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1. Introduction

It is important to evaluate atherosclerosis in the
early stage for prevention of serious cardiovascular
events, such as myocardial infarction and stroke.
The elasticity of the arterial wall is a useful marker
for diagnosis of atherosclerosis because it is altered
by atherosclerosis [1]. For evaluation of the
elasticity of the arterial wall, the pulse wave
velocity (PWV) method is developed as a
non-invasive method for evaluation of the elasticity
of the arterial wall [2-4]. In the conventional PWV
method, the PWV is measured between distant two
points, such as two points in brachial and ankle
arteries, and the average elasticity between such
distant two points is evaluated. However, the
elasticity of the arterial wall is different region by
region and atherosclerotic lesion is formed locally.
Therefore, the measurement of the regional PWYV is
preferred. However, the pulse wave propagates
along the artery relatively fast (several m/s), and the
measurement of the regional PWV is requires high
temporal resolution because the time delays
between pulse waves measured at two points
becomes less than 10 ms when the PWV is
measured in a short segment of the artery of several
centimeters in length.

High frame rate ultrasound, which enables an
imaging frame rate of over one thousand Hz, is
preferable for measurement of the regional PWV
[5,6]. In this report, the regional PWV was
estimated using the acceleration waveforms
measured from the arterial wall by high frame rate
ultrasound. Also, methods for estimation of the
temporal frequency and wavenumber of the
measured acceleration field were developed.

2. Materials and Methods

2.1 Estimation of temporal frequency

In the present study, the acceleration waveforms on
the arterial wall were measured at a very high frame
rate of 1302 frames per second (fps), where m
denotes the scan line number. The position of point
of interest in each scan line is defined as r,, =
(%m, Zm), where x,, and z,, are the lateral and
axial positions.
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In the present study, the Hilbert transform
was applied to the measured acceleration
waveforms to obtain the analytic signals a,,(t) at
the m-th point of interest. The mean temporal
frequency of the acceleration waveform f, at ¢ is
estimated as follows [7]:
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f© =752 m
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YO =) an(t+T)-an®, @
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where M and " denote the number of scan lines and
complex conjugate, respectively.

2.2 Wavenumber estimation

The complex acceleration measured at each point of

interest I;, and time ¢ is composed in a vector
a=[aot) ay(©) -

from:
an-11", 3)
where T denotes transpose.

By assuming that the pulse wave propagates
at a speed of cpwy in the measured segment, the
measured acceleration a can be modelled as
follows:

a=A(k,t)-h+n, @)
where k and n are the wavenumber of the pulse
wave and noise vector, respectively, and A(k, ¢) is
the acceleration at the source (corresponding to the
acceleration at the 0O-th point of interest rp). The
vector h denotes the phase shift of the complex
acceleration corresponding to the time delay owing
to the pulse wave propagation along the assigned
path [ror; -+ ry_41]. The vector h is expressed as
follows: . , , T
h = [e]kdo elkd1 elde—1] , (5)
where £ is the wavenumber of the pulse wave, and
d,, is the distance of the m-th point of interest r,,
from r, along the assigned path [ryr; -+ ry_q]
expressed as follows:

m
A = Y 11 =714, ©)
i=0

By assuming that noise n is Gaussian, the
likelihood is defined as follows:
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1
p(aldo) det(eK)
x exp{—(a — Ah)"K~1(a — 4h)}, (7)
where " denote Hermite transpose, and K = aa'l.
The estimate A(k,t) of the acceleration at
the source position ry, which maximizes the
likelihood, is obtained as follows:
-1

hHK-h

3. Simulation Experimental Results

In the present study, the proposed method
was evaluated by the simulation experiments. The
simulated acceleration waveform is shown in Fig.
1(a). The pulse wave assumed to propagate along a
straight artery at a speed of 2.5 m/s. In the
simulated acceleration field shown in Fig. 1(b), the
change in the arrival time of the pulse wave can be
seen. Figure 1(c) shows the phases of the analytic
signals of the simulated acceleration waveforms.

A(k,t) = a. (®)
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Fig. 1: Simulated acceleration waveform. (a)

Waveform at the central position. (b) Acceleration
shown as a function of distance and time. (c) Phases
of analytic signals of acceleration waveforms.

The proposed method was applied to the
analytic signals of the simulated acceleration
waveforms. Figure 2(a) shows the estimated
temporal frequency of the simulated acceleration
waveform. Stable estimates are obtained during the
time period when the pulse wave present. Figure
2(b) shows A(k, {) obtained by the proposed method
on the basis of maximum likelihood estimation.
From the peak position in Fig. 2(b), the
wavenumber (corresponding to the spatial
frequency) of the pulse wave can be determined.

Figure 3 shows a profile of A(k, ¢) plotted as
a function of the spatial frequency obtained at a
time when A(k, ¢) is maximum. From Fig. 3, the
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spatial frequency of the pulse wave is determined as
-3.65 m". The temporal frequency of the pulse
wave at the same point of time is determined as
9.27 Hz from Fig. 2(a). The PWV is estimated by
dividing the temporal frequency by the spatial
frequency. The PWV was determined as 2.54 m/s,
which is in good agreement with the true PWV of
2.5 m/s.
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Fig. 2: Simulation experimental results. (a) Mean
temporal frequency of acceleration waveforms. (b)

Estimated magnitude of source of acceleration
A(k, t).
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Fig. 3: Profile of A(k, t) at peak.

6. Conclusion

In the present study, a method on the basis of
maximum likelihood estimation was proposed for
estimation of the regional PWV.
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