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A New Method for Measuring Small Local
Vibrations in the Heart Using Ultrasound

Hiroshi Kanai, Member, IEEE, Hiroaki Satoh, Kouichi Hirose, and Noriyoshi Chubachi, Member, IEEE

Abstract—1In order to dlagnose ventricular dysfunction based
on the acoustic characteristics of the heart muscle of the ventricle,
it is necessary to detect vibration signals from varlous parts of
the ventricular wall, ‘Fhis is, however, difficult using previously
proposed ultrusonic diagnostic methods or systems. The reason
is that the amplitude of the cardiac motion is large during
one beat period which produces large fluctuations in the transit
time required for ulirusonic waves to travel from the trunsducer
to the heart and back, This paper proposes v new method
for uvercoming this problem and accurately measuring small
vibrations of the ventricle wall using ultrasound. In this method,
the demodulated ultrasound signal refiected at the heart wall is
converted from analogue to digital (A/D) signal at a high sampling
frequency; from the resultant digital signal, the velocity of the
wall is accurately vbtained over a wide dynamic range based on
the Doppler cffect. The proposed method is preliminarily applicd
to the detection of small vibrations on the aortic wall and the
interventricular septum. The new method offers potentisl for
research in acoustical dingnosis of heart and artery dysfunction.

1. INTRODUCTION

HE need for a method to guantitatively measure heart

sounds and heart wall vibrations during the cardiac cycle
is becoming increasingly important [1], [2). We have already
proposed a new method for estimuling the spectral transition
of heart sounds between short-length signals of succeeding
frames in Jow SNR cases [3). By appiying this method to
the analysis of multiframe signals of the fourth heart sound
obtained during a stress test, significant differences between
the spectral transition patterns of 10 patients with myocardial
infarction and 10 normal subjects were clearly detected. The
significant characteristics of these transition patterns may be
applied to acoustic diagnosis of heart diseases. On the other
hand, several methods to estimate the acoustic transfer function
of a heart have been also proposed [4], [5] by analyzing
heart sounds detected by a microphone or an accelerometer,
However, when measuring a heart sound from the chest wall
of a patient, it is difficult to avoid the influence of the transfer
characteristics of the chest. Thus, in reported experiments [3],
{5], heart sounds were delected by an uccelerometer placed in
the esophagus. However, esophageal probe placement is not
well tolerated in the unanesthetized patient. Moreover, it is
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difficult to detect local vibrations of small areas of various
parts of the veniricle wall,

It is, therefore, desirable 1o transcutaneously detect such
local vibrations with a probe placed on the chest wall using
ultrasonic. Since continuous-wave ultrasonic Doppler motion
detection was first demonstrated [6], numerous elaborate tech-
nigues [7)~{15] have been proposed for ncouslic meusurement
of blood velocity in a subject at a certain fixed point based
on the Doppler effect.

Vibrations of heart walls with small amplitude (about
4100 fam, up to at least a few hundred Hertz) are superimposed
on the motion with large amplilude (about £15 mm, severul
Hertz) due to heartbeat duting one cardiac cycle. Thus, there
are large fluctuations (about %10 ses) in the transit period of
an ultrasonic wave traveling from u transducer to an object in
the heart and back. Since the previously developed ultrasonic
methods or systems obtain the velocity from the Doppler-shift
detected at 4 predetermined return-time for each tranymitied
RF pulse using analogue circuits, it is difficult to obtain the
small local vibrations of a wall on large motion due to the
heartbeat.

Several methods have been developed to measure the di-
ameter of the arterlal walls by tracking small arterial wall
motion with low frequency components for the blood fow
detection [16], [17], for evuluation of elastic propertiey of the
wulls [18]-[20], for measurement of pressures [21], and for
monitoring fetal breathing [22], [23].

Several methods have been proposed and applied to measure
arteriul wall motion having large amplitudes [23]-(30] in
which the zero-crossing point of the echo signal from an
arterial wall is tracked for each transmitted RF pulse using
the phuse-tocked loop (PLL) technique, As pointed out in
[2], however, with each of these devices it has proven lo
be experimentally difficult to lock onto and remain locked
to the desired echo. As theoretically described in Section 1I-
C of this paper, for the measurement of small vibrations on
the heart motion, it is necessary to consider both phase shift
of the returned RF pulse duc to the instantaneous change of
the object position and the Doppler-shift. In these method
using the PLL circuit, the phase shift due to the Doppler-
shift is neglected, Thus, it is difficult to accurately track
the return time of each transmitted RF pulse by the PLL
circuit. In these experimental systems, moreover, the detected
signals are not vibrations but motions of the heart or artery
wall. Thus, it is also difficult to measure small vibrations
of the object in the frequency range up to a few hundred
Hertz.

0018-9294/93503.00 © 1993 1EEE



1234

To overcome the difficulties of tracking echo signals, an
open-loop approach was employed in measuring small dis-
placement such as vessel wall motion [20] and tissue defor-
mation [31], and in measuring myocardial thickening of open
chest dogs [2). However, these methods cannot be applied
to transcutancous measurcment of small vibrations of the
myocardium with large amplitudes during the cardiac cycle
in humans.

This paper proposes a new mecthod for measuring small
vibrations on various parts of the heart in the frequency
range of up to a few hundred Hertz for the purpose of a
acoustical diagnosis of dysfunction in the heart. As described
in Section II-C, by considering both the phase shift of the
returned pulse due to the instantancous change of the object
position and the Doppler shift, the equation for estimating the
velocity of the object is newly derived. In order to realize
this new method, the demodulated signal of the received
signal is A/D converted at a high sampling frequency and the
return time of each transmitted pulse is determined from the
amplitude of the envelope signal of the received echo signal.
From simulation experiments in Section V, the accuracy of
the proposed method is evaluated, There are three boundary
lines for the available region in the frequency-amplitude space
und these are theoretically éxplained in Sections III and IV.

Based on the proposed method, we have conceptualized a

measuremeit system to detect vibration signals over a wide
dynamic range. From experiments using a water tank which
simulates the small vibrations of the heart wall superimposed
on the motion with large amplitude due to heart beat, the
accuracy of the proposed method is evaluated in Section
V1. Finally in Section VII, as a preliminary experiment, the
proposed method is applied to the detection of small vibrations
on the aortic wall near the aortic valve and the interventricular
septum wall in a human,

II. PRINCIPLE

A. Definition of Signals and Doppler Effect

The transmitted RF pulse Vj,(¢) with angular-frequency wyg
in Fig. 1{a) is dencted by

Vin(t) = AwRofoxp (juot)|{u(t)  u(t - To))
- Au exp (jwot) + exp (—jwot) tu(t) - ult=To)}

2
(N

where u(t), To, and 4;, are the unit step function, the pulse
width, and the pulse amplitude, respectively, and Re[:] shows
the real part. Let us assume that the RF pulses Vi (t) are
transmitted at a time interval AT as shown in Fig. 1(a) and (b).
Defining the acoustic velocity as ¢, the instantaneous distance
z(1) between an ultrasonic transducer and a moving object in a
heart is denoted by =(t) = c-7, where 7, is the period required
for onc-way transmission {rom the object to the ultrasonic
transducer. Let us assume that 7, < (AT/2).

In the received signal Vo (t) of Fig. 1(a) and (b), the
angular-frequency wyq is shifted by Aw; due to the Doppler
effect, the magnitude of which is approximately obtained from
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Fig. 1. (a) An illustration explaining the transmitted wave Vj, () from an
ultrasonic (eansducer and its reflective wave Vo (t) from an object. (b}
Outline of the measurement procedure proposed in this paper.

the velocity magnitude v(t) of the object by

_l=w{t)cos 8/c wn
W T W) cos B/ P

v(t) v(t)

o~ —2wog—=<cos §, for—= &1
c ¢

A

where # denotes the angle between the sound beamn and the
velocity vector. The vector velocity U(t) corresponds to the
superposed components of the small vibration and the motion
due to heartbeat. Since the angle 8 is determined by the B-
mode image in the standard system, we assume that ¥(t) is
parallel to the transmission direction of the ultrasonic beam.
Thus, the angular-frequency shift Aw, is denoted by

Awy —2u02%-)-. (2)
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The reccive(i signal V,,(t) in Fig. 1 is described as
Y
Vout(t) = AoutRe [exp { i (wot + f Awpdt
-0

~ (2w + Bu)r, + n) }]
x (u(t=2r) —u(t =Ty -2r)} ()

where Ao, denotes the amplitude of the received signal. The
term exp {j(wot+ f_m Awpdt')} denotes the sinusoidal wave
having an instantaneous angular frequency of wy + Aw,. The
~ two components exp {—jwor:} and exp {—j(wo + Awy)} in
the term exp {—j{2uwo + Aw,)7;} denote the phase shifts due
to the propagation of the ultrasonic wave with wo from the
transducer to the object and the propagetion of the reflective
wave with wp + Aw; from the object to the transducer,
respectively, The term exp {j§1} describes the phase shift due
to the reflection of an ullrasonic wave at the surface of the
object. This term is approximately considered as a constant
value during one cardiac cycle. By multiplying Vouu(t) by
the complex signal exp {jwpt} of the original sinusoidal and
passing the result through a low-pass filter as shown in Fig.
1(b), the low-frequency component V,,,(¢) of the demodulated
complex signal is obtained as follows:

$
Vin(t) = %Aout exp {—J ([ Awyedt’

— (wo + Bwn)re + n) }
x {u(t = 2r;) = u(t = Ty — 27)}. @)

If V. (t) is A/D converted at a frequency (= 1/ATs) which
almost corresponds to the ultrasonic frequency fo = wo/27,
the received pulse position is detected with high accuracy by
analyzing the resultant digital signal. From (4), the phase 8,
of the received pulse is described by

t
b = — f Awpdt! + (2wg + Awg)r - 0. (5)
—-00

In the Doppler detection using continuous ultrasonic waves,
the velocity v(t) and the distance z(t) between the transducer
and the object are considered to be a constant value. By
substituting Aw, and 7; in (4) by constant values Auwy =
—2wyugfe and Ty, respectively, the low-frequency component
of the demodulated signai V,,,(¢) is described by the sinusoidal
wave as follows:

Vin(t) = Aous exp {—i(Awot + nl)}
where
2, = '—(20)0 + AWQ)TQ + Q.

By estimating the Doppler shift Awg from V;,,(t), the velocity
vp is determined. Thus, in the Doppler detection with contin-
uous waves, only the first term in the right-hand side of (5)
is eveluated.
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B. Standard Pulse Doppler Method

When the RF pulses of (1) are transmitted at a time interval
AT, let us denote the time interval between a pulse regeived
al time ¢ and the succeedingly received pulse by At as shown
in Fig. 1{b}, which is almost equal to AT but which is a time-
dependent parameter because the object is moving with large
amplitude. Let us define the velocity of the object, v(t+A¢/2),
ut a middie time, ¢t + At/2, of the period At between one
received pulse and the succeeding pulse by

(H A2t) (t + Agi ~ z(t)

where the term z(t + At) — z(t) in the right-hund side is
denoted by

z(t+ At) —z(t) = ¢ (Tevar = T0)

which corresponds to the distance that the object moves for the
time interval At, Thus, the velocity v(t + At/2) is denoted by

Al Ti+at — Tt
(t+ 2) c AT (6)

In the standard pulse Doppler system, the period T, is
assumed to be a constant value 7o, that is, At = AT Thus,
only the first term [ Awpdt’ in (5) is considered as

¢
et = —f Auhrdt’ — 91.

By differentiating both sides by ¢,

db
i Aw. )]

By approximating (d8,/dt) by (Oipar — 0:)/ AT and substi-
tuting Aw, of (2) into Aw; in the right-hand side, the velocity
is obtained by

AT\ _ ¢ far—b
”(“"" 2 )'M AT ®

This standard eslimation procedure depends only on the de-
tection of the Doppler-shift angular-frequency Aw, of the first
term in {5).

C. Proposed Method

In the measurement of small vibrations on the heart motion,
however, phase shift due to the instantanecus position of the
object denoted by the second term, 2wyry, in (3} cannot be
neglected, as described below. Using (2) and the relation

x(t) = f:m v(t')dt’, the phase &, of (5) is re-expressed us
follows: ‘
z(t) -
8, = 2wu-c— + (2w° -+ Aw;)'r; -0
= 4&}07‘ + Athg - Q. (9)

Since Aw; € wp, Hw, can be negléctéd in (9). As a result,
the phase #; of (9) is approximated by the product between
the ultrasonic angular-frequency wy and the transmission time
Ty 48

¥")

9, = dwore = S
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‘This equation (9') is derived by considering both the phase
shift due to the instantancous change of the object position
in the second term of (5) and the Doppler-shift in the first
term of (3). Many methods have been proposed for detecting
aortic wall motion by tracking the zero-crossing point of the
returned RF pulse using the phase-locked loop (PLL) circuit
[24]~{30] as described previously. These methods consider
only the phase shift due to the instantaneous change of the
object position in the second term of (5). That is, the phase
shift due to the Doppler-shift in the first term of (5) is
neglected. However, as theoretically shown in (9), the phase
shift, (2wo+Awy )T ~ 2wyTe, which is due to the change of the
object position is almost cqual to the term — f Awpdt =
2wgre, due to the Doppler-shift. That is, (he zero-crossing
point moves left or right in the time domain according to both
effects. Thus, the previous PLL-based methods cannot track
aortic wall motion,

Based on the relation shown in (9'), we propose an alter-
native new method to estimate the velocity v(1) of an object
moving with a large amplitude as described below, The phase
difference 8y.a. — 8; between the demodulated signals of
Vour(t) and V., (¢t + At) is obtained by

Orrae — 0y = dwo(Tirae — 7e).

Using (6), the velocity v(t) of the object is estimated as

follows:
ﬁ(t + A;) =c

Therefore, the vibration velocity v(t) on a latge amplitude
motion is estimated from the phase change #¢+a¢ — #; and the
time interval At between the received pulses.

Since it is necessary for the proposed method in (10) 10
accurately track and detect the wall position, the demodulated
signal V,,,(¢) in (4) is A/D converted at a high sampling
frequency as shown in Fig. 1(b). From the resultant digital
complex signal V,,,(t), the position of each object is tracked by
delcctmg the point which has the maximum in the amplitude
signal [V (t)| of V. (t) in a predetermined range of depth from
the chest wall, The period, 2 x 7, required by an ultrasonic
wave to travel from the ultrasonic transducer to the object and
back is obtained for each transmitted pulse, The interval At
of the received pulses is calculated from the values of 7, and
the transmitted interval AT of the RF pulses. The phase shift
Br4at = 8¢ generated during the interval Al is also obtained
from V,,(t) and V,,(t + At).

The resultant velocity estimate 9(¢) is sampled at unequal
intervals of A#, which varies around the time interval AT
of the transmitted pulses. In the experiments reported here,
however, the vibration signal to be detected has only frequency
components less than several hundred Hertz and the fluctuation
of {At} is within a few microseconds. Thus, the effect due to
unequal interval sampling can be neglected for the vibration
signal estimated in this paper.

. 9t+At — gi

oot (10)
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III. SIGNIFICANCE IN IDENTIFYING THE
PERIODS REQUIRED FOR TRANSMISSION

Using a simple example, we show why it is significant to
accurately identify the phase value #, and the time inlerval
At from the digital signal which is A/D converted with high
sampling frequency (= 1/ATs). For this purpose, let us define
the displacement function z:(t) of an object by

2(t) = Qg S0 (27 firg ) ()

where a,, and f;, are the peak vibration amplitude and the
vibration frequency, respectively. Then, the velocity function
u(t) of the object is obtained by

First, let us evaluate the maximum value Af,.x of
|BesaTs = Oi| due to the first term 4wy, in the right-hand
side of (9) as follows:

= 2Mag, fro €08 (27 fo o 1) (12)

Agmnx = |0t+ATs - Btllnnx
= |4wo « TeraTs ~ 40 * Te|max-
Using the relation 7, = z(t)/c and assuming that the frequency

fzo of (11) is sufficiently less than the sampling frequency
(= 1/ATS)1

dwg

d
Abinax > T E.‘L‘(t)] . X ATS

= BTWo Gy, fu, ATs
¢

(13)

Next, let us evaluate the maximum value A, of the
phase difference |84 a1y — 0:] due to the second term Awym,
in the right-hand side of (9) as follows:

f
Dby = [6t+ATs - 8¢|m“
= |AWI+AT5 *Ti4ATs — Aw, 'T¢|mu-

Using (2) and the relation 7, = z(t)/ec,

Al 2 [ Z (v () )]

max =~ Cz

x ATg

max

= ';‘27“‘:«: fzg % 5 [-—-t- sin (47 fx,,t)} . x ATs
8 2 AT,
T woﬂ. 2 5 “4)
¢

Since the ratio of Af.. of (13) to A8),, of (14) is equal
to ¢/ (max, fa, ), the approximation of (9') holds for the cases
where Ta., fz, € c.

Let us assume that ¢ = 1500 m/s, fy = 3.5 MHz, and
AT = 500us. For the cases where f,, = 1.5 Hz and
0z, = 10 mm and where f,, = 100 Hz and a,,, = +150 um,
the maximum value vp,ax Of the vibration velocity v(t) of (12)
is obtained by

ax = 2M0gy [z, = 0.0942 [m/s] < 2c.
The maximum value Afa of (13) is obtained as

Afmax = 5.53 x 10% x ATs[rad] = 0.317 x 105ATg[deg].
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For each case of ATg = 1us, ATs = 10us, and ATg =
100 s, the value A8y is, respectively, obtained as 0.317
[deg], 3.17 [deg], and 31.7 [deg]. The evaluation of these val-
ues Ad,ax shows that there are large fluctuations in phase of
the demodulated received pulse if the signal is A/D converted
at a low-sampling frequency.

Using the maximum phase detection error A#,,,., and the
maximum error [Ate]max in the detection of the time interval
At, let us evaluate the maximum error Av,,., in the velocity
estimated by (10) for the worst case as follows:

_c 2 x Obax
4w0 AT :t [Atg]"u‘x )

Using Abnax of (13) and setting £[Aly]nax 88 =2 X AT,

2 x ATy
AT -2 x ATs’

For each case of ATs = 1pus, ATs = 10us, and ATs =
100 us, the maximum estimation error Avy,.x is, respectively,
obtained as 0.000379 [m/s], 0.00393 [m/s], and 0.0628 [m/s].
Thus, in order to accurately detect the local vibration with
small amplitude on a heart wall, it is necessary to set the
sampling frequency 4 at least more than 100 kHz,

It is, therefore, important to identify the phase value 8, and
the time interval At, both of which are required for calculating
(10), from the digital signal obtained with a high-sampling
frequency.

Avpux =

(13)

Avyax = 27’“&9 fmu '

IV. LIMITATION OF THE PROPOSED METHOD

Based on the sampling theorem, the absolute magnitude
of the phase difference is required to be less thah w. From

{10), this condition determines the upper bound of the velocity

estimates as follows:

(16a)

em
dupAT |

On the other hand, the lower bound of the velocily estimule
is approximately obtained from (15) as

2AT,
Mmoo AT 28T

When AT = 500us, fu = 3.5 MHz, ¢ = 1500 m/s,
ATs = 1 us, and 6y, fu, = 0,015 m Hz, the maximum value
Dmax 40d the minimum value ©,,;, of the velocity estimates are
equal to 0.107 [m/s] and 0.000379 [m/s], respectively. Since
the pulse repetition frequency 1/AT is assumed to be 2 kHe,
the effective frequency range of the estimated velacity signal
o(t) is limited by 1 kHz (= 1/2AT). The available region
determined by these three values become broader by increasing
the pulse repetition frequency.

[Dmax| < ’

< I'&min l- (léb)

V. ACCURACY EVALUATION BY SIMULATION EXPERIMENTS

In order to evaluate the accuracy in the vibration velocity
B(t) of (10} estimated by the proposed method, the following
simulation experiments were performed. The estimation error
Is evaluated by the following normalized squared difference
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Fig. 2. The normalized squured error p{erg, foq) [UB] in the velocity #(t)
estimated by the proposed method. (1) for Vi, (¢) generated in computer with
32 b Hoating-point arithmetic. (2) for V,, () generuted in computer with 12
b integer arithmetic. (a) for Vi, (t) generated at a sampling rate of 10 ps. (b)
for Vi (2) generated at a sumpling rate of 1 ps.

p(@xy, fu,) between the actual vibration velocity v(t) and the
estimated vibration velocity 4(t) of (10) as

. [o0) - v
2 (B
which is normalized by the power of the actual vibration
velocity v(t). The normalized squared error p(ay,, fuo) i8
calculated for various values of the peak vibration amplitude

a5, and the frequency f;, of (11) as shown in Fig. 2,

Fig. 2(1-a) and 2(1-b) show the results obtained from the
low frequency component of the demoduluted signal V(i)
generated in a computer using floating-point arithmetic (32
b accuracy). Fig. 2(2.a) and 2(2-b) show the results from
Vin(2) generated in a computer using integer arithmetic (12
b accuracy), which corresponds to the case where the real
and imaginary parts of the complex signal V,.(t) are A/D
converted with a two-channel 12 b A/D converter. The results
in Fig. 2(1-a) and 2(2-a) and those in Fig. 2(1-b) and 2(2-b)
ure, respectively, obtained from the signals V,,(t) which are
generated at sampling intervals AT of 10 us and 1 us, The
values of the parameters ¢, fo, and AT are set as 1500 m/s,
3.5 MHz, and 500 us, respectively.

Available region is defined by the condition where the
squared normalized error p(ay,, fu,) is less than ~30 dB
as shown in these figures. Each available region is limited
on the right side by the pulse repetition frequency 1/AT.
The upper right side of each availuble region is limited by
the maximum value |f,,,,| of (16a), which also depends on
the time interval AT, The lower-left side of each available
region has close relalionship with the minimum value 9,,;,
of (16b), though the value is obtained for the worst case

P8ay, fuy) = (17)
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Fig. 3. A experimental sysiem which simulates the vibration on the ventricle
wall with heartbeat of large amplitude using a vibrator and a motor with an
clliptical cam. The motor with the elliptical cam gencrates motion having o
large amplitude of %10 mm und a frequency of 1 Hz which corresponds to
a heartbeat, The vibrator imposes a small amplitude vibration of up to about
100 Hz gn this signal

without considering accuracy of the arithmetic, By increasing
the repetition frequency of RF puises, the available region
becomes broader.

By comparing the results in Fig. 2(2-a) and 2(2-b} with those
in Fig. 2(1-a) and (1-b), it is found that the available region
is determined by the sampling interval AT and the sampling
accuracy. The reason is that the measurement accuracy of the
phase obtained from the signal V,,,(#) depends highly on these
two parameters,

By increasing the sampling frequency 1/ATs of the signal
Vin(t) to 1 MHz as shown in Fig. 2(2-b), almost all of the
region necessary for measurement of heart-wall vibrations is
successfully covered by the proposed method.

V1. EXPERIMENTAL RESULTS USING WATER TANK

To confirm the principle of the proposed method, & small
vibration signal v(t) of a rubber plate in a watér tank is
estimated from the signal received by an ultrasonic transducer
as shown in Fig. 3, The values of the parameters fo, T,
and AT are set at 3.5 MHz, 2 s, and 250 js, respectively,
A motion with large amplitude (£10 mm, 1 Hz), which
corresponds to hearlbeat, is generated by the rotation of
an elliptical cam. A vibration with small amplitude, which
corresponds to the vibration on the wall of a ventricle, is
generated by a vibrator on the elliptical cam. The received
output signal of the ultrasonic transducer is amplified and
demodulated. Then, the resultant real and imaginary signals
are simultaneously A/D converted with a 12 b A/D converter
at a sampling rate of | MHz. The length of each signal is about
512 x 10? points (= 0.512 s). The input voltage signal of the
vibrator and the output signal of a laser displacement meter
(Anritsu KL135A, Minami-azabu 5-10-27, Tokyo, Japan) are
also A/D converted simultancously.

Figs. 4 and 5 show the results of these estimations. We
generated two types of small vibration; Fig. 4 corresponds to

1EBE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 40, NO. 12, DECEMBER 1993

a sinusoidal wave of fr, = 80 Hz (ay, = £80um) and Fig.
5 corresponds to white noise in the frequency band ranging
from 30 1o 100 Hz (a,, = £80pm). The vibrator generates
displacement of the plate which corresponds to the input
voltage signal. Thus, after differcntiating the input voltage
signals, Figs. 4(d) and 5(¢) show the resultant signals Vigpue (1),
which correspond 1o a vibration velocity with small amplitude
of the rubber plate. Figs. 4(a) and 5(a) show the period,
2 % 7, required for the ultrasonic wave to travel from the
ultrasonic transducer to the rubber plate and back. This period
is determined withoul phase information from the timing when
the amplitude of cach received pulse has a local maximum,
These lines correspond Lo (hose detected by standard ultrasonic
dingnosis syslems,

Fig. 4(b) shows the vibration velocity signal 9(2) estimated
by the proposed method and its spectrum. The resultant power
spectrum has two main peaks which correspond to the small
vibration due to the vibrator and the motion due to the rotating
clliptical cam. The amplitude of the signal @(¢) in Fig. 4(b-1)
almost coincides with that of the signals v),s0:() Obtained by
differentiating the output signai of the laser displacement meter
in Fig. 4(c). The output signal of the laser displacement meter
is passed through a high-pass filter (cutoff frequency f. = 60
Hz) before A/D conversion to remove the components due to
motion of the elliptical camy with large amplitude.

Fig. 5(b) shows the vibration velocity signal ©(#) estimated
by the proposed method and its power spectrum, After remov-
ing the components due to motion with large amplitude by
a digital high-pass filter (cut-off frequency f. = 30 Hz), the
waveform of the resultant signal shown in Fig. 5(c) almost
coincides with both waveforms of the velocity signal viagec(t)
of Fig. 5(d) obtained from the laser displacement meter and
of the differentiated original signal Vinpu(¢) in Fig. 5(e).

For comfirming the correlation at each frequency between
the estimated signal 9(t) and the velocity signal tinser(t)
obtained from the laser displacement meter, the following
coherence function v2(f} is calculated,

2 = IE[‘?(f)'Viuer(f)nz
T = BT (PPIEVimer NP

where V{(f) and Viaee () are the spectra of 9(t) and Vixer(t),
respectively. The term E[-} and * denote the average operation
and the complex conjugate, respectively, The number of
the averaging is equal to 16 times in this experiment. Fig.
5(f) shows the coherence function 42(f) between #(f) and
Vyaser(t). From these experimental results, the small vibration
on the large motion is successfully detected in a frequency
range up to greater than 10¢ Hz. '

(18)

VII. PRELIMINARY EXPERIMENTS FOR DETECTING
VIBRATIONS ON THE AORTIC WALL AND THE HEART WALL

Figurc 6 shows preliminary results obtained by applying the
proposed method to the detection of a vibration signal on the
back wall of the aorta near the aortic valve in a young man.
The values of the parameters fo, Tp, and AT are set at 3.5
MHz, 2 us, and 250 s, respectively.’
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Fig. 4. Estmation results using the expecimentul system in Fig. 3. <The
vibrator generates an 80 Hz sinusoidal wave with an amplitude of about
£80 pem. (u} The trunsit period, 2 % ¢, required by the ultrasonic wave lo
travel from the ulirusonic transduger W the rubber plate und back in the waler
tank. (b) The vibration velocity signal £(t) estimauted by the proposed method
from the outpul signal of the ulirusonic lransducer and its power spectrum,
(¢} The velocily signul t),,.,(t) obtuined by differentiuting the output signal
of a luger displacement meter and its power spectrum, (d) Differentiated input
voltuge signal Vipy(¢) of the vibrator and its power specirum.

Fig. 6(1) shows the electrocardiogram (ECG), which is
simultaneously A/D converted by the A/D converter described
above, Fig. 6(2) shows the period, 2 x T, required by an
ultrasonic wave to travel from the ultrasonic transducer to the
object and back. At the beginning of the ejection time (ET),
the back wall is moving away from the ultrasonic transducer.
Fig. 6(3) shows the amplitude of the received pulse.

Fig. 6(4) shows the vibration velocity of the aortic wall,
which is obtained after applying the digital low-pass filter
(cutoff frequency f. = 300 Hz) to the vibration velocity
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Fig. 5. Bstimation resulis using the experimental system in Fig. 3. The
vibrutor generates 4 vibration of white noise (30-100 Hz) with an amplitde
of £80um. (o) The transit period, 2 x 7, required by the ullrusonic wave
1o Iruvei from the ultrasonic transducer to the rubber plute und back, (b)
The vibration velocity signul $(t) estimnted by the proposed method from
the output signal of the ultrasonic trunsducer and ity power specirun, ()
Afller applying a high-pass filker (cut-olf frequency, f. = 30 Hz} w the
waveform in Fig, 5(b) 1o remove the low frequency components with lurge
umplitude caused by the rotation of the elliptical cam, the latter half of the
velocity waveform i (t) of Fig. (b) Is magnilled. (d) The vibration signal
Vymye k£ Oblained by difterentiating the output signal of the luser displacement
meter. The oulput signal is pussed through a high-puss filter {fo = 30 Hz)
to remove the low frequency components with large amplitude before A/D
conversion. (e Difterentiated input voltage signul Vi, (¢) of the vibrator,
(N Coherence function v2(f) between the vubmnon velocity signal v)uge ()
and the detecied vibration signal &(t).

estimated by the proposed method. Fig. 6(2) cortesponds to
the large motion of the aortic wall as shown in the M-mode
image obtained by the standard ultrasonic diagnosis system,
The resultant signal in Fig. 6(4) is, on the other hand, oblained
from the phase of the received signal, and the vibration signal
shows both components, namely, the large motion and the
small vibration.

Especially at the beginning and the end of the egjection
time (ET), vibrations with high frequency components are
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Fig. 6. Estimation results of the small vibeation on the sortic wall near the
aontic valve in a young man. (1) The elecirocardiogram (ECG). {2) The transit
period, 2 x 7, requited by the ultrasonic wave to travel from the ulirasonic
transdlucer (o the one side of the aortic wall and back. (3) The amplitude
ol the recoived pulses. The maximum scale of the amplitude is 4096, which
corresponds to 12-bit accuracy in the A/D conversion. (4} The estimate of the
vibration velocity on the sortic wall.

detected as shown in Fig. 6(4). The vibration in period (b)
is due 1o thé’ closing of the aortic valve, The two vibrations
in periods (a) and (2') in Fig. 6(4) are due to the opening
of the aortic valve. The signals in these periods, (a} and (a"),
almost coincide with each other, Thus, from these preliminary
experiments for detecting the vibration velocity of the aortic
wall ncar the aortic valve, reproducibility of the measurement
was confirmed,

Fig. 7 shows the results of the experiment for the detection
ol small vibrations on the wall of the interventricular septum
in the same young man as in the experiments in Fig. 6. Fig.
7(1) and (2), respectively, show the ECG and the detected
vibration signal on the wall of the interventricular septum
by the proposed method. The refection position of each’RF
ultrasonic wave in the interventricular septum is determined
from the local maximum amplitude of the received signal.
The values of the parameters fy, Ty, and AT are the same
as those of the experiments in Fig. 6. The signals detected
in periods (a) and (a’) at the beginning of the ejection time
almost coincide with each other, There are several pulses in
one cardiac cycle. The physical meaning of the pulses obtained
in Fig. 7(2) is currently under investigation.

VIII. CONCLUDING REMARKS

This paper proposes a new method for measurement of small
vibrations on a large motion using ultrasonic techniques. By
using this method, the small local vibrations on varicus parts
of a heart may ultimately be measured in a frequency range up
to a few hundred Hertz. The thickness of the myocardium or
the interventricular septum, which can be acoustically divided
into two or three layers, is about 10 mm and the transition time
of the ultrasonic wave is about 6 ys. Thus, in order to detect the
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Fig. 7. Estimation resuits of small vibration on the wall of the interventricular
seplumn in a young man. (1) The electrocardiogram (ECQ). (2) The eslimate

.of the vibration velocity on the wall of the interventricular sepium.

vibration signal of each layer, il is necessary to transmit short
length RF pulses and to use an A/D converted digital signal
with a high frequency so that the pulses returning from the
layers can be distinguished from each other with high spatial
resolution,

By applying the signal processing described in [3] and [3]
to the resultant vibration signals estimated by the method
proposed in this paper, we may be able to diagnose the
acoustic characteristics of various parts of the ventricle wall
such as local plasticity and local elasticity, which depend on
the dysfunction of the heart muscle.

Further investigation of this proposed method, including its
clinical application, is being conducted.
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