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Abstract

Cardiovascular disease is one of the ten most common causes of death in Taiwan
and it is mainly caused by arterial stiffness. Pulse wave velocity is commonly used as it
is directly related to arterial stiffness. Using the foot-to-foot method, pulse wave
velocity can be estimated from pulse wave transit time between two measured locations
with a known interval. Traditionally, the global pulse wave velocity between carotid and
femoral arteries was estimated using two ultrasonic transducers. With the high frame
rate imaging (>= 1000Hz), measurements of local pulse wave velocity with an
ultrasonic linear array becomes possible.

In this study, an approach based on foot-to-foot method to determine the pulse
wave velocity is investigated. With dual transmit beams, the vessel boundaries at two
measured sites with a known distance are recorded as a function of time. The pulse
wave velocity can therefore be determined by estimating the time delay between the
waveforms. To further improve estimation, a Doppler-based method widely used in
color flow estimation imaging is adopted. Feasibility of the proposed technique was
verified by conducting in vitro flow experiments. For this purpose, the
carotid-artery-mimicking phantoms were made and the measured pulse wave velocity

was compared to the value predicted by the Moens-Korteweg equation. In vivo



measurements were performed on human carotid arteries.

Our results of in vitro flow experiment indicate feasibility of dual-beam method.

However, further refinement of the experimental setup is necessary. Moreover,

reasonable results on pulse wave velocities (4~5 m/s) on two volunteers were obtained

by our method in the in vivo experiments.

Key words: arterial stiffness, pulse wave velocity, foot-to-foot method, high frame rate

imaging, ultrasonic linear array, Doppler, Moens-Korteweg equation
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P(x,t) = P(x— PWV xt)
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Flow-area = ;% [24, 30]
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2192mm I A A Rk AR SIf AR RlenE FER > A R R

Y BE 2 2R 0% 0 i B e & o

1.5

........
° .

. . 9.6 mm
........ o e s 12.0mm
1 S 144mm

R S - 16.8 mm
s R |+ 19.2mm

oo oo
.................
. . . .

Time delay [us]

0.5} .

......
............
.........

10 20 30 40 50 60
Element index
B 2-2 : R FF R STPE AT AL B AR

HPh AR Y R > Fh 5 IR L

*FE Y ahdg § & &k % (Z.ONE Ultrasound System, ZONARE Medical
Systems, CA, USA) 5 78 * i 5o MM 53FEg & (fpF > @ % 64 B ~ 123 54 H -
RERG FHUERELT2RP AL R ABAEERS BREAL T

=+ 321 B;m'i/”\v";?‘&"]’%x\: /ﬁ»é\ > G‘II«LLNB;&_%'}’?-& %xx /ﬁ»é\ > f“‘ -’é’i*ﬂ% ’

OB A RH o
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2.2 ¥y
2.2.1 F AR E rIL

AT B R AL AR A R] 2-3 0 AP 535 5 4 e b 13 5E(Radio
frgeuency signal, RF signal)d 4z & /& s sLf# 34 (Demodulate) *# 47 {& » 5 1F 1< gk B

(Low-pass filter, LPF) = % 47 % %L(Baseband signal) » ¢ £A#7 £ 5. BB() ¥ % 71 &
BB(t) — %A(t_r)eﬂmf(tr)e—j27rfdmf

£ AfEfc_fdem ’ fc ]Z;\#;EFT’%E/‘]‘{Q% - Sal ’L"H’Eif fdem » AL § 5k v'-»f@"% E AR

HHE S > b NP s A(r) B B ELE %(Envelope) o 7 A AZH A BIERER o

Ultrasound System : MATLAB

] Amplifier
- ADC > Demod |l | Focusing delay , B
> > > : eam sum
] LPF T Phase rotation { % Beam
u I CE Buffer
| Linear array :
Bl 2-3 © R TR E AT AR
dxki,,%@m‘?*,)i ‘%’{,i xi‘ﬁr}ﬂi;lj;}’ mf:’:gﬁp’;‘,:ﬂ&]ﬂ; ’#Bt'—"" —r};b’Li_;:t

BTN ITEEERB AL ETEEGFTEFR X Jp gD ;’%ﬁﬁlﬁ& s T LB R
£t 3va d MATLAB #4258 38 17 g2 > Bje B E 4ol 2-4 #7571 - 1395425 A 3 5

PE R R BRI R e R R E o e AR AL BEPE R ¢/ > W 5 focusing delay

\/r +x° +\/r +(x, —x)°

4 —
(6, 7) =
R ARETRIBAE > x b '\‘»‘—Ei’av‘ifﬁ;ufi ek R r s RCRE
I:'-E '7%;}';(??‘1:’17?;—:—'?_ &Eé‘g— > X ,:r«'}'-‘&-”]{/jé%\,ﬂ: l‘—' % '7&"3}'71; PF’ =N m’}’ﬂ ra’ﬁ["é}ﬁ-
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Linear array « *

|||||I||f||||i||||j

B4

r

Fﬂ

X

Bl 2-4 : By R LT % B

Rypde s B ieegp £ 8 > 22 ¥ 4p 4 > T 5 phase rotation

\/rz +(x, —x)° —\/7’2 +x°
c

R L2 A At md A %i,{ﬁ“d focusing delay A& 5 - PR > T d

01' ('xi ' x) = Zﬂfdem

phase rotation 4 & 5 [ — 4p = > & ~ 2 chiZ 5LF 4 o1

ETTS

S(i t) :lA(t—z'. +T()e/?mf(H,+r,-’)efj(2ﬂfde,,,rrﬁy)
! 2 i i

B R E R A AR T AT

N

o(t)=Y_S(i,t)

=1
HY s NZRBRCRER* A28 AREdm > PHEAEAGEEFT g
I apodization - ¥ * e Sdkct uniform 2 hamming Sifice ¥ ¢b > IR 3 F]

3 (Coherence factor, CF) % 1 & % ficit4e 8 2 5 (740 4 > 2 B E 5 E[35, 36] »

1

2L 3 A Y
Hty 2 032

2

ﬁ:S(i,t)

CF =

PREAEBRE PN EHARAL B ARE LB L FA TS B ARR

18



BEse B[37] 0 Gd BB FF T DN 50, 5
0,=CF-0
HEGmB L Bl erfZR i@ YA RATRERR » i
B-mode % #(Brightness mode image) » 4= & 2-5 ¢ & #757 > foif 8 o=t F S B

FenBif? »EBRERPH S FLHEE B 25° Fied A7 FHEEE

S BURE P A s it L M-mode 2 i(Motion mode image) » 48] 2-5 + Bl #7T o

Linear array B-mode image M-mode image

LI TTIIT i1l IT11y
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d 2w F R BLIR G R B LR 0 4o B 2-6(a)4Tor 0 AR A S 15 mm 2
20 mm £aE R ELG F ARG EL 0 A F 2 MR SR AL ha K R AN Bl R
Fl RS 0 BEIRR S w hfh B (Gradient) st g A 2 1B > 4o 2-6(b)#r 7 0 F]
PR RRARR S v R EPRE > T R F RPN R E o
RIEREPE 05T R Lk R PR g B B0 0 e PR BRI B
wes o d Bt PRI R SR E R F BIRER P B R BBk
R R T IR g AR R o f AR B RAPME 0 TV B B IR
Feng Bl (P2 A AR RPN SR T BIREFTOE B 0 &AL

AR R E T BB G BRI E o

A-mode Gradient

0.2t

0.1l Edge

Amplitude
o o
(o)) o]

o
—_—
E‘ﬁ

0.4 -01
-0.2+
0.2¢ 1 <« Edge
D L
0 A A 0.4 ) ) ) )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Range [mm] Range [mm]

(a) (b)
F2-6 0 s § LA F B
()i F BiR R w i A R A F 0 GBS LR M RA

OFE R 30 SEELS
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223"]5'3 2R

AZF 4 Q?w% F 2RSS B i =) s B AFEERE T AAE
Ehpm g 4 3 B R 2SS i%v%%iﬂ%%ﬁ
B R TRE L F DR SRR EBRCIUER AR 2-T AT P

R Rl BRSSO R

(b)

B 2-7 0 3% " ¥ 0 gRA L2

v

()57 # #% w s BLip] [38] (b)) 3w $[39]

2.2.3.1 58 " ¥

FHRDESES S f 0 3 BRFLF Ry i en S L f
BOAFFAPHEEP > RIA D N Bkl T SR B g 2 e

4B 2-8 #75r o #«E—”K%/P‘»H:F—f f,.r»
e+,

r N

c—v,

He cR AR anfid v 2y, 2% 5 BRE BicE e A T did R e
A8 MR S 2 A f, W 5 Rt B 5 i 45 (Doppler frequency shift) - 7 £ 57
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Receiver Receiver
— -
vy Vr

M 2-8 % " 5w L W)

bATE R o hoW 2:9 40T 0 R ABFHAREE B2 - BB D
TR B FEGRI PR P YRR 0 3R A2 30 B
PIAR B i A )

2vcosd
c—vcoséd

Jfo=S"~fo= fo
ﬂéA%ﬁﬁ%%ﬁ$’f%ﬁﬁ%ﬁﬁﬁ’C%ﬁﬁ’vé%ﬁﬁﬁﬁﬁ’eﬁ
FRHBE D ERIAALDLE  ATRERY L 0 d AR Bt 95 1540
m/s > @ o jn g e S d i R PR R R 0 FIR R B BB T 05

N 2vcoséd

Ja=

fo

C

Transducer

B 2-9: R{AFFEHBFF T LB
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22323\ Bt Ryt i

BFREAFEES B SO IR 2-10Q@) 77 0 FEE P BT 4
7 5B 2-10(b) > H ¥ o sigh i ARG A QPR o L5 fasttime B i RS
AR W% ek copE P 0 A5 slow-time > fast-time = w PR AE S G AR A kA
Hc 8 v 4% B (Analog-to-digital converter, ADC) sB~ 4 #g & » slow-time & & eB~
AR & 2 ¥F R A SRR e % e 4 4R 3 (Pulse repetition frequency, PRF) » # i) #k

A % e chpE R IR 0 A5 Pk RE B PF R (Pulse repetition interval, PRI)

Transducer _ti
Slow-time PR

=T

[
>

Range gate

awn-jse

i

———— |-} ---

(a) (b)
@zmzﬁtﬁﬁﬁfﬁaﬁﬁﬁﬁﬁﬁ

(@) 5B & B (b)= ‘&5

hArIt B i R iz ¥ B Beif f & B nEE4E R (Range gate) 4R 2-10 (8) ¢ i
§ 42 WEREEF ¢ 0 IFEE TRCINE BT 47 L - B 4of 2-10(b) ¢ thic d
feo m B R3HE T A G- p e B So# (1D autocorrelation) 2 = A AR BE
#c;2 (2D autocorrelation) » & &= ;2 e R IZ Y {%gv} ZEL R 4P B S Bk B 2R

i o B4R =t enig 3+ ( Phase-shift based) o & f& 2 2 tEif 4o
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1. - ‘ap 4p B S Bic
pe R FORBEHER N iz B0 F fast-time B ot o R MRS L - AR
5LS() o SLF slow-time = it > gt - IR EAL S 30 B G 5L S() & slow-time
G b g AP S BR(E) T R T 5
R(t) = ]g S(t+1)S"(r)dr
H ¢ "4 57 £ 4 #i(Complex conjugate) - slow-time = & * SR S BN A5 &

AP B S de 2 BE TR S

uf__JLRm)_AR@)NLRGWD
‘7 27 R(0) 2z  2xPRI

#¢ ZR(0) 5 R(0) erdp i » " A om SRR ch— SOHCA o 1345 N 0 I - Mg 4p

Madicor SR A wl BB AT &7 2 [40]

I |2

o N
lﬁ
3 i
AN

Q(m n)ZI(m n+1)— Zl(m n)ZQ(m n+1)}

=0 m= O m= O

3 {Mll(m n)ZI(m n+1)+ZQ(m n)ZQ(m n+1)}

m

i, =——tan!|
" 4z f PRI i

S

#d [(m,n) 2 Q(m,n) » W £ = &5 gk 4p = (In-phase)fr & 2 4p = (Quadrature
phase)= 4 ¢ - fast-time * v + % m 2 ~slow-time * w» + % n2 > M 2 N & 5|5

FEYLAT B~k Bhiic ) & i 8 SR oy tanT A T tan 2 F S lic o

2. = X p 4p R S8 [40]

AR B AR gE o pl 3 g R T B fast-time o b oensgil > ) o “,f K
g slow-time = & gt * BT S A o 7Y g 5ue F fast-time o Gl 5
it g8 a4 % &4 (Radio frequency, RF) » &3 € < 33 5 % & (frequency-dependent
attenuation) e 2 53¢ S HF F AL AT > % B o = M x(m,n) eho M p AP M Sl

R(m,n) %\ 7T ,1~
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S
=

R(m,n) = lx(1+m j+n)x (m,n)

i

Il
o

~.

Il
o

HY mz pit4 fast-time > & + % m 2L ~slow-time 2 &+ $ng.> M %2 N A~ % 4

BEHLR B~ BE gL 2 8 5 S o i o fast-time S o 1 cnsbaE £ 5

J.= fum+ L= 2R00)
2w
He o f  SEAERELEAEAMES > f 5 B EL A fast-time e cnBfRAE S

ZR(1,0) Z R(LO) 2 Ap iz » 4245 F 3% » U = g Ap M JB2 P HE R AF ) D

FENT AT
1 S lNZZQ(’”'”)I(M,IHD—I(m,n)Q(m,n+1)
tan™*| 555
er PRl D> I(m,n)I(m,n+1)+O(m,n)O(m,n+1)
” ¢ m=0 n=0
MZD 5 -2 N-1
? ZZQ(’” n)I(m+1,n)—1(m,n)Q(m+1,n)
fzd@ﬂl + fg tan71 Ar:l[ig ]ri[:,?_
o 1(”1 n)I(m+1,n)+Q(m,n)Q(m+1,n)

e RIE R P 0 RN B LB RO S S R AT S 4995 P~k <32 (Nyquist

theory) » ¥ i ]2 & < #8 * BRI H S,

max

PRF
2

] gL ,ATIJ’JF*K ¥ AT mﬁxr’g—‘i]ivmaxé‘
PRF

vmax =
4/o

ﬁb

Jinax =

c
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224 % i Bt Y

B SR TR o REL ) A ARE R TR R
BEFRGREM S BERFEDEE  VENL FEREOERASF > BE TS
BREBERER T EREOERERPFTL AR F o o] 22110
Pk A AT g i B AR 0 I AR Aok ) R I RAT A o

i¢ * foot-to-foot = ;2 pF » 2% z_foot i~ ¥ 4 * X L o (8 ~ 7L 8Ly W Z
B~ JR g 5% ~ 10% ~ 15% ~ 20% ~ 25% 0 4c@) 2-12 #ror 0 H P oo Bk A A iR
38504 4 (Difference) » B~H &+ Eenpr P EES foot B 0 AR BB
* Jr g eh 2000F] 80%2 B chiicdy i (AL W §F 0 0t F AR LA B BAnR BT
% foot =% o d Fif foot B H A AR P utE > FALFIETLZ ER =

BREE ¥V ORIFIRAER -

=
N
~

[N
o

—Location 1
|=—Location 2
-=-Tangent line

Max difference

Differential wall velocity [mm/s]
[*2)

Y-y

1

1

1

1

1

1

1

1

]

]

]

1

1

1

1

1

1
v,
Y

4,
O Intersecting tangent
ol |0 5,10,15,20,25%
15%
0,
o
1 1 I' 1 1 1
0.52 0.54 0.56 0.58 0.6
Time [s]

Bl 2-11: § 2% 2 foot =% 7 A Fl
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Ji

FZF Rk

-&.L\;
Tl
=

ME ] 0P BeinAede ) 3-1 4rn 0 A BT A i § AR d T g R
7 AR T E R ¥ 1 Moens-Korteweg ¥ 583 Bkl RIERE > ¥ bd n F
PAER LR FM S R A - FREOD B RFRRER RV RS F R

WphF R A HMEEHRS ERIP -

\ 4

Elastic measurement

A

Phantom preparation Comparing results

\ 4

Flow phantom exp.

Bl 3-1: 7 ki A2

31 ¥ ragdlie

& p PR ITHR S % WA i | (Plastic Hardener, M-F Manufacturing Co., Inc.)
3 5 ¥ g ik A (Plastic Softener, M-F Manufacturing Co., Inc.) » #t gL4cBB] 3-2 > 12 3+

2 #4175 (Amberlite, SIGMA 16641, St. Louis, MO. USA) 5 42 5 A Ac s+ 5 5L kiR o

W32 o alivH
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BEiARAC R 3-3 om0 RO LRGP ARIR L URRESRT S
(IKA, C-MAG HS10, Germany)+4c #t 3 335°C & M g+ 2 7> a4 £ 5
BUPE o Ao S LR FH BRI S MRS AT RRRE 0 K
ru F PRRCE o M HCE S A E P LB AR BB B
O A TREF BRI e TP e e FE A DD F A
YoB) 3-4(a) 0 FIT B REY 0 Beo Mok A ke (TS E R 4o 3-4(D) o 5
BOOMPMEG 6mme FEER G 2 mm o i RESEET J 3 LA i R 2 o AR g 1L R

2o AR A LR AR S > O REARE o

B 3-3: . F T

(@) (b)
Bl 3-4: FRgpE 2

@) # 7 4 (b)Hik 7 4
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3.2 B4 B pF %

FHKEA4oB 3-5 fro7 o BFR R & T+ f~(Balance, OHAUS, Model
IP12KS) + » d 7 4=+ & B iE (Step motor, Q-Sync, Hsin-Chu, Taiwan) » = # & 5.

+ B %5 % (Acrylic compressor) » e p¥i% i RS232 /i & # e &+ = dk o

Step motor

Acrylic compressor

Balance

d 3t 48X 4 (Force)2 25 % (Deformation) ¢ 4@ 3-6(a)#771 » 424X 4 &3]

RM LR T RSP A F A5 MU R[41] 0 Tt 0 R RS R

S
e
Es.(_
s
i

|- 7 e7p B (Preload) e » @ R 4 B AR EFIRMEM G- £RIFE &
PHEFZ FHEREE R B R RERRR T RigEar o
BIREEEARFELFEL LT IR BRERTES LT TSR
B0 RREFE DR DR R 0 2 [41]°it¥!P'l€_@§f?iﬁ Mgy 4
AR M Gde® 3-6(0)T7 0 PR AA TR T 5 - FIHLRIRG R

[41] > F100 2 % 2 SR8 AT T 3 el B B SR i o
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A ,' N N=1 23
Force Force
, o »
Deformation Deformation
(@ (b)

W36 P4 g2 ik

(@#F %4 (b) THHREE R

fﬁ-w’ I“ﬁ'{E e ‘;

E=_
S

—,t! ¢ T, Iﬁ'ﬁ‘lhﬁ‘i/ i e # (Stress) s {fﬁ’?ﬁﬁ i m %%bl_ri 4 s d ?.;fl‘gﬁ'{%
£ AR WA AP E S WL R (Strain) Lo AE 4 % %

SRR b S BB REE PR R

&
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AL R A H TR 357 o o UL SRR Lo B iR e g L TR AT
F ok ke > Amigagt s+ E(Analog amplifier)c = 3 5L i (7 pE R AT F
(Time gain compensation, TGC):* & » d #g 1t 2 & B (Analog mixer)#-13 5.4 5 F 4p
RS D AR o SiEag e Ml Jpit B(Analog low-pass filter, ALPF)ig
Ao Bl Bl i BT R SV S B B R R e M i B
(Digital low-pass filter, DLPF)ijg i {6 - 53 " #g (Decimation) 2 2 & /i i) B & it (DC
offset calibration) % 1 5L/&J2 » £ #-13 5LiE 530 TR & ted7 35 % (Data buffer) > d 3
=R E (Digital mixer)#-fe 4p 17 L & 2 AR 1 BLAP Ae {8 0 S5 AR F

(Baseband filter, BBF) i i & "5 #7 » B 14 #-12 BLEE 330 ) 2 2o B -

Front-end * 13 bits I/Q
Acquisition Transducer I Scaling (per acq.) |
| | .
P ¥ e 13 bits 11Q
y
TGC Analog X
(B4ch) —> Amplifier 1536 points | Working N Acq.
(B4ch.) per channel FIFO Average
Iy * . 15 bits 11Q
ADC ASIC | Analog Mixer v
(641/Q ch.)
o Data Buffer (64 MB)

ALPF (128ch) 15 bits I'Q

Digital Mixer

1OMBZ1 - ADC (128¢cn.)

10 bits 16 bits I/Q
10 bits I/Q e
DLPF (128ch)
S J *16 bits I/Q
[ Decimation (k..) & Gating | Decimator (Kggr)
* 10 bits I/Q * 16 bits I/Q
| DC-offset Calibrator | DSPs

B 3-7 0 A2 ks )
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3.4 /‘::'- %‘g ‘? t%}

3.4.1 88t 7 %

BB 2ER AR 3-8 Fror o i A Y w7 i % (CompuFlow1000, UHDC flow
system, Shelly Medical Imaging Technologies, Toronto, Ontario, Canada) ~ * % # ¢
(Arianna TA, Industrie Plastiche Lombarde, Italy) ~ # * ¥ ~ 2% Agarose i %% ~ p
= F FRELE RO w7 48 (BMF-US, Blood Mimicking Fluid, Shelly Medical
Imaging Technologies, Toronto, Ontario, Canada) f = s j% st # 4 J1 » v i %)
BI1¥EF LY ¥R i 2B YE oM R RL F oA R R
P ERARFBYE > FHERERT > & F P HEF R 2 3o g (Parafilm M,
American National Can, Chicago, USA) %58 » @ d o ¢ #8895 > o F 7417 2%
Agarose 8¢ B o xR BB d #4308 (SimuFlowlll, Shelly Medical Imaging
Technologies, Toronto, Ontario, Canada)k %;ﬁig?] deng i Ao Aol 3-90 5 BT R

W o % BOR N A hSEE R k) > Bt R B K 5 20 mi/s[42] -

R 7.0ne

Linear array

Vessel phantom Silicon tube

2% Agarose

B384 FHREX

32



# carotid.pmp [stopped] - SimuFlow 111 [ =]
File Wiew Toolz Actions Help

X

W aveform
Update Time: 18 ms Cycle Yolume 2.538 mL  Stroke Yolume 378 _162 mL CONSTANT
FPeak Flow 18.8 mL/s  Mumber of Cycles 208 Stroke Time 123 _372 zec
Average Flow 3.865 mlL/sz Period 828 ms Total Time 4. 112 min SIME ‘WAWE
7.80
5.00
.
-
E oo
i)
;
“; -2.50
=]
-7.50
-10.00
54 126 1498 270 342 414 486 558 G630 702 774
Tirne (rs)
| e Narme [caroid NurberofStokes |2 (] E— ()
W aveform Froperties
; ;
Selected Point 1 18 mz Update Time 18/ ms Confimatian
required to start

Amplitude [Normalized) | 0196 ECG Paint Period 328 ms

Amplitude (Sealed] | 1.950 ml/s Apply ScaleValue [ 10.0 mLis Apply

Bl 3-9 © LRI

ARG E AR 2 g AL S ER 2R 302 Agarose 7 88 o BESE A
Paeg2eme BT Fa g P40 d T %% % RS232 /1 G i dlAL k kst zone o i

B T AT RELRERT N E BT o R R AZF Y S

i

% 6.6 MHz » "R irE 4F 45 5 % 1000Hz > G 5L 5 1 4) o
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342 %) F %

F B ER AR 3-10 1m0 A REFEER G PP AR AP LS T 70
P % P RRITH o RS 6 7% A 1 gh(Carotid bifurcation) - I ¥ 3 EEHREE = % o
o E P N OR AR 20m e d T s B RS232 4 g dl4e 4k st z.one
BT ABGR A R F S S BRI SR o B R g Y o

:‘;\(yﬂ Ry Y= N sl g
F 5 66MHz "% trE A4 5 5 1000 Hz G fB-pr 5 14 S #lict 9 %Ap e o

= .- -
v =

Bl 3-10 : #p 7% ¥ K
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PR

£

4

4.1 H

PR

=X

S5 > B 4-1()% 4-2() %

ENGRVE Raay- Bk

v
e

B 4-1 2 4-2 A

T

o SRR S
Tt B R%2

Y A5
%

g ﬁ'{ » 8] 4-1(b)$’ 4'2(b)

P

7FEI’—
rﬁéﬁ Q'g:—é,l.ﬂ’g_,; }‘7@ 4 E] 4-1(C) 2 4_2(C) ;

3

qﬁ; Bge Hp B ey

v
I

i

i A& = B &
Hapw s 425%

EBT

/"-;‘?“

30 32 34 36 38
Time [s]

28

26

(b)

(@)
(©)

[6] sBuipeay

Time [s]

211739x-5120
210641x-50201

-y
y

210103x-4976

(edy) ssans

10

8

5
Strain (%)

RN )

e

+|

3B

il 4-1:

ARAFEN P A RO RN G

@ = 4 4 (0) %
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o o o
w I a

Readings [kg]

o
[N

Stress (kPa)

—Yy=69344x-1919

| & % 4o 2 4-1 - 12 Moens-Korteweg

‘ 1| y=69627x-1876|
1 —y=69409x-1858

5 6 7 8 9 10

Strain (%)
B 4-2 : B ERIEE(FRID
(@7 + f=f & (b))% = fi@fﬂ”ﬁﬁﬁﬁ B S (O Teliy fiff

TP T T oMM Gl

FOFEIPIR L R B IR B A

L% 823m/sii % 473mls> H P

mms ER 5 2mm> 5% 8% A L 1037 kg/m® -

i H AN TS 6

% 4-1 B EREE
- = L 5= = PR E R
748 211.7k Pa 210.6k Pa 210.1k Pa 210.8k Pa 8.23 m/s
7 %8 69.3k Pa 69.6k Pa 69.4k Pa 69.5k Pa 4.73 mls
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4.2 %8 °h 7 B

s F 01 R 4> B-mode B ke ] 4-3 ¢

10

15
‘e =3
E E
o 20 I0)
o) o
c c
] S
n'd o

25

w
(@)

€ E
E E
Q Q
(@] (o))
c c
@ [
o o
€
E
Q
(@]
c
@
o

Azimuth [mm]

Azimuth [mm]

@ | (b)

(c) | (d)

(e)

Bl 4-3 : & ¢ 48 & 4> B-mode # ij

B & B EE(2)9.6 mm (b)12.0 mm (¢)14.4 mm (d)16.8 mm (€)19.2 mm
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EiE A TS Ao aJE (8 0 B-mode ¥ e Bl 4-4 o

=
o

15
=3 =3
£ E
o 20 o 20
o o)
C C
] IS
[ [n'd
25 25

30 30
5 0 5 5 0 5
10 Azimuth [mm] 10 Azimuth [mm] 60
50
15 15—,
= = - 40
E E
o 20 o 20 30
(@] (@)]
C e
g g 20
25 25
10

w
o
w
(@)

Azimuth [mm] Azimuth [mm]

E GIC

5 © | (@

g -1
©)

Azimuth [mm]

Bl 4-4 : & ¢ 7 %8 B-mode # i

gt 4 B §E(2)9.6 mm (b)12.0 mm (c)14.4 mm (d)16.8 mm (e)19.2 mm

SHER AR E B 7 A0 R F ARS8 M-mode B ik £ 4ol 4-5(a)
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d 3 Agarose B2 n R ARG 5L 0 n F ORRAP hif g e F MR o A AR
Erg g ReFicB 450b) Y =d kB FEd kpd ~uREABE I e i w
FRES R 2 RAE L mm/s e BE R EERAFLET L0 § 0

B E g B AT boF] 4-5(C) -

X=-7.2mm X=7.2mm

Range [mm]

Range [mm]
N e
o

N
U1

0 02 04 06 08 0 02 04 06 08
Time [s] (b) Time [s]

£ 15 £ 15

E E

o 20 o 20

o o

3 3

X 25 X 25

0 02 04 06 08 0 02 04 06 08

Time [s] (© Time [s]

Bl 4-5: 0 ¢ FRTEAIZ(FA L FIES 144 mm)

()% k=i 4 % M-mode B i & (b)i B A F (C)F k=g B A F

B 4-6(a)(b) A &) 5 i 3 0 A A AT 1 R PR e 1L kA0 A0 I Rk

Fio o EPRA RGP RO (2 d 12)R 7 447 o Bl 4-6(C) 5 B AP I
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(60 1224 &5 i e 46 % R % foot

e15% ~ 10% ~ 15% ~ 20% ~ 25% -

[l

HE R ANT R

TR B IR

w o
e =
£ 1.E 10
2 2
3 18 s
(0] (O]
> >
= 1® O
= =
g |8
= £ -9
o o
£ 1€ 10
(| lD 0 1
Py
= 12
E.10|
.%‘ al | —7.2mm
< —-7.2mm _ (a) (b)
> 6 1 ---Tangent line
= .
S 4 Max dlffe_rence ©)
= o Intersecting tangent
= 1 © 5,10,15,20,25%
[¢D)
o Ok
E Vi L L L
Q 0.52 054 056 0.58 0.6
Time [s]
Bl4-6: o ¢ FREE SR F
(a)(b)s ¥ 4 ez B TR (c)foot B
% % SE e 2108k Pa 42 69.5k Pa e p FRHIE T RE MR B Bl (N

Wk R B BT 2 L o % 4eR 48 £ 42 2 £ 43
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l—.-l—l
—ocl—
|

1 @

1=—Max difference
— Intersecting tangent

9.6 12.0 14.4 168 %
Beam interval [mm] —10%
—15%
20%
1—25%
-=-Prediction value
(b)
3 RN o 1 S o O S, & N s
1k H [T
9.6 12.0 14.4 16.8

Beam interval [mm]
B 4-7: W9k

vk id A T @ (a) 8.23 m/s (D) 4.73 mis
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320420 0 F OB RS E(TIHHEREL > H = mis)

Foot = & 9.6 mm 12.0 mm 14.4 mm 16.8 mm
. 11010.28+ 32770.27%
b VAT 85.25+181.32 312.30+750.00

26711.83 46336.32

a4 K oEL 6.2612.60 17.06121.18 12.0617.57 7.7112.33
5% 16.40+14.17 33.27+25.89 15.95+10.92 10.6816.92
10% 0.2614.61 17.92+13.27 11.27+4.00 8.141+3.26
15% 7.7913.83 19.52+19.11 11.48+3.18 7.2712.65
20% 7.11+3.33 26.78132.25 12.6313.66 7.32+2.40
25% 6.80%3.26 42.19158.49 16.50+11.17 7.71+2.36

#4350 AR RS (TEHEEL > H = 1 mf)
Foot = % 9.6 mm 12.0 mm 14.4 mm 16.8 mm
y 21847.47+ 615.10+
B AL B 64.36188.45 3.27+2.58
37834.51 1063.57
P E 8L 3.78%1.55 4.89+2.81 27.84161.63 9.67113.72
5% 25.25139.81 4.67+2.72 10.64+10.01 69.42+159.44

10% 59.17+141.70 8.7719.23 31.79159.82 3.73+0.97
15% 9.58+5.62 9.56%7.20 18.78120.70 3.34+0.97
20% 8.6515.78 8.4515.05 13.95+13.97 3.63+1.28
25% 11.12+13.98 9.4916.56 8.27+4.34 5.7815.88
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4.3 %P 7 Bk

% ¢ R 4> B-mode # ifAc @) 4-8 o

10

Range [mm]
N =
o Ul

N
[6)]

Range [mm]

N
)]

Range [mm]

Azimuth [mm]

Bl 4-8 © Fpd- "% F Ja 4> B-mode # i

Azimuth [mm]

(@)

(©)

(€)

(b)

(d)

60

50

40

30

20

10

B & B EEA B 5 (2)9.6 mm (b)12.0 mm (c)14.4 mm (d)16.8 mm (€)19.2 mm
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£ e 3 TS 4o AR 15 eh B-mode B2 (4 B] 4-9 o

[N
o

15
=3 =3
£ £,
o 20 )
o) >
C C
@ ]
[n'd [

N
2]

w
(@)

-5 0 5 -5 0 5

10 60
50
15
= 40
£
© 20 30
=
s 20
25
10

30

Azimuth [mm]

= @ | (b)
£ Bl
2 © | (d)
« ©)

Azimuth [mm]
Bl 4-9 : sp# "% ¢ B-mode ¥ i

B & B EEA 5] 5 (2)9.6 mm (b)12.0 mm (c)14.4 mm (d)16.8 mm (€)19.2 mm

HEA AR E 278 B R ¥ R %2 M-mode & i % & 4o K] 4-10(a) -
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E*%?i%‘%‘/.%%—%i’%Efl.éﬂ,?%‘iiﬁ‘.‘@.éi;’@jé*ﬁiﬁzf;‘i*\'l’rﬂt“'il’\é PAERTE
)_fzf—}%_}i’ F\%%WB ° /ﬁ\q‘\%"xﬂl“'ﬂmk}ié\ﬁ&r@ 410(b)’x§f§ﬁl"’z}\

MM/s o %8 B B B B AT E T LG § 8 e B AT > dofl 4-10(C) -

X=7.2mm

Range [mm]

04 06 . .
Time [s] (a) Time [s]

[EEN
o1

[EEN

01

Range [mm]
N N
Ul (@]
Range [mm]
N
(@]

N
U1

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Time [s] (b) Time [s]

[EEN
o1

[EEN

01

Range [mm]
N N
Ul (@]
Range [mm]
N
(@]

25

0 02 04 06 08 0 02 04 06 08
Time [s] (c) Time [s]

M 4-10 : FE8s % § 2 LA & B EES 14.4 mm)
(a)? RE 18 P (b)’F’K iR R E (C)? REE R AT

Bl 4-11(a)(b) ~ % & SE B % m B & Fp L 1 RGP I L) o il M
ik F i o E PR R e e B (e 42)IE 74 4T 0 Bl 4-11(C) 5 B k)
AR 0 224 S A 2R foot R LA LA E P RIBE B
=g 51 5% ~ 10% ~ 15% ~ 20% ~ 25% -
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X=-7.2mm X=7.2mm

[

S
[
S

CL

Differential wall velocity [mm/s]
a1
Differential wall velocity [mm/s]

Or Or
_57 ‘
0 0.5 1 0 0.5 1
— Time [s]
m F
= 12
%10—
S gl | —7.2mm
% —-7.2 mm (a) (b)
Z 6 | ---Tangent line
C_U .
g 4 | Max dlffe_rence ©
= o Intersecting tangent
g ol | ©5,10,15,20,25%
S 2
o 7F |
0 049 05 051 052
Time [s]

Bl 4-10 : FEdsvkn & 8 L5

(a)(b)FF #+ *% ot F B A2 B AZR T S (c)foot B
6%;‘?1].%2?% e SRR 5] 25}%1 23}% ’ﬁﬁ"%z?ﬂ'ﬁfi‘l‘}ﬁ‘g‘h"‘\,ﬂ_?i; 3

FoHE R FaT 1P 2Boprdy RS E R BT o s R

£ %% 412 £ 443 4 450
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PWV [m/s]
= N w B a1 [)) ~ [ee)

PWV [m/s]
= N w B a1 [)) ~ [ee)

il

i

9.6 120 144
Beam interval [mm]

16.8

19.2

-

|

" -111-}----1

9.6 120 144
Beam interval [mm]

16.8

B 4-12: BN F okt %

192

| @)

|— Max difference
1=—Intersecting tangent

—5%

—10%

—15%
20%

1—25%
|==-Median

1 (b)

()% iml% A 25 & (b) <ipl% B 23 &
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% 4-4: % ;E'JTt{ AF LS (ToHEEREEL > H i mls)

Foot i ¥ 9.6 mm 12.0 mm 14.4 mm 16.8 mm 19.2 mm
B 44 E | 413+1.13 5.02£1.77 5.81+2.85 6.1812.73 4.05+1.98
7 KR 8k 4.9410.59 5.6611.01 4.6810.45 5.8710.96 5.13%1.19
5% 5.2710.71 6.2911.65 4.8610.41 6.4810.94 5.2910.90
10% 5.0910.55 6.02£1.12 4.91+0.42 6.20£0.99 5.27£1.08
15% 5.0110.68 5.8310.93 4.8210.45 6.00£0.84 5.10£1.02
20% 4.9610.71 5.7810.79 4.7910.46 5.91+0.94 5.02+1.02
25% 4.99+0.88 5.7010.72 4.7510.47 5.73+0.89 4.93+0.89
2045 %iplE BRSS R (TIHRE L > H 2 mis)

Foot i~ & 9.6 mm 12.0 mm 14.4 mm 16.8 mm 19.2 mm
B A A E | 21711.08 4.0614.61 5.68%2.12 2.3312.28 | 15.53%£19.83
*7 &K 8k 2.4711.20 1.89+1.11 4.531+2.46 3.94+1.85 6.0114.38
5% 4.12%0.23 4.20%0.70 4.7310.73 4.40%0.33 5.16%0.69
10% 3.76%0.42 3.8210.62 4.471+0.89 3.98+0.09 4.7610.63
15% 3.52+0.57 3.5310.58 4.2711.04 3.6610.05 4.4110.63
20% 3.36%0.67 3.3110.54 3.98+1.08 3.4010.11 4.10+0.68
25% 3.2010.80 3.1310.45 3.79%1.23 3.1710.14 3.8310.75
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¥IF AATE®

B BRI R RS T & F PGB PR RV R Y
$or%u F 4R AL F[9,10] o GRAE R B E B 0 ¥ ALY LA L ST E A 5
P AT R A R SR S R WP FRSFIREL S > g%
FEHEFEFEMR- R AN FHRERY 0 F RO PRE L (<Ims) o AR #

o2 > d PR E UL BEEIS S G BTG o

R HRRE e o W FOMEATRN L OMERLZ ICm F
LAEF R R R R PR L i) 35M Pa e ikt A
PR BA R T TR W e § AR doB] 51 4 o R P
ESmmo EAELmm Fto R GRS g dSd ) s g R %
oo o PR RIARE o ¢ B 5393 FUT R 2 S g BT A g S IR o

e B Pl A4 3 B F ik $4[43]

Silicontube  Vessel phantom Reflector

B 5-1: a5 F 4T L
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Bt R R s F SRR BRI R LR e B3 KT
Bl % F B4 STEEY 4 cm[24, 25]0 F] L M-S SR E L B 20 F 54 BR 5 om
Jowr @ % - BEIPIELIESEF B4 T 450cm; Ra 0 - BEIPIEIESRES AT 1
Fl1.5cm > iy /24 5mm % 5 6mm o & IReh# LR 5% (Axisymmetric sudden
expansion) > 4c ] 5-2¢ i 5516 R R A R A48 ¢ A 4 i i (Recirculation

flow) » & ¥ & %3RS - FERSEPN § o+ id B 6 (Melocity fluctuations) -

T Reattachment

T_I__ TS . /
M VDN
Lo A// I /r,»f T

b

Recirculation X, S —

|
W52 bkt 7 L W4

it b Az R 2 B X el 0 s d(Reynolds number) @ K 4p B > 4o 5-3

Aron o F AR G Rk R g F)=0 4 #ic(Dimensionless number)
_prvD_QD
Y7, vA

BV veplp o p it MBR > B AEGE OV SR 0 Q LinE oD 5 F T

Re

ARG FForw e & 1037 kg/m® 2 £k 4 #ic4.1m Pas» # BE E 425 mm
2 #5 ff 785 mm? > 3 E R R 20 mlfs ehF Edc s 12880 H ¢ H R Y L
Blmm: % - £plgbapedr s 10 3 15mm > x/H 3 10 3] 15> * dunid g ds % >
pLEta i e g AL R NERASE 0 R R PP DI T ARHIFT S

poo i R BEERBER B
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0025

0-02

15

(&
0-01

|
0 10 20 30 40 50 60
xiH

B 530 i o = B oD sidics W 4[45]

ghi i dd o Fhh i APH R i B

FORS- %rti ¥ AR R 2 U] > gk a3t 7 (Latex tube, Kent Elastomer
Products, Inc., OH, USA) 5 & & 7 48 > & #-590 # 3 4 8 2 4 7 & J Bogm s - 5
Bop NS U4 et~ BR 116 w4 38 Tl 120 psi (827.4k Pa) - ¢ Moens-Korteweg
ERPERAER G 141 m/se bt v IR EE P AL SR ER 0 B 4 BRI

FEZ 5cm F K % 4@ 54 -

CompuFlow 1000

Latex tube

C, 9

Agarose phantom




@55 ;«’;’LEQ}J\??,{ %,L“R ,—)_L_ﬁ:gt_,.

RRER B EMTIHZ R Y

w

z,;?,ag;%:au}; AL hoR 5-6 o o d AT FL ?ﬁ,&ggngugjng ?@g’: F 6

E R A

AP B R E R

s B FL 08 mm/s’i,;fi

BRI 2

MR g

PR R B B A o % ISR

GREERZRTL PR PR A TEALRENE G EUIREI AL -

Differential wall velocity [mm/s]

0.8f

—1st point
—2nd point|

-0.4 : ‘ ‘
0.45 0.5 0.55 0.6
Time [s]
BI5-5: F 03 5 magn

300f

200¢

100

PWV [m/s]
o

-100r

-200¢

50 mm
Beam interval [mm]

M56: &3 F%is

52

0.65

— Max difference
|— Intersecting tangent

—5%
—10%

= 15%

20%

T 25%

==-Prediction value



WP HRES TG LR R RTE R LR
«:E ﬁ"

4y
EiS

d X % (Common carotid artery) 4~ & 5 p 32 % #% (Internal carotid artery) %
“h 5p - 2% (External carotid artery) > s ;i F RER|EE F o p 0o & F PSR B

agarose i 4% % ?f?r»j FopE L RV L RHMP EMAFTHREIINORAT R o

~

P FHRKE D 6 MPEIIFR AN EFSS NHL TR X FER

R R F R SRR ML SET 2k 7 L B4 57 4570 L3

REAIFR Y  FRTERFER ARG RAA ARG ERELENE - - Rl 57
ERSFFEE FREFERITF QT RAALEFREET P REFE
BRAAERY A -Xo A LRBEREL FATE R EREFIED o g

*“P“

%‘3" /P‘»Si}i fp'»};"' °

Linear array

Carotid artery

Linear array

Carotid artery

@57 ‘sﬂ}'}“iil:f P_\‘_’_ﬁﬁ

i)

&

FHREEORFTARMNLIZRF L HBLRANE SFHFFIRLRA FF

=g

P FIS R §EXRIFHRFF > RPMBTARF > FEHFFAL

i

BB R 1 AN SRR o pvh s SRR A KT B EEReon A

3

G FEAELHTEEEEE > LSS HRNT LR EAFSFRG Y
RELGRGEFLE
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5.2 f’;“; %fu}%@/@

521 HITR &

o g AR R FEEL PR P2 i? o apodization & uniform £ hamming @0 o
YRR xR RS R EERE R AF L AR
16.8 mm 2 19.2 mm i > @& * i F] S L Ao g GilicA JIt o BRI G o o
WA S R 2bEE At p 0 AR 5-8 Tor 0 g RPN FORAF R Bk o Flpt Ap
FOYE R R FERELAR Y B B S I R TRl 0 R OF B A R

TR R R E R 0 F R Rl EE N e

Linear array

VILITTITTITTITTTD

BI5-8: 5 k2 BIRECE T LR
T i gsAd mREELRLEE

EHEPRE N R B % 5% o vt o uniform & hamming < f& apodization ot 2 2 F
PR FG L A G R SR L R o B 59 R RRE AR R %
hw AT R L E T > T foot B K A ERFRAE R BT

s R L VRS EMA R TPAELE S

54



©

o) O 9.6 mm
8+ O 12mm |
O 14.4 mm
§7’O O 16.8 mm{]
£ o o o O | © 19.2mm
‘=60 o © o 8 y
3 © o 5ig 9 0 6 0i° 8 8 8 o 2 © o
= g & g g g 9 g g o 8 g © 0088
o g o § 8 6 © 0o 4
410 8 e © .
o}
3 | | | | | | | | | | | | | | | | | | | |
D T 10 15 20 D T 10 15 20 D T 10 15 20 D T 10 15 20
Foot
@
50 T T T T
O 9.6 mm
547 O 12mm |
S o
= o o 14.4 mm
Sl © 16.8mm)|
‘g 3 8 0 19.2 mm
o o}
©
5 2 o 8 i
S o o O
2 .o 8o °© 9 28 890 °.° o
g lo g9 QD o8 8 S---8---8 o3
o o % Q 3 8 8 80 9 8 g 9
6 8 8 3 o 8 8 0 o o
| | | | | | | | | | | | | | | | | | | |
0D T 10 15 20 D T 10 15 20 D T 10 15 20 D T 10 15 20
Foot
(b)

B 59: THoEz L X ow
(@F=iEs® (D) R LA

Bl REEEd 22 uniform > hamming - uniform i * = 3 ] > hamming

fon
"~
En

P RATFF o s I fAfoot =¥ oD AEAAZALE T A ER 1015

20 & B % B Pty e 10% ~ 15% ~ 20%
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5.2.2 % K 7]

%0 FRIELFURDFF S AR GERER T BLRSS W%
Pl At R DTS R R0 R SRR > § AL ARE > 4oF 5-10
g s A FEES 168 mm 2 192 mmpF > F h B EE R o HY

B etk A FEES 192 mm F8E G B E o

Gradient
0.04

« Scattering particle
0.03¢ 1

0.02+ |
0.01+ 1
Owwwwdeﬂj

-0.01+ 8

-0.02¢ ]

-0.03¢ 8

0.044 15 20 25 30

Range [mm]

B] 5-10 : = % l?’#"‘ EIK’T"*‘ :’\‘ﬁ’}iﬁi‘-“@'

5.2.3 §1 " #hiE i

WA R R O RS B FRITTA PR R G
P FF 0 40 L4 & foot-to-foot = 2 ¥ i it 5T Rk R LR foot R
BB B o A BRI ARl - AT BB 5B - T

P AVR R R BIRA R
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5.2.4 Ml gk B

GAN R o 0 R E AL SRR BIRE SR
P o R Big g e b o S (Cutoff frequency) » ] 5-11(a)(c) 4 ™ & & = Rl K 57

%o PSR gk m el A B 5-11(b)(d) B M ik Bk 18 ok
) # AT % 5 50HZ o f& % 50HZ 3 # 147 5 enial ik B 4 8 £ K A LA eh
B B foot mER T FARABE R GIEAfE 0 Ft RPN

% o

—X=-6 mmj

=
S
=
Q

S1

Q

Differential wall velocity [mm/s]
Differential wall velocity [mm/s]

0.3 0.4 0.5 0.

0.2 03 0.4 05 0. 0.2
Time [s] Time [s]
(a) (b)

@ @ ‘

£ 8 £ 8|—x=-48mm

£ £

>0 >0

3 4 S 4

g g

= 2’ = 2’

© ©

Z o0 Z 0

8 s

S -2 S -2

3] 3]

£ -4 £ -4

a ‘ ‘ ‘ a ‘ ‘ ‘

0.6 0.7 0.8 0.9 1 06 0.7 0.8 0.9 1
Time [s] Time [s]
(c) (d)

B 5-11: A Ll §Fdo vk F F IS 5

()% el % A(D)% l% A ik 15 (C)% iml4 B ()L R B iR
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Koo B PGk B S el Bk Ak s ot & foot i B T feiid

AR

&

3

UES
g

LR, F LT i B0HZ LA A

5.2.5 % z_foot i+ %

PN RS T e foot B K T EHIRARR GBS
B 5-12 5 & % ;‘E'JT:{ NN S wE S -  GUAR I A :‘E'JT!{ SRl B S ) LR
B ZLarmi foot 8 vk lid B o3t 85w {E2 > WA LIRtgE » v 5 foot

fa B A ke g e o0 sl gl
=E RIS E o

5 ‘ ‘ ‘ ‘ ‘
o o O 9.6 mm

547 O 12mm |
e
= O 14.4 mm
S 4 © 16.8mm|
& °9 O 19.2 mm
= )
S, 8 |
C 41Q___ O Q a0 O,

1 -

8 0 8 8 0 © 6 3 8
Il I Il Il Il Il Il I Il I Q m o
0 D T 5 1015 2025 D T 5 10 15 20 25

Foot

B 5-12 LA F

4t~

Laun i E AR RE B Bhs < fAFoot ¥ oD 3 A LA E T3

ARER 510152025 4 %] 5 & X Rt 5% ~ 10% ~ 15% ~ 20% ~ 25%
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20 RRIERRAERMETER L FAHCARR DR D AR - %
ARG >Z TR * PR FOMEFrRIAIALEET R HRFL 2
2T A RS RERIFEIRRLER

R FRS G R AMPLIFE MR LA AT A
Jeofg BLo T dgd BRRGRIG R B R B PR E ISR 5 o g% foot-to-foot

hrkgk i R o ARe R U F PREITRE BRIk R
o PRy LR Y Sl R PARY O AT R R 0 BN BRI R B
Bt

BAP H R G R SRS LT N-NCE AR Bk SR N
AR aE At 5 foot B BRI AR Y G RTY A E o & foot B
RS ERT O AR RRIFFEN REIESF DR g Bt R LR IR

qm;ﬂ‘o

\\\

ARIED g5 AR RIS F T RFIHRREEER Rp R
@ F S AR R %L B F TAL F M WA KK K
FootF T LR R RS BATH G P R P WL ST SRR BRI 2
FRAERR B o AMPMF RS > RPELIFEHEY VT AEEZ BAZF AR
#(Three-dimensional ultrasound)[46, 47] » € 2 5 &+ "% i g # > 4o B 6-1 #771 » i
HE A AR R f R 57 K ] PR VRX RIF L e
et d A e R A leﬁiﬁﬁﬁﬁﬁmﬂﬁm%ﬁﬁ%“$%%

LA NN R O S TECR R PO U i s g U
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Data Processing

Data Acquisition

AT Ak
O

RAZF AT

Y -

ES

B 6-1: Fpds 7% ¥ = i 4[48]

HRents > PREALRTREFRAZAE AAFERF I A
Rl RN R BRI of Ll b (LU B S [ SRR S/ $
FRIE L RBEE > MRS & A g P pE O

FRELFARFERGL F - 2 FTR5HET  EEFRALHF

BT R o R B B B AR AR R [40] B 6-2 5 ¢ AgS MBI

BTG s

A

U N

R

5

iRy 2

EAR T

¢

En

ok AT SRS RRIFHIORAER o P DT R SR E

e
-

1700Hz » & 7 #&F " R ot U2 F AR TR

S EAFE SRS o T PR RME LG 90 MB > F Rt £

5 1000 Hz » 52~ o7 R 5 3empF > @ 1 ez 3 % 3

TR A SRR LR o f { SR avi i B B B
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Pulse Wave Velocity as a function of Frame Rate

M Mo

55

PWV [m/s]
o

4.5

FR [Hz]

W) 6-2 1 "R E A4 5 ST IR R 3 2 B i [49]

d PR ARRFERRAERAMN S A2 RSP EEOEEHRL PG
Lo Tt E PR E R RE R > Y o E SRR 1 fhR R 0§
SEART A ARSI THES > 3B s AT LR FE I
BERopEH R RREF AT 2RFERGE DR AP HEL F
Tﬁ%o&;aqﬁﬂ%w’%ﬁﬁwi%ﬁ%ﬁﬁaﬁéﬁW%ﬁaim’d
MEARAEREEEFELHLARF > FRAGRGT R §EIRIF £

HR D H A TR~ ﬁé%?r'ui%:ﬁs:fﬁs&ﬁi;ﬁfﬂ‘uﬁté@ii‘_iﬁdu%%?it“"‘v FEAET

Flhw PAARR > FRFAROT R EH G RE DRAERBTE - L1232

Z

-

RO B MR RN TR HEZFERRAERTT FES

IR EF o RSB RGARF R FREE  AFFREIARAN > T RFEER

F_*

FH Ik R 0 TR B A
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