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Mechanical variables and properties of soft tissues, such as strain and Young’s modulus,
are estimated by dint of novel methods known as Elastography, for instance, with the aim
of improving medical diagnoses, especially the noninvasive detection and classification of
tumors. In elastography approach, local mechanical properties of tissues are estimated from
their responses to static or dynamic excitations, which are being recorded using conventional
medical imaging machines. In the most elastography techniques, for example, strain (static)
elastography, displacement fields are generally extracted from the recorded data such as
ultrasound images and signals. The profits of cross correlation algorithm, for instance, high
precision, accuracy, and resolution, have made it the most prevalent method for estimating
strain field in the tissue from the recorded ultrasound signals and images. The benefits of cross
correlation method outweigh its defect in the fast computation of displacement and strain
field. In this paper, some strategies, specifically the guided search, have been manipulated
to improve the speed of algorithm, without decreasing its accuracy. In order to evaluate the
proposed stratagem, the ultrasound signals, which had been captured while a cancerous liver
was compressing, have been utilized. The average differences between the axial displacement
and strain fields estimated by applying the enhanced cross correlation method (calculated in
less than 30s) and the analytic minimization technique have been computed 0.22sample and
0.21x10% Minor disparities between the two sets of displacement and strain field estimated
utilizing the aforementioned techniques validate the accuracy of results of the enhanced cross
correlation method.

Keywords Elastography; Strain Estimation; Displacement Estimation; Cross Correlation;
Ultrasound Images

CITATION LINKS

[1] Selected ... [2] Bioengineering ... [3] Methods for ... [4] A coupled ... [5] WFUMB ... [6]
Global ... [7] A real time ... [8] Two-dimensional ... [9] Diagnostic ... [10] In vivo... [11] Non-
invasive .. [12] An adaptive .. [13]| Thermal strain .. [14]| Phase-aberration .. [15]
Adaptive ... [16] Discrimination ... [17] Ultrafast ... [18]An active ... [19] Elastography ... [20]
Elastography: Ultrasonic ... [21] In vivo ... [22] “Sonoelasticity” ... [23] Tissue ... [24]| Real-
time ... [25] Identifying ... [26] Shearwave ... [27] In vivo breast ... [28] Viscoelastic ... [29]
Supersonic ... [30] Characterization ... [31] Strain rate ... [32] Theoretical ... [33] A method ...
[34] Probing ... [35] On the feasibility ... [36] Viscoelastic ... [37] Viscoelastic ... [38] Algebraic
.. [39] Magnetic .. [40] Magnetic .. [41] Optical .. [42] Optical elastography .. [43]
Elastography: Elasticity ... [44| Breast tumor ... [45] Scatter-based ... [46] Direct methods ...
[47] Shear wave ... [48] The feasibility ... [49] Tissue elasticity ... [50] A variational ... [51]
Elastography: Imaging ... [52] Imaging ... [53] Coherent ... [54| Power ... [55] Measurement ...
[56] Multiresolution ... [57] Spectral ... [58] Direct strain ... [59] Elastography: Imaging ... [60]
Strain imaging ... [61] A time-efficient ... [62] Performance ... [63] Elastographic ... [64] A
least-squares ... [65] An adaptive ... [66] A theoretical ... [67] An analysis ... [68] Trade-offs
between ... [69] New real-time ... [70] Real time tissue ... [71] Real-time strain ... [72] In vitro
..| 73] Experimental velocity ... [ 74| Anew elastographic... [75] Improvement of elastographic
..[76] Acomparison ... [77] A fast normalized ... [78] Methods for estimation ... [79] Tradeoffs
in elastographic ... [80] Enhancement of echo-signal ... [81] Tissue elasticity ... [82] Axial
resolution ... [83] A fundamental limit ... [84| Ultrasound imaging ... [85] Ablation monitoring
.. [86] Application of digital ... [87] 3D ultrasound ... [88] Physics for medical ... [89]
Ultrasound elastography ... [90] The use of 2D ultrasound ... [91] Comparison of cardiac ...
[92] Performance evaluation ... [93] Motion estimation ... [94| Comparison of shift ... [95]
Ultrasound elastography ... [96] Real-time regularized...

Copyright© 2019, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.


https://www.ncbi.nlm.nih.gov/pubmed/12704084
http://bit.ly/2y37oCC
https://open.library.ubc.ca/cIRcle/collections/ubctheses/24/items/1.0065515
https://www.ncbi.nlm.nih.gov/pubmed/26458219
https://www.ncbi.nlm.nih.gov/pubmed/25805059
https://ieeexplore.ieee.org/document/7954641
https://www.sciencedirect.com/science/article/pii/S0166361514001766
https://digitalcommons.unl.edu/biosysengdiss/30/
http://bit.ly/2IHo7Qa
https://www.ncbi.nlm.nih.gov/pubmed/20966471
https://www.ncbi.nlm.nih.gov/pubmed/17671338
https://www.ncbi.nlm.nih.gov/pubmed/25585398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3262277/
https://www.ncbi.nlm.nih.gov/pubmed/16921895
https://www.ncbi.nlm.nih.gov/pubmed/17036791
https://www.ncbi.nlm.nih.gov/pubmed/24859659
https://www.ncbi.nlm.nih.gov/pubmed/24484646
http://vibrationacoustics.asmedigitalcollection.asme.org/article.aspx?articleid=1470923
https://www.ncbi.nlm.nih.gov/pubmed/1858217
https://www.ncbi.nlm.nih.gov/pubmed/10420776
https://www.ncbi.nlm.nih.gov/pubmed/12706194
https://www.sciencedirect.com/science/article/pii/030156299090002T
https://www.sciencedirect.com/science/article/pii/030156299090003U
https://www.ncbi.nlm.nih.gov/pubmed/17434668
https://www.ncbi.nlm.nih.gov/pubmed/16464668
https://www.ncbi.nlm.nih.gov/pubmed/19213632
https://www.ncbi.nlm.nih.gov/pubmed/14597335
http://www.elasticityconference.org/prior_conf/2003/2003Proceedings.pdf
https://www.ncbi.nlm.nih.gov/pubmed/15139541
https://www.ncbi.nlm.nih.gov/pubmed/10870704
https://www.ncbi.nlm.nih.gov/pubmed/11477770
https://www.ncbi.nlm.nih.gov/pubmed/18051158
https://www.ncbi.nlm.nih.gov/pubmed/10870702
https://www.ncbi.nlm.nih.gov/pubmed/10870703
https://www.ncbi.nlm.nih.gov/pubmed/11508987
https://ieeexplore.ieee.org/document/4559659
https://www.ncbi.nlm.nih.gov/pubmed/18978443
https://www.ncbi.nlm.nih.gov/pubmed/18495979
https://www.ncbi.nlm.nih.gov/pubmed/7569924
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3579218/
https://www.ncbi.nlm.nih.gov/pubmed/9119822
http://icml.ir/article-1-88-fa.html
https://www.ncbi.nlm.nih.gov/pubmed/8346612
https://www.ncbi.nlm.nih.gov/pubmed/18701768
https://www.ncbi.nlm.nih.gov/pubmed/19293467
https://mayocl.in/2QvWdsX
https://www.ncbi.nlm.nih.gov/pubmed/10385964
https://www.ncbi.nlm.nih.gov/pubmed/14998674
https://ieeexplore.ieee.org/document/393117
http://www.elasticityconference.org/prior_conf/2003/2003Proceedings.pdf
https://www.sciencedirect.com/science/article/pii/0929826695001344
https://www.aapm.org/meetings/04am/pdf/14-2318-43703.pdf
http://www.fupress.com/archivio/pdf/2656_6297.pdf
https://www.ncbi.nlm.nih.gov/pubmed/10574343
https://ieeexplore.ieee.org/document/234286
https://www.ncbi.nlm.nih.gov/pubmed/18244159
https://www.ncbi.nlm.nih.gov/pubmed/7863565
https://www.ncbi.nlm.nih.gov/pubmed/11179627
https://www.ncbi.nlm.nih.gov/pubmed/27277961
https://ieeexplore.ieee.org/document/584292
https://www.ncbi.nlm.nih.gov/pubmed/18244299
https://www.ncbi.nlm.nih.gov/pubmed/9123673
https://www.ncbi.nlm.nih.gov/pubmed/9381631
https://www.ncbi.nlm.nih.gov/pubmed/9447668
https://ieeexplore.ieee.org/document/660156
https://www.ncbi.nlm.nih.gov/pubmed/18244114
https://www.ncbi.nlm.nih.gov/pubmed/9740393
https://www.ncbi.nlm.nih.gov/pubmed/12837500
https://www.ncbi.nlm.nih.gov/pubmed/10870701
https://link.springer.com/article/10.1007/BF02481234
https://www.ncbi.nlm.nih.gov/pubmed/9812093
http://bit.ly/2Eh5nZh
https://www.ncbi.nlm.nih.gov/pubmed/7491744
https://www.ncbi.nlm.nih.gov/pubmed/9833588
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1829320/
https://ieeexplore.ieee.org/document/1197962
https://www.ncbi.nlm.nih.gov/pubmed/20529710
https://www.ncbi.nlm.nih.gov/pubmed/7571208
https://www.ncbi.nlm.nih.gov/pubmed/12051276
https://ieeexplore.ieee.org/document/585213
https://www.appliedradiology.com/articles/tissue-elasticity-imaging-using-ultrasound
https://www.ncbi.nlm.nih.gov/pubmed/11879957
https://ieeexplore.ieee.org/document/365243
https://www.crcpress.com/Ultrasound-Imaging-and-Therapy/Fenster-Lacefield/p/book/9781138894358
https://www.ncbi.nlm.nih.gov/pubmed/18982637
https://www.ncbi.nlm.nih.gov/pubmed/22963742
http://bit.ly/2zYKuxF
http://bit.ly/2C4bvRS
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2832588/
https://www.ncbi.nlm.nih.gov/pubmed/24388164
https://www.ncbi.nlm.nih.gov/pubmed/23259981
https://www.ncbi.nlm.nih.gov/pubmed/19282094
https://www.ncbi.nlm.nih.gov/pubmed/17019863
https://www.ncbi.nlm.nih.gov/pubmed/16243373
https://ieeexplore.ieee.org/document/4446614
https://ieeexplore.ieee.org/document/5629442

ohlKen g (53xitws odljsage pase YoF

oS e 51 cnlad slml ga 53 caml b IS Gioles
39 amlgE Lol)l5 g aude sl il

@l 51 els (6555510 il (lsmpngal Ghgy o (slae
ob » dlite glocasise ;3 o bShy ool Lol
LB s yinled pglad ¢yl x)afua IS cailesds L_g)ﬁfo)'b.ﬂ
Gl ol amaal slaghy, I S )3 A o3 ol b
a2dl (g isuelS SIS9esT (Silommeal glaghyy wike il
aliite olss (uablize 11dd 5 (waol$) Lgwlydl (S|
S Ao ol ol s9mg b e cpSelul ol
S e pgal 4l e edl Sle slaShy 8 g glal
SIS e il (lonyind g el Hhu il lasylS
& b Golangal slagby I eslaiul b oS wdl (oly>
SShy puiituoye b oudiine jobdy (digidie (53505l
BlusS e Capogi |y wdl (SlKe

35 Vs Gazliue slaghy, 5l (slacgaze y 3LSsnwdl ofly
Sy b b pglad b layell Ll 51 eslatul b o8
Sl Jsdo (prriwsl) G285 wile G slaedl SHle
2 aile cans @ Ll gowly cud g (Al Jgae)
53 oddydictie wilie 3 (gdamin (gloghgy 4LdiS Ay 95 Job
Toho Sillogy ohigty uwiige 3 Swbjy hlie slaejs>
sl 51 el Satwdl (3Ssiwdl yglal o Sload
oled 53 Loy aipglioe el Gilise lasigy b (s
Gl y3 2l s sl glalale (SIS gl glagss,
Sgdsa (53565101 o 4 oadlacl GIo1s by (2l S 4
wl (g (Sule Lelys cosiisySeslail yslie (55, 5! 9
soubyy peebn w9 e @l Nede gl
Owed sl il eslatul g (8y2e g3l p ilide SIS gyl
O 4y (ltws joliied o5 lulze Jb b g @8y Sy
0loj 53 Gy 3o e w8l Sile glaytlly I e
BS 0931.5 ‘“'-"‘S)’ [BevL i} (_glmﬁlg)giﬂ ‘AJ)L) ed¥s cwlie
euhs) 3 ol 55 gl b GBS sadl slagbs,
Sguolyd] Gl (ol amgal g 1 LT 55 a8 L)ls sp)ls
slegbsy @ olsise by ol dlez I a5 3gdise esliiul
M0 el azys (ghlapmgeas 88 %ges Gliyz olomeal
Golongas 12 BT ()35 Loy 4 ainly 23S (5yl3mngal
o)l 617258 causys o 14 151 GB (gla> umaal) (ks
W

glgil 5 GBSl gy g 5 pgd slapidn 53 dlie ¢l 53
slacdl SHle slagShy peedd Gua L & ol like
O3S pguwpe laghyy g dload zihe alike )
ol b gldiSaw s 5l S 5 Rlraley sleglue
Slaislay Sgwlydl pglai g (eadQlsl Sgwlydl zlgel) g3l
e e gy e 9 bl o b dgde 820
owedd glaglyy sl b ol dwalie 9 Gidy ol 5 Jilise
Sl )b Gials 093] (SIS sl s &l 1S 5 el
OweR )3 gy pridslaie plgisds @i yosl ol cesm Soua s
Gledle gt Glg) 4 iy Saa b el gl
dsx2 S)Sely Gyme I puy 39d0 patuiie LIS 5 @8
2 Bl Suwes by » Gl Rlraly guedd Gy,
ViS5 mlaly glgss gl @l @ly ik
Lguolyl (_glmdbi.u» 695! Ubey el 51 esliiwl b oMTw)g

WAY crags ¥ ojladd 04 o598

s Hluls slagliue giw 9 35y s
SS9l (s laymsat gy 5 GRS

PhD (g3,2ciws 63lj 5340 PNYYS
ol)ﬁhol)exj.x_.{.fx_.dWo@l).@}ﬁw%oﬁlh&gﬁﬂlwgﬁ
PhD *2¥8 lc
olﬁholﬂ.ﬁﬁl&&momlmmgUm.\]».e,ao.\mb.n_i,;)iﬂly:'%;
PhD (s34 damu0

ST ol wlisias 5 psle soly (i slasslis 5 pole saisls
ol)ﬁl ‘ol)eéi s(_,.nil.wl

oS>

Jsse 5 (1S wiile (o) G slocdly Sle glagShs 5 Loy
5 LAl ot 9 Gl (slapardd se Ban b diged ly (Sl
03 (ypadd "SI ayaz (s 3l eolitusl b ysess ez lgind SuSa
sloghy; » sl Gmose Sle glagShs oeedd dsdie
@l =i 4 LQAT Guly 3 oadiedd gloosls plu by yglad g9, 3 (_:5‘)?9*“’9‘
sl il (sl5ymmgad eligad 1 oslitl b lae! Sanalivs by Seilil
Gl ypgal oKows 5 eslatwl b osded SLQJL&.N 9 yolad siile
Sl wile BSsadl glagss, 51 3 5500 g siswlill
Jlasl 4zt )3 @l ) oadaln Glzale glase Tl (Siliwl) 23S
oS (glablsgus e Sisan (g lie ool 3 3580 sl Sy
& 9 B8 puedd glel g e o cadegle soscwe I
5 Whe dadise Sme yslee pal L LIS 5 el glaglue
wedy il (Jlite (Stuean (o) p (e GBS g gy slocabls
Uhg) Ol luwlome S e adgaze b duglie p3 Y gy 5 e
4wl bl Sgulidl b GS1Ssa¥l 53 (5,5 puedd Glgy pridslaie |y
oKows 3 eslitwl b ossdedd (glwesls (_gbLe,uu_u Uhgy byl sokie
olital 45 lbye b Jlaws A5 3903 @Shite @Bin Wigulidl (5 lapnsal
G 5 mlale Glaglue e il Gl 5uSile Ll ou
3 S Giley ) srleidony lite (Siuan by, I eslisl b (5y9%e
dranlme +/YIXVT g digad oYY oyl @y Gl (g5ludine sy o (agliVe
oS 2ol covo eaSunli sselewsdy bt PRREANE RO N
el (golgiding sy jl sl b (53920 (55 5 lzaile slaglise
ol (Jilite (Stsan (lraly puedd (LSS gresd (S5l dlaeflgsuls
Syl

AY/ANY el gl

AYIVIYA -Gy 5

afallah@aut.ac.ir : Jyuw osiag”

doddo -
ol JS st oS sited @8l RlaShy Swlle polss
(i (B WS e degi pste b wuli slagy wad
il Sulle ol I ladlie sxdyeSly 5 S
280 e o] i wiile oy el (SlSe glaShg A
Azl 53 digad (gly (8l s uubut WYl g lagessa
b HJolwdsls g 2,5 slad 4 (B9 e 5 wlsale (gl
o 53 silaie yusd Migglad) (slopiunn ¢lads s 5
2 Mo e el )3 sadsll glacwnS g aysegs 51 B
dolse (g, 5l ealaiwl b Jlie (gl Ll s aww ¢l lise
Sad b ocws b aplee gy Aigd 03y Ladkidd cws b
coligyy i gloyws wile Galaglbyw eBimsgs (auds
Bmsgy paras [s,50 wyse JUS) 5 S cagn
b Ll 51 U She (2ol 5 LT Gloys colbpmw Ao (sl Loy
ol diged iz b SOl lgn &5 ige 53 lee S
2 S oS 33e) 4l pzel gligSey SLlKe slaShs
gz pgai 3 1y GBI (rld) cwnils weadoslsyioled (olss

e SuilSe usige hpghs - sale dolinle



¥eb 3185l (s slapanzial ey 53 GRS 9 Gz aily (SlBplase giw 9 3255 paadd

G208 o esSme L G (19045 M glal
122, 23] loals diels (2946 471 iy Jgae ([25 45100 by
[26, 38,‘51&0 b [36, 37, 47](:.""“‘3 wwws ‘[48]6)£‘3.‘,PS|)3
Sl Gl GBSl (slagbsy dem )3 IS sebay
sl odd oSy edl s bl S, L_g):gfo)'l.}.ﬂ L Sl
51 ladiges 5 ) IS 53 151 5210l Syl a3 s, 51 sleisad
20V US55 il S5l slagts, gaih slebes
Obgy e ) ¥ JSh (el @ Glasl (g9 88
ol € IS5 5 (el 3 eadoloul (slaalrals Sl

iloads 031y lid (eakbes; e yiol)bs

Estimation of Strain Estimation of Stress

Pre-Compression
RF A-lines

Applied Stress

Post-Compression Theoretical Stress

RF A-lines

Distribution

Local Cross
Correlation Analysis

Absolute Axial Stress
Estimation

v (Stress>
tocal ™ \ Strain /jpcar

I
Elastogram

2 Sl ady sigy) Silelacs Syl al Jsel (1 UK
151,52) (Siliaslasd (31,Sgmadl

Excitation

[ Intrinsic ][ Extrinsic ]

[ Static ] [ Static ]

[ Dynamic ] [ Dynamic ]
Vascular Beat
Heart Beat

Breathing Direct
Radiation

S5l slagts; » el 4 sy Jloel slaogsd S Loy (¥ JSs

Motion Estimation

Ultrasound
Imaging System

Magnetic Resonance
Imaging System

Acoustic Techniques Optical Techniques

1. Tagging-Based 1. Time-Domain (1D)
Methods Methods
2. Phase-Based 2. Space-Domain (2D)
Methods Methods
3. Phase-Domain
Methods
4. Spline-Based
Methods

don ) il 3 eadalnl S (65l (laosd I By (¢ JSB
il GBS sl (glais; 5 (of 4 958 Jloe!
Modares Mechanical Engineering

olbyw Ljloss S S 5l oadiend (Grosly ol b sleosls)
ol b zlsel 51 eslastwl L) 5yl Glalud 51 puy a5
Gl ohieds S9die up 9 bl ey Gl 53 (G2sd)
L0 ol coselemwnndy grame (i)S 5 Rrale preid o
Gl (gjlodinaS gy 5l eslitl b ssslewnsty gl L
2 ol 2t 5 el fu (Rl Gld 5> Nigdse dunlie

g (50 y90 slaislay dllio

GBS gidl (130599405 g, -Y

of 4 oadyly lacawl 5 <l (SHle slaShy o b
o cul 03 Al g Vo 5l Gy Jlo Fee 390> ]
dalee iy, jl ol j3 cdw glaossd (dgeaipnlus jshiod
SShy ezlime ouedd aidgaie odlitul wwss b
LS g Mdend diaw el wile o) glacdl SHlSe
a3 95 Jsb )3 ol LyieS 49y 9 oy b lasylS Jusa
035 > 395 4 glez jubuw ;3 ) (olemer liize dogi ansiS
SlaShy dgeingal g puedd cubls & oyl el
wslis G3Ssadl ol b asiyls ) G slaedl Sl
ezl SuSA g pandid Saa b laghyy ool Wgdse
Sy 69,5l e slaedl s b glacawl 5 wlals
il oyl LT (Silse

Glel ez 5oz BISsiadl (s lanmsai piuaw so IS jsbay
308

390 Bl Sy o &S S pad pjilSe )

wloosls U yaslai o 5 oslitusl b 4 (g lapyguai dlowg ¥
(2903l il b sla S 5 Sgulyd! pglai wiile (5,505
Aigihe et o JSb yposd ol8im )3 Ly Sy |

5 Ul ) eadedd (sleosly degame oS (aiyyeSl -V
S el 5 esdslzl glalzaly aile Sile glojusio
Sleie gl Glsie sosls 5,

) oaddmolne (SiilSe (slopsio b) psio &5 ey yoSl -F
Gl aile il uoge SHle slaShy 5l srgel @
olaige o el Syl (sl

sadsoslil 8l slore (i oliwe cu p aehSyio)
D80T e cuos 4 b g b Sipse

ez ololy Jsamo sobty 81S5aYl (g lsmnsal slaghs,
19 dinb 5 S

gloel PN SSlinland slopslys aile Sup=d g55 -)
Zlael 9 125 2olosgu wil b wlGed P22 SCige)le
2 Rluly sl jshiedy digad sl & BT glayys01,38
Ssise Jleel by 4y edly

L 0lgise ez o 31 g e Sl SGuad (ol & by, -Y
Lo oy 5l Gl wdl Gl gless I oslawl
Gl S s B S0 alsel 5| ariie (5 13092 i
3943 o)Ll BE3B] Jae by Syme S (SlSe Sy 1 o
(1927, sigulyil (g lappmgeal gy wile glappmsai by -V
Solongal slaghsy BT 089550 I eslatul b 3]
oy 9 BB ((gldiwn uoblise 354dd) Guablie s
S 4 bl uly e gl o5 B 2ge (g laypgeas
el 53 odinlol eSy> aaid jshiieds digad (sl cond Jlac!
394 (50 o3l

G olgice dez ol dgde gl o (spglal gg5 -F
Volume 19, Issue 2, February 2019



OhlSen g (g3t o3ljgage pise VoF

@l el b Gkl by slagly) wlhulxe px 9d 0
Wb GlaSiresd I o5 glagiis 3 Gk glaSiuesd
S Ghge » bSpeedd ol Gy el JS S
i 3 lresimsolish eSy> J¥s 4 dised sl oS
ol Ol (grsmops oSy 93k 920 SIS Jlos!

18,6515 1 (g i s canily

Basic Principles: Estimation of Strain
Pre- and Post-Compression Radio Frequency Lines

-\/\/\/\/\/\/\/\/\ /

=]
~ANANANNNA

T, T
AT

Gles 3L slis y ololS Sae Jloel b (i ppeis (O S5
152 915 il S5l Gy > ol

Strain =

b9y 51052 53 G3LS 5l 53 G155 (e (slaig yidon
R 4 JSw cand glue » Jseme by g esliiul
GSsdl jugi 4 cwnyilS caud ((SNRe) 31Sgunl
5 cawlws (DRe) 318 gyl Suslivs 03910 (CNRe)
166810500 oo duglio K050 L aplSomadl dslys,
e 3 g, ool lopin; sl ilulxe LI g cowlus
(K3 «plSel g0 13) @iy ol )3 il 51 eslaul
wledbl 3529 (ol b sitd sage sl slaygS1 sigulydl b
OB (e (slagbyy Sl (LIS dine 53 39250 (A5

ol 5 G35l 5
Solomgal S5y laeinsSl die ;3 oadeladl wlidixd
$xe3 56 s> slapin, S st GBSsmedl j3 (S
& s 4 0l L9801 ol 51 eslial 1y ailons
O eSlay Guy Yoo diged yd cddsll slapleals
bz Sl o dloye Sy (laals &S Sipge 5 2y,
dJoe Gy JB1a5 Judsay o9d Sugwlidl zse Jsb
slaghsy 51 J515 51 (655le sehiety doi 55 aiSal
a3l JBI oS eyge o g d9dise osliil JB L
51 eslaal b a5 (%0 slagssy BSube (s
3B aday gozaew Uiy jl enbie wgad L L B plyie
160, 61 e (CAM) Sy (Swsamds> (b, 5 (PRS)
3 ool b 5 sl (e )5S 51516 Ay (s97 9w Lbs,)
Siy30 gty |y dzgi Bl ojluil b (13)S mglad lgie of
whad 3L 6l s GlaylST 5l Gy ol 53 - 2sl s 4
U9y oS Sharamsgs by [sgd 0 oslisl (g8
02153 3l S 38las 45wl (6,503 (S (513500
oslisil 510551 685l sl Obsy Sinsed cuxd 51 (g,
G slagbsy 51 4 el slagsy, 42 ST 7005550
23 65 IS sl sloul ez 53 S plsie LT3 Gy i

WAY crags ¥ ojladd 04 o598

Material Attributes

PhysicaI/Me(_:hanicaI Motion Properties
Properties

Wave Mechanical Displacement
Properties Properties Velocity

1. Velocity 1. Linear Elastic 1. Amplitude
2. Attenuation 2. Viscoelastic 2. Phase
3. Absorption 3. Hyperelastic 3. St_rain

4. Anisotripic 4. Strain Rate

Elastic

sl U L 51 s3bsd 3 551l L (slasially | o (& JS5
cilize 3155yl slo g, 5l

Flite (Kitua (paasi gy -V

3553 GBSsaYl by seley asllhae 5 Gy @l
69y Geiien 9 iy Al gleojsr 53 (b wlindxd
Jsel ol s SUSgadl (8yme 51 (g« SLS gl (slagbs,
2 e w8l Saadl cayd g GRS 255 5 GBS (slamgeal
313 Vs 191 LuliE5 olKils j1 o hlSan g e/ bawgi 1331 o
Ulss b ezleing glaghy) all Baa b o wlidbxi ol
& g Y ddgleiy b @38y (&S (dgaipgal g paed
“A'.')l‘> )')§ o™ L9L°‘E‘| PRl « UJlm)L""L“J (;“‘S'“ lemt.jfs
Ghme pgm 9 93 lagidy p3 jlatsly Wil @y
Aigid( 50

el ys (S 9 lrale 2598 peedd sl Galike lagbs,
slaghyy lesd zyhe o 3 G2 o Jlael i 5
g (0 o 325 09 93 41 IS yebdy (B8 (e

whndi 4 & (olbghyy) puytar (U)S puesd lagbs; -)
5> )3 Jilise (Siuean (g atile 55541 (aitats (ol 19
Wby Ky whust 5B gezgemes wiesdl g 19 Byl
[55lay 598 oS

56 LTy & (alagiy ) pugreali (13,5 s lagby, - Y
il e wiile (39 s0d ooliiwl Bl ey JLKw
53 (6395 oz slue p Sy whhnad 3gaidlis (iub Sy
aold ;5 s I oslitwl g POl gy lite (Siwen S
157185k sl

Ghol 63,5 93 4 glgie 1y LIS puedd slagts; 51 (5ol
i paliune (135S aed 9 LshS (e G5 e
slaghy, wile LslS » e (slagbsy s 153 S8lagas
(55 60,515 059> ;5 iy 9 19590y Lej 09> 55 liite (Sunsesd
el oad oals las 0 IS 5 diged (gl &S digS jlon (611
zie Rl ol 5955 9 dlxe (656 wand b Gil sl
Sdes Jloel b (10)S S9d0 03 paedd lacl @Sl i
98 b 3gde el orddmile Hloj slapsl n gLl
L8 53 hgh by cosll caw bl Sdee & ol @
Wl layild  cwl i BBlagde (RS uesd
obshS Sdee Jloel 5l am b U 1) aibe b 350500
5ol by Gi5sS olsie omizen 162 6315505 osliiul
164135 e wlaspe J8las 13y Sippese

o8 wiile puditus (2,5 e slagbs, 51 eslatul b
iyS isb lite Sues slaei;sl g Gkl b
035 (e plalS Seac jl eslitul aa g palitus sebay

e SuilSe udige ddghs - sale dolinle



VoY G318l (s slaamzial ey 53 GRS 9 Gz aile (Slaplase giw 9 3255 paadd

wgody e8> guedd 3 & SzsS glaeSll 4 Spaeid
o2l cwl wlas (Wigdse camlie YU ‘QJ)B ) L &)5(:?
Guyday (Snranli 593 dos ) 3l slais)S 53 Seesd
[BevL i} (.)*’9))' oalastwl R ‘JJSJ)J L;J 79, 81].&._3‘.&(:0.} d.o.c
Gals s pegasd loy ojg> p» hlite S
of wlulxe sl e Jdsas (g, ol gl 56 (S5
&g 4l S0 ps g cawl Y (gy ol 55 haj e
oslaiol b ogdeds 3jluse S |y i ys8d) ol (pal 5 305 wyg0
ahdy oS B0 (59 UALidb W))Li ‘Q.OJ)S‘.A alags YV
GBls paaSle dbis I (Siwsen U 5l lasl pensSle
25 350 (i Lo diels cunysl s iSlo blas .39 o
olsie Nsde ol laSiwsnl wysets lzalz oy
blis joeb 51 ailse yilis wiile Ghpe slagig) I eslatwl b
177,82, 83] - ulS UJL’>4J‘.> [BEV.C AP W)DU ‘o.oJ)SLo

sl ol il S gy wmlee 3929 L
relal g LadliSaw 9y 51 laale s sy rxidslaie
(833 .5)|9A 3 ‘o._u)giﬂ qu )| 12, 84, 85] AJsMb.nJ'
9 el oS b slaosls (555 il lraile uesd jshiod
[86-covun] ouss o3liinwl ‘a)." L_glmwbﬂ WO Mgmblﬁﬁsbaj
Ores 8 g oy la)Saly 4l b cuwl @3V gy ¢l 51881
il e Gy ol 31 eslastl b (il il

Transducer Transducer

@

| V‘MUWWNW |
Window
=Displacement

D

Frequency
Backscattered
Waveform — 2

L:::JL&.N fo.\;.i’)(_;)l.'\fo)?.lg Sgul il GLmJb.i}w cds Sl b (1 b
gn e 303 4 (90 S5 st Jlosl g 5 G

wisldgue Jlite (Siuuran Gaadd (g, -¢
B3l slaghs, 3 e slacdl Sl slaytally
Higde 03 e lzdlz slaplase (59, 5l Ysae ilixe
6331 085S 5 Rl slagysl pedd pguse (slapinsS!
sh9% 3 e slaedl I eadead Sgwldl pglai g bl
Ghme pow by )3 jlaxsley hlite (Sues ouedd by,
Jlie M o iy wlul=e 3L = losds
b GSSguadl lasyls )3 by, ool wadgaze oyieee
sladiSw 5| pslai gloa &5 olSin shga cul Kiguly
olisil 3l diged by (Guoadly edlS)s L slaliSuw) sigul,
(JolS s9zgunz ;5 3050 wiyge JolS 979 § 39d 50
)| US.AA oy yB L| 4.J9| 9J.>|) U‘.u‘.f)s L| (_glmo.>|.>)| o=y

Modares Mechanical Engineering

33 gy ol 51 oged eslaswl Ky 8LSgiwl 53 digad
Stanls Julsty digad 5 2y B s slal g
353 02 I3RS (29230 eSS b sl YUK

st 5551 ilej (6 SULKEI b 1y G255 olioe wisnen
sobiie (32 3905 (s sl atyes oloslyS U Jolse o 0,5
L Lo sl jlLIs glamsat pladl b ] ey olgie
oolidio b lagSl )5 (aslgs las 13) ey (geilis
oml L3gad ab'z.‘i..d ‘al."> 2923 S b sleesls b (s 5S>
Sy diely a5 cuwl oddds odliiwl Ll wSy> dellaoe 5lp (g,
Ay 42y BB U glandiged (il g yls Sk
Cowlus 9 wds as UALidb Usbfs—u»}” 3 .[71'73]))|.> el
b olgioe |y e8> culioe caanl Sos8 cla S s 4
Zloel amais 3 5 S el @ el gplanl b oSl
415505 JLs Jglate gyl 2,8 &5 53 1y sxblisl

wds gloj g 53 IS pmedd glagly,y sbilie I Ax
LQ;T iledde L_g}L.uo)Lu sl odg03kw g YU (pidglgsy g o
M OeSS gy Ay UJ| (5|J.u| 3. [75-77] ool
Owedd glagby, jl 52 plyiear ylailiel gloj 055> 5> Jilie
sllalz gy oal > b oldl pLalS Gl (35S
Ualmum U|9JL:‘° ‘JJLQ.LA M &Ib)' eslaiwl b A.\_\Tua
i) 55 o 4y el oyt 5 dly |y YU 5351
(el Jilite (Kisan @l e paySle cealuds o yiin
Gozscws 4ol o Jo> € (lite Siusen gli yalie
b o3l il b sla S wdz g oad eyt
Y 5 (MxN slsl b (uayile) X cosits ) Sopmiy siguolyd] yaglaas
Ngdse s ) dhail) 51 oslaiwl b (PxQ slel b G yile)
:(MathWorks)

M—-1N-
Clol) = Z Z X(m,m)¥(m—k,n—1D),

—(P-1)<k<M-1,
—(Q-1)<I<N-1,

Q)

osdd et wode LY (uoyile blites zgsie cdhly ol 5
(¥ 9 k «Ssbw sl (C (29,5 uyile (sl .l
(i w (s yhw cwl oddd 4i8)S a5 48 Sdie § wule ]
YU sy JIEE L pblie s e s § s o
A Y sl g cuwly cow @ 5 g Y (glacdss, u.ub
S 458 lad (29030 LSS b (slaiSow b igulydl yglai
st e Silosdds ealy plid T g 0 S 3 diged slp
ahdi (3185 casbge dlode] cuws 4 alite (5 92 la S
L oolsice TBlagie pmsi boss b Ysemo paniSle
65155 il ST 51 g enbed slaes) e iyieS
O e hyiaS ol ay ow 1 JUSew | SelSe
G 9 Md30 Sy @S 51 e 9 Gl o slagY
Sl Saolias o390 9 5298 4 JWSow o 90
166,79,80] T eans 4y (g yidhns

L olsice ol oje 5o il (Stwen Sipedd bl
yild (59, 51 egMeds .3g0 o)Ll L’)T gl LS)'L""")LH, odgs03lw
o 45 3 2 Olsie Sowedd ol sl eseleusay (i3S

Volume 19, Issue 2, February 2019



OhlSen 5 (g3t asljsige pipe FA

oy 3o 93 dilued Hloz ol 51 .yl 395 wiyglze jy Sl
oyxiy 930 95 3 (B Yge oy (YU g G e ) Slidey
A2gi b e (B3 950 oy gl 5 sl cow j3) (U
2 5560 wge Ol 4 ol wS) 3geidls S ol 4
231y oyl 5l amyaia banleale Jawe jl gaddygs ds
e plyleds cdnds gal asbie GRSl rgash S b Y
2 oY 2 gl szt al gagaieSTy 5 sl e
L ool oo 3 lite Swsed <S> ouedd by,
193] ol o oalacial A—\_\TUMJ e

53 Blite Stucad Sippedd e S91 jobiieds IS by
gy wygody oddeale gozgewe I glsie ol ojs>
diney 5 wledbl ylgige s oybe 4 dged eslatl
hoslxe glaoyziy b jolxe sladiges 5 oY lalzal>
Sozgcws zohw (Eals g ot sl W5 soslees
OaalS 3505 oslaiwl SzsS 2l 4 Siusen poySle bl
S2sS 2lg 4 Suaen paSle bl (sszgeme zshuw
2 ) edigdd st j sl eeiSle b sedioe G
oS 3y payiSle dhis K LS (Kiwad upd Sz o5
3903 (sl (Guo yobdy 9) b |y ol plgie

3 Ndgdise 53 dalsl jy a5 GLlie olpesdy jgSie @IS
559> 53 awidlisguy blite (Stwed Guedd Ghy) s5lwesly
>3 zohu LIS U a5 b e 53 B Sload Bl ol
3 G5 slapaeds bie Olalidl pin,sSl (28 g) ey
Sheslatnl 3ol Lol sy 390 digad 33 (135 5 el
bl sezguwsz zohuw Llall g cadcalie s9zgeuns
Ol shieds SogS Jlue 29 4 Sues pmiSle
3138 slpaedd 4 ojlsen (lrale puedd w85 g ey
@ grgcunz zohw IalS gl Sedel Gpie lzals
G s s e Gy g digad S ogud
33 a3ed (595 ST Jleel ez 53 o)lgam digad ;> oadbslel
Sy oylgem @ el wile pdibeShys e SG 5y &g
G e sese 55) S Jlesl sliwly 5 sses
b ledl wSpe g0 g g B plpe 5l e
O mls S Ghge  jlee ot
Osle slooyiy) jolre ladiged 5 ey gllzal>
poxSle blii (sozgew zohw Rl gly euiiine jsbay
b cal Y gl oslitul SosS jluw >l 4 (Siuren
h Gty gesd @l oo 503 glalse I oslisul
30 2ol Iy ol (nlrale slaguesd o v

b ole sj9> 53 lite (Swsed lral> guedd by, 5
S5l 92y b iy 5o (sl Planliing lapaesd
23 Gl8 oy (il suds)S l siday axly SO U jxeS 4ol
Cituran luio 5 Ghgy 0l 53 9) ool 5l g Sede ad)S ks
O ol (pa>lh lgiea ‘o.m)fln dhdi jy osdyl=im
Gohb 55 by ol sl e esliil l>al>
$iaS) Ghamd (Siuad b Gpbey 45 Gise 53 45 sl o
9 d9dsed 4id)S a0 53 oadelil gl b ohan (+/3
5.))|AJLle uLc) 059> 43 ‘JJLQ.LA M O XS (shgy lJ 4JL/.MA
o3y 25 il Gezscwe 4ol Jsm JolS (sazgcus SO
02l 53 35 s S Y90 oy e U 5560 wyge
i szcwns ahw 45 3900 Jas b wyge s glie e
2L lade g 2ol (Siuaad 45 sl Gialil (ols B o84

WAY crags ¥ ojladd 04 o598

S 3 @S s 5l e oaded (oadly Gl b sleesls
pll b 39d e duglie oad patdniunl (s979cunz wumb
S dlsise BB sszgeme sloa csdenlia gszgews
Gozgem 53 Bli s grexi el Glol
cwl JolS (s9z g b dlie ssdcolis

o3l oS8 b slaiSw 55, 5! Rl paedd 4z S
&5 Jebar Ssuhdl yuglali (595 51 w8y puedi b dunlio 5
O 2l yls (YL Slwlxe ez (YL (g lapdises
s ol a9l Gl b sladiSow 5,5 Rzl
4 s Jus 17789, 900515 (¢ 5530 GilSe (rdgls)y 9 oo
L leodls 51 oslaswl wiyguo 53 5igady (plodils uedi ol
cleMbl 45 0gMe ‘JL&.A.MJ)‘.B oleMbl 51 ealastwl «uguealy (wilS)s
)gb‘.’(m A."9MJ|):ZJ| )39‘.@5 )'| oalastuwl Lyg0 S [90-92] eyl diols
L il =8l pslio b duglio )3 (13)S 5 lrale (sl (5
OB90955 9 09 4 JUiS cand (LS ogdle Ao s
&_él)ﬁJ.') ul),usu qub.‘d' )39‘.@5 )'| oslaiwl Lygo S UJ‘S.A
5 odolewndy (a5, pslie b dunlio 55 (5,5 yalie (3l
L0 Ml ytidiy gesly pilS3 b sloosls (59,

Gozgcws y Gine blite Suued uadd @Sl 5
y9lze (slodigal a5 3gdd (0 w)f ISVERCN- -] I W TCI RV
G @l b sesh GBS L glaesls
oa o3y pldd Y S o L;)Js o2l 35l dlie sl sleal>
b oley ojo> 3 blite (Stwen cSp guedd (b,
& ol (laghyy dlex 51 931 (TDPE) sty slaguess
Gl gz (halS jshied; sadeglis gezgew ol )
o odlaiuwl QT CUCpw dg8d § ‘JJLQ.\A M O (jhg

RO

Compression

-gmy

e
74

AN

Previous Sample
of Current Line

A\

),

Current Sample
Current Line

Adjacent Sample
of Previous Line

981 53 gl ! JUSow 1 (gligal b jlome sl (sladiges (Y JSB
() 3sde Blod 4S5 g3 esdieglin so2gcue » Glie Blite (Siusan
ladiges slaglzalz (Vs wlie glaglzaly gglxe sladiges

ol 0l dlo oyadiny

o dmio 43 cewl snd eals plid ¥ JSE 48 oS aigS e
Glued Jlz (i slromiy j2a oy o gl pgal

e SuilSe udige ddghs - sale dolinle



VA SIS gl (s lasgal ) 3 OIS 3 lzaile Glaolise gipw 9 3455 Gaedd

(e Siwen @i jlie 4 ugionS izie Glkil)
O Cowd (Gridy Sluwlxe jb st by s
&b oSl luio €1 &5 Shee 53 yls o Hbpgy
Bliste (Kiusos juslio o33 €2 5 €0 5 Jilite (Siwen
W glice Vg ¥ blgy 5l esliel b ey plas |y ol @
S (dgady; oo i) Ko i lise | alapymess
sebioss 51 exSone b Jlite (Siwses gli pauiSlo
F s 5 el cans (Y dhail) GugiansS g (Y dhaily) (ggege
178, 94] ] (5)|.>)g4.'|9p.'| 5;9‘.25 0)9d Ts
I~ Co—C;
0=T; 2(cog — 2¢; + ¢,) ®
0

Wo M)
co+cz>
2¢q

5

Wy = cos’l(

Co—C:
0 =tan"?! (m>
b sleesls (GKe S (il digad (i3l b ouiceen
CStusen @llyi 51 (g lapdiged SlSe S ugasly puilSHS
9) lrul> presd @S bl glhse 9 LRl caddul=e
o 2l bl 92y dubs abige el (G
ol b gleesls diged a8l pae wiyse 3 nlrals
Sisad @li gy 3Slo slie slapuedd cowo pie (s
sleyild 5l (mlodle uedd 2l g sshieds el il
o2l Jlesl cygo 5 3540 oaliiuwl jud ying g Al yilid siile
legesd I Jol> ngad 3 S glrsel 9 jugd bayilid
90 oalde (lzal>
0l b sladliSe (3, sxbars Syl (slaoiy slal
Ngo digad y e glaSyxd Jlosl 51 puy oadead sl
o1 Bl (1) S pansSlo ooy (Sldgran Gliae cuiny
(535 cxbaid S, oty 93 (sl ilite (Stusad duole 5
sloeshi Jlasl 51 pug oadend gl il b slaosls
oo 5 ssle ooyt lrale Glue s diged y alise
o8 51 e yiebly cgasly (uilS)3 b (slmosls digad (ol
o2l Sl st g plral> et 2l » o se
5 ol oS5 lhae @ azsi by Guxd wysed byl
350 g ssded Ngwlidl gl JliSm oS

Uy 3l esliwl by (23)S 9 lral> (raesd il -0
aidlysgng Jilite Siusen

Siguslyill (gl JuS s -1 -0

6w 3l UES s Bl e @l byl shied
Siuan (g 51 xS b o3y el b (sla i
slew 45 5l oadead Sgwldl gla S 5 caidlisgig Jilite
ol b zlsel g (il ol 1w 35 gl b
dleel lo 53 ;5550 (_glmdbi.u» ol oad eslaswl agedl;
53 o515 3ty S b s Ly a8 5 @8l (s @51y
load b S @l I Sgwhill Ol 5l esliiwl b asly e
g uu)‘.uT Lgulyl oK 51 esliiwl b jeSie (slaesls
oslasl U VTYMHZ (¢330 (uslSys b (oamito @YU £ Ll
51 s 1 F-MHZ (g lspdiges &5 55 VF10-5 s 4l 5

Modares Mechanical Engineering

Jed Gloy i gy ol » exiiSeNel ez 39
5oeliiel 38 g Gl Goie 45 dedse
eS8 35700 el |y ISl ol eaiiSENel (5575
&S00 4 g) el alylE Al s LS gl wige 3 )
3903 2l (Gagsly gl s slaosls

aSS ol @ b Jlite (Siuses @Sl (s5luesly oKin
Goe g sl b slaoyxiy dunlie ylge yliay )3 o5 Sg0d dzgl
Shom s Ol oddead ol ol b sloosls 51 gLy
sblaly 5l o slaguedd 4 diged 4 Sy Jlos!
4 Sy Jlosl axgi 53 3sdiped rike Wiged ;3 oadalnyl
sl Sae w8l gloosias bl 53 JSU pasl sl 9 diges
S (roaimsoli;l sl sasoli;b L]L&.u.u cleMbl (o (g bl
b8 Sy Jleel 51 ey Grsasly pwilSd b glrosls oy 5
33 & (osmalisl ;1 s oli;b L]L&.u.u wleMbl g 4yls
b S Jloel 51 pug sesly puilSis b glaosls 5 glopiy
Jloel azui 53 03 wylie 4 0l Wyls b3 LSy Gee
casdse dmosims bl o UKyl sl 5 diged 4 Sy
& Sop Jleel 1 g Groesh oS8 b slvosls 51 glopiy
Jlasl 51 Glag roasly oilSs b glosls I glopiy b yblite
b b i ele¥bol 55 U5 pae . ulaiire ponith sl Sy
AhGs e sl Gy Yse diged Gos 53 Leoyiy Bl

lg L_glmo.)b » )bL«.m (_glmo)a.’g: uL’a_\.ﬂ L_glm)‘.imb )'| L;J
Sl ekl ( Sy Jlosl 51 ey 5 o eddiead (gadly Sy
3 om oaded (gsly (il b slaesls 53 5555 (slmoyiy
51 S b dlie eyl 53 oadash) gl o cul Suym Jlacl
ey IS Gl S (Kas Kol el sael caws as o
o2l 3wl Sopd Jlesl Sl Gun osdiend (gasly eS8 L
Jleel 51 G oadedd gl (il b slaiSow by,
Aibie oyt Glacl @515 Sl Hlade sjlusl @y G0
sadead agsly LSy b sboosls ppu U5 eac dluce ol
e 53 Uhgy ol sede el ]y @S Jlesl 51 g 5 Gl
wylite glabw b gl>lss 5 Grsesly puilys b glaosls &
51 38 logaesd 4 U ag ool wds b b bl ond ol
OhynS eyge 3 wedle ool 3 s 2sd e lral>
0Silee gline 4 @515 Jlacl j1 Gup Gugadly (a5 b (slaesls
sl (See gl GuilSH8 b sleesls I G lasl @S5
by S 4> 51 Gl (65508 Gl g @Y 1o 1 yeS

) laly 385 glaguesd Jyax jhiety 45 (6,50 4
e (g 51 eslazul b gl puilS)s b slaesls (g5,
&0 peajSle dhilh 385 caslae s sde Bl it
lopdl 45 ol @ 4298 b el (2bpgys b Blite (Siucen
Goladigad gLl 0ys jl e iyl Jsese jobdy il
Situran @l (sl 0adpad ke 0 S5 cusdse (i
95 ol 3] s paaiSle dhads cusdse I GRS (e (Jilite
51 el b ilite (Siwsen gli sladiged JB Gialidl L
Lol Gl | lrdile guedd gl w85 ¢lyice huss
Gl pueii by wluwbwe ez )3 o Glahdl Sa
e gl esb slagdg, 5 lite (Stsed @l Giine
Olyie &8 (Faie Glkl by 93 d9de osliiul (o 055> 5
e Glbil) goeg (2Lpgsd ead esliiul jshie pa
oS (2h09yd 9 (e (Swsen @l yslio 4 agu

Volume 19, Issue 2, February 2019



OhlSen 5 (g3t asljsige pise ¥Ye

Jlacl 0B )5 Gl (ol 5 e 185 ol b jlagy 4
S 5 el sad ooy lid A S ys o) p aliso @1 g
ol b glaosls (595 5l esdtigilusly Wigmhdl yugai 95
b il Gl azis )3 oadslzl 0395 oS (nladalu (g3,
syl syt (sline p .l ssmlivn pBE (aims e ¢lid
Gl puedi Gy duej 5> plez 9 pow slopis
Jsa> jshieds () onl dsmr NSz 5 Jilite Siusen
dlie Siusen (hy) Rlrale 5l 383 glagaesd g

2 ool (galosdiny adlidgy
69 3 sdelewnsty s (E8S g Rlruly e @l
Loslew 0S5l G ) cadead gl el b slaosls
251 93 Jlael oBim 3 Gl ol 51 e 45 glbyw
wdlisgue ilite Sunan (g 51 okl b (ol » hlitee
5l oslastwl bzl ol cewol oals esls (lis & (JSo 5s (galesdion
Gl 5 2.60GHZ Jical 17 (53550 3lsn 515 b (o iguuels
s8I s il jslitods Slosel uws 4y aglits 1 yieS
929 219 3yls Pl 45 il B by (e als guesd
L alio sls (ials jsle glaopiy nlal> ol 4 azgs b
Gl palie Siwsy byd b (Gldad 5lwaines (g,
o970 LS 9 Rl paedd bt AL 18 csddilze
oaly lid & U o 38 Gld=d (g5lwdiaeS (g 5l ealiiwl b
Gl als guass gl GYis! olie Vo JK& 53 .l 04
slagby; 1 eslainl b Gy 9o 1S @bl digad )3 oadslxl
Gl (55luodineS 5 (s3lpidny axdlisgrgy Jilite Siusan
5 s el B uSile cul ssmlie L&
oad dawlxe +/MIXVT g digeld oIVY Cadyiay (guexe Ed)S

RO

Sample Number

g
(=]
&
&

50 100 150 200
RF Line

Ultrasound Image 1

e a— e — e

Sample Number
@
2

X

-]

8
&
o

50 100 150 200
RF Line

o 45 oty U jlew S 5l s 1 oadidigd Siguwlydl jisat o3 (A JSB
ol ol b sl U (55 51 Wgmlydl pglai s pinlesd
loads augs o S Jlosl gz 08 8l jl ondead

WAY crags ¥ ojladd 04 o598

62970 U)S 5 il e gl lead ol jeS S sl
e (jhgy 5 ealatwl b jeSie (sloesls I eselewesd
Obgy 5l osliiwl b oselewnsds bt b aslisgys Jlie
GlodinaS gy > Ngde dumlie Gllxi (gjlwdineS
L osleosdls wad cgplive live 0 &5 glaije il Gll=s
sobileds cxilond Cymi lraly (Siwgn 5 sedh pwils)s
L ogleosls g9y 51 digad j3 cadislml glalrals (s
2515 95 Jleel olim )3 digad I oadend (sl (uilS)S
195,961 594 50 o3laiuwl QT).j alizo

Vi) 3 il gaads gl -Y-0

S (eadbend (¥ 04A 51 ¥ee slagal) Bl (Y g3 I (i
95 Jlael 31 Gu oddiend Gagasly (uilS)8 b (sleosls dcgomo 93
Volaged y3 digad (a3l 51 Glag S 1 i 0 alide @S1y
Aol 5 diged 3l cadbedd (_ghbdl.aia.w cwol s esls ylis
Shom Ngdioe pShite ylden diged y yidan oS Jloc!
Obsy (8ot 5 (293l Ll b (slavgY diged (ol
Jlacl j555e slagny (555 adliguy dilite (Siwen puasi
923 il b Y 9 Glkil j1 Jol> dzis 1 (sldigad i
o (3551 Gy lizee @515 93 Jlosl 51 Gug) oadead
Sl39a5 53 eadiodjpmed (mlral> plie 4 ey 5l S Jl!
S8l 31 soliiul b oadauly) gl 4lS sl o odls gl ¥
Sloael cuvs 43 Matlab

Samples of Recorded RF Lines

0.1
0.05

Amplitude
o

-0.05
-0.1

20 40 60 80 100 120

0.1
0.05

Amplitude
°

-0.05

20 40 60 80 100 120 140 160
Sample Number

2oy xSy b (Y 0eA I Voo ) sl 5l digad SO (Y ylages
45 olbyes b jlasy 45 5 ity e 5155 53 Jlasl ol s sadiend

(b vl 5l pa)

RF Lines,One is transferred up to estimated displacement

0.1

Amplitude
, & o
S 5 2
- O o O

200 400 600 800 1000 1200 1400

0.1
0.05

Amplitude
o

-0.05
-0.1

200 400 600 800 1000 1200 1400 1600
Sample Number

ol eS8 b (0¥ 0eA 51 Voo ¥ (sl 51 i 95 Glabasl (Y jlagad
45 olbyes b jlasy 45 5 ity e 5155 53 Jlael ol s sndind

Glraly ghe @ ke 5l G JBul 1 g (GHhe plalesd 51 g
[XWISSIRVOE 5]

)'l WO L_gy)b u«.uLf)s L (_ghboblb b)b‘.u.o JJ9.MJI)—A.” )ngmu

e SuilSe udige ddghs - sale dolinle



PN SIS gl (s lampal ) 3 OHSS 3 izl Glaglise gipw 9 3455 Gaedd

Analytic Minimization Method-Axial Displacement (sample o

500 -5
-qg 1000
£
z
2
= 1500
=
o
7
2000
2500
50 100 150 200 250
RF Line
Analytic Minimization Method-Axial Strain 0.03
5
10 0.025
15
0.02
_
E 20
£ 25
= 0.015
5
230
0.01
35
40 0.005
45

0 5 10 15 20 25 30
width (mm)

Enhanced Cross Correlation Method-Axial Displacement (sam; lé:)

g

Sample Number

g

50 100 150 200 250
RF Line

Enhanced Cross Correlation Method-Axial Strain

depth (mm)
5

0 5 10 15 20 25 30
width (mm)

Oedd 5 (0] 3 lael 6513 5l ztie) Sl Glalud 51 pm 1S gl b jlowy 1551 3o 53 (01l 6ss20 BT 3 Y1) (sp9me lails laglane (3 JS
(wb) (_;bl.e,wu..l wbbw J;La.m M o095 9 (+=) [95,96] U.L».L'z_: (S)LM)QJ.J.AS 099y j‘ eslaiwl b

whuw glodgd wygedy G3S mslal )3 b edgi & Gl
Gos 5> Gid)S pmslad YL glacwwd 53 opd S5 b >1s)
0395 o5luil puizen cwl csmlin BB (oleYs S
693l S yls wdilhe o =3lg 651l b (23, glad )3 Byl
Qlie jsbdy cwl ol sl (5 gaelS 819093 ygeas
sladiSew @lra digal 1 osdend Sgwldl yglai j plgice
L diged 53 osdoll glagulals ek johiods sigulydl
454395 C)Lm .dg0d oalatwl ‘JJLLLA M L}“’9))I (5):50)@
4 Sgwlydl pglal 5l eslaiwl o esls Zusss o)lez pidw )
S pbglsy g wene «dy b (LS 9) Rl slagress

S Saoms -1
slaglie predd 9 GBSeedl (slaghy, gsely aallhe
5 Slgidoy 435 and 53 Job ;5 o ilide (S 5 zal>
Lilosds Hyme jlaisla P9 g P9d iz ;s dlie ol 5o
GOl 13 (lrale aedd (i) aidslite w30 Glas
&5 cwl gloj 0jg> 53 lzdile puesd (g Sgulidl b
63 Jlite (Siuer gl nlaige oslitul Blite Siusan
3980 Jloel guiguhidl jglai by (agasly pilS)8 b (slbeesls
L ol » o515 Jlael j1 g 5 Gl uon g wdly digal jl a8
5! o Ailoads e C)T » dlike (SLD‘QSI)J Jlecl ;! o

Modares Mechanical Engineering

Error of Axial Displacement Estimates (sample

500 A

-
[=1
(=3
(=]

Sample Number
&
3

50 100 150 200
RF Line

5l oalastwl b sadbesjomeid (gyeme Glauladals GBSl e (Vo S
szl (Glled gjluainas'y aBbsge dlite e slaghs,
ﬁﬂ)li 93 Jlacl ‘oLim ol (gdly Ll b slaesls (59, 5l (590
b ol Sl e 35 by b jle 551 by » alide (5)920

Lilodds 035 (e

o83 b sloosls 51 suslewosdy siguwlydl pglai awalis
a5 195 961 blie (CT) (5,i5mselS 3155055 g b g2y
a8 dots ccwl ol wd S 51 b Gl Sl o
laS 5 eadslzl G5l 0398 wasge g ojlail & 39450
2 3588 ol G285 jobdy Nswlydl yglat o) 5l plyied

Volume 19, Issue 2, February 2019



ohlKen g (g3yxtws o3ljsage ppe ¥IY

(%Te) o 0050/ Lol Simg il ol g,/ dedio 043,55
Sy S (%) Glol Simghy (93 eaiuash) 2M3 Gl

(%Y+) Glol Stmghy (pguw okiunsd)
oy (el O aiunsh bwogi gy ool sladine e gilie
s ealisul iangd ol plavl (sl ols o gulie 51 5 sl

el

&l
1- Greenleaf JF, Fatemi M, Insana M. Selected methods
for imaging elastic properties of biological tissues.
Annual Review of Biomedical Engineering. 2003;5:57-78.
2- Artmann GM, Chien S, editors. Bioengineering in cell
and tissue research. Heidelberg: Springer Science &
Business Media; 2008.
3- Zahiri Azar R. Methods for the estimation of the tissue
motion using digitized ultrasound echo signals
[Dissertation]. Vancouver: The University of British
Columbia; 20009.
4- Jiang ], Hall TJ. A coupled subsample displacement
estimation method for ultrasound-based strain
elastography. Physics in Medicine & Biology.
2015;60(21):8347-8364.
5- Shiina T, Nightingale KR, Palmeri ML, Hall T], Bamber
JC, Barr RG, et al. WFUMB guidelines and
recommendations for clinical use of ultrasound
elastography: Part 1: Basic principles and terminology.
Ultrasound in Medicine and Biology. 2015;41(5):1126-
1147.
6- Hashemi HS, Rivaz H. Global time-delay estimation in
ultrasound elastography. IEEE Transactions on
Ultrasonics Ferroelectrics and Frequency Control
2017;64(10):1625-1636.
7- Lu M, Tang Y, Sun R, Wang T, Chen S, Mao R. A real
time displacement estimation algorithm for ultrasound
elastography. Computers in Industry. 2015;69:61-71.
8- Xu T. Two-dimensional blood flow velocity estimation
using ultrasound speckle pattern dependence on scan
direction and velocity [Dissertation]. Lincoln: The
University of Nebraska-Lincoln; 2012.
9- Kirk Shung K. Diagnostic ultrasound: Imaging and
blood flow measurements. 2nd Edition. Boca Raton: CRC
Press; 2015.
10- Pouch AM, Cary TW, Schultz SM, Sehgal CM. In vivo
noninvasive temperature measurement by B-mode
ultrasound imaging. Journal of Ultrasound in Medicine.
2010;29(11):1595-1606.
11- Daniels M], Varghese T, Madsen EL, Zagzebski JA.
Non-invasive ultrasound-based temperature imaging for
monitoring radiofrequency heating-phantom results.
Physics in Medicine & Biology. 2007;52(16):4827-4843.
12- Ding X, Dutta D, Mahmoud AM, Tillman B, Leers SA,
Kim K. An adaptive displacement estimation algorithm
for improved reconstruction of thermal strain. IEEE
Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 2015;62(1):138-151.
13- Seo CH, Shi Y, Huang SW, Kim K, O'Donnell M.
Thermal strain imaging: A review. Interface Focus.
2011;1(4):649-664.
14- Ivancevich NM, Dahl J], Trahey GE, Smith SW. Phase-
aberration correction with a 3-D ultrasound scanner:
Feasibility study. IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control. 2006;53(8):1432-
1439.
15- Dahl J], Mc Aleavey SA, Pinton GF, Soo MS, Trahey GE.
Adaptive imaging on a diagnostic ultrasound scanner at

WAY crags ¥ ojladd 04 o598

L UJsJ.)') W‘S)B L L_glmo.)b (Uabus_u.om L ol)m) L_g)l.ifo)g.’g:
9y Jlesl (gt dlmyo 93 53 digas 1 osdiead Sigmlydl yaglas
L sloosls 51 ,blie slaoyiy (59, @l ool Jlesl 5 diged &
oadislzl lrale glae (guhdl juglai by (ugsly puilS)s
CSuillle sl Shy o oysite cwl duwlre B diged 53
&% oS @l g9y 31 LS Wil disad I il
g0 e lzale

e @l Giine e8> uedd (g, 5l eslitul b 4z S
53 o3dslzl Sy 5l 385 Hhu slagpaesd @ plyige Jilite
cedly cund Ngwldl b GSUS5madl by, 53 Guy e b
(U85S 9) lraly paedd Bylate @8l ey 3912 033
@l & Ghge 15 pegad ol YL Slulxe L Jusa
s 4 gl pilSE b sla S (55, 5! (ol guesd
Lol5 g G833 lrly paedd (hy) 4 Hliwd Saa b ]
31 saleidan adlidgin Blite Sotuaes by 350 ol
Sl o JoS g9z slads csdeale gszgcws
lale gresd 08l g lite (Siuen gl dlasly uay
979 >l (1390339400 45 90 485 Ao (s3lgidiny
Tyl paky Gl 3 &S sadiglis (s9zgeuns I (53Soxs b
duwoloee 45 oaiblod (sloK) slasd g 50 cuw cwl o0 o3ls
S oblie oy 53 @ly Jlite (Swes paiSle jlaie
L sleosls diged (il 51 e oty oSS b (slaosls
oo 33l b ialS K V0 a5 I VY 51 (Lagesly Luails)s
e (Rl (uesd i o8l ey 4293 BB Glalsl Cow
eSSl s @l Jyas 9 i Souaes Gy
L OS5 Rleale gleprexi dulio s sede 4slY
9 L_gbw wbbw ‘J.'Lm M L_glmui':s) )'| oslasiwl
5 Rl I 388y glaguedd Jyas p Gl (gjlwaes
Ayl edYs wlwlbw gz dogs BB JalS 3929 b (25,
ooz slal 4 pbal gredd @lo Sl
51 esded Sgwhill jglai b oS (59, sadbaid)Syliys
Ol ol 2 il (sl o Jloel j1 Gug (uyp 390 diged
M Ao j3 csd bl X ﬁ.m)fln Aoy Silgeen
b lagliSuw (555 cxdaxd,Sikiys blise oy 35 sl Jlite
rolal b S dgad Gialisl glhae 9 Sswhdl yglas
3 9 M Fige (e gl y & (leyielly ple 9 Sgwlydl
2 wlidnd delsl 093 5 el ond oylil Ll 4 oylez i
355 meed olSel &5 3y s aleeinsSIl 4l (b,
slacShy 4 a5l b jsSie slayehl sl ) die nolie
Sguhill pglai b blSw wlegas 5 Jleel S

0 a8l sbiwl) oy o 553 51 B siungl 1ilsya8 g St
pald Jsay (LIS LaygSas oKl igalS 5 3 (uodige
9 5B Gimgly ol 55 odelwsay s byl plKel (3g9ad
Aisledse (Sils,48

JolS 5k 4) (6,503 il 3 eiS Alie ol (NS agagls
O Pl b G sl prized 5 o) Oz 4 (o5l a5 b
ol odid o3liwyd L_g)iﬁb EEgw

drol> 53l ol 138 50 @Ml B stungd dlwog iy :@8lie (oylas
5 laglojlo b mlio slad 1S gum 5 039y Jiue (gl SO
3l (6,50 el

(s odungi) (s3ymiws odlisie gy olSaiugi pqu
e SuilSe usige hpghs - sale dolinle



VIV 81 Sgiadl (s lasispal gy 3 LSS 3 Grlzaile laglase gipw 9 3453 Gaadd

Ferroelectrics and Frequency Control. 2004;51(4):396-
409.

30- de Korte CL, van der Steen AF, Cépedes E],
Pasterkamp G, Carlier SG, Mastik F, et al
Characterization of plaque components and vulnerability
with intravascular ultrasound elastography. Physics in
Medicine & Biology. 2000;45(6):1465-1475.

31- Kaluzynski K, Chen X, Emelianov SY, Skovoroda AR,
O'Donnell M. Strain rate imaging using two-dimensional
speckle tracking. IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control. 2001;48(4):1111-
1123.

32- Lee WN, Ingrassia CM, Fung-Kee-Fung SD, Costa KD,
Holmes JW, Konofagou EE. Theoretical quality
assessment of myocardial elastography with in vivo
validation. I[EEE  Transactions on  Ultrasonics
Ferroelectrics and Frequency Control.
2007;54(11):2233-2245.

33- Walker WF, Fernandez F], Negron LA. A method of
imaging viscoelastic parameters with acoustic radiation
force. Physics in Medicine & Biology. 2000;45(6):1437-
1447.

34- Fatemi M, Greenleaf |F. Probing the dynamics of
tissue at low frequencies with the radiation force of
ultrasound. Physics in Medicine & Biology.
2000;45(6):1449-1464.

35- Nightingale KR, Palmeri ML, Nightingale RW, Trahey
GE. On the feasibility of remote palpation using acoustic
radiation force. Journal of the Acoustical Society of
America. 2001;110(1):625-634.

36- Eskandari H, Salcudean SE, Rohling R. Viscoelastic
parameter estimation based on spectral analysis. IEEE
Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 2008;55(7):1611-1625.

37- Eskandari H, Salcudean SE, Rohling R, Ohayon ]J.
Viscoelastic characterization of soft tissue from dynamic
finite element models. Physics in Medicine & Biology.
2008;53(22):6569-6590.

38- Papazoglou S, Hamhaber U, Braun ], Sack I. Algebraic
Helmholtz inversion in planar magnetic resonance
elastography. Physics in Medicine & Biology.
2008;53(12):3147-3158.

39- Muthupillai R, Lomas D], Rossman PJ], Greenleaf JF,
Manduca A, Ehman RL. Magnetic resonance elastography
by direct visualization of propagating acoustic strain
waves. Science. 1995;269(5232):1854-1857.

40- Venkatesh SK, Yin M, Ehman RL. Magnetic resonance
elastography of liver: Technique, analysis, and clinical
applications. Journal of Magnetic Resonance Imaging.
2013;37(3):544-555.

41- Jurvelin ]S, Buschmann MD, Hunziker EB. Optical and
mechanical determination of Poisson's ratio of adult
bovine humeral articular cartilage. Journal of
Biomechanics. 1997;30(3):235-241.

42- Dastjerdi MM, Mahloojifar A. Optical elastography:
From theory to clinical applications. Lasers in Medicine.
2008;5(3-4):6-20. [Persian]

43- Céspedes I, Ophir ], Ponnekanti H, Maklad N.
Elastography: Elasticity imaging using ultrasound with
application to muscle and breast in vivo. Ultrasonic
Imaging. 1993;15(2):73-88.

44- Thitaikumar A, Mobbs LM, Kraemer-Chant CM, Garra
BS, Ophir ]. Breast tumor classification using axial shear
strain elastography: A feasibility study. Physics in
Medicine & Biology. 2008;53(17):4809-4823.

Modares Mechanical Engineering

quasi real-time rates. IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control.
2006;53(10):1832-1843.

16- Liao YY, Li CH, Tsui PH, Chang CC, Kuo WH, Chang K],
et al. Discrimination of breast microcalcifications using a
strain-compounding technique with ultrasound speckle
factor imaging. IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control. 2014;61(6):955-
965.

17- Hansen HH, Saris AE, Vaka NR, Nillesen MM, de Korte
CL. Ultrafast vascular strain compounding using plane
wave transmission. Journal of Biomechanics.
2014;47(4):815-823.

18- Rivaz H, Rohling R. An active dynamic vibration
absorber for a hand-held vibro-elastography probe.
Journal of Vibration and Acoustics. 2007;129(1):101-
112.

19- Ophir ], Céspedes I, Ponnekanti H, Yazdi Y, Li X.
Elastography: A quantitative method for imaging the
elasticity of biological tissues. Ultrasonic Imaging.
1991;13(2):111-134.

20- Ophir ], Alam SK, Garra B, Kallel F, Konofagou E,
Krouskop T, et al. Elastography: Ultrasonic estimation
and imaging of the elastic properties of tissues.
Proceedings of the Institution of Mechanical Engineers
Part H Journal of Engineering in Medicine.
1999;213(3):203-233.

21- Hall TJ, Zhu Y, Spalding CS. In vivo real-time freehand
palpation imaging. Ultrasound in Medicine and Biology.
2003;29(3):427-435.

22- Lerner RM, Huang SR, Parker K]. “Sonoelasticity”
images derived from ultrasound signals in mechanically
vibrated tissues. Ultrasound in Medicine and Biology.
1990;16(3):231-239.

23- Parker K], Huang SR, Musulin RA, Lerner RM. Tissue
response to mechanical vibrations for “sonoelasticity
imaging”. Ultrasound in Medicine and Biology.
1990;16(3):241-246.

24- Hoyt K, Parker K], Rubens D]. Real-time shear
velocity imaging using sonoelastographic techniques.
Ultrasound in Medicine and Biology. 2007;33(7):1086-
1097.

25- Turgay E, Salcudean S, Rohling R. Identifying the
mechanical properties of tissue by ultrasound strain
imaging. Ultrasound in Medicine and Biology.
2006;32(2):221-235.

26- Chen S, Urban MW, Pislaru C, Kinnick R, Zheng Y, Yao
A, et al. Shearwave Dispersion Ultrasound Vibrometry
(SDUV) for measuring tissue elasticity and viscosity.
[EEE Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 2009;56(1):55-62.

27- Bercoff ], Chaffai S, Tanter M, Sandrin L, Catheline S,
Fink M, et al. In vivo breast tumor detection using
transient elastography. Ultrasound in Medicine and
Biology. 2003;29(10):1387-1396.

28- Catheline S, Gennisson JL, Delon G, Fink M.
Viscoelastic properties of soft solids using transient
elastography. Proceedings of Second International
Conference on the Ultrasonic Measurement and Imaging
of Tissue Elasticity, Corpus Christi, Texas, USA, October
12-15, 2003. Sutton: International Tissue Elasticity
ConferenceTM; 2003. p. 25.

29- Bercoff ], Tanter M, Fink M. Supersonic shear
imaging: A new technique for soft tissue elasticity
mapping. IEEE Transactions on Ultrasonics

Volume 19, Issue 2, February 2019



ohlKen g (53yxtws odljsage pape ¥IF

processing. IEEE Ultrasonics Symposium, 3-6 Nov, 1996,
San Antonio, TX, USA. Piscataway: IEEE; 1996.

61- Pesavento A, Perrey C, Krueger M, Ermert H. A time-
efficient and accurate strain estimation concept for
ultrasonic elastography using iterative phase zero
estimation. IEEE  Transactions on  Ultrasonics
Ferroelectrics and Frequency Control. 1999;46(5):1057-
1067.

62- Varghese T, Ophir ]J. Performance optimization in
elastography: =~ Multicompression ~ with  temporal
stretching. Ultrasonic Imaging. 1996;18(3):193-214.

63- Konofagou EE, Ophir ], Kallel F, Varghese T.
Elastographic = dynamic range expansion using
variable  applied strains.  Ultrasonic = Imaging.
1997;19(2):145-166.

64- Kallel F, Ophir |. A least-squares strain estimator for
elastography. Ultrasonic Imaging. 1997;19(3):195-208.
65- Alam SK, Ophir ], Konofagou EE. An adaptive strain
estimator for elastography. IEEE Transactions on
Ultrasonics Ferroelectrics and Frequency Control
1998;45(2):461-472.

66- Varghese T, Ophir J. A theoretical framework for
performance characterization of elastography: The strain
filter. IEEE Transactions on Ultrasonics Ferroelectrics
and Frequency Control. 1997;44(1):164-172.

67- Varghese T, Ophir ]J. An analysis of elastographic
contrast-to-noise ratio. Ultrasound in Medicine and
Biology. 1998;24(6):915-924.

68- Srinivasan S, Righetti R, Ophir J. Trade-offs between
the axial resolution and the signal-to-noise ratio in
elastography. Ultrasound in Medicine and Biology.
2003;29(6):847-866.

69- Pesavento A, Lorenz A, Siebers S, Ermert H. New real-
time strain imaging concepts using diagnostic
ultrasound. Physics in Medicine & Biology.
2000;45(6):1423-1435.

70- Shiina T, Nitta N, Ueno E, Bamber JC. Real time tissue
elasticity imaging using the combined autocorrelation
method. Journal of Medical Ultrasonics. 2002;29(3):119-
128.

71- Heimdal A, Stgylen A, Torp H, Skjaerpe T. Real-time
strain rate imaging of the left ventricle by ultrasound.
Journal of the American Society of Echocardiography.
1998;11(11):1013-1019.

72- Heimdal A, D'hooge ], Bijnens B, Sutherland G, Torp
H. In vitro validation of in-plane strain rate imaging, a
new ultrasound technique for evaluating regional
myocardial deformation based on tissue Doppler
imaging. Echocardiography. 1998;18(8 Pt 2):S40.

73- Bohs LN, Friemel BH, Trahey GE. Experimental
velocity profiles and volumetric flow via two-
dimensional speckle tracking. Ultrasound in Medicine
and Biology. 1995;21(7):885-898.

74- Konofagou E, Ophir J. A new elastographic method
for estimation and imaging of lateral displacements,
lateral strains, corrected axial strains and Poisson’s
ratios in tissues. Ultrasound in Medicine and Biology.
1998;24(8):1183-1199.

75- Chen H, Shi H, Varghese T. Improvement of
elastographic displacement estimation using a two-step
cross-correlation method. Ultrasound in Medicine and
Biology. 2007;33(1):48-56.

76- Viola F, Walker WF. A comparison of the
performance of time-delay estimators in medical
ultrasound. IEEE  Transactions on  Ultrasonics
Ferroelectrics and Frequency Control. 2003;50(4):392-
401.

WAY crags ¥ ojladd 04 o598

45- Papazoglou S, Xu C, Hamhaber U, Siebert E, Bohner G,
Klingebiel R, et al. Scatter-based magnetic resonance
elastography. Physics in Medicine & Biology.
2009;54(7):2229-2241.

46- Oliphant TE. Direct methods for dynamic
elastography reconstruction: Optimal inversion of the
interior Helmholtz problem [Dissertation]. Rochester:
Mayo Graduate School; 2001.

47- Sarvazyan AP, Rudenko OV, Swanson SD, Fowlkes ]B,
Emelianov SY. Shear wave elasticity imaging: A new
ultrasonic technology of medical diagnostics. Ultrasound
in Medicine and Biology. 1998;24(9):1419-1435.

48- Righetti R, Ophir ], Srinivasan S, Krouskop TA. The
feasibility of using elastography for imaging the
Poisson's ratio in porous media. Ultrasound in Medicine
and Biology. 2004;30(2):215-228.

49- Skovoroda AR, Emelianov SY, O'Donnell M. Tissue
elasticity = reconstruction based on ultrasonic
displacement and strain images. IEEE Transactions on
Ultrasonics Ferroelectrics and Frequency Control
1995;42(4):747-765.

50- Barbone PE. A variational formulation leading to
direct elastic modulus reconstruction. Proceedings of
Second International Conference on the Ultrasonic
Measurement and Imaging of Tissue Elasticity, Corpus
Christi, Texas, USA, October 12-15, 2003. Sutton:
International Tissue Elasticity ConferenceTM; 2003. p.
67.

51- Ophir ], Céspedes I, Garra BS, Ponnekanti H, Huang Y,
Maklad N. Elastography: Ultrasonic imaging of tissue
strain and elastic modulus in vivo. European Journal of
Ultrasound. 1996;3(1): 49-70.

52- Varghese T. Imaging elastographic properties of soft
tissues using ultrasound. American Association of
Physicists in Medicine (AAPM) 46th Annual Meeting,
Pittsburgh, Pennsylvania, US, July 21-24, 2004. Virginia:
American Association of Physicists in Medicine (AAPM);
2004.

53- Ramalli A. Development of novel ultrasound
techniques for imaging and elastography: From
simulation to real-time implementation. Firenze: Firenze
University Press; 2013.

54- Konofagou EE, Varghese T, Ophir ], Alam SK. Power
spectral strain estimators in elastography. Ultrasound in
Medicine and Biology. 1999;25(7):1115-1129.

55- 0'Donnell M, Skovorada AR, Shapo BM. Measurement
of arterial wall motion using Fourier based speckle
tracking algorithms. IEEE Ultrasonics Symposium, 8-11
Dec, 1991, Orlando, FL, USA. Piscataway: IEEE; 1991.

56- Varghese T, Bilgen M, Ophir ]. Multiresolution
imaging in elastography. IEEE Transactions on
Ultrasonics Ferroelectrics and Frequency Control.
1998;45(1):65-75.

57- Talhami HE, Wilson LS, Neale ML. Spectral tissue
strain: A new technique for imaging tissue strain using
intravascular ultrasound. Ultrasound in Medicine and
Biology. 1994;20(8):759-772.

58- Varghese T, Konofagou EE, Ophir ], Alam SK, Bilgen
M. Direct strain estimation in elastography using spectral
cross-correlation. Ultrasound in Medicine and Biology.
2000;26(9):1525-1537.

59- Ophir J, Alam SK, Garra BS, Kallel F, Konofagou EE,
Krouskop T, et al. Elastography: Imaging the elastic
properties of soft tissues with ultrasound. Journal of
Medical Ultrasonics (2001). 2002;29(4):155.

60- Shiina T, Doyley MM, Bamber JC. Strain imaging
using combined RF and envelope autocorrelation

e SuilSe usige hpghs - sale dolinle



¥10 3185zl (5)10pss908 B9y 53 OS5 alz sl (slaglase i § 3453 aedd

of breast cancer in vivo. Proceedings of the ASME 2012
International Mechanical Engineering Congress and
Exposition, November 9-15, 2012, Houston, Texas, USA.
New York: ASME; 2012. pp. 941-951.

88- Lemoigne Y, Caner A, Rahal G, editors. Physics for
medical imaging applications. Dordrecht: Springer; 2007.
89- Pellot-Barakat C, Frouin F, Insana MF, Herment A.
Ultrasound  elastography based on multiscale
estimations of regularized displacement fields. IEEE
Transactions on Medical Imaging. 2004;23(2):153-163.
90- Chernak Slane L, Thelen DG. The use of 2D ultrasound
elastography for measuring tendon motion and strain.
Journal of Biomechanics. 2014;47(3):750-754.

91- Ma (, Varghese T. Comparison of cardiac
displacement and strain imaging using ultrasound
radiofrequency and envelope signals. Ultrasonics.
2013;53(3):782-792.

92- Lopata RG, Nillesen MM, Hansen HH, Gerrits IH,
Thijssen JM, de Korte CL. Performance evaluation of
methods for two-dimensional displacement and strain
estimation using ultrasound radio frequency data.
Ultrasound in Medicine and Biology. 2009;35(5):796-
812.

93- Zahiri-Azar R, Salcudean SE. Motion estimation in
ultrasound images using time domain cross correlation
with prior estimates. IEEE Transactions on Biomedical
Engineering. 2006;53(10):1990-2000.

94- Hoyt K, Forsberg F, Ophir ]. Comparison of shift
estimation  strategies in spectral elastography.
Ultrasonics. 2006;44(1):99-108.

95- Rivaz H, Boctor E, Foroughi P, Zellars R, Fichtinger G,
Hager G. Ultrasound elastography: A dynamic
programming approach. IEEE Transactions on Medical
Imaging. 2008;27(10):1373-1377.

96- Rivaz H, Boctor EM, Choti MA, Hager GD. Real-time
regularized ultrasound elastography. IEEE Transactions
on Medical Imaging. 2011;30(4):928-945.

Modares Mechanical Engineering

77- Luo ], Konofagou E. A fast normalized cross-
correlation calculation method for motion estimation.
IEEE Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 2010;57(6):1347-1357.

78- Céspedes I, Huang Y, Ophir ], Spratt S. Methods for
estimation of subsample time delays of digitized echo
signals. Ultrasonic Imaging. 1995;17(2):142-171.

79- Varghese T, Ophir ], Konofagou E, Kallel F, Righetti R.
Tradeoffs in elastographic imaging. Ultrasonic Imaging.
2001;23(4):216-248.

80- Varghese T, Ophir ]. Enhancement of echo-signal
correlation in elastography using temporal stretching.
IEEE Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 1997;44(1):173-180.

81- Garra BS. Tissue elasticity imaging using ultrasound.
Applied Radiology. 2011;40(4):24.

82- Righetti R, Ophir ], Ktonas P. Axial resolution in
elastography. Ultrasound in Medicine and Biology.
2002;28(1):101-113.

83- Walker WF, Trahey GE. A fundamental limit on delay
estimation using partially correlated speckle signals.
IEEE Transactions on Ultrasonics Ferroelectrics and
Frequency Control. 1995;42(2):301-308.

84- Fenster A, Lacefield JC, editors. Ultrasound imaging
and therapy. 1st Edition. Boca Raton: CRC Press; 2015. p.
241.

85- Rivaz H, Fleming I, Assumpcao L, Fichtinger G,
Hamper U, Choti M, et al. Ablation monitoring with
elastography: 2D in-vivo and 3D ex-vivo studies. Medical
Image Computing and Computer Assisted Intervention.
2008;11(Pt 2):458-466.

86- Han Y, Kim DW, Kwon H]J. Application of digital image
cross-correlation and smoothing function to the
diagnosis of breast cancer. Journal of the Mechanical
Behavior of Biomedical Materials. 2012;14:7-18.

87- Sayed A, Layne G, Abraham ], Mukdadi O. 3D
ultrasound elastographic imaging and characterization

Volume 19, Issue 2, February 2019



	15]



