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ABSTRACT

Echocardiographic strain imaging is a clinical tool to assess the myocardial motion.
Speckle tracking is typically applied to detect displacement of speckles on endocardium
and epicardium. Furthermore, it can estimate the myocardial strain to help clinicians to
evaluate cardiac functions, but its clinical applications are mainly limited to
two-dimensions. As the heart is the fastest-moving organ, and is associated with
elongation, shortening, torsion movement patterns, it is necessary to develop real-time
three-dimensional strain echocardiography image for the acquisition of complete
information of such a complex deformation. In view of the fact that plane-wave
excitation imaging has the highest frame rate which makes it possible to achieve
real-time three-dimensional imaging, and that the other feature tracking method derived
from the speckle tracking method is able to solve the problem that three-dimensional
speckle tracking is too computationally intensive for practical use, the aim of this study
is to combine the plane-wave excitation imaging method and the feature tracking
method to construct three-dimensional echocardiographic strain images. In this study,
we simulate three-dimensional plane-wave excitation (PWE) images with object motion
on which speckle tracking and feature tracking methods are applied and their efficacies
are compared. The results show that PWE images result in greater tracking errors in

lateral displacements when compared with two-way focused images. In addition, better



tracking results can be obtained if the speckle tracking algorithm is implemented in

polar coordinates. Furthermore, although the feature tracking method is more

computationally efficient than the traditional speckle tracking method, its tracking error

is relatively large. On the other hand, when applied on the rotated images, the feature

tracking method and the speckle tracking method both have good tracking accuracy, but

the error in the feature tracking case is still larger. In the feature tracking algorithm, the

greater the threshold or the larger kernel size is set, the higher the tracking accuracy will

be, but the number of feature patterns will also decrease. According to the results above,

we believe that it is feasible to combine the plane-wave excitation imaging with feature

tracking to constitute three-dimensional echocardiographic strain imaging. Finally, we

apply feature tracking to clinical three-dimensional echocardiographic data of a

three-month-old baby. Due to limited image quality, the feature patterns of endocardium

and epicardium are not representative of the overall movement of the heart. Future

researches will deal with the problems of the feature tracking method in clinical

applications.

Keywords: echocardiographic strain imaging, speckle tracking, feature tracking, high

frame rate imaging, plane-wave excitation imaging.
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i k- ik (beam) o ARE A o F - A R B - B E g st
Aok Ragd FHREEZFLERREEH T AP L EREP G
(two-way focused images) - v R E B § & F LFNF B2 $H 247 R > 4 4T G

-Q%L?:"i?&?rﬁfﬁ@j;g\,;g\, K}'Tg\‘i:’f‘ﬁ;&ﬁﬁc

B34 RFAFHEELLLE G
(http://Avww.obgyn.net/ultrasound/ultrasound.asp?page=/us/news_articles
/Ultrasound_History/US _history_schleiren)
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313 $E€E# & @ﬁfl(Multiple beam transmission)

BRSO B IO ST R SO e 0 5 B0 A B U
REREG k> BREALLEBEIE A PREFHE BT R L  BRA A

REA M LA G o R RS N B R  H aE Fge g H
NM o 2 BB 2225 AGa §FRmEEsts il dm, JEldmspo
* A #(Side lobes) ¢ 4p 7 F4f > A R FH RS FTE W > P o NEH L LT

(Apodization) 12 2 445 i 25 (coded excitation) & = ;2 % d i858 F 3 0@ [16] -

TP e 305 e 59 D3 I s D s Lol sgiudee & U8 A4 §
WD A P OS5 M AR Arvl R DN ehge i

3

Aqvent -

o
U

B35 Fprasfs ik dend £ B LB

(http://www.ntnu.edu/isb/studies/master-thesis-and-project-topics)
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3.2 T @ s+ ik(Plane-wave excitation imaging, PWE)

TG R b R FER AT LI HE AR PEF - BRARE DT R R
FEEHGRCRERETRT AT Ao d T F 0 TR L g2
B rn i - 0o FrathFaorfad s 2 GEFIE - B
e d PR (PRI) » Fla g fE S o SR SR R R M b B A
40 ¥ b L TR R R R S R EL o

Rtk PienS Tios i F A4 F L Ap3 Bdane T g L= i d F 6
EFET 5 om0 F] &g tuenfE e BE B (Two-way focused image) 4p 4=
Ko TG RN B RATR 0 R R fr et (SNR) PR § i o 2 3B > T
AP G IETFREAEAL S RES G TSP G T R n3 B B st

BLE B PSR AR R LA BRI AT T T & PR o

Z : R*costheta

(

(a) (b)

20 15 10 5 0 5 10 15 20
X : R*sintheta*cosphi

B13-6 (a) 423 st T o g8 543 i A W
(b) fckiz - fadgF A T R B0k
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A 7L mﬁﬁ B A3 5 $e i E = BRFATH AFR T A

B
‘.
=

RS

[

E B S A E S TR AR RERE R e R T
T Gk B H B B IR iru{g BB NG F g N Ao Rk
B PG R b d s B RO A 2 g 5 F & 50HZ 2 [19] 0 @ = 2
PHFE G L S eh2 BFAT i 90 g ehd fud v ek Mt - @@ g 25~30Hz -

E B T | SR, mZ & FA30HZ 2 R g F ooom TG i

Eid

2 N EEBGTED e V-2 g o BTG U ¢ R PR BRI R E MR

RAEAFHREFADAFTLYVRT AP GEES R ER 2 PSFFR > T g
P e BOE R fuhihe 3 /Y f347 & (axial resolution) £ £ % < » & » 3 BF f347
= (lateral resolution) » e FER T e A R iR 1 023 1 B[17] fe 2 i
RAAS BRI A NL BT MR BN E RS A E SR -

11‘ m;fg.’/\ ’ i\‘ lrup,\;:—; j\lgi“ ‘;’f"ff ‘;-YL»‘:J\‘ i b%?- » I v ﬁsﬁzlg\ ”J f'if\f_-@ l;’fj’i. g o
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PSS TS A B A

4.1 DIgRiFME hb B EHL AR

B R TEBRE B B A 0 A PR LB RALS AR faoa B o F 51
Aot A F R R BRI S i R - Tt L SR SR
Tk~ S e AR E DRTEUELAE & 1 AT B (Backscattering) - B S A2 F A B R
chi B 80 A A 4 et ez WA AL S RS o 0N AE S Rk enr ]
AR E Y EF - LA BRAA o AERERERMAEY W ¥ e 7B
B FE R CRE F s e WEay I CE R R R 8 £ s L 8 S N o) o A
RE A GoRE  HEATH - F SR ELR R PR p R A G B iR
AP TR R SRR RELEAR S 0 g A 2 BRI E AR B o R T E BB
WA F RGBS - %A 2 Taniz 5L 0 p 5 5L 4R 7 i B (Amplitude
Detection) » # B~ ¢ {5 (Envelope) » £ 4v F 582 Jrtg = /| » 2425 A B it

E R R 2 s BIAS[L][12][17] - T Bl 5 AL R AR om B S ot LR

backscattering
Sample volume

\/,\\| \<_/F§%§oﬁerers

tfransducer

Bl 4-1 A2 4 8 thomEhas & R BI[13]

20



[puiS)

P AR Ao AR R B o B FIER A R St o B R R
B RN FL T AR FLRPHAL G TR0 AP AP Uk
WARZE I o T2 2@ (S Rdm o Ftkane T BN X DA F A K AL

S RAAF ARG AR RO IRIEET €3 AR E > D d A

SE 3 SOl AT TS > TR B g et A BT A P HEF e
FAE o dogt - Ko AP RS N R ] e seni@ e A - ik

9
t Ok
Y

- hami o A AMERPER BB L 0 TAF KRR AR ER R

T 0 NPT ERRRE R AR AR B AR S AP e FP iR E s

42 prBhif BUF R 2

BRI HEOE B2 A8 & 0 s B3 ik 0 F (Pattern searching){e 7 fiz (matching) <
B E 0 ¥ A L3R 2% #c(Set parameters) ~ #p 2 |+ 4& % (Correlation search) 12 % {4 :&
¥ rJd2 (Post calculation) = B384 - #3Eim A H4oT
(1) %%k = (Set parameters)

BAGRAR T BB i g a8 Bl (Kernel size)frioF 4 F
(Search region) o f g B F & § 2 sa B KPR T 0 M2 BARAR B sa gk
FEeripdt T30 o M OF FFPR T PIEFE Y R BT B F DR T
F2 45 it 59 18 Rl endk & & & (Maxium detectable velocity, Vima)fr = i & (frame time,

dt) k-
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Speckle

I'egiOn = VmaX b dt

Reference Image

Bl 4-2 srBRiE Bt P2 0F B R Un LR

(2) #p 1+ 30= (Correlation search)
w2 % 16§ ij(Deformed image) ¥ - K T HRim ¥ < | HEHF R R AP
He® e e e o AR R A FE SR o I AR T eh R 4p B2 (normalized

cross-correlation method)i% - £ {72588 T flefp M R E Y o § HH RPN T i

BTG B AR B h A AR RSB R

Kernel

Reference Image Deformation Image Speckle tracking
W 4-3  saghif Bidp iR BT & W

AR O RERNEANRNEE > AR REL DI AHE KR
AP B B R AR B o R R h R AP B R IR E R R Y

& BB G R R A T 0 F § G 7 st A i (Radio frequent
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signal pattern) » 4-@®l4-4#77% > BRK F S AL 7 I SH4E LA TS A B 3
X1, Y10 S5d A58 18 A B ATX, Yo o AV R de c0EIE 2UBLE ) S (S s I B
FRA & B YR - B (Shif) T 2T RAp i@ X T L ARE T SR
WMEEL R > A2 M7 FAREFE N 4o 41077 o A F BIRE P ERR
RS hE B E PET fecnip M G ECE o AR B A BCEAR G N A A Ap AR
Mabila §3 FRR 2 GG B iphl Bl > QO pFITRRE TS

2

24 R N
VRl el

"

e

=
o
Elwr

L]

|
X b1
RF, RF

i

X2 Y2

\

Bl 4-4 7 Fagst+ RSPl g o B =8 %17 L §
RFA 5 A$g83 ansPip sl e dedn =8 X1,75% {6 28 X2
RFB 5 B Achf+ DS st 5L7) fidede 8 y1,7) % 12 2§ y2
L1, L2 A %] % A, B & $08t3 R dpde =4 14 chip $E4[10]
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= iR g2 = 4p B (Normalized cross-correlation) sii& & 2 ;8 40T

L M N

E E Z {Aimﬂ- - A}[B{mn - _J'

i=1m=1n=1

_ X4
P=T ™M N L M N 5 34l
IZ] El Z (Afmﬂ- - A} Zl Zl Zl [Bimﬂ. - ]

A : The reference feature pattern matcher (a volume of size LxMxN)
B : A candidate feature pattern matcher of the same size

(3) {41 ¥ 2 (Post calculation)

RS B(AP MBIOF S AT R PR DR BB A R e
Je B F e B AR 0 a3 E N AR S i 0 B At » 2 i (frame time)
i VRNERDE S T4 24 RS B3 Fa@BFptan? g 1w

22

TE- e TR BB OER

Ik

o
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4.3 FFEcpiBbEBUTE 2

b AT S chE B U L R LY R AR PRI A40F PR B
- EE TR AL EEHFARPTL TR kR B RRFER > F

B R4 30F P fehept — KB

(&a
5

R FR AT § UAMPH G B

PELAAR T A B AR G FRERFH (doz S AR LYo R

LA Mg § (RGO 2 R LT LR R R Pt H T
P2 — o
PACEHGE S B LT ARl it 2 BRER > 0 f ok MEE R o

%1911+ > Roundhill 4% &1 38~ i ] ensa BEAUELendR by~ /] 15 2 > o

to
|

eif BEv kB RIEh onid (axial flow) o 2o o7 3 HciE BigE i SR F e MiE Y £
AR EHFE G BB B AROF FRIN R - TR R oA A
TR fezom BAAFRRE Y ¥ i e ER M ORPT b SR s gL

BN TR R A BT e B T L B A4 R R AT

best mateh

0.7
B 4-6 FHCEHUE T L F
d,2 =#% 8 3 L5 BRI G leoa 2L R 4 BBk
AT et Henip M nﬁ%ﬁtx’:ﬁi’ﬁti& ﬂwﬁgy s
BLAGE  H B R RS A g [2]



§ T A B B S E D B SR B TR A

[54

\\xr

R A A PRAF B ASL 0 P BRE R LT S BB LB G A A

=

R L A SR D LR S LT R & S

B

ko $RIR T B~ B D
& iE ﬁ%&r—f :
(1) * =z & (Threshold, Hy)

5 e BB T 0 R R L e e AR A R T

-

Y

Hin 538 8 > pa 5 B 5T 358 s oa 5 BB X > C 5 ¥ ¥
ch=uA+C°GA ;T\“ 4-2

(2) 4wt 5 B h? B E Adline F Bed SEEEIUBLIR 1E A X B B gk

(B) ¥ 2 P N B BT R 2 Bl HARETT k-
(4) #-F g™ ko, L p uHP Bl - B ﬁg‘%l}f](kernel region) »
FROPPERPN BRGA R  EERIRT T ko W L AT EE O o B

s
B

fi (feature pattern) 5 4p & ch o F & 2L NP FIN dR g 5 B T 0 RLE S

i\
_,: \ (\ r\ /-/\ The axial segment width

W W Wmin Wmax Wmin <W< Wmax
‘f\ ______________ A feature pattern locator
= the global amplitude maximum within
Kernel
the kernel

Bl 4-7 HFAcEBGE R E 2 ¢ H ) ik (Feature pattern)$# 2~ 2, B
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Pl B B S A B 1S PR R T R T Ap i pae
Aol @E AL 0 413 ki U F TR SRR ) ki 78
E

oo d S EE A BORILE S S HE R 2 - R0 B K o b T

& FEHCET BEE HUR B E AP AR E AR LR

Candidate feature scatters

,l

e N

= =

Reference Kernel

Reference Image Deformation Image Feature tracking
(shiftone step to the right)

B 4-8 Pz BT E 2P AR BRI F BT R B

4.4 R T HApH R O

P o A Seehmr BEE BUR B F S AR ACEHUT B 2 Y 0 AP DURR0E T e chif AR
AH T BB g HERHIH S AT P o 5 AP R LE P
Bl & ehikpe b HOE £ B R Y ORI ET o w F RS < 20 25%
SAWER R L A R K 5 137 0 j8_J. Meunier (1997) [22]%+ 3D echographic speckle
tracking ch#ic B #kAT 3 ¢ T Y 'P_ F|@* 15MHz «hdFeg » e & B> 107 %

A58 R ] 350N T T g < 32 0.6 14 eodp b (e 0 do] 4-9 AT
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1 1
0.8 0.8
g g
£0.6 w 0-6
0.4 .
: :
0 0.2 3 0.2
0 2 4 & 8 10 12 14 0 10 20 30 40 50
Rotation (°) Deformation (%)

Bl 4-9 = s d ARl 2 B & R 2 R S M g 1 BI[22]

e b oehi g BUHCER fou i L G AR H R (Compression) shiE T 0 4o

Jo s VURIR R SRR 0 s d e B L e ARG Bhar BESU LY £ P18 A R 4R

TS yER o AR s B R AP R R A B Ry ik hE R Tt g

CfAp 7 e pEAp B Tk dicents % (decorrelation) - & T. Varghese = J. Ophir =13
Phe - bl QLR E B AR M T DR T g ¢ [23]F g AR R AR PR

1B A HEE B AR < (GFL W 4-10) 0 ¢ R E &3 iR F £ 9 o e (Bias)

AL AR 411 P RERBEAFTETLREFTERT AR EORHEY R TR
(

A RS W e R B BRI I T P R

I BRI AES R RS RFELE R R ETHE RZ0—0 -

R e R RARA R R R R LA LY WAL 55
#1411 R AR enBl R 2 o e PR R AR B S HOR(e) & 23 (0—0 )
FEEI SR G SR PR DR E N SRR E BT RF RS
Pl B R R R R R 2 B BARL o iR E 4-11 2§ 412 enit k£ 7

¥R B AL pFE o0 R 1 (Repeatability)#ie £ > B B2t S R 57 b AREE o
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Coefficient of Variation (%)

66
54
62
60
58
56
54
52
50

48

48
o

3 4
Applied Strain (%)

Bl 4-10 - BF s R T2 pM HES 2 LM ZE[23]

20
18
16
14
12
10

Estimated Strain (%)

L= TN

Applied Strain (%}

Bl 411 - aF st R EE 2 RS E M AR[23]

O:

X 1

PRROFERLRRES

VERLHEY R
DG N R e R RS R R &

=

v
R II R s  RE 2 G R R H R A
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Bias (%)

n i . i & L
0 1 2 3 4 5 -]
Applied Strain (% )

B 4-12 BEET AT RS E B A 2 B R FI[23]
O:d BHAE NPT ESHRFELERE LT HRIFRY R
X HR R R AT e R RS R E RS Y A

AT S E A (S BE A B TR Bic"E LRt 4E > & J. Ophir ~ S, K.
Alam 4= T. Varghese % 4 e%= 3 ¢ [24][25]4& ! 7 p# R ¢ & (Temporal stretching):h
SiE KAerl s R . Ophir # 5 F BEK fdbe - HRGET S DB B B 5 on(t) -

ro(t) » 43t 4-3 ~ 3N 4-4 #57

r1(0) = s1(0 +n1() = s(O) * p(H) +n,(Y) i 43

r2(0) = 50 + () =5 (7= to) PO +my(), a=1-¢

B OREFRRS AL ()E TR A B @ (B B (S B ra(t) o degd 495 s

4-4

g
bt

r;(t) = s3(t) + n3(t) = s(t—to) * p(at) + ns(t) & 45
3t 4-3 ~55 45 ¢ o osi(t) ~spt) ~ sa() A WA T T BEET S L PpERF A B 2 R T
SPRTE S ny(t) ~ np(t) ~ na() R A W] 5 B SRR A S i p(t) &
A2 E Rk ek R s (Impulse response) 5 it 4-4 ¢ ca AERFEE FS o eh s

P ERE - AT BREEHTY e<00lod PRt T ug s gpER

30



WA ) R i) L F §E ocd F B ET 0 2R RS SR

TR AR T Bl PenpF R BIR A E Y EP ) BRSO
TP AR e S Ap T RHRR e 4p B 3 fic(Autocorrelation function) 5
37 g ik (Low-pass filter)sh & - 2 d 5% 4-6 7 10 1 > PERF 4 B a0 R4

0 FIFR PR S e Roa B EUAp B LR Mg &

lim,_; Gy3(f) = Gyq(He 2™ i 4-6

Gi3 : cross-spectral density function
Gy, | auto-spectral density function

FIR P O PR A RO ER RIS R IELN 5 F ik B B R AL chgp
Bl o). Ophir 8 A {35 F @ S 5 B* WHRE IR > » EEF I L
R B A3 AR FREET AN R PR DM R
Bl @ B 414 05 Gdhe FRISGTFMY % 5% PRI AE Z 5 (5 b ey
BB > d 2R AT RET B IR IR s BB PR AL B E AT A

BBERASMGLE g M Tl B0 5 P BRE Bt o

1 S v

1

09 ool
0.8}
o8l
Sor |5
o o
i 0.7}
086
5 §
c 05 [ Q:’ 06+
=3 o
= =
S04 o
e s05f
303t 3
q 0.4
02 ™
0.1 J J 0.3

o
bl
o

o
w

o] 5 10 15 20 25 30 as 10 15 20 25 30 35
Applied Strain (%) Applied Strain (%)

(@) ()

Bl 4-13 a2 FREERF /N TR * B2 3 % R E 22 4pk Gt iR
@ O: 2&* AR Z2 IpM ZEHRY R
(b) x : #* PERV2EE £ 2 An B A Y S
— A E PR GBI Y 65{[24]
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1.1 T .

-
T
]

a

Correlation Coefficient
(=]
[e3]

o
=]
1

/
/

o
wn

o
'S
o

1 L i

2 4 6 8 10 i2
Applied Strain (%)

B 4-14 bbb HBRIST OIS Hr BRER 2D o
A0 B T B R

O: H*PEFFEZH 2 jpl GHEHRY &
X oo PERY AL R X 152 B B R Y S[24]

JEEFPAET R BRR LA - By R RAPT R
ﬁi@ﬂ,Mm£$%@¢ﬁﬁ%m%j%ﬁ#mmﬁfg,pxﬁﬁqﬁ@
(Lateral)£2 #£ £ 5 & T {7 > % (Elevational) e B 14> & 15258 % (2 4p B (et i

v

LAFFE AR AP MINL AZ AR RS

\\\

ffod T A1 PR AR bR R
fhot ek - i Acline 1 o g 2t 4.3 & 0rif o B BIGE R BE 6 HE 2 4P i
ERNE Y FE NS S I T e T N URCE S FUeey ey

B HPE RS o F R BB F R k- PR
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$7IF%F mBYEBENZ RACREI AP G R
5.1 M RHEERLZ BT e Bk

511 #HF,> 2

A Y At e AT field 1423 A s 5N o s @ % 2B 5 (matrix
array probe)s &L m L ¥ & 7 & ;% #F 4 (Rotational scan,4-®] 5-1)friz iz i F
Efo@rehz Bz g AT o APk o iR AN TS 48mm Z o Flak*
MO S R O MR E E A e R 30 BATEF G AR FEE L HT
Zoo FIERsp A (IoB) 5-2) o & % chdE o S8k L 4 510 @ Bl 5-3 R & 1395
wEng g field 147§ A BOs AR 3 T2 LA R EE o LW o
- E s AL R SR N D N R - R R
LA A DRE AN HE N FR TEIOTHRELE R il o BH K
W AR 0 - %86 2 dphi=5 B 2 %k#E & & d phi=0 & 3 phi=
175 R i& 7% & > B phi=175 R &0 - £ 525F K TR E R > phi = 0 A pFeh s
4R TR Fiaphi=0 g - £ 538 TP E R phi=175 RS
54 TR o Aot i gy BT U AR T R R IR T fe P 0 0 0F 4

- R (S e )] > X 3R B BRI BEDE FElt e

—+
QO

/

(117777
///////
|

A AN

Phi =0 i
B 5-1 () ‘B F e ks 4 om L H[L8]

(b) " TR
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z axis (mm)

N
o

w
N
3]

w

[s<]
w
N

3
g
8
o
o
§

S

w
Ny
7
z axis (mm)

©
QQ%

y axis () cos x axis (i) y axis (mm) 4 4 s s (o)
(@) (b)
B 5-2 fdz A Z <Rk fgi 3 e i 2l
(@ *TF A F 22T LG
(0) x-y T & 1 crdigst+ A 0
# 5-1 =z AT o LR K T2 ik
Simulation Parameters
Transducer Received Beamforming

Elements 45*45 Theta range* -36°~36"
Center frequency 1.5 MHz Phi range* 0°~180°
Sampling frequency 20MHz dtheta* 1.27°
Speed of sound 1540 m/s dphi* 5°
lambda 1 mm dR 0.04 mm
Weight of elements 0.4 mm f number 1.5
Height of elements 0.4 mm z-direction displacement 1.8 mm
Pitch 0.5 mm
Kerf 0.1 mm

* theta ik k&2 zghehd & > @ phi Pl E4p L L & x $heh % & o 4 Theta range £ Phi range #72&
Hd kehz &AMPEFIR A K DiFde 2§ 0 @ dtheta ~ dphi R EU% & 2 B R IR -
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Z : R*costheta

512 T dFiffrle RER GE 7 QI Bz PV R

Ton g B AFH- BPARLNTG L T ARLFEARLEREL A F
REB GO LA LA B FREERE > T e RE S T
FREW TG RBGE - bAFHE I FF T4 2009 & 57 f ¢ HFR o Tk
g e BE B b 7 249 & (axial resolution) £ B 7 % o i A w2 B 245
& = o (lateral resolution) » g B & F G T o A ¥ %5 1022 182 Tg
B SNR & fiat o gub R £ R MGE T B P D AR o L e BB
Bt T R L ZHFM AN F - B B AP TR § RO
S AT G AR GIERF S > P A Y M 7 R 2R

& B 3 s i B

TN A AT R ARG e RE R R BT B ok L R > R

Wi

Al field 1Ag 5 A BEAES > AR ok 38T > gD = AT o L2
ZAEe RERR(R 5-4) AP WES AL TR LL i F e e T 28 18m> 2
s uE T BB PR G T AT 0 AT R R AT

(1) T APHEEEs B LRGPP G LB

— 5
5 10
10 15
15 20
£ 25
2
k7
£
o
~ 35

20 15 0 5 0 5 10 15 20 : 2 w o W 2
% : R*sintheta*cosphi . R¥sintheta*cosphi

(@) (b)

B 5-4 field Il #3522 ()= 2T 5 &k X2 T o 0
(b)=z aFs B E XZTm BT

36
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BRGNP v g mT g B o FIEEHIL G REL o Tl 3 p4(side
lobe) s 2L 0 A7 > i (7R et ol @ B RO R R P R §

(2) 40 W % gecend

Speckle tracking correlation coeffecient
distribution _axial displacement

§ B PWEimage M Two-way focus image

=120

s 98.2297,04
g 100

2 80

£ 60

S 40

=] 1.78
9 2019 o 0o 0o o o0 0 0o o 29
o 0

S

o

0 01 02 03 04 05 06 07 08 059 1

correlation coeffecien

Bl 55 5 g st B RE B b (43 A B A R

Speckle tracking correlation coeffecient
distribution _lateral displacement

=
- H PWE image B Two-way focus image
1]
E 60 54.24
=
c 50
E 40
c
5 30
E 20 1.62 B.75 10.09
& 10 3
o 0 0 0 0 0.17 p.34
[ = —
o 0
o o1 02 03 04 05 06 07 0B 05 1
correlation coeffecien
Bl 56 To AR GEFeRELGR» =HiM Gl T §
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d Bl 55 B 56 v Ta kB Ee REBGAN Sl 24

FAAT09 UL AT 2 A K Ap M s 8 A BT R B AL B

ke

Ship bl BT R F N K 2 TG R i M o e RE R L o
(3) swBRE gy -5 inm T

B 57 2 B 5-8 ~ W AT G B iAc e RER fphv 2 v 28+ s
B HAE S A R dhe B2 e 0 To B A EI RN as E D 5T

b chpr B F oAyt 0 P B G TIOE 4 K 5 085 AT BSR LR R HT

\.J

B A Feh 104 A A T G L L B RS g R R E R kL
SERARF o LRI & R FIE P AL F e 8 KR A R w AT R o
TG B B R LR et 247 R ERART [LT] 0 FR T A b b
B S BT L APFRARGY o RER fhm Bk P&
S AT G BRI S B R B A R GRLE 59) 0 Fle e
R4t 7 5 e BOE R AR M RS > EBIGR L R X R T o

T B A G e A AT e RE R il R L R 6

AR B d R 5-8 ¢ TEET AEA A HAFES L 0 i

fra
F_‘-
N
eic
f
bR
.
S
i
B
l-r'

e ARG 6479 0 T 5 LR TLO0Ojef BF hLE - BRRE > T LI
ATAE Y ATRT GO G RERRER R e AT R L0218 =+ RdEm
AT N AEFT G ARG RRE N AR e A BT G o B

mﬁi&ﬁ&%?’%\ﬂig,l = ’ég\.j\émg_é%," o
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Percentage distribution of z direction
speckle traking error _axial displacement

B PWEimage  ® Two-way focus image
50 47.38

40
33.15

30
9
20 17.01

10 4.78 i 0.86 0.93 0.23
0 0 0 016 003 0.00

propotion in number (%)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Percentage distribution of x direction
speckle traking error _ lateral displacement
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Z: Rcostheta

Z : R*costheta
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Z : R*costheta
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Speckle tracking correlation coefficient distribution

===polar coordinate  =fll=cartesian coordinate
120 -
100 -
80
60 -
40 -
20 1 o 0o 0 0 ©

0
o —i—i—i——1—8
0 01 02 03 04 05 06 07 08 09 1

correlation coefficient

98.22

proportion in number (%)

B 5-11 W Gt ARk 2 E & AR KGR (T o B B4R B T BA T B

(3) maBLi B FF A
TR G s AR R TR Pl RS o TP g I A b
WP EHGFEZP AR 4e3F 5 o NP TS E & B PR RES AR
) FIp B T BRI B RS € W A c IR R INAET 0 AP A g it

W R HIFHT R B tEaR kY N f b E R kY B
Bighg radd > F R I RBF R EHOwRAR 0 AP o S E R AR LS
BAREEEEE A FRA MEAEE Y DE AR o T AR E B Rk
R g B P T eREE S o BB ek b AR AR IT R AR k3 B
gk o 2@ A PRI EAEFELE G ARG RTHFL Lo E S A

2.7 ¥ B aigg o



Percentage distribution of z direction
feature traking error _ kernel 5lambda
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52 FEP RISz aT e AR AT P RS PR it

Group name Groupl Group2 Group3 Group4 Group5
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Feature tracking correlation coefficient distribution
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(2) mrgk

iEHE T

B/

Simulational rotated phi3 degree PWE image
by speckle tracking (clustered)
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Simulational rotated phi6 degree PWE image
by speckle tracking (clustered)

70.00 64.76
60.00
_ 50.00
2 40.00
£ 30.00
=
20.00
1000 016 0 435005235 g 411381 o o o o 0 0 0 0 o
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51
rotated angle by tracking (degree)
(a)
Simulational rotated phi 6 degree PWE image
by feature tracking (clustered)
3120
S
& 100 %
g 80
c
£ 60
[
2 40
€
o
20
§' 0 0 4 00 0 0 00 0 O0O OO0 0 0 O
g o0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
rotated angle by tracking (degree)
(b)
B 5-18 *zi# theta = 6 degree s 5 L B i

(@) SorBhE HF 1 T3 Ik & R A R
(b) ‘g At B 14 5 3 ek & B A G )

50




Simulational rotated phi9 degree PWE image
by speckle tracking (clustered)
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Simulational rotated phi 12 degree PWE image
by speckle tracking (clustered)
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Simulational rotated phil5 degree PWE image
by speckle tracking (clustered)
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o W 517 5 W 521 Srmhi B 2 B ACEBGE B & B &R P BGTL W
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(3) Fr st B BG4 & 47

TRLL R R R ACE B T BB B B $ T 50
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feature tracking error analysis in different threshold
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Strain value of clinical data
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