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sonics vol. 38, No. 1, pp. 405-411 (April 2000)

Hiroshi Kanai and Yoshiro Koiwa: “Real-time Velocimetry for Evaluation of Change in
Thickness of Arterial Wall,” Ultrasonics vol. 38, No. 1, pp. 381-386 (April 2000)

Hideyuki Hasegawa, Hiroshi Kanai, Nozomu Hoshimiya, Yoshiro Koiwa: “Reduction of
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sectional Elastic Imaging of Arterial Wall using Intravascular Ultrasonography (IVUS),”
Japanese Journal of Applied Physics Vol. 40, Part 1, No. 7, pp. 4753-4762, (July 2001).
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“Study on Characteristics of Acoustic Lens for Measurement of Small Change in Thickness
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(September 22, 2001, Sendai)

Yoshiro Koiwa, Hideichi Kamada, Jun Ikeda, Kunio Shirato, Hideyuki Honda, Hiroshi
Kanai, Hideyuki Hasegawa, and Yoshiko Saitoh:
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Kazuhiro Sunagawa: “Characterization of blood-flow-based vibration propagation from
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Hideyuki Hasegawa: “Automatic boundary detection of posterior wall of carotid artery
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posium on plaque characterization (February 27, 2002, Gentofte University Hospital,
Hellerup, Denmark)

Masaru Watanabe, Hideyuki Hasegawa, Hiroshi Kanai, Yoshiro Koiwa: “Investigation
of ultrasonic beam forming in accurate measurement of small changes in arterial wall
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Minute Displacement of Object Actuated by Acoustic Radiation Force,” 5th Ultrasonic
Tissue Characterization,

(September 25, 2002, Sendai)

Kazuhiro Sunagawa, Hiroshi Kanai and Yoshiro Koiwa: “Measurement of shear viscoelas-
ticity of arterial wall from frequency characteristics in attenuation of shear wave propa-
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vol. 106, No. 19, p. I1I-442 (November 5, 2002).
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ing), Plenum Press, New York
vol. 27 (March 24-27, 2003, Saarbrucken, Germany) (invited)

INEEERR, &H #:
“WLWBEW RT IRE DHZEL Ty F > VBRICEDNENEREOBREER,

7



53.

54.

55.

56.

57.

58.

59.

60.

B TEZDHDH)
Vol. 192, No. 1, pp. 74-78 (2000)

eH #

“EILVEIHEHRE RTSHE

medicina EFIE TRKEDZD ORHH LTI %) E¥ER
Vol. 37, No. 11, pp. 12-15 (November 2000)

NEERR, BEAHB. &HF . ER/NEZ:

“DLAZE b T v F 2 TEICK 2 MEEMENE OB EETE A A—>
Medical Technology

Vol. 28, No. 13, pp. 1430-1431 (2000)

eH 1 EBB)I%EZ, EL & NEEER. FECH, TRER. REEF. BIfE
“ M EEERR R IR D H B2 W7 2 B8 L T” Neurosonology (FH#EREEHIES) vol. 14, no.
2, pp. 42-46 (May 2001).

&H W ER)IEZ, NEEER., FEXH, #iRER:
“BE S OFHEE, (2) mEEE”

HRARRE RRETIS TEEEREORIN EBK) ErER
Vol. 45, No. 11, pp. 1229-1232 (November 2001)

INEEERS, &

“H L WAEKBEMEHE IR D W ERE O FEBM B B EE A, »
Bt TEZDH WA B OEER 21 #HIEAFITTOHRLWY Fo—F
pp. 72-76 (2001) '

INEEER, &H %
“FLWEREBEW N /I M2 N v F 2 VEICk 2 MEBRNHKREDRE, ”

TEom LT3 K2R /58 49 [EITEBR /17552 Vol. 38, No. 11, pp. 41-43 (November 28,
2001)

EBRIEZ, &H #:

“BIIREEEALEHRIIC BT B HEE R 2E O ERE==8REE DI X DFHHI=="
HE ¥ TECHNO

Vol. 14, No. 14, No. 6, pp. 117-120 (November 2002)

BRNEZ, &HF & NEEER:
“ I B BE DRy B
HAZEERHE

(September 2003)



() OERER

1.

10.

11.

12,

&H 1 NEEE: “BIREEAZLO=NOZULY LIzHT 3 BEESOBERICL
SEEERH ETHREREF2ETEIEREE US99-82, pp. 1-8 (January 26-27, 2000,
H#R)

WINFE, F ¥, CHETF, AhTE: ‘BRI 3k OEBRNHEE Bis L7
BIREEIREN DFHH & MR ALK FBRBEEPZEE 26 B BFHKIL 7 o= r AHES
&¥} 26-1 (February 1, 2000, fili&)

BRIET, @HF H: BIRIREEROERE O IR B ZHE D7 D O BIRESEB T OB 5
19 B HAEEHFREFRFALM S 2 705 F 4 194, p. 2 (March 12, 2000, filiE)

ZEHEE, @F EMENBFBEREN (IVUS) 2 HNAEERODTHEHNC & 2R
BB GOT L » 35 19 B FEFHEELLFIM AL T/ 5 A 19-5, p. 2 (March 12, 2000,
&)

B & & B CBIREEACEEERICET BT RBHAEORN B 19EHA
FEEHREFSFILH LR T O 5 A 19-6, p. 2 (March 12, 2000, IiIH&)

BlFnE, €F ¥, CHET, HPTE: SR> BIREES - NESLICET
RBEBRA 5 19 B HABEREZ2RILMH LT T S5 A 19-7, p. 2 (March 12, 2000,
&)

BsXE—, &+ ¥, FEET OEHEREEICE U2 BUMNRBIO I SR 519 B HE
BEEEFRFILM AR 7O T 4 19-8, p. 2 (March 12, 2000, {lI#)

eH ¥ NEEER:CLBELEB O+ Hz RO 0BG 519 B HABSEESSHEL
#He 705 A 1921, p. 8 (March 12, 2000, {ili&)

BRIz, &F ¥ NEEER, RESTFBFEE AN N BRE(LE S S —
7 ORERHEN T ORRELRAL” 5 19 BB FBEHEFLFIM AL T TS 5 A 19-32, p. 12
(March 12, 2000, fii&)

BRIz, @F & BEE 9 NEE: “BIREEESCEHIOBEELICET 2 L
HMEFCL2ZBOBEBCORMN- » AFATE¥LBFALMIERE 3-4-11, pp. 921-922
(March 15-17, 2000, F3)

EL & BRNEZ, &F ¥ BIREEELCIROBEELICET 2 AWML 8T
BRHREORN- 7 HEFEEREFASMIRE 3-4-12, pp. 923-924 (March 15-17,
2000, F3E)

WERET, & W BIIREEMUNRENEE B R ORI & BIBEA DB & 2 BTk
EREREORL HAFEERFT A MIERCE 3-4-1, pp. 901-902 (March 15-17, 2000,
FIE)



13.

14.

15.

16

1Y

18.

19.

20.

21.

22.

23.

INEEERR, SREZE—, HLIFHEB, &H & FHENT, SHEF FESE ORI
% DAEER S B O P DR — O EEN” % 64 B H AERBEFNERDEE 0137,
Vol. 64, Supplement I, p. 219 (April 1-3, 2000, kB&)

PEHZE—, NEEER, ME 7E TFENE, —E4A8, G1HE, AEEF &H & ¥
HET: “EXELLHEICHT 2IEREE & OHNEBOBEEN RS —OERNBEG -5
LWERE RS (MHEENS Y F O 78) ITL 2R 45 64 B HABREESASINE
21&E 0534, Vol. 64, Supplement I, p. 319 (April 1-3, 2000, ABR)

INEEER, @ i BRB)IKZ, RBEES CBIRECC & CBIREE OB RE T B4
EEHRECEEN 5 64 B HABRBELFMELIERE P856, Vol. 64, Supplement
I, p. 674 (April 1-3, 2000, X&)

INEEBER, @ EHLVEREERTIE"MHE NS vF VR 10k 2 MEENRE
DRE— I M PERRID S EBERIAN— 5 49 EER A EHES (May 12, 2000, 3
) (BFFRR)

eH ¥ NEERR: ‘BIREFEMESEO- IOV R KT EBLOBERKIC L D EE
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BT L OMBIMEDEHRP 8B 23 BIHANA AL A0 —%2 F£2986%E p. 71 (June 8-9,
2000, &)

&H & BRNIEZ, NEER, TRERE, RENT: “mEBEEGEROBEHRLSN 2
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Real-time Velocimetry for Evaluation of Change in Thickness of Arterial
Wall

Hiroshi Kanai! and Yoshiro Koiwa?

abstract

We previously developed a new mei;hod, namely, the phased tracking method, for accurately
tracking the movement of the heart wall and arterial wall based on both the phase and magni-
tude of the demodulated signals to determine the instantaneous position of an object. By this
method, the local change in wall thickness during one heartbeat is determined. We have now
developed a real-time system for measuring change in thickness of the myocardium and arterial
wall. In this system, four high-speed digital signal processing (DSP) chips are employed for
realizing the initially developed method in real time. The tracking results for both sides of the
wall are superimposed on the M (motion)-mode image in the workstation, and the thickness
changes of the arterial wall are displayed in real time. By this system, as herein reported,
velocity signals of the arterial wall with amplitudes less than several micrometers can be suc-
cessfully detected in real time with sufficient reproducibility. The elasticity of the arterial wall
is evaluated by referring to the blood pressure. In in vivo experiments, the rapid response of the
change in wall thickness of the carotid artery to the dose of nitroglycerine (NTQ) is evaluated
for a young healthy subject and a young smoker. This new real-time system offers potential
for quantitative diagnosis of early-stage atherosclerosis by the transient evaluation of the rapid
response of the cardiovascular system to physiological stress.
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1 Introduction

At the beginning of the ejection period, the arterial wall is affected by the pressure wave which
comes from the left ventricle (LV) and expands the lumen. Consequently, the arterial wall
becomes slightly thin during the ejection period. In the literature, measurement of the change
in diameter, Adpa(t), of the lumen in Fig. 1,has been reported. From Adpa(t), the elasticity
of the arterial wall can be diagnosed, but it is assumed that the arterial wall is homogeneously
changed in the circumferential direction due to atherosclerosis.

On the other hand, measurement of the change in thickness of the wall makes it possible to
evaluate the elasticity of the arterial wall in each local area, the locality in the circumferential
direction being indispensable to diagnosis of the inner characteristics of atherosclerotic plaque.
For this purpose, by tracking the instantaneous positions, z4(t) and zp(t), which are respec-
tively preset at z4(t9) and xzp(t9) at the end-diastole along the ultrasonic beam in the arterial
wall as illustrated in Fig. 1(b), the small change in wall thickness, Ahsp(t), between these
two points, A and B, is obtained [1] as illustrated in Fig. 1(c) if the ultrasonic beam is almost
perpendicular to the wall. From the ratio of the change in thickness, Ah4p(t), to the thickness
hap(to) between these points preset at the end-diastole, the deformation is obtained. If the
deformation is sufficiently small and is in the linear regime, it shows the strain, and thus the
regional elasticity of the wall can be approximately evaluated using the pulse pressure measured
at the brachial artery. Therefore, the transcutaneous measurement of the change in thickness
of the regional area of the arterial wall during each cardiac cycle provides the essential tools
for diagnosis of atherosclerosis.

The accuracy required for the simultaneous measurement of the instantaneous positions z 4 (t)
and zp(t) of points A and B is estimated as follows: For the carotid artery, the thickness of the
wall is about 1 mm and the change in thickness, Ahp(t), is less than 100 um during one cardiac
cycle in normal adults [1]. Therefore, the necessary spatial resolution in the measurement of
instantaneous position as a waveform is at least 10 um. If the velocity signals v4(t) and
vp(t) of these two points, A and B, are detected based on the pulse Doppler method, the
necessary accuracy of the velocity measurement is about 10 xm/200 us =0.05 m/s when the
pulse repetition frequency (PRF) of the transmission-pulse train is 5 kHz (=1/200 us). If the
equivalent sampling period of the velocity signal v;(¢) is longer than 200 us as in the FFT
(fast Fourier transform)-based standard Doppler system, for example, more accurate velocity
measurement is required.

Though M-mode echocardiography offers an advantage in critically examining the motion
pattern of the wall, its spatial resolution along the ultrasonic beam is limited to a few wave-
lengths, namely, at most about several hundred micrometers for ultrasound of 7 MHz because
an M-mode image is displayed based on the amplitude of the reflected ultrasound. On the other
hand, there have been numerous elaborate techniques proposed for noninvasive measurement
of the velocity of the blood flow in the arteries based on the Doppler effect. Moreover, several
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methods, including the phase-locked-loop (PLL) techniques, have been proposed to measure
rough changes in the diameter of the arterial walls by tracking arterial wall displacement in
real time.

For the accurate detection of the velocity signal, that is, the instantaneous movement, on or
in the heart wall or arterial wall, we have developed the following “phased tracking method’
[2]. In this method, by calculating the auto-correlation function with the constraint least-
mean-square technique between the sequentially received echoes, the phase change caused by
movement of the preset point (i) during the pulse repetition period AT (=1/PRF) is accurately
determined and the average velocity v;(¢) during the period is obtained. By adding the product
of v;(t) and AT to the previous object position z;(t), the next position, z;(t+ AT), is estimated
as z;(t) +v;(t) x AT. This method has been confirmed by experiments using a water tank and
has been applied to the in vivo detection of small velocity signals, with sufficient reproducibility,
at points in the interventricular septum (IVS) of the human heart [2]. The detected velocity
signal shows rapid motion, including high frequency components with small amplitudes, which
cannot be recognized by M-mode echocardiography.

Moreover, the method has been applied to multiple points preset along an ultrasonic beam in
the LV wall so that the instantaneous object positions {z;(t)} and the velocity signals {v;(t)}
are obtained for these multiple points {i} in the LV wall [3]. The wall changes position and
thickness with time. By making the location of the RV side of the IVS the reference point,
the thickness change during myocardial contraction/relaxation can be detected. Then, their
spatial distribution is obtained and is superimposed on the M-mode image using color coding.

The method of measurement herein described was developed by batch processing on an off-
line system in our laboratory. However, the quantity of A/D converted data is considerable
and it is time-consuming to transfer the data from the A/D converter to a computer in the
off-line system. Thus, real-time processing is indispensable to realize new clinical examination
tools for evaluation of transient change of the tolerance test.

The development and application of real-time processing significantly facilitate its use in
clinical diagnosis and will offer a new tool for clinical examination: For example, nitroglycerine
(NTG) is used medically as a vasodilator for rapid treatment of angina pectoris [4]. Real-time
measurement of the transient change in thickness of the heart wall or the arterial wall just after
the sublingual administration of NTG will be of use in direct evaluation of the response of the
heart wall or the arterial wall to the antianginal drug. At the same time, real-time monitoring
during clinical intervention is essential for avoiding hyper-responses such as serious hypotension
and/or arrhythmia.

In the process of tracking the instantaneous position, the object position is moved along the
ultrasonic beam based on the previous results from the complex auto-correlator. For flexible
processing, we have developed a real-time system based on high-speed floating-point digital

signal processing (DSP) chips and a workstation (WS) [1].
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In the hardware system employed, the received echo is quadrature demodulated, and then
the resultant in-phase and quadrature signals are simultaneously A/D converted at a sampling
frequency of 1 MHz with a 12-bit accuracy. For these large-scale data, it is not possible to
transfer them from the A/D converter to the DSP boards using the VME-bus (versa module
European bus, the IEEE1024 standard) because its transfer speed is not so high. Much time-
consuming processing is necessary “from the A/D conversion to a real-time display of the M-
mode image, the resultant waveforms, and the tracking results on the CRT (cathode-ray tube)
of the WS. Thus, we employ four DSP chips. The A/D converter boards are directly connected
to the DSP board. All of the processing in the four DSPs should be synchronized with the
transmission timing of the ultrasonic pulse. By making free use of four DSP chips, pipelining
and the parallel processing are employed to increase the throughput. In this pipelining, each
of the resultant tasks is completed within the pulse repetition period, AT, which realizes the
real-time processing, though these tasks cannot be realized in real time with a single DSP chip.

In this study, the real-time system was applied to in vivo experiments on the measurement
of thickening and thinning in the human carotid arterial wall. Finally, the system was applied
to the transient evaluation of the rapid response of the change in wall thickness of the artery
to the dose of NTG.

2 In vivo Results for the Carotid Artery

The developed real-time system in [1] is applied to the human common carotid artery (CCA)
of a presumedly healthy 39-year-old male volunteer. The ultrasonic frequency is 7 MHz. Points
(A) and (B) are set on the intima and adventitia of the anterior wall of the same carotid
artery, respectively. The ultrasonic beam passing through these two points is perpendicular to
the wall during the measurements. Figures 2(b) and (c) show the velocity signals,7(¢) and
Up(t), respectively. The change in thickness, AIZ;\B(t), of the anterior wall is estimated as
shown in Fig. 2(e). A minute change in thickness of about 80 ym is measured with sufficient
reproducibility. In the waveforms of Figs. 2(b)(c)(e), the dicrotic notch is obviously observed

at the radiation timing of the second heart sound (II).

3 Transient Evaluation of Arterial Response to Nitro-
glycerine

As described above in Section 1, the real-time system to measure the change in thickness of the
arterial wall will offer new tools for clinical examinations. In this study, the developed system
is applied to evaluation of transient response of the change in thickness of the carotid artery
for about the first 160 seconds after the sublingual administration of spray-type NTG.

The first subject is a 25-year-old healthy male volunteer. The change in thickness, Ahap(t),
of the posterior wall of the CCA and the ECG are continuously measured by the developed
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real-time system. The blood pressure, p(t), is also continuously and noninvasively measured at
the radial artery using a blood pressure manometer (Japan Colin, Jentow-7700).

Figure 3shows the transient response to the sublingual administration of NTG. For each
heartbeat, the waveform of the change in thickness, Ah,p(t), is measured as shown in Fig.
3(e) and the maximum of |Ahsp(t)| during each heartbeat is detected and is shown in Fig.
3(f). From about 40 seconds after the administration of NTG, the pulse rate shown in Fig.
3(b), which is determined from the R-R interval of the ECG in Fig. 3(a), gradually increases,
and the pulse pressure shown in Fig. 3(d) gradually decreases, where the pulse pressure is the
difference between the maximal blood pressure and the diastolic pressure. At the same time,
the maximum change in wall thickness increases. Thus, the arterial wall becomes compliant
about 40 seconds after the dose of NTG. By assuming that the change in arterial compliance
is one of the factors which influence the prolongation of the arrival time of the peak pressure
at the radial artery, this observation is supported by the gradual increase of the delay — shown
in Fig. 3(d) — between the peak blood pressure and the peak of the R-wave.

On the other hand, the maximum change in wall thickness varies widely, especially from
about 40 seconds after the NTG-administration (see the fluctuations in the trend of the change
in thickness of Fig. 3(f)). Asshown in Figs. 4(b)or 4(c), however, there is a correlation between
the maximum change in wall thickness of Fig. 3(f) and the pulse pressure of Fig. 3(c) or the
pulse rate of Fig. 3(b). Thus, the scattering in the maximum change in wall thickness shown
in Fig. 3(f) originates in the scattering in the pulse pressure shown in Fig. 3(d) or the pulse
rate of Fig. 3(b).

Next, the same measurement is applied to the posterior wall of the CCA of a 27-year-old
male smoker consuming about 20 cigarettes per day for seven ‘years and the results are shown
in Fig. 5.The wall thickness is about 1.3 mm, which is almost same as the first subject in Fig.
3.

Even though there are fluctuations in Fig. 5, by comparing Fig. 5 with Fig. 3, the following

observations were found:

1. The change in thickness during one heartbeat in Figs. (e) and (f) is relatively small for

the smoker.

2. The changes in the pulse rate of Fig. (b), the pulse pressure of the bold line in Fig. (d),
and the maximum change in thickness of Fig. (f) due to the response to the dose of NTG

are also relatively small for the smoker.

3. These changes start about 60 seconds after the dose of NTG for the smoker in Fig. 5
while for the healthy subject in Fig. 3 the changes starts after about 40 seconds. Similar

results are obtained for other several healthy subjects.

Thus, the response to the dose of NTG is delayed and smaller for the smoker, compared to

the young healthy volunteers.
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4 Conclusions

In this paper we have demonstrated a novel real-time system for simultaneous measurement
of velocity signals at two points preset on an ultrasonic beam by tracking the large movement
of the object during the cardiac cycle. From the resultant velocity signals, the local change in
thickness of the arterial wall was evaluated in real time. In the preliminary clinical study, the
response of the arterial wall to NTG is directly evaluated by the change in wall thickness for
the first time. In such measurement, the real-time measurement system is indispensable.
Further investigations are necessary to fully support the evaluation method of the response of
the arterial wall to administration of NTG since the administration carries various side effects
such as the reduction of the preload for the heart. Detail hemodynamic studies of the cardiac
output flow, the ventricular stroke volume and associated pressuré, as well as pressure build-up
during the ventricular systole are also necessary for a more accurate evaluation of discriminatory
effects of NTG on the arterial wall. Application of the measurement and evaluation to the

response to NTG for the patients with arterial diseases needs also be investigated.
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Figure 1: An illustration explaining the procedure of measuring the change in thickness,
Ahp(t), of the arterial wall, and the change in diameter, Adp4(t), of the lumen by tracking
the movement z 4(t) and zp(t) of points A and B preset in the arterial wall along the ultrasonic
beam [1].

(a) cross-sectional image,

(b) displacement z4(¢) and zp(t),

(c) change in thickness, Ahap(t), of the arterial wall and change in diameter, Adp ().
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Figure 2: In vivo experimental results of the vibration at points (A) on the adventitia side and
(B) on the intima side of the anterior wall of the carotid artery [1].

(a): The tracking results z4(t) and Tp(t) of points A and B, which are superimposed on the
M-mode image.

(b) and (c): The estimates of the vibration velocity signals v(t) and v5(t) of points A and B.
(d): The ECG and the PCG.

(e): The change in thickness, Ah4 B(t), of the anterior wall of the artery.
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Figure 3: The transient response of a 25-year-old healthy male subject to the administration
of nitroglycerine (NTG).

(a) ECG for each heartbeat.

(b) The pulse rate detected from the interval of the R-waves in the ECG.

(c) The blood pressure continuously measured at the radial artery by the manometer.

(d) The pulse pressure (bold line) and the delay time of peak pressure from the R-wave (thin
line).

(e) The change in thickness of the carotid arterial wall.

(f) The maximum value of the change in thickness, Ahap(t), of the CCA detected for each
heartbeat.
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Real-time Evaluation of Transient Response of Arterial
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Hiroéhi Kanai' and Yoshiro Koiwal

t Dept. of Electrical Engineering, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan
! First Dept. of Internal Medicine, Graduate School of Medicine, Tohoku University, Sendai 980-8575, Japan

Abstract— We previously developed a new method, the
phased tracking method, for accurately tracking the
movement of the heart wall and arterial wall based
on both the phase and magnitude of the demodulated
signals to determine the instantaneous position of an
object [1], [2]. With this method, the local change
in wall thickness during one heartbeat can be deter-
mined. We have now developed a real-time system
for continuously measuring the change in thickness of
the myocardium and arterial wall [3]. In this system,
four high-speed digital signal processing chips are em-
ployed for realizing the initially developed method in
real time. The tracking results for both sides of the
wall are superimposed on the M (motion)-mode image.
The change in thickness of the arterial wall as small as
several micrometers can be successfully detected in real
time with good reproducibility. The elasticity of the
arterial wall is derived from the blood pressure. In in
vivo experiments, the rapid response of the change in
wall thickness of the carotid artery to the administra-
tion of nitroglycerine (NTG) is evaluated for a young
healthy subject and a young smoker. When the change
in thickness is plotted against the simultaneously mea-
sured pressure, such curves also change due to the ad-
ministration of NTG. This is shown every 35 seconds
after the administration. This new real-time system of-
fers potential for quantitative diagnosis of early-stage
atherosclerosis by evaluation of the rapid response of
the cardiovascular system to NTG.

I. INTRODUCTION

At the beginning of the ejection period, the arterial
wall is affected by the pressure wave which comes from
the left ventricle (LV) and expands the lumen. Conse-
quently, the arterial wall becomes slightly thinner dur-
ing the ejection period. In the literature, measurement
of the change in diameter, Adpg 4/(t), of the lumen in
Fig. 1, has been reported [4]. By assuming that the
arterial wall is homogeneously changed in the circum-
ferential direction due to atherosclerosis, the elasticity
of the arterial wall can be estimated from Adp 4/ (t).

On the other hand, measurement of the change in
thickness of the wall makes it possible to directly eval-
uate the elasticity of the arterial wall in each local area,
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the locality in the circumferential direction being in-
dispensable to diagnosis of the inner characteristics of
atherosclerotic plaque.
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] ! Adpar(t) = dpar(t) — dpa(to)
288 [ :
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8 5.%8 : :
STE" ¢! time ¢ !
(©) ' Ahap(t) = dap(t) — das(to)

Fig. 1. Tllustration explaining the procedure for measuring the
change in thickness, Ah4p(t), of the arterial wall, and the
change in diameter, Adp 4 (t), of the lumen by tracking the
position z 4 () and zp(t) of points A and B, respectively in
the arterial wall along the ultrasonic beam [3]. (a) Longitu-
dinal image, (b) displacement z 4 (t) and zp(t), (c) change
in thickness, Ah4p(t), of the arterial wall and change in
diameter, AdBA' (t)

For this measurement, firstly, the positions of the
two points A and B are respectively preset at z 4(tp)
and zpg(to) at a time of Ty of the end-diastole along
the ultrasonic beam in the arterial wall as illustrated
in Fig. 1(b). Then, by tracking the instantaneous
positions, x4(t) and zp(t), of these points, the small
change in wall thickness, Ahp(t), between these two



points is obtained [3] as illustrated in Fig. 1(c) if the
ultrasonic beam is almost perpendicular to the wall.
From the ratio of the change in thickness, Ahap(t), to
the thickness hap(to) = z4(to) — B (to) between these
points preset at the end-diastole, the deformation due
to compression is obtained. If the deformation is suf-
ficiently small and is in the linear range, the strain
can be derived from this, and thus the regional elas-
ticity of the arterial wall can be approximately evalu-
ated using the pulse pressure measured at the brachial
artery. Therefore, the transcutaneous measurement of
the change in thickness of the regional area of the arte-
rial wall during each cardiac cycle provides the essen-
tial tools for diagnosis of atherosclerosis.

For the carotid artery, the thickness of the wall is
about 1 mm and the change in thickness, Ahp(t), is
less than 100 um during one cardiac cycle in normal
adults [3]. Therefore, the necessary spatial resolution
size for continuous measurement of instantaneous po-
sition must be lower than a tenth of this, i.e. 10 ym.

Though M-mode echocardiography offers an advan-
tage to critically examine the motion pattern of the
wall, its spatial resolution along the ultrasonic beam
is limited to a few wavelengths, - e.g. several hun-
dred micrometers for ultrasound at 7 MHz - because
an M-mode image represents the envelope of the re-
ceived signal.

On the other hand, there have been numerous elabo-
rate techniques proposed for noninvasive measurement
of the velocity of the blood flow in the arteries, more or
less based on the Doppler effect. The question is, how-
ever, if a standard Doppler system with a typical pulse
repetition time of, say, 200 us, can provide the suffi-
cient spatial resolution? If the velocity signals v4(t)
and vpg(t) of the two points, A and B, were to be de-
tected with a pulse repetition time of 200 us, then the
necessary accuracy of the velocity measurement should
be better than 10 um/200 us = 0.05 m/s. This might
not be possible to accurately obtain in the standard
ultrasonic equipment.

Moreover, several methods, including the phase-locked-

loop techniques, have been proposed to measure rough
changes in the diameter of arterial walls by tracking
arterial wall displacement in real time. With each of
these devices using the PLL technique, however, such
small change in thickness cannot be accurately mea-
sured [1].

For the accurate detection of the velocity signal, that
is, the instantaneous movement, on or in the heart
wall or arterial wall, we have developed the “phased
tracking method” [1]. In this method, by calculat-
ing the auto-correlation function with the constraint
least-mean-square technique between the sequentially
received echoes, the phase change caused by movement
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of the preset point (i) during this pulse repetition pe-
riod AT(=1/PRF) is accurately determined and the
average velocity v;(t) during the period is obtained.
By adding the product of v;(t) and AT to the previ-
ous object position z;(t), the next position, z;(t+AT),
is estimated as x;(t) + vi(t) x AT. This method has
been confirmed by experiments using a moving rub-
ber in a water tank and has been applied to the in
vivo detection of small velocity signals, with good re-
producibility, at points in the interventricular septum
(IVS) of the human heart [1]. The detected velocity
signal shows rapid motion, including high frequency
components with small amplitudes, which cannot be
recognized by M-mode echocardiography.

Moreover, the method has been applied to multi-
ple points preset along an ultrasonic beam in the LV
wall so that the instantaneous object positions {z;(t)}
and the velocity signals {v;(t)} could be obtained for
these multiple points {¢} [2]. The wall changes posi-
tion and thickness with time. By making the interface
between blood and the RV side of the IVS the ref-
erence point, the thickness change during myocardial
contraction/relaxation can be detected. Then, their
spatial distribution is obtained and is superimposed
on the M-mode image using color coding.

We have developed a real-time system based on high-
speed floating-point digital signal processing chips and
a workstation [3]. The development of real-time pro-
cessing significantly facilitate the use in clinical diag-
nosis and offers a new tool for clinical examination:
For example, nitroglycerine (NTG) is used medically
as a vasodilator for rapid treatment of angina pectoris
[5]. Real-time continuous measurement of the tran-
sient change in thickness of the heart wall or the ar-
terial wall just after the sublingual administration of
NTG can be of use in direct evaluation of the response
of the heart wall or the arterial wall to the antianginal
drug. In addition, real-time monitoring during clinical
intervention is essential for avoiding hyper-responses
such as serious hypotension and/or arrhythmia.

In this study, the real-time system was applied to the
transient evaluation of the rapid response of the change
in wall thickness of the artery due to the administration
of NTG.

II. TRANSIENT EVALUATION OF ARTERIAL
RESPONSE TO NTG FOR HEALTHY SUBJECT

In this study, the developed system (3] is applied to
measurement of the transient response of the change
in thickness of the common carotid artery (CCA) for
the first 160 seconds after sublingual administration of
spray-type NTG.

The first subject is a 25-year-old healthy male vol-
unteer. The ultrasonic frequency is 7 MHz. Points (A)



and (B) are set on the intima and adventitia, respec-
tively, of the posterior wall. The ultrasonic beam pass-
ing through these two points is perpendicular to the
wall dmin\g the measurements. The change in thick-
ness, Ah4p(t), of the posterior wall is estimated by in-
tegration of the difference between the velocity signals
measured at the two points A and B. A minute change
in thickness of several tenth of micrometers is mea-
sured with good reproducibility. The blood pressure,
p(t), is also continuously and noninvasively measured
at the radial artery using a blood pressure manometer
(Japan Colin, Jentow-7700).
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Fig. 2. The transient response of a 25-year-old healthy male
subject to the administration of nitroglycerine (NTG).
(a) ECG for selected heartbeats. (b) The pulse rate detected
from the interval of the R-waves in the ECG. (c) The blood
pressure continuously measured at the radial artery by the
manometer. (d) The pulse pressure (bold line) and the time
delay from the R-wave to the occurrence of the peak of the
pulse pressure (thin line). (e) The change in thickness of
the carotid arterial wall. (f) The maximum value of the
change in thickness, Ah4p(t), of the CCA detected for each
heartbeat.

Figure 2 shows the transient response to the sub-
lingual administration of NTG. For each heartbeat,
the waveform of the change in thickness, Ahap(t), is
measured as shown in Fig. 2(e) and the maximum
of |Ahag(t)| during each heartbeat is detected and
is shown in Fig. 2(f). From about 40 seconds after
the administration of NTG, the pulse rate shown in
Fig. 2(b), which is determined from the R-R interval
of the ECG in Fig. 2(a), gradually increases, and the
pulse pressure shown in Fig. 2(d) gradually decreases,
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where the pulse pressure is the difference between the
maximal blood pressure and the diastolic pressure. At
the same time, the maximum change in wall thickness
gradually decreases. For the change in thickness in
Figs. 2(e) and 2(f), the waveform for each heartbeat is
obtained by averaging over 20 adjacent heartbeats. By
assuming that the change in arterial compliance is one
of the factors which influence the prolongation of the
arrival time of the peak pressure at the radial artery,
the arterial wall becomes compliant about 40 seconds
after the administration of NT'G because there is grad-
ual increase of the delay — shown in Fig. 2(d) — between
the peak blood pressure and the peak of the R-wave.
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Fig. 3. The transient response of a 27-year-old male smoker to
the administration of NTG. For detail see Fig. 2.

III. TRANSIENT EVALUATION OF ARTERIAL
RESPONSE TO NTG FOR SMOKER

Next, the same measurement is applied to the pos-
terior wall of the CCA of a 27-year-old male smoker
consuming about 20 cigarettes per day for seven years
and the results are shown in Fig. 3. The wall thick-
ness is about 1.3 mm, which is almost same as the first
subject in Fig. 2.

By comparing Fig. 3 with Fig. 2, the following
observations were found:

1. The change in thickness during one heartbeat in

Figs. (e) and (f) is relatively small for the smoker.
2. The gradual changes in the pulse rate in Fig. (b),
the pulse pressure in Fig. (d), and the maximum
change in thickness in Fig. (f) due to the response
to the administration of NTG are relatively small



for the smoker. Thus, the response to the admin-
istration of NTG is smaller for the smoker, com-
pared to the young healthy volunteers.

3. These changes start about 40-60 seconds after the
administration of NTG for these subjects. Simi-
lar results have been obtained for several other
healthy subjects.

o—1 0 s (control)
/—— 35 s after dose

blood pressure at radial artery (mmHg)
o
o

"

100 50 0
change in thickness of wall (micrometer)

Fig. 4. Pressure-“change in thickness”curves of the same 26-
year-old healthy male subject as in Fig. 2.

IV. PRESSURE-“CHANGE IN THICKNESS” CURVES

Figure 4 shows the relationship between the instan-
taneous pressure p(t) at the radial artery (Fig. 2(c))
and the change in thickness, Ah4pg(t), of the wall of
the CCA during each of the heartbeats in Fig. 2(e) for
the healthy subject in Fig. 2. The five curves corre-
spond to the moments just before the administration
of the NTG, 35 seconds after the administration, 70
seconds after the administration, 105 seconds after the
administration, and 120 seconds after the administra-
tion.

For the curve 35 seconds after the administration,
the maximum pressure decreases and the change in
thickness increases. Since the gradient of the curve
decreases, the wall becomes compliant.

For the curve 70 seconds after the administration,
the maximum pressure still decreases and the change
in thickness increase. From the gradient, the wall still
becomes compliant.

For the curves 105 seconds and 120 seconds after the
administration, the maximum pressure still decreases.
However, the maximum change on thickness decreases
and the curves approach the level of the control curve.
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That is, the elasticity of the wall returns to the original
value.

For the smoker in Fig. 3, the curves have different
shapes and gradients with those of the healthy subject
in Fig. 4. The gradient is steep and the response of
the administration of the NTG is small.

V. CONCLUSIONS

In this paper we have demonstrated a novel real-
time system for simultaneous measurement of velocity
signals at two points preset on an ultrasonic beam by
tracking the large movement of the object during the
cardiac cycle. From the resultant velocity signals, the
local change in thickness of the arterial wall was evalu-
ated in real time. In the preliminary clinical study, the
response of the arterial wall to NTG is directly evalu-
ated by the change in wall thickness for the first time.
Such continuous measurements are only possible with
a real-time system.

Further investigations are necessary to fully support
the evaluation method of the response of the arterial
wall to administration of NTG since the administration
carries various side effects such as the reduction of the
preload for the heart. Detail hemodynamic studies of
the cardiac output flow, the ventricular stroke volume
and associated pressure, as well as pressure build-up
during the ventricular systole are also necessary to in-
vestigate for a more accurate evaluation of discrimina-
tory effects of NTG on the arterial wall. Application
of the technique to evaluate the response to NTG for
patients with arterial diseases should also be investi-
gated. ’
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