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Simultaneous Measurement of Vibrations on Arterial Wall
Upstream and Downstream of Arteriostenosis Lesion
and Their Analysis
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Abstract

Acute myocardial infarction and cerebral infarction are generally known to be caused primarily by the rupture of
atherosclerotic plaques. It is thus necessary for clinical treatment to predict the rupture of these plaques. Blood-flow velocity
around atherosclerotic plaques increases as the arteriostenosis lesion progresses, resulting in turbulence downstream of the
lesion. The resulting change in blood pressure produces shear stress, and change in this stress affects the rupture of the
atherosclerotic plaques. Cerebral ischemic paroxysm and cerebral infarction have been reported to occur in a high percentage
of cases in which inner vessel diameter has decreased to less than 70% of its original diameter as a result of stenosis. This explains
the use of standard ultrasonic diagnostic equipment to measure blood flow in the screening of the carotid arteries. On the other
hand, the noise signal radiated from an aneurysm as a result of blood flow has been measured using the bruit sensor used to
diagnose cerebrovascular diseases. Many unsolved problems with regard to the relationship between noise and turbulence in
blood flow remain, however. Here, small vibrations on the arterial wall were measured transcutaneously and analyzed both
upstream and downstream of the atherosclerotic plaque of a human carotid artery. Characteristics of the resultant vibrations
upstream of the stenosis clearly differed from those downstream of it. These results should prove useful in predicting the rupture
of atherosclerotic plaques.
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Table1 Correlation Coefficients of small Vibration Signals Measured on a Silicone

Tube with Stenosis
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on the anterior wall
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in inside diameter Ad (x;;1) and Ad (x,;t). (f) FFT Doppler spectrum of blood flow obtained using
ultrasonic diagnostic equipment. (3) Measurement point #;. (4) Measurement point 6. (a) ECG
signal. (b) Small vibration signals v (x3,;¢) and v (xs,:f) on the anterior wall. (¢) Small vibration
signals v (x3,;1) and v (x4,;7) on the posterior wall. (d) Velocity signals Ay (x;;¢) and Av (xs:1) of
inside diameter. (e) Change in inside diameter Ad (xs;t) and Ad (xs;t). (f) FFT Doppler spectrum of

blood flow obtained using ultrasonic diagnostic equipment.

J Med Ultrasonics Vol. 27 No. 1 (2000)

23



Fig.10 (1) i< 40 O HIRE(LIEEED (a) () BREE x,, DBUMRENEEHIE v (x5 1), (d) REZE
ECG EJ, (b) B#RkO & — A& 6, (BRFESH LR O Lo EEHEE A &0, RU () AEEAEE

=AHD EORiEE x, ORUMREIEERE v (xu; 0, Ad (xy;0)%&d. 1z, () BIIREEDF IS O MbkE
= k| T ] > ]
= [ f ‘ Z i f |
[=] | H [=]
> J l >
of-F f//w-._./\ } :FM{ 0
I (a)
@ -0.003F - @ -0.003f
E T E T
> r > =
5 0 - st i o i g AP, S OF
2 - S -
] L (b) 4 g i:
0.003 - 1 0.003
W -0.003F E ¥ -0.003
E r ] £
% OF ‘E 0F
o { - o H
[3] o @ L
” 0.003] ©] ” 0003}
@ 0.003F 1 ¥ 0.003}
£ £
> I 1 > I
S 0- S 0+
k] . - S -
s | (@ 2
-0.003 - 1 -0.003 |-
E, 200 F + 'E' 200+
,g g o N\Nﬁ .E E ok
8 L J 2e L
£8 200t (e) £8 200
0 1 2 0 1 2
time [second] time [second]
2.0 m/s
2.0m/s
(f) (f)

(3) (4)

Fig.10 In vivo experimental results obtained from the carotid artery of the patient with atherosclerosis shown in
Fig.8. (1) Measurement point #;. (2) Measurement point #,. (a) ECG signal. (b) Small vibration
signals v (x;, ;1) and v (x, ;1) on the anterior wall. (c) Small vibration signals v (x,;¢) and v (x25 ;1)
on the posterior wall. (d) Velocity signals of Av (x;;¢) and Av (x,;1) of inside diameter. (e) Change
in inside diameter Ad (x;;t) and Ad (x,:t). (f) FFT Doppler spectrum of blood flow obtained using
ultrasonic diagnostic equipment. (3) Measurement point 6;. (4) Measurement point ;. (a) ECG
signal. (b) Small vibration signals v (xs,;t) and v (x4, ;¢) on the anterior wall. (c) Small vibration
signals v (x3,;¢) and v (x4, ;1) on the posterior wall. (d) Velocity signals Av (x5;1) and Av (x4; t) of
inside diameter. (e) Change in inside diameter Ad (x;;t) and Ad (x,;1). (f) FFT Doppler spectrum of
blood flow obtained using ultrasonic diagnostic equipment.
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Fig.11 In vivo experimental results obtained from the carotid artery of the healthy subject in Fig.9. (1)
Measurement point 8,. (2) Measurement point &,. (a) ECG signal. (b) Small vibration signals
v (x1,;t) and v (x,, ;t) on the anterior wall. (c) Small vibration signals v (xi, ;) and v (x5, ;1) on
the posterior wall. (d) Velocity signals Av (x;;¢) and Av (x;1) of inside diameter. (e) Change in
inside diameter Ad (x;;¢) and Ad (x,;¢). (f) FFT Doppler spectrum of blood flow obtained ultrason-
ic diagnostic equipment. (3) Measurement point &;. (4) Measurement point 8. (a) ECG signal.
(b) Small vibration signals v (xs,;¢) and v (x4, ;t) on the anterior wall. (c) Small vibration signals
v (x3,;¢) and v (x4, ;1) on the posterior wall. (d) Velocity signals Av (x::¢) and Av (x«;t) of inside
diameter. (e) Change in inside diameter Ad (x:;¢) and Ad (x4;t) (f) FFT Doppler spectrum of
blood flow obtained using ultrasonic diagnostic equipment.
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Fig.11 In vivo experimental results obtained from the carotid artery of the healthy subject in Fig.9. (1)
Measurement point #;. (2) Measurement point 6. (a) ECG signal. (b) Small vibration signals
v(x1, ;1) and v (x5, ;1) on the anterior wall. (c) Small vibration signals v (x,,;¢) and v (x,;¢) on
the posterior wall. (d) Velocity signals Av (x;;t) and Av (x;;t) of inside diameter. (e) Change in
inside diameter Ad (x; ;) and Ad (x,;t). (f) FFT Doppler spectrum of blood flow obtained ultrason-
ic diagnostic equipment. (3) Measurement point &;. (4) Measurement point &;. (a) ECG signal.
(b) Small vibration signals v (xs,;¢) and v (x4, ;) on the anterior wall. (c) Small vibration signals
v (x3,;t) and v (x4, ;1) on the posterior wall. (d) Velocity signals Av (xs:t) and Av (x;t) of inside
diameter. (e) Change in inside diameter Ad (x;;t) and Ad (x4;t) (f) FFT Doppler spectrum of
blood flow obtained using ultrasonic diagnostic equipment.
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Table3 Correlation Coefficients of Small Vibration Signals Measured on the Arteriostenosis Lesion
of the Carotid Artery of a 40-year-old Female Patient With Atherosclerosis

Small Vibration Signals on Anterior Wall  Upstream 1

Upstream 2  Stenotic Portion Downstream

Upstream 1 v (xy, ;) 1.000
Upstream 2 v(xz, ;1)

Stenotic portion v (xs, ;1)

Downstream v (xe ;1)

Small Vibration Signals on Posterior Wall

Upstream 1 v(xy;t) 1.000
Upstream 2 v (X3 1)

Stenotic portion v (x3,;1)

Downstream v x4y t)

Velocity Signals of Inside Diameter

Upstream 1 Av (x;;0) 1.000
Upstream 2 Av (x5 1)
Stenotic portion Av(xs;t)

Downstream Av (xq;1)

Vibration Signals
(Between anterior and posterior walls)
Upstream 1
Upstream 2
Stenotic portion

v(xz )= v(xy;t)
v(xy )= vix,;t)

Downstream v(xg ;1) v (xg;t)

vxy ;D<o v(x,; 0 0.397

0.538 0.369 —0.017
1.000 0.187 —0.178
1.000 0.391
1.000
0.570 0.493 0.255
1.000 0.512 —0.051
1.000 0.195
1.000
0.412 0.372 0.274
1.000 0.438 0.238
1.000 0.242
= 1.000
0.539
0.255
0.463
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Table4 Correlation Coefficients of Small Vibration Signals Measured on the Carotid Artery of a 25

-Year-Old Healthy Male Subject

Small Vibration Signals on Anterior Wall ~ Upstream 1

Upstream 2 Downstream 1  Downstream 2

Upstream 1 v(xy,;t) 1.000 0.984 0.970 —0.921
Upstream 2 v(xy, ;1) 1.000 0.984 —0.947
Stenotic portion v (x5, ;1) 1.000 0.960
Downstream v (xq,51) 1.000
Small Vibration Signals on Posterior Wall
Upstream 1 vy t) 1.000 0.984 0.961 0.869
Upstream 2 v (eay s t) 1.000 1.000 0.956
Stenotic portion v (x5, t) 1.000 0.865
Downstream v (g5 8) 0.860
Velocity Signals of Inside Diameter
Upstream 1 Ay (x; 1) 1.000 0.992 0.981 0.944
Upstream 2 Av (x258) 1.000 0.987 0.952
Stenotic portion Av (x3:¢t) 1.000 0.961
Downstream Av (xq;t) 1.000
Vibration Signals
(Between anterior and posterior walls)
Upstream 1 v(Oo )=y (xg;t) 0.943
Upstream 2 v(xg 3 t) v (g s t) —0.956
Stenotic portion v (x5 8) <= v (xgp 5 t) —0.907
Downstream v (G t) = v (xgp s t) —0.854
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Fig.12 Power spectra of small vibration signals on the walls of the silicone tube. (a) Silicone tube with stenosis. (b)

Silicone tube without stenosis.
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Fig.13 Power spectra of small vibration signals on the
walls at the carotid artery. (a) Patient with athero-
sclerosis. (b) Healthy subject.

TW3,

mEROBSICEVTE, YV Ia—-ryEORA&LM
BT, BHRE(EEE ORAER FiRic B L TE R
SO T —H, FEHEREEBELTRECLE->TW
5. £, REEOBAR, EHRKEMIcBVTS
RS D7 —BRKEL LTV S,

FHEE o BIREE D © OEBEBEZ(ZE 5 OEKRBEE
SO S/NICKEBHENTWI LS (H30dB~H
40 dB), BYREE{LAERA OB A I PAEER O MM OEL
Whs, MEE OGS TYEBIKE B B MR OER
B, BIREERENICAZ S EBEBZTVWELDLEER
o b,

Fh, vVa-vECHLTE RERTRATR
BVWEBEMESE T - BREVWIEDPHERETE S
3, BiREELAE B O YEIR O HEIT I, #9250 Hz L)
EToREEEE T B E EHSES LD T LA
ATxB, Thig, vYa-vEHee rEEROHNE

J Med Ultrasonics Vol. 27 No. 1 (2000)

DE (¥ ) a3— % 8 MPa (ER#E), t b SHHR
CH(H kPa) SHHEOBVEMNEKELTVWE D ESE
Abhd DT &R, BEEZRELLVYIaI-VE
o _ER oM/ NEE) O S E Bk DY 7 -, REER
ELBVEBASOM/MRENICHXTRELA->TWVAEL
LIHHELTVWALEEALGH, BEHTRICEWT
OFERIC & 0 A L S o HRE A LRI OB b
EHRLTVWEbDEEZ OGNS,

5.2 BRMEFEEHERAVCEHRAZRELEED

2 ]

HEMHMERER Y 2R VT, v 32— v B EEHK
DONEELOEB B O iR & B L T, Mo
HEMEARHES 5. v ) a— vEORELREEL G
AL PEEEE LI VGS ORI BKIEE®R» S T
=0.6s i) ONEREALOHEE R Ok & A I<BY
L T OmBHFMmBERK L, HRIEO S O RBVEFEBIE

1 -
c 08
8
©
5
= 06}
Z
2
3 o04f i
1~
(=%
£
0.2 =
8, : upstream —
6, : downstream —
of L 1 1 i 1 I 1 3
0 10 20 30 40 50 60
frequency [Hz]
1 _' i T T T T T I.J
AN
c 08 4
=]
° I
5
Z ‘
[+
3 04r 4
5 |
e |
02} }
[ V 1
1 1 1 1 1 1 I

0 10 20 30 40 50 60
frequency [Hz]

0, : upstream —
6, : downstream —

Fig.14 Reproducibility function of velocity signals of
inside diameter at the silicone tube with stenosis.
(a) Amplitude. (b) Amplitude and phase.

29



1|
c 08F
i=]
2
2 06
Z
a
2 o04f
<
a
2
02 4
0, :upstream —
5 8, : downstream —
L. 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60
frequency [Hz]
1k T T T T T
| =4 08 -
2
o
5
5 0.6
3
[5]
2 04f
e
a
2
02
o+ 5
1 1 1 1 1 1 1
0 10 20 30 40 50 60
frequency [Hz]
8, :upstream —
8, : downstream —
Fig.15 Reproducibility function of velocity signals of the

inside diameter of the silicone tube without ste-

nosis. (a) Amplitude.

phase.

ZzhZTh3fpicBE L TRk R % Fig. 14,
Fig.15 i</79. [Elekic BhREE  LIE B 25 O SHEh IR, @5
BOHEMROK I BXHE®D S To=0.5sfE) D
PERZEAL O #BERIE D4R & GrFHICBE L T OB EIvERE
il BEEL & $iE D & O HBIVERHI B % £ h £ 1 Fig.
16, Fig.17 R4,

i & LA BE L T O BB MEFHIERERIE, 3.2 T/R
Lz (10) TRk 6N 3, IkIgOHOHBMEFEMHES
iz,

‘q | V(f)l
|7 [}=—= (12)
ME V(O
TR 5,
PEABRELLYY) 32— vE, BRE(LERZEDL

boicBVTH, RERTHONERILOBEZREED
RIBOMM OBHRE R E VA, WRIE S A2 O TR

30

(b) Amplitude and'

reproducibility function

reproducibility function

il
0.8}
0.6
04} .
0 : upstream (common carotid artery) =
0.2 85 : upstream (common carotid artery) —
03 : arteriostenosis (common carotid artery)—
84 : downstream (sinus caroticus) ead
0 L 1 1 1 1 1 1 1 ]
0 10 20 30° 40 50 60
frequency [Hz]
frequency [Hz]
8 : upstream (common carotid artery) —
67 : upstream (common carotid artery) ==
85 : arteriostenosis (common carotid artery)—
64 : downstream (sinus caroticus) =
Fig.16 Reproducibility function of velocity signals of

inside diameter of the carotid artery of the pa-

tient with atherosclerosis. (a) Amplitude. (b)

Amplitude and phase.

i35 &, %710 Hz LI E o> Bk sy i3 s o BB
HEL 723, Fig.12(a), Fig.13(a) T/RL /¥ —
A7 AT —OKREVEEERS G, HHEOF
BHMSEVC &0 5, SOFEAR L B EVHBOHR
BB - TR EELONG,

i, REEORGLHHRMAOITIMIcEVT, K
10 Hz L) 0 B kS 3O BERESE K- T
B0, TOHEYEEIRETRE LRI & BED
HEOREDE I Mb > TWVWAEEEL LN S,

6. #5 £

AR T, HEEHTHIREOB/NMREIZRIT 3
FEEHOVT, REEZRELLYY a2- Y EOREL
A & BHAREE LIE B 2 O $ASHEN IR O B A2 AT L

] Med Ultrasonics Vol. 27 No.1 (2000)



1+
c 08
2
©
5
= 06
=
3
Qo
§ 04} -
QEJ- 8, : upstream (common carotid artery) =
S22 8 : upstream (common carotid artery) — 4
03 : arteriostenosis (common carotid artery)—
(a) 0,4 : downstream (sinus caroticus) —
G C 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60
frequency [Hz]
c
2
3]
c
2
=
F
(5]
3
o
<
(=%
e

frequency [Hz]

8, : upstream (common carotid artery) ==
85 : upstream (common carotid artery) —
8 : arteriostenosis (common carotid artery)—
0, : downstream (sinus caroticus) =

Fig.17 Reproducibility function of velocity signals of
inside diameter of the carotid artery of the
healthy subject. (a) Amplitude. (b) Amplitude
and phase.

BEORM/MREIZRIE L, RAERT oMK ERE) IS
ZBHBOMEETT - 1=, TOER, BELOTHIC
B 3 BIREE O MREER 3, @ESSS SHBL
T, REL BRI LM h -1 BREEOHREIC>
WTiR, DEOBKI X 2 ENEOLERIC X 38+
Hz DI T O ERAERS 0E RS T & fohs, Ao
THTIR, OB & REL S EVE Bk
Blsht. 1, ChoESEBEKENRT S
itk y, BEROTHRTEAS hicE W EBROR
i, HROBBEEMSEVT &k -k, BEES

] Med Ultrasonics Vol. 27 No. 1 (2000)

WrEE Al L F 7 SR TR, BRAEOTHRMIT
LR EFHEBER SN TWE I &0 D, BEICL LR
NOELS, o TFHRMUOBHREICAK S BEEEZ
TWEbDEELILNS,

Zok9ic, BiREOM/NMNREEEEZHHT S L
ic& b, HEESBIREAETRN @R T 2 BoETo
HREEIC 52 2 EA BT 2B S 5. Ch
BEIREALY: 7 5 — 7 Ok DR #EES 5 LT
FBEHTHELDEEILNS,

X 8

1) B4 A7 . Acute coronary syndrome DFRHE & i5HE ©
TEER 2RI ZE D e 1998 ; XIX(2) : 100-113.

2) BRHNEZ, £ % hekER 3 BiREEE
(Lo IR BEBRIERE R RN X 5 BhRAE MR o A

TP 1997 ; 24(6) : 851-860.

3) svekgsE, B (LORESE  SMSEIERRE (ACS)
b1 o TRIRE L 7 5 — 7 BE O JEIERE IR
BT E AT 1998 ; 36 (Suppl) : 441.

4) BTHHER @ MBAM. B5, =422 FLXZ
1998 : pp.1-32.

5) EREEE, RE R EEmME | HEREEERE,
FE A O SRR TS 1998 ; 43(11) : 1396-1402.

6) RIREsL, +E B, LITREL, 124 0 Duplex SHEfHE
HERE (D—MHHRRHAEOLH— ELLER
1990 ; 3(6) : 893-900.

7) bR T. BinHBEA, RBNDEE, 3 HIRE
OIMPESE & MMERE OB, EFEHEETFEH
WrEtFTEE 1998 ; EA 97-103(3) : 1-8.

8) Bz, HE¥Ek EARNIE 3dh AR
B v 27 4, BHEHRUEE PSR TR 1993 ;
EA 93-79(12) : 17-22.

9) Kanai H, Sato M, Koiwa Y, et al: Transcutaneous
measurement and spectrum analysis of heart wall vibra-
tions, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control 1996 ; 43(9) : 791-810.

100 E®/NEZ, &4 # BE 2 @h» d@ikck
% BhiREE MR M D ZE R A Et i, 1999 HEEZH A
e O AR, 1999 - 1125-1126.

11) Antal G. Hudetz : Incremental Elastic Modules for Ort-
hotropic Incompressible Arteries, J Biomech 1979 ;12 :
651-655.

12) EBEF, AGFHEL, FHESZ @ SN OIEES
BLUBBROAED BB AT« NF70 /0
¥ — 1997 ; 25(5) : 405-427.

13) @ ¥ E - RO R~ F VT, WE, 287
#t, 1999 :pp.269-271.

31





