tokyo, Japan). By reducing the number of beams,
high-frame-rate measurement (frr > 630 Hz) was realized.
The sampling frequency f; was 20 MHz, and the sound
velocity €y in the living tissue was assumed to be 1540 m/s;
thus, the depth interval of the sampling points was
0.038 mm.

In these measurements, the electrocardiogram
(ECG) and phonocardiogram (PCG) were acquired
simultaneously. For each subject, the ECG was mea-
sured using the three-point lead method, and the ECG
waveform was obtained for lead II. The PCG waveform
was measured using a small microphone attached to the
subject’s chest.

Figure 2 is the initial-frame B-mode image of a sub-
ject and the analysis point where the velocity was esti-
mated (yellow point). Around the time phase of the ECG
R-wave representing the onset of the minute contraction
response, the velocity at the analysis point was estimated
using the phased-tracking method at the center frequency
of the transmitted signal (conventional method, eqn (2))
and using multiple frequencies (proposed method, eqn
(5)). In the velocity estimation, the received RF signal

subject A
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side / side
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Fig. 2. B-mode image of the left ventricle in the long-axis view

and the analyzed point at which the velocity was estimated (yellow
point). ECG = electrocardiogram; PCG = phonocardiogram.
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was cut out using the Hanning window in the range of
41.22 mm around the analysis point in the depth direc-
tion. Then, the cross-spectrum Cy(f) in eqn (1) was
obtained, and the velocity between two consecutive
frames was estimated. The analysis point was moved
with the movement of IVS. The movement of IVS was
measured by integrating the estimated velocity wave-
form.

To compare the proposed method with the conven-
tional method using the RMSE «p(a) in eqn (4), there
was a need to calculate the RMSE in the conventional
method. Therefore, the phase gradient of the cross-spec-
trum @y in eqn (4) was taken place by /G, (f.)/f; to cal-
culate the RMSE for the conventional method using the
phase at the center frequency of the transmitted signal.

RESULTS

Figure 3 illustrates (a) the ECG waveform, (b) the
PCG waveform, (c) the velocity waveform and (d) the
RMSE in the phase gradient estimation. On the vertical
axis in Figure 3c, a downward positive value indicates the
contraction movement toward the left ventricle (LV), and
an upward negative value indicates the movement toward
the right ventricle (RV). The dotted lines represent the
maximal velocities that can be measured using the phase
difference at the center frequency f; of the transmitted sig-
nal. The horizontal axis is the time from the ECG R-wave.
Figure 3c, 3d illustrates the results obtained using the
phased-tracking method extended to multiple frequencies
(proposed method, red lines) and using the method that
uses only the center frequency f. of the transmitted signal
(conventional method, blue lines).
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Fig. 3. (a) Electrocardiogram (ECG) waveform, (b) phonocar-
diogram (PCG) waveform, (c) velocity waveform and (d) mini-
mal root mean square error (RMSE) of the phase gradient
estimation, where blue lines represent the results obtained
using the conventional method, which uses the phase differ-
ence at the center frequency of the transmitted signal, and red
lines represent the results obtained using the proposed method
that uses phase differences with multiple frequencies. LV = left
ventricle; RV =right ventricle.
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The velocity waveform estimated using the conven-
tional method exhibited spike-like changes, while the wave-
form estimated using the proposed method did not exhibit
spike-like changes. Moreover, when the velocity waveform
estimated using the conventional method exhibited spike-
like changes, the RMSE in the conventional method was
extremely large compared with that in the proposed method.
This suggests that the spike-like velocity changes observed
for the estimation using the conventional method could be
attributed to the erroneous estimation.

Let us discuss the cause of the spike-like velocity
change in the velocity waveform estimated using the
conventional method. We focused on the detail of the
velocity estimation for the n;th frame (44.9 ms from the
ECG R-wave) with the maximal RMSE for the conven-
tional method in Figure 3d, at which the positive spike-
like velocity change was estimated as illustrated in
Figure 3c. Figure 4 illustrates (a) the received RF signals
before cutting out using the Hanning window, (b) the
amplitudes of the complex frequency spectra, |S(f)], (c)
the phases of the complex frequency spectra, /Sy (f), (d)
the amplitude of the cross-spectrum, |C,(f)], and (e) the
phase of the cross-spectrum, /G, (f). In Figure 4a—c, the
blue lines correspond to the frequency spectrum Sy (f) of
the frame with the maximal RMSE, for the conventional
method, while the red lines correspond to the frequency
spectrum Sy, (f) in the next frame. In Figure 4d, 4e, the
solid lines represent the cross-spectrum Cp(f) between
the nth and (n+1)th frames, the point (X) represents the
cross-spectrum phase /Cy(f;) at the center frequency f.
of the transmitted signal, for the conventional method,
and the red dashed line represents the gradient of the
cross-spectrum phase {, estimated using the proposed
method with multiple frequencies.

In Figure 4b, the peak frequency of the received sig-
nal is lower than the center frequency f; of the transmit-
ted signal. This is attributed to the frequency-dependent
attenuation. Despite the frequency-dependent attenua-
tion, |Sy(f.)| and |Spy 1 (f.)| are lower than the amplitude
of the complex frequency spectrum at the adjacent fre-
quency, which is approximately 4 MHz. This is attrib-
uted to the destructive interference. Although the
analyzed position in the myocardium was the same, |S, (f
)| differs from |Sy.;(f)|. This is attributed to the change
in the interference state. In Figure 4d, the peak frequency
fp of the cross-spectrum amplitude |Cy(f)| is approxi-
mately 3 MHz. The cross-spectrum amplitude at the cen-
ter frequency f. of the transmitted signal |G,(f.)| is
—37 dB in Figure 4d, relative to that at the peak fre-
quency f, of the received signal. In Figure 4e, the phase
of the cross-spectrum, /Cy(f;), at the center frequency f,
of the transmitted signal is significantly different from
the phase at the peak frequency. These results indicate
that the SNR decreased at the center frequency f; of the
transmitted signal owing to the influence of the attenua-
tion and the interference, and /Cy(f,) used in the conven-
tional method was not calculated as the phase difference
reflecting the actual heart wall motion. On the other
hand, the attenuation and interference effects were sup-
pressed in the proposed method, because the estimated
cross-phase gradient @, was calculated from the phase
difference with multiple frequencies using the cross-
spectrum amplitude |Gy (f)| as a weighting function. In
Figure 4d, the 20-dB bandwidth in the velocity estima-
tion was 2.45—3.37 MHz.

We evaluated the reproducibility of the velocity
waveforms estimated using the proposed method. Fig-
ures 5—7 illustrate the results around the time phase of
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Fig. 4. (a) Received radiofrequency signal Sp, (t), (b) amplitude of the complex frequency spectrum, |Sp, (f)|, and (c)

phase of the complex frequency spectrum, /Sy, (f), where the blue line represents Sy, (f), where RMSE was maximal for

the conventional method, and the red line represents Sp,+1 (f). (d) The amplitude of the cross-spectrum, |Cy, (f)], of the

n;th frame with maximal root mean square error (RMSE) in the conventional method and (e) phase of the cross-spec-

trum, /Cp, (f), where the dashed line represents the phase gradient of the cross-spectrum, dp,, estimated using the pro-

posed method, and the symbol X indicates the cross-spectrum phase /Cy, (f;) at the center frequency of the transmitted
signal, using the conventional method. ECG = electrocardiogram; PCG = phonocardiogram.
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Fig. 5. Results of the estimated velocity waveform for subject A in two consecutive heartbeats. (a) Electrocardiogram (ECG)

waveform. (b) Phonocardiogram (PCG) waveform. (c) Velocity waveform estimated using the conventional method that uses

the phase difference at a single center frequency of the transmitted signal. (d) Velocity waveform estimated using the proposed
method that uses phase differences with multiple frequencies. LV =left ventricle; RV =right ventricle.
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Fig. 6. Results of the estimated velocity waveform for subject B in two consecutive heartbeats. (a) Electrocardiogram

(ECG) waveform. (b) Phonocardiogram (PCG) waveform. (c) Velocity waveform estimated using the conventional

method that uses the phase difference at the center frequency of the transmitted signal. (d) Velocity waveform estimated

using the proposed method that uses phase differences with multiple frequencies. LV =left ventricle; RV =right
ventricle.

the ECG R-wave for two consecutive heartbeats and for
different subjects. The velocity waveforms estimated
using the proposed method are provided in Figures 5d,
6d and 7d and are quite similar. On the other hand, the
velocity waveforms estimated using the conventional
method are provided in Figures 5c, 6¢ and 7c and are
quite different because spike-like velocity changes
owing to the lower SNR occur independently from the
heart wall dynamics. In Figure 7c, the velocity wave-
forms estimated using the conventional method exhibit
steep discontinuity, which is caused by aliasing after
20 ms from the R-wave. This is because the velocity in
the heart wall exceeded the maximal velocity that can be
measured using the phase difference at the center

frequency f. of the transmitted signal. In the proposed
method, the velocity was estimated using the phase gra-
dient of the cross-spectrum. In the proposed method, if
the change in the cross-spectrum phase between adjacent
frequency components was less than 180°, the phase gra-
dient of the cross-spectrum can be calculated without ali-
asing. In the present measurement, the change in the
cross-spectrum phase between the peak frequency and
its adjacent frequency was approximately 10°. Therefore,
in the proposed method, the velocity was measured with-
out aliasing. For measurement of subjects D, E and F,
the reproducibility of the velocity waveforms was evalu-
ated by calculating the standard deviation (SD) in four
consecutive heartbeats. The values of the SD averaged
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Fig. 7. Results of the estimated velocity waveform for subject C in two consecutive heartbeats. (a) Electrocardiogram

(ECG) waveform. (b) Phonocardiogram (PCG) waveform. (c) Velocity waveform estimated using the conventional

method that uses the phase difference at the center frequency of the transmitted signal. (d) Velocity waveform estimated

using the proposed method that uses phase differences with multiple frequencies. LV =left ventricle; RV =right
ventricle.

over frames around the time phase of the ECG R-wave
were 7.3 (conventional) and 1.8 (proposed) in subject D,
7.7 (conventional) and 3.0 (proposed) in subject E, and
6.5 (conventional) and 2.8 (proposed) in subject F,
respectively. In three subjects, the SD in the proposed
method was smaller than that in the conventional
method. Therefore, we concluded that the velocity esti-
mation using the proposed method was more precise
than that obtained by the conventional method. For sub-
jects A, B and C, the SD was not calculated because the
RF data were acquired in only two heartbeats.

In the velocity waveforms estimated using the pro-
posed method, the positive velocity toward the LV was
observed during —30 to 0 ms from the ECG R-wave, as
illustrated in Figures 5d, 6d and 7d. In our previous stud-
ies, it was suggested that this velocity was related to the
minute contraction response caused by electrical excita-
tion (Kanai and Tanaka 2011; Matsuno et al. 2017;
Hayashi et al. 2019). In our future work, we will validate
the relationship between the velocity waveforms and the
actual electrical excitation. The precise velocity estima-
tion by the proposed method would contribute to reveal-
ing this relationship.

DISCUSSION

Improvement of velocity estimation using phase
differences with multiple frequencies

The proposed method improved velocity estimation
because it accounted for the effects of attenuation and
interference, which are not considered in the conven-
tional method.

In the conventional phased-tracking method that
uses the phase at the center frequency f. of the

transmitted signal, the estimation accuracy is negatively
affected by the frequency-dependent attenuation. In
Figure 4d, the peak frequency f, of the received signal is
lower than the center frequency f; of the transmitted sig-
nal. This is because higher-frequency components were
more affected by the attenuation when propagating in
the living tissue. Therefore, the SNR at the center fre-
quency of the transmitted signal was lower, and the
velocity estimation accuracy was lower in the conven-
tional method, which used only the phase at the center
frequency of the transmitted signal.

The effect of the interference with other backscat-
tered waves should be discussed in the measurement of
heart wall measurements. The main scatterers in the
myocardium are collagen fibers. The myocardium has a
layered structure, consisting of several myocardial fibers,
and there are abundant collagen fibers between the
layers. Because collagen fibers are smaller than the ultra-
sound spatial resolution, the signals received from the
myocardium with numerous scattered waves interfere
with each other, and the B-mode image exhibits a
speckle pattern. The scattered waves can build up (con-
structive interference, or in-phase waves) or cancel out
(destructive interference, or out-of-phase waves). There-
fore, the specific frequency component of the cross-spec-
trum decreases depending on the spacing among the
numerous scatterers in the myocardium. In Figures 4b
and 4d, the frequency spectrum amplitude [Sy(f)], |
Sni1(f)| and the cross-spectrum amplitude |G(f)
decreased at the center frequency of the transmitted sig-
nal. This occurred owing to the destructive interference
at the analyzed position, especially at the center fre-
quency of the transmitted signal. Thus, the phase differ-
ence calculated at the center frequency of the
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transmitted signal would be affected by the background
noise.

A notable disadvantage of the conventional method
is not only to use the phase difference at the center fre-
quency of the transmitted signal but also to use the phase
difference for only a single frequency of the received
signal. In the heart wall, rapid changes in the wall thick-
ness associated with myocardial contraction change the
spacing among the scatterers. Because the amplitude of
the myocardial strain rate exceeds 4 (m/s)/m when mea-
sured in the left ventricular long-axis view
(Yoshiara et al. 2007; Tanaka et al. 2014a, 2014b, 2017),
an approximately 10-wm change in thickness in the spa-
tial window occurs over 1 ms; thus, changes in the inter-
ference state between two consecutive frames occur
even for high-frame-rate measurements. Even if the
SNR is not low, a change in the interference between
two consecutive frames induces a phase difference that
is different from that caused by the actual heart wall
motion. Because of the state of the interference changes
owing to rapid changes in heart wall thickness, the con-
ventional phased-tracking method (Kanai et al. 1996,
1997) and the phased-tracking method that was devel-
oped for addressing arterial wall thickness changes
(Hasegawa et al. 2002; Hasegawa and Kanai 2006)
would be difficult to apply to heart wall measurements.

In the proposed method, the phased-tracking
method extended to multiple frequencies alleviated the
negative effects of attenuation and interference on esti-
mation accuracy. Because the velocity is estimated from
the phases with multiple frequencies using the cross-
spectrum amplitude |G, (f)| as a weighting function, the
influence of the phase at the frequency where the SNR
decreases owing to attenuation and interference is
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alleviated. Furthermore, the influence of the change in
the interference state is alleviated when estimating the
velocity based on the phase differences with multiple
frequencies. If the phase difference caused by the change
in the interference state is random at different frequen-
cies, combining the phase differences for several fre-
quencies is likely to be useful for suppressing the effect
of the change in the interference state. As a result,
smooth waveforms (without spike-like velocity changes)
were obtained with high precision.

Figure 8 illustrates (a) the ECG waveform, (b) the
PCG waveform, (c) the velocity waveform, (d) the
RMSE of the phase gradient estimation and (e) the depth
of the tracking point during a cardiac cycle for subject
D. In the conventional method, the depth of the tracking
point did not return to its original position after one car-
diac cycle. Because the displacement is obtained by inte-
grating the velocity waveform, an erroneous velocity
estimation leads to an unrepairable error in tracking the
analyzed point. The deviation from the original position
after one cardiac cycle was improved by the proposed
method compared with the conventional method in sub-
ject D, as illustrated in Figure 8e, and similar results
were confirmed in other five subjects. Therefore, we con-
cluded that the proposed method has the potential to esti-
mate the velocity with higher accuracy than the
conventional method. In our future work, the accuracy
of velocity estimation using the proposed method will be
evaluated by the simulation or the experiment using a
phantom which has a local change in thickness.

Usefulness in measurements of myocardial contraction
We examined the usefulness of the proposed method
for estimating the velocity for measuring the heart wall’s

subject D conventional method proposed method
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Fig. 8. Results of the estimated velocity waveform for subject D during a cardiac cycle. (a) Electrocardiogram (ECG)
waveform. (b) Phonocardiogram (PCG) waveform. (c) Velocity waveform. (d) Minimal root mean square error (RMSE)
of the phase gradient estimation. (¢) Depth of the analyzed point, where blue lines represent the results obtained using
the conventional method that uses the phase difference at the center frequency of the transmitted signal, while the red
lines represent the results obtained using the proposed method that uses phase differences with multiple frequencies.
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contraction response. The myocardial contraction response
was measured by calculating the myocardial strain rate
(Kanai et al. 1997, Sutherland et al. 2004;
Yoshiara et al. 2007; Tanaka et al. 2014a, 2014b, 2017)
and the minute contraction propagation speed from the
velocity waveforms at multiple heart wall locations
(Matsuno et al. 2017; Hayashi et al. 2019). However,
because the velocity waveforms obtained using the conven-
tional method are affected by attenuation and interference,
as mentioned above, it was difficult to reliably estimate the
myocardial strain rate and the minute contraction propaga-
tion velocity from the velocity estimated at a single mea-
surement point. For this reason, when measuring the
contraction response using the conventional method, the
phase /Cp(f.) at the center frequency of the transmitted sig-
nal was spatially averaged around the analysis point in the
depth direction, and the cross-correlation function was used
for estimating the spatially averaged velocity
(Kanai et al. 1996, 1997).

The usefulness of the proposed method in measuring
the change in thickness of the heart wall was validated by
measuring the transmural thickness of the heart wall using
the conventional and proposed methods during a cardiac
cycle in six healthy subjects. The change in wall thickness
was calculated from the differences between the velocity
waveforms at the LV side and the RV side of the IVS.
Figure 9 illustrates results for subject D with (a) the ECG
waveform, (b) the PCG waveform, (c) the velocity wave-
forms estimated using the conventional method with spatial
averaging, (d) the velocity waveforms estimated using the
proposed method and (e) the thicknesses of the heart wall
for subject D. The results in Figure 9c, 9d illustrate the pos-
itive velocity waveforms toward the LV (contraction)

during the ejection period, and then the negative velocity
waveforms toward the RV during the filling period.
Because the amplitude of the velocity at the LV side was
larger than that at the RV side during the ejection and fill-
ing periods, the thickness increased during the ejection
period and decreased during the filling period, as illustrated
in Figure 9e. Around the time phase of the ECG R-wave,
there was almost no change in the thickness.

The waveform of the thickness measured by the
proposed method was similar to that measured using
ultrasonic  crystals in the previous studies
(Sasayama et al. 1976; Hartley et al. 1983, 1991). The
thickness measured using the proposed method (red line)
returned to the original thickness after one cardiac cycle,
but that measured using the conventional method (black
line) did not. These results were confirmed in six sub-
jects. In the six healthy subjects, the thickening fraction
(Hartley et al. 1983) was evaluated. The thickening frac-
tions using the proposed method were in the range
20%—38%. The values of thickening fraction agreed
with those in previous studies using ultrasonic crystals:
30% in dogs (Sasayama et al. 1976), 23%—38% in pig-
lets (Hartley et al. 1983) and 20% in dogs
(Hartley et al. 1991), respectively. Therefore, it was sug-
gested that the proposed method was useful in measuring
the change in the thickness of the heart wall.

The averaging effect of the velocity is discussed in
Figure 10. The black line in Figure 10b represents the
velocity waveform obtained using the conventional method
with spatial averaging. In the conventional method with
spatial averaging (black line in Fig. 10b), the cross-spectra
at the center frequency of the transmitted signal were aver-
aged in the range of +1.22 mm from the analysis point in
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Fig. 9. Results of the estimated velocity waveform and the thickness of the heart wall for subject D during a cardiac

cycle. (a) Electrocardiogram (ECG) waveform. (b) Phonocardiogram (PCG) waveform. (¢) Velocity waveform estimated

using the conventional method that uses the phase difference at a single center frequency of the transmitted signal with

spatial averaging for cross-correlation function. (d) Velocity waveform estimated using the proposed method that uses

phase differences with multiple frequencies. (¢) Thickness of heart wall estimated using the distance from the depth of
the analyzed point at the right ventricle (RV) side to that at the left ventricle (LV) side.
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Fig. 10. (a) Electrocardiogram (ECG) waveform. (b) Velocity waveform. The blue line represents the results obtained
using the conventional method that uses the phase difference at the center frequency of the transmitted signal. The black
line represents the averaged results for velocities in the depth direction obtained using the conventional method that uses
the phase difference at the center frequency of the transmitted signal. The red line represents the results obtained using
the proposed method that uses phase differences with multiple frequencies. (c) Conceptual diagram of the calculation of
the myocardial strain rate using the conventional method. (d) Conceptual diagram of the calculation of the myocardial
strain rate using the proposed method. Yellow circles represents the analyzed points at which the velocity was estimated.
DFT = discrete Fourier transform; LV =left ventricle; RV =right ventricle.

the depth direction. As illustrated in Figure 10b, spike-like
velocity changes estimated using the conventional method
were alleviated by spatial averaging.

There are differences between the velocity wave-
form estimated using the conventional method with spa-
tial averaging and that estimated using the proposed
method without spatial averaging. This is attributed to
changes in the heart wall thickness that are associated
with myocardial contractions. If the velocity is uniform,
that is, if the thickness does not change, within the range
of averaging, the accuracy of the velocity estimation at
the analysis point is improved by averaging. However,
because the heart wall thickness changes locally owing
to contractions, the velocities in the averaging range in
the depth direction differ depending on the depth, and
the accuracy of the velocity estimation at the analysis
point decreases with averaging. Because the proposed
method can yield smooth velocity waveforms without
averaging, the velocity can be estimated locally, for
example, at a single point, compared with the conven-
tional method. Thus, the proposed velocity estimation
method with multiple frequencies is useful for measuring
heart wall dynamics that involve thickness changes.

Finally, let us discuss how the proposed method
improves the locality in measuring the heart wall dynam-
ics by considering the myocardial strain rate measure-
ment as an example. The myocardial strain rate of the

nth frame, SR(n), is calculated using the velocity V4, (1)
at the deep analysis point, the velocity V4_ (1) at the shal-
low analysis point and the distance hy between their two
points (Yoshiara et al. 2007; Tanaka et al. 2014a, 2014b,
2017), as

SR (n) = Vai () f;Vd_(n) . (7)

In previous studies, the distance hy between the two
points was only 821 pwm. Figure 10c, 10d illustrates the
conceptual diagram of ranges of velocities used for calcu-
lating the myocardial strain rate in the conventional and
proposed methods. Because the analyzed region in the con-
ventional method was averaged in the depth direction, the
velocity estimated at the analysis point included different
velocities in the averaging window, as illustrated in
Figure 10c. When the DFT window is 1.22 mm for the
velocity estimation, the overlaps between the two windows
in the myocardial strain rate measurements are 83% and
66% for the conventional and proposed methods, respec-
tively. The proposed method estimated the velocity at the
analysis point in a more local manner. Therefore, the myo-
cardial strain rate is calculated more locally in the proposed
method, compared with the conventional method. In our
future work, the local strain rate will be measured using the
proposed method.
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Clinical application

The proposed method is applicable to existing ultra-
sonic diagnostic apparatuses with only the software
upgrade for use offline. For use in real time, a hardware
board may be a need if the computational capacity is insuf-
ficient in the existing ultrasonic diagnostic apparatus. This
velocity estimation procedure can be achieved by digital
signal processing so it is not difficult to implement our pro-
posed method in existing ultrasonic diagnostic apparatuses.
In the clinical application, first, the region of interest (ROI)
is set on the heart wall, and the velocities in the top and the
bottom of the ROI are estimated using the proposed
method. Then, the thickening (strain) or strain rate in the
ROI is calculated from the velocities.

The velocity estimated using the proposed method has
the parallel component to the ultrasound beam. In the previ-
ous study, it was confirmed that the strain and strain rate
calculated from the velocities in the ultrasound beam direc-
tion have the potential to quantify myocardial ischemia and
to evaluate the LV mass regression after treatments
(Sutherland et al. 2004). It is possible to expand the pro-
posed method to the 2-D motion estimator using the 2-D
Fourier transform (Hasegawa 2016), if needed.

CONCLUSIONS

In the present study, we proposed a velocity estima-
tion method that alleviates the effects of attenuation and
interference, which negatively affect the velocity estima-
tion in the conventional method that uses the phase dif-
ference at the center frequency of the transmitted signal.
Using the proposed method, in which the velocity was
estimated using the phase differences with multiple fre-
quencies, we were able to obtain the velocity waveform
in the direction of the ultrasound beam in the heart wall
with high precision. Moreover, it was confirmed that the
estimation precision of the conventional velocity estima-
tion method using the phase difference at the center fre-
quency of the transmitted signal decreased owing to the
frequency-dependent attenuation and interference of
scattered waves.

The proposed method can estimate the local veloc-
ity waveform of the myocardium without averaging in
the depth direction, while the conventional method
requires averaging. This locality of velocity estimation
is essential for measuring the dynamics of the heart wall
that exhibits thickness changes because the velocity
depends on the analyzed point.
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