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LAV PR A ET A Z L2 X o TPWV 2HEE L7z, M 1 AR Tl 3 0 EWERE OSHBIR % in vivo
T L7z, BIRE#E A INO 14. 4 mm & V) HXICBIT S PWVIEENEN5.6,6.4 BXU6. Tm/s LHEES N,
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BOMEDETH L EEZ LN/ Wi 20X HET (B DEMOERE &HTFHPWY TldZk () BHED
FIRTHEET PWV ZHET A2 L1280, BIRELOMETICE 2502 L2 L) SR T 2DICHEHTH 5
LEZOLND.

Measurement of regional pulse wave velocity using very high frame rate ultrasound
Hideyuki HASEGAWA"?, Kazue HONGO', Hiroshi KANAI"*

Abstract

Purpose: Pulse wave velocity (PWV) is the propagation velocity of the pressure wave along the artery due to the heart-
beat. The PWV becomes faster with progression of arteriosclerosis and, thus, can be used as a diagnostic index of arterio-
sclerosis. Measurement of PWV is known as a noninvasive approach for diagnosis of arteriosclerosis and is widely used
in clinical situations. In the traditional PWV method, the average PWYV is calculated between two points, the carotid and
femoral arteries, at an interval of several tens of centimeters. However, PWV depends on part of the arterial tree, i.e.,
PWVs in the distal arteries are faster than those in the proximal arteries. Therefore, measurement of regional PWV is pref-
erable. Methods: To evaluate regional PWV in the present study, the minute vibration velocity of the human carotid arte-
rial wall was measured at intervals of 0. 2 mm at 72 points in the arterial longitudinal direction by the phased-tracking
method at a high temporal resolution of 3472 Hz, and PWV was estimated by applying the Hilbert transform to those
waveforms. Results: In the present study, carotid arteries of three healthy subjects were measured in vivo. The PWVs in
short segments of 14. 4 mm in the arterial longitudinal direction were estimated to be 5. 6, 6. 4, and 6. 7 m/s, which were
in good agreement with those reported in the literature. Furthermore, for one of the subjects, a component was clearly
found propagating from the periphery to the direction of the heart, i.e., a well known component reflected by the peripher-
al arteries. By using the proposed method, the propagation speed of the reflection component was also separately estimat-
ed to be — 8.4 m/s. The higher magnitude of PWV for the reflection component was considered to be the difference in
blood pressure at the arrivals of the forward and reflection components. Conclusion: Such a method would be useful for
more sensitive evaluation of the change in elasticity due to progression of arteriosclerosis by measuring the regional PWV
in a specific artery of interest (not the average PWV including other arteries) .
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BREE{ L2 ST 2 2 LD EETH 5.

BIRIEAL OB W i, M &R, 1ME e
% (intravascular ultrasound: IVUS), Yot ¥IHrE
#us2 (optical coherence tomography: OCT), =~
Y o — ¥ Wiz (computed tomography: CT),
K% A S 5 ) 1% 3 (magnetic resonance imaging:
MRD) B X UHBEFHRBE T V¥ 2 — 5 Wi
% (positron emission tomography: PET) 7 &7%3d
27 L L, IS OREEIIBENTH 721,
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T, INSREIRTLOETZE=Y —F 572012
MR LZHT 272012 3R#EYLTHDL. —F, H
HIZ & 52 WNEIMREA D EIEH TR T
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FWBE— KA A=V v 73 BIREE O RES
BRI, 4¢12, WHBEEGHEEDOWEIZIL CHWS
NTWBYO F 7z, BhREE ORGSR % A3
DPESTERE SN TN LT BhIREE O RS
TEIXBIIRTEA L O HESE AL > TEALT 5720, BJREE
OBEVEREE 2 53 5 2 & X BIRIEIL O Z W2 A
<HHW

BIIREEGVE R E O IR EAYEHANE & L CERIR TH
WHENTWBIRIEHEE (pulse wave velocity : PWV)
B, 100 FII EHI D SHE H L PRI
Ko TEAELLENWETH Y, BIROEH# M
5 B, PWV ISBIARTEIL D HEITIZRE - T E5-
T HOEREAOZWIREL L THW 5 R,
Moens-Korteweg D TLLT O X 9 (2 M BEGHERE
P BRI 5N 5.

Ccpwv = /Eo—(g (1)
ZZT, EEROMEAmOY » TETHY, h
ZEIIREEIR, plXIMEERE, D IIEROBEETH 5.
Moens-Korteweg DX D E & LT, BRI H N EE
PH 7%, JEEMEERA T SN TWE Z L%
FoNs. BUEOIRNEED TIE, SHBIR & KBRE)
R @ [ C Bk 9% 2 B % Wl 72 9 % 2% (carotid-femoral

PWV: cfPWV)'"'"¥  HEAOBIRTELIZ A X SH %
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carotid artery 0.2 mm

f=—=

proximal distal
beam number 0, 1, ... , 71

Fig. 1 0.2 mm [FF 72 » Fil2 B % & N SHB)IR
BB O /NIRRTl 39 Y A0 7 0D R B 1

mm T& 5 72 OFRELO BB W IR E TH
%. AT, PWVIZEBIIRRD AL, $7%b
5 EALEREIIR D PWV IZEAEREIIRD & 0 £ 1) & #
2%, L7zhto T, REOBIRELOZEIZ LR
FrPWV 2 BT 52 L NHEHTH 5.

T 3B ICEIRO R® A I > 72 2 SCEIR
BEDWU/NREY)HEE 2 W E T 52 &1L o TRHT
PWV %S 2 Pz et L2, BT PWV %
XY IEMEICHEET B 72012, RIFZETIZEIIR O E il
FHENZIR - 7249 14 mm O X ABIEOFRALT 3, 472
Hz O 515 ] 53 BE C B IR BE O PR Bl B 230 78 L7z
B IREE D IRBY A R IE O W FR 71213 & A L DY
A30HzBEETTHS. PWVA Smls Thb & X,
HRIEIEHT 14 mm DX % 2.8 ms &\ ) FHEFH] T
ZH s %7280, IRIEDIEHRIC & 2 IRBYH FE [ O f s
7 BB AE 2 HEH S 5 72 0 113 VB R R e AT
Ins.

2. A =

2.1 SHEHAREE DWY/IMRENRE ORIE

AWFE T, Fig. 1IWIRT XIS, AN T v
F 7PN L) Bk B IZHR - T 0.2 mm
BIBg 72 7 Af (&8 14.4mm) 123\ T 3,472 Hz
DR S ARE T e b SHEDIREE O/ NIRB)HEE 2
e L7z, UE L7OBE S E (Aloka o-10) %
HWTENZNDO LT VAT 2= —FTI2L =%
8 L7z & RF B35 2 572207, BgHEE ok
LEBEE R L ORI N Z N 8 MHz B L O
61%CThsb. ZHELLEEERRFESIZI6E Y b
D57 i Fe T 40 MHz THEEARAL L 72, 3,472 Hz & \»
IEFWICENTL—AL— M T2 EHIIBWTEE
W —LEBRT H720IFHmTL—LL— M X —
Uy TR LY.
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XM A I )R L) FEHICERE Tl 5.
O &) BRI TIE, BIROE#FANZH - 722
DA TEHIN L 72 BYIREE O HREH L 2 FH VT PWV %
2 L7120, B T I oD J HIE IR ] 9 52 7555
FEWTC IS T DM OB Y Z RV, Lizdso
T, KIFFETIIES S A XRBEIREOEEAD S O
Ia-OIYFLRTHIZEL z@jﬂfr BEJREYHE O HE
SERRAE T E OB KT 72012, REEEE S
BosicBwCillE LY.

WHZE T v F 2 ZETIE, ARER w, =211,
(2B BB OV AR G FEI 2B 7 b
FVAT 2= O KBERE — AEIZBNT
BRI RS AT=1/fir (frr: 7L =L — 1) THE%
fEEN5. BE)TLEIRBELBEW N T VAT 2—
Y=L OBEH 2B DLz () =co1, ()/2 T
IREMN, o lEEHE, 1, () TEEFWENT VAT 2 —
I — L EIREEDO M OFERIRMTH L. ZFEL

BE W OEZRWEEFTOMMO (z; 1) 120 (2 1) =
wot, () =2wyzt)/c, TEENL. HHBLY
(t+AT) MR AO (z;0) &

AO(z: 1) = 0zt + AT) — 0(z: 1) = %?giL 2)
WZEhESN, Az@) =z ¢+ AT) -z IZATHD
G DOENTH B, B Az 2 AT Tl 5
ZEIZED, v+ AT/2) TRENDHEWD AT
I R A C O3 EE S T O — M O REAHZE A6 (25 1)
EFHOWCUTO L) IIRENS.
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AT\  Adr) oo AO(z)
V(’*T): AT~ 2AT wp 3)

REFZETIE, 3,42 HzDEH 7L —AL— % ¥E
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forming: PBF)*" % fI\>, f/MEBIEEZ R & b
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2.2 HEHFRHEEEICED PWV O#E

WRIE DRI & 2 SR 8 B T [ 0 e R A4 52
(BT B SEREDUET 5720, AU TIEIR
BRI v (x,; ) 20035 2 A2 XD DB
Walx,; ) ®EHL, WELHERZICEETNS
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m % HOBEWE — L60E x, THlE L 72O
Mt (= 7L —2) BT HIEERTE a (x,; t,) O
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NSRRI AR L 7e A o (x,; 0)
IR a (x,.; ) OEZENES g (x,; 1) 5
HHishs.

%Eiﬁz@ﬁ’i#ﬂ%%mmﬁﬁ% PWV % RIET %720

. AW CITHEFEMEAB BRI D Wi k%
% L7:. BEERR 7,=i-AT, i=-N,-N,+1, -,
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2T, o1,=i AT T, MIZBHERY—2H8 N,
FEFEMHBERHOREICHW 7L — 208 TH 5.
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WDIEHNC L D g (6, 1) 25 g (Xpinisn; o) DFEH
BIER 61, 1) 2B S glx,; ty) OHEBEEEE £,
TETE, oD FTEEINS.

~ £y(1,0)

ot = o (5)

MDIZIERER 7, (2R LT, y (¢, T,) DALy (2, T,)
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Zy(to, t;) = 2nfy(t; — 1)
=2xf, - (i - AT) — 2=nf,o7. (6)
=p-i+gq.

N+ D{T i 900,70 | = (S ) {8 290,70 |

FURE WS S, B L OBRBEARHS & B REHRLE 67 O
HeE D728, Fig. 2 [R5 X9 1ZHlE
L7chitl £y (85, 7)) 12FR (6) TEZRS NI
RRANCEEICEID T A v T4 T THIEICED
Blip BL O g xPE L7z, % L - R RS
DALy (tg,1,) EFT IV Ly (t,,1,) & D _FF
Wiaie a (1) TR TRENS.
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a (ty) ZHR/NCT 2R p BLOGERET 572012,
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BpBIUOPqRIUTOLHIITHRESINS.

D=

cm+4(2&%w§—(2&wfy
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Pois N =Dty £y(to,Ti)

(2N + 1) ©)

%X (6) 1ITEDWT, EBIRBIEL S, FHEE L 72 4R
BpaHOTUTOL)ICHRESNS.

~ P
f;72nAT'

(10)

¥ 7z, MR L 2 RERE LS, & REG AV,
PWV cpyy (8) & (6) RIZHEDWTUT D X 9 123
ET .

I

- 0x
cpwy (fo) = =

N (11)
_ mfa-M-ox

q

(4) N TIIBITES g (s to) & g Gpanns to) DR
OBEFABEBI S FV 7205, AU 5 [ O
1B IE 2 3N S 8 5 72 D IR 5 D& 7 M O
HEAIIRE CT5 2 EI12X D BIEREHHEEREY
INEL T AHTOTHL. T2, MAETOT—%
NIV D 2 EI2E ), BMESICEEhLE
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Fig. 3a-c 1224 % (Beb& A), 23 5% (#bae B)
BXU3RE (HEE C) Bko B E— FEif%x £
NZIURT. Fig. 4-6 [ZZNZNHBRE A, BB X
O C @ invivo HIAE R A 7R T, #BRE ORSHBIIR
D 14.4mm &\ ) FHIXHE (72 ¥ — Af0E X € —
LM 0.2mm) Zfl%E L7-. Fig. 4-6 DZ 121
BV, LEM (@), XM (o) ORB)HEE % K H
35 ZLICEoTRONAEMEE (b), %0
FHOC—LMETHELE CGEOFHOL — LM
b D) REHE (o), BLUOH (o)
TREYHE OB 12 & 0 155 NZIEREE I (d)
R, REEO P - SMESE S BT 5 M 2 Bk
BEDIREY L & L CEHAIL 72,

B IREE DIREY L RO T E 2> S O M OB 12
Lo THAEL, BIROIGRIZFREZFRO0.1s 12815
IMHBERTERIET 5. Flz2IE, £0FH GIAL)
BILOETIFEH (27) E—2ATO0-0.3s DEH
N CHISE L 7 BB S A o N3 B2 i o 3K X %
Fig. 712”7, Fig. 7I2A 6N 5 X912, #0%FH
DE—=LTD0.07sfFETHOIEDOY =7 135 71 F
HOY =203 DIZHRTHhINIETT 5. At
ZETI, 1=0. 1 sFHETOREZIEOY — 71k (PWV

Jpn J Med Ultrasonics Vol. 42 No. 6 (2015)



2.0 mm 2.0 mm

1.9 mm

(a)

(b) (c)
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(d)

Fig. 4 #EEEHE A @ invivo 5 R, a LEMX, b
L, ¢ W v(x,:0), d %0 HOBEEL - 412
BWTHIE L 72 RBEDONRE a(x,,; 1)

HESEIZ BT BI04 ¢, % Fig. 4 TEEIZFW/2
W CmT), LOEDSOMEOERIZRR L,
& PWV HEED 72D ZfENT L 72,

PWV ZHEET 5 72D I IR LT
NV NEREEA L7z (4) N TEFRS N EEM
HHBEEEEIE 0 FHOE — A MEIZBWCHIEL
TR IED 0.1 s L THOY— 7 BEf % ¢, & 7%
ETAHI LI VERLA BOEEE ¢ X Fig. 4-6
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time [s]

Fig.5 #EE B @ invivo THIAE R, a LEIK, b

AL, e BEv(x,; ), d FOFHOBEELY — 212
BWCHIE L 72 BBEO AL a(x,,; 1)

WBWTHIZE DR, HEABOESIZ 10ms &
HEL (N, =17 ([ZMHY), ZIUIIEEREO ¥ —
Z WIS LT Ab. Fig. § D71y MillE
L 72 R DR £ y (2, T,) R BFRIEE 7, 12
HTABEBE L TRLTWS, PWVIE (11) HiZ
HOWT, Aftp BLOHFER (Fig. 8 I2BWT
W CRY) OWR goHfEshD. FAFEOFIH
AWERE BB IO C ONEEREEICHEM L, #ER
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Fig. 6 #:ERE C @ in vivo HAE R, a LEIX, b
2, e HEE v(x,; 1), d HBOFHOBEIKYE — 412
BWCHIE L 72 BEEOIERE a(x,,; )

" l:<// 71-th beam B

0-th beam
v

O Y - B R N ) 4 s

_03 Il Il
0 0.1 ) 0.2 0.3
time [s]

Fig.7 HERHEAOEOFH (FH) BLUE 71K
H (E#) ofEke—2THELAZ0-03sHo
IRFEEEI a (x,; ) OIERE

HA-CORFTPWV &2 ZNZ2115.6,6.4 BLU 6.7
m/s EHEE L7z, HEE L 72 IR (STt C s &
NTWL LD LFEETH 7277,

BB A ONHEEEETY (Fig. 4d I2RT) 245
&, B 0.2 s (TSNS W SET & 207 ¥ — 7 H3F
35, LTI, IMEERBICROONE 20X
I 7 ¥ — 7 IXBIAR R O AL BRI B\ TR L 72 RYE
W ThDHEHRE SN TWDEY, Fig. 712ALN
%5912, 8B 71 FHHOMMERE (L) EEHIZE:)
FEOFEHOLDIZTCOTNIEITT S, O
9% PWVIEEE 0 H O ¥ — AALE THIE L

706

k=) :
o :
o O P P
ie] : ‘
5 F : 4 J
= .
2 : *
- 0.1 : -
o .
= . +
st r L b
[} =3
= '
o -0.2 . : B
o # :
“— :
g . A 7
& 7 .
c -03 ‘ : B
[ - :

| i ]

-1 0 1

lag T [ms]

Fig. 8 BIEKR 7, OBE L LTTay b LAEE
BRI Ly (1, 1), 7H Y b B L ORI
WoE L 72 & BURE 2 2N ZAURS

m/s?

AN N U RN S N ()

phase of correlation function [rad]

Fig. 9 a BEH CIZBT 2 SHOBEEIZBITL5 0
T HOEABIBU 2 INEEEE. b BTN 7, ©
L LT7ay M LB FEHBREONA L y (2, 1)),
Ty B X ORIEEE L 72 & YR IER A F
TIRY

TN EIRIED 0.2 s THOY — 7 B % ¢, 3%
FETHIEICL > THETE D (I IZRT 5
%f%b,ng4@Wﬁfﬁ?v KEIRL 5 D PWV
HEEREFIT-8.4m/s TH D, Z CHOME XA
%ﬁ%%#%b%«@ﬁﬁf%é EERT. bk
DEHIZ, FADPREBLAZFTEZHVAZ EI2LY
ﬁﬁ@m%&ﬁﬁm FOJRFT PWV Z RN HEE
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(b)

(d)

0%01 02 03 04 05 06 07 08 09
time [s]

Fig. 10 #EE A OB IREIRE I (Fig. 4 O
T a WAL W 35 Hz I BIw/2 b o). a L&
B, b 247, ¢ HE vix,; ), d F0FHOBEN
E— A2 B W CHIE L 72 RBEDINEE a(x,.; 1)

HZELUHETH o 72,

512, R TREL A FEOHHMEFGO 72
I, WEEE CICB L CHE B 5 o #lE % %
L7z, Fig. 9all S HOREIZBIT 25 0FHDE
AU BWTHIE SN ERE % 7R 3. Fig. 9b
VR TEFEHBRBONA L y (ty; ;) & HVTIEBT
IR PE A HEW L 72 S oMz B X OREHE
WEXZENZENT.0BLV0.2m/s THo 7z (F
BMED 10.4%).

4. & =®

AKWGEIZ BT 2888 1 NCB W, BRI
HIZE D L7 EE 2 SN DIREST DD b
7o WIGE L7 N 2 R A 2 LIk D 1R
5NN vV ~OL b 28 & AKHFSE THENE
L7oHEFMEMBEEZICHT 22 81280, IEfTE
B L OBHHERG 2 A4 L7z, EATERRSS D
R EE GO A & KA 5.6 m/s) 13 RS
DLD (KM S OIEEA 8.4 m/s) L0 bEA o
7. CoOHHO—D L LT, HEIRIZEBT S NEITHE
B L OGRS O F)ZE R T O ML DO ENHE 2
b7z,

BIIREE DILTRWETE (FZALWTE) (LIME T IRT
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8952 LAl ST 277 Fig. 4b 12,
W5E L7 B 2 A 5 2 12X Do
TeBR A EE DAL % 7R3, Fig. 4 d [ 2R3 IRk
A BT BB O ¥ — 7 1% (890.1s) T
BEMOKE L1ZIFIZ0THL. ZOFEEDSIET
PERG S O F R 2 B S I IEFR I M 26 s g
b ENRIEEIND. —H, R G OFERICE
JAEMIZIZITRAETH Y, T LI
DFE L E ZoMEIZIZIGERLETH L Z &
ARIEEND. FMEEC, BIREDIST - 0§ A
ORI TH L E V) T EDPHEENTH

D L) EIIUE T O BYIREE O R F LR
MECBITL2EZDLDL D RKENT EHESIN
Twb. L7ehoT, RGO PWV IR (BZ5
CEDEWIMEIZBWTIX) MEfFERTO S D LD
bREVWEEZOLND.

RIFZETIE, 3,472 Hz &\ ) &b O TE\ERRH
B R RE CEIREBE DIREN AL 2 B ETH 2 L&D,
SHBIROFFTIZ BV 2 IR DIEH % G 34T L 72,
M4 E 8l 7 1A 15 mm (2B 5 3 PWV %l 58
T 5720121%, BIIREEOREHEE R IZHE O ms ©
DI PR EEZHEET L2 LEPH L. ZD2D
ZARBIZECTUE, BRI IART L) B E T
G G U IR EE NI % & IR R RE CIIE L, i
HEEWIEONA & F\CTh 3 20 A BB AE % e 9
% kR EE L 7.

Fig. 10b-d I[235Hz ®» 7 L — 4 L — h THEEARAL
L7220, #ESB L OIEERIEZ~T 72 (Fig. 4
DR OEARLE W E T 7)), SREROB
HFUZHEEOMMY L 7L -V —FNThH b,
Fig. 10 12753 X 9 12, 35 Hz O B[ 4 HE C130HE
JEB L OMEERE L MET Z 2 LIZNETH 5.
35 Hz CHEEARAL L 72 Fig. 10d (2R L 722 AL %=
WD Z L2 X ), [HEREHBEEIZL % PWV O |
DI TRz, TADRELFEEHCCEREL
728 ZAPWVIE-37.2m/s TH Y, THRIZ LD,
HEEINLDOEHLNIER R > T, LA > T,
R R RE CIRENE T 2 ME T 5 2 EBSLETH
5.

FRo L9z, RFFETIRF A OIRE L 2B
&0 BT ORI HE 2 IEREENYIZ in vivo THIZE L,
THATHE SN TWE LD LI L7z, 4k, B
M8 % 72 EBEFERRIC L ) Fex DIRE L 72 k%
HTJRET PWV & HEHI3 2 45 12D v CRFAii & 4T
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VBN D D, M2 T, KO PWV ORIE I 0%
AL L RS 7L AL - Y
DGO T S EFEEERIC XV 37§ 2 LEDS D
. LDLao5, KEFFETHE S N R LR
PWV B IZB VT A OREEVHH TH 5 1R
EERLTBY, 0L RHESEIRELOZ ]
o &b s,

5 & A

SHENRD 14. 4 mm &\ ) JFHATIZ B 2 DR
DFM A D201, ARWFZE TIZBIIREE O ik
Bj# 3,42Hz L VO FEHEICEVWTIL—AL—+OD
AE A G CllE L7z, % L 72 IRE SRR %
B3 5 2 & & D155 - BHIRBE DN EE I
WZe VNV MR A ST 2 L2k, 3 /O
EWBRE OIRWBEE % T4 OFRF L - EFAH AR
FEEHCCTHER L 72, 2512, 1 ZOWEEE T,
LiE D & FAY ST 720 T 7  RRE D S A3
LEADRO SN, T —AZBWTIE, JET
T3 & OBHHERCT O IR % 31 I e T &,
HerE L 72 IRIEHEE ISR ICH T ST b b o L
HCTohorz. ZOX) %EH PWV OUIE S FI3E)
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