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ABSTRACT

Breast cancer is-one of the' most health hazards found in women all over the
world. An annual screening test: using a diagnostic ultrasound seems to be an
appropriate method to handle this physical threat. In this thesis; we propose an
investigation of 2D reflection-mode ultrasonic tomography system for a general
breast ultrasound enhanced by an echo wave path using a wave reflecting plate. Our
virtual imaging setup system was composed of 128 elements conventional linear
array transducer placed on the top of water bath and a wave reflector attached
around this setup: system. The wave reflector shape was designed as a one plate
shape, rectangular shape and curve shape. For projection data, we estimate a line
integral insonifying data by using a classical integration slope of attenuation
coefficient method in which its derivative is independent  from ' transmittance,
reflectance and noise. By imaging a virtual female breast phantom model, the
reconstruction results. obtained from an iterative. ART algorithm show a promising
image. The image is not only indicating a tissue characterization from quantitative
attenuation data with an average error respect to the original image about 12%, but
also restoring an area covered by hard tissue due to an increased wave path

direction from our non-rotational imaging system.
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Mu'u,niwaqﬁmﬁaLﬁﬂuuqqndmjﬁm}lmmuq‘[iﬂ Humsdreinanuusiuglun1sidedy
wazulanalifuindu woneaniifaiimiuomnzauiieslddantrsndiiundosdioi
(positioning guidance system) LﬁassqﬁwLmja’[,um'aaam‘ldLwiqLﬂ%ﬂﬁﬁaﬁm%’urﬂimx-ﬁm
%uLﬁ@ﬁﬁaMﬁUﬁm%’Unﬁe’iammﬁq%ﬂuﬁaqﬂﬁﬂ'ﬁmi luthagiuasesdaniansildiie
n3nsaitedeldunsimun v At amlumsuananafinguduegaunauiuun o
fzganiuliannsaliifuesediolumsnmadnnsossiadulasndamds oerlsia
ﬂ’]‘iﬂi'i'ﬁﬁ%é)&lﬁ?ﬂﬁaﬂ“i}’i‘dﬂﬁﬁ%’aﬁﬂﬁ/ﬂaE\i;‘U"IG‘UiSf‘ﬂ‘iIﬁ]HLQW’}ﬂuﬂiﬁﬁﬁﬁﬁUQU‘ljuﬂﬂLgﬂ
Us1ng)eg (micro calcification) mmandaniwagayliannsaweniozle (18,19] nnuans
mimw“;ﬁﬁ]&aLéhuuﬁ'mLﬂgaaﬁam%’wnéuazmwé’am%’wnﬁtﬁmuﬁlﬁ‘umsﬁqqﬁgﬁuasﬁau

Wauandluguin 2-5 uaz 2-6 muadu

JUN 2.5 uansnsnTrainuuiendudaniiena [20]
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2.6 ) WNuLATigaUn 2.6 ¥) Wuulineuls
JUT 2.6 wansnmuinuniinyiasenausanswnae [21]

2.2.3 n1siuasnuInsSud Uy

mMstdnsSnwugSa@IuL (Breast cancer treatment) arAueliuszservolsnily
[ o ¥ 1 Vo s s - s u:ﬁ [~1 s = [} a aah
dundn gihgonmlisunisiumsinunlaeislaisuiaduvsnusonaunausiuiuraieds
&' VW a o = = & 97 P (Y] 9 = i
%uagﬂwum,mimLumﬂulﬂﬁumiiﬂmLsammnmﬂuuaxanwmsmmgmmaq Wwela

@ | ) % [ & v a oo e &
wnzauiutsusiazsely lnsviluudimssnumzSaduasieg nangisaail

e = aa s o < s &/ dg.; @ =&
- SN (surgery)  WugUWUUITNMSINMINaNLiRALaNauLtauzSe0anlUTe

o

dmnsanszildainesnasiiesd (conservative lumpectomy) @D
mwwsﬁ’amﬁ’ammgmamﬁaLﬁlaT,mEﬁamﬁaawmé’huuei'su'l,wm_fl"a’vﬁaﬁﬂﬂﬁmaan
v (mastectomy) u,asmwzﬂmzwiauﬁ'wﬁaﬂﬂﬁ'amt.é";Ltﬁﬁzazﬂﬁqnmu
vodlsn - dwandndenldiudaeiistmelagmueddadiamuudussogly
ﬁxﬁwﬁauawm‘%qé’ﬂﬂqﬂmulﬂé'qa*'uugu‘]

- nslFedsnm (radiation) WunisliSidienamdnugaiievhanevievgadams
wigivTnvenvadunidasameiionzsqnanluidoniidecnasnug
wds wazdnldsrufundsmsidafiadunsiaowadussdursnaionns
fanmaaviosginuiiedisandnsnisifiagh (recurrence) Tundn wiaidenld

v

LT M v e "o ¥ A o =1 [J "o P o o
ﬂ'UB;J'U"JElmllﬂ'u,l’liﬂL‘!J’]'i‘l_lﬂ’li&ﬂﬁﬂlﬂﬁ‘i@ﬂlﬂ@uﬁﬂL'i\‘l'f)Q”LUF‘!’ILLﬁUQﬂﬂ’}‘SN']MﬂVHIﬂ

Y]

810 1wu agdadunseandlase  n1slededsnwnasnmsrindntodunisdne

& =

Www1e# (local therapy) ingdmiuuzideiidlignarueenliuin
- mMsbieivda  (chemotherapy) WumsTversuusemuniedaiiovhanevie

& a - s 2 vy < vl o g o
ausangadinsiaigidulavesgaduzisalaegiesiada 1laRfunzSald



14

o ar e L3

arusansranulasinnlan uwanadrafeafidiAyAeigadinaniends
WigiAulanvsrnduunfegaglafunansemulushe  vlifuaeinesnusianis
Snwuuithiresla

- milgesluuinda (hormone therapy) Wadudslilinszdunsiadafivlnves

L3 =1 4 17 Ao [ 1 e &

waduzs lnvazidenidianizlusefiinansvausuduuindedisusesluuluiy
& 2 & ) Y  aagd 2 n v & a ad d
(WauiSe uagdoran13inyiniedsaunal sesluunldilusesluuwemdedivian
Wusesluuealasiau (estrogen) warlusiaalnlsu (progestrorone)

- Mslefienizia1e9 (targeted  therapy)  1umslienfilanisianzasde
nquilmmenlugadusidesnse lngoanwuusndmiududinuiinunilu

seauliianavesy

2.3 AAUDANSIYIINLAZAIWDANIIBIIANIINTTLANNE

luunilagilunisnandennfidesiufernuaausandsis, AnaNUATDIAAY
saningnduaiiunsegluiiads, Mmulasdygradaniiend waznmdaniimnina

nsunngd
2.3.1 aAnuilesnuneafiuaauaansivng

2 s & & P = P = t 1 o =
ARUBARI 1Y IAINAGULEEY (sound. wave) WEIAIANDEINTIANANDYDUEES

o a 5 [N v o = ' a a Ly 2 5 & a o @
llg Muywdananaaladuldfediniungendn 20 fladsed danireailunauiieseide
fnanlunsndsuiuasianynznisimdeuiivamiiuaiumuen (longitudinal wave) iiissl
ainarslunisiedauniiudivieliielie vielidnvurnisiadauimiunduniueing
(transverse  wave) igilunsiadiowitlulany flesainaausaniamadanuauniinig

=2 o

naamiilaginluudrfeldilidusunsesededdin Sagninluuszendldaumaegy
nsunndlunatefiu erfidu nrsléaaudaniienidnisdiunisine (therapeutic
ultrasound) lnemsendeUfisenanamsinumiuiousesndudansendiiinaneiiode
eliranmedunisinuunistitadnemeneamiada (physiotherapy) %3ansld
paudanedaianmiiensideselsa (diagnostic ultrasound) Taansladmeiu
azviounduresniudaniwndlunsaiunimmamsunmdiie nguszasdmeiumsitade
Wumsassiladeusiadig, mansagmsnluasssansanlunumedugimans, ms
ATIIgENMLAZENIENHINIUYe s lanazdeias niegariznsivavendonlunaan
denlagldndnnisideunisannud (doppler shift) masmaunseitansldpdusanienadid

wasnugslumsiliiAnadunszunn (shock wave) Wiensaatefeui (lithotripsy)
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wa A w o a A
2.3.2 pruduURvasnfudanitwnvaziiunisluiions

'
ar =

eadusanrumdiiumsegluinaiiduilefenieinglola aduasiinmauts

i Y
« o =

mad@ndindrAnyq aell [22-25]
2.3.2.1 AAI51Y09AAY

Wosrndanirendneindurdudenadssinnuie §0uis1a1u15a
MwiamAuEIveInaudani e (wave velocity) Tdanaunisi 2.1 Saarnudaves
ﬂﬁué’am%'wnﬁﬁ%ﬁﬁumﬂﬁhqﬁ’ulﬂiuagjﬁuﬂssLﬂwuaqé‘}’mawﬁﬂﬁmﬁumaﬁhumuﬁa

MBLNAIUAITIN 2.1

c=f4 (2.1)
die ¢ AarAmEY (velodity, m/s) vasnaudaniwndlusinas
3 FarAwATeIRAY (frequency, Hz)
A AemAmEnAay (wave length, m)

' i A 2 et = a f & ' P= P a
LU LUBARUDANTIMIAYIAILE 1 MHZ hiunsduidotegauniaimiiuslunisiiunig
YasAaUUTEI 1,500 m/s. avdunsaATIaMmAIeAaula s 1 Saduns 3
P f = da ° v W (73 & ok aa  a Y P
fornduaimmasdeaniianumnzaudmsudanfendidlunisitesulsa Tneilondu

AR MIARUNINFINAIRAVT SN LT LU gemnansanviavilantirinanusiludinans

b

musnsnfunasuandmiuluSsweininuisnuladinusnaauls pNFNANNAURIAEY

LAY UAY

AU RIRAUS AN IT RIS oV I nBnTE T sNLEaLNSTE 2.2 B

c= |E (2.2)
P
dle g rarlugdavesipdvesiinans (bulk modulus, kg/(m — s2))
p ApAAIUMUILLILTIBIRINA1N (density, kg /m3)

lushnaneiifianuanansoluntsgniudag (compressible) anng aziinanislums
= d s L3 | 5 1 s n; =l s v o 1 [ ar
mumwamauaam%mwﬂﬁmwmﬁmnmwgnvuasﬂﬂuaamw wasluviusufeaduly
@ o Vv ' - a @ o & o oW =
mnansisirnumnudutiesnitfesinnundlunsiuweessaniensiunnniisnand

fiauvuuiug
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Nonbiological material Velocity Biological material Velocity
(m/s) (m/s)

Acetone 1,174 Fat 1,475
Air 331 Brain 1,560
Aluminum 6,420 Liver 1,570
Brass 4,700 Kidney 1,560
Ethanol 1,207 Spleen 1570
Glass (Pyrex) 5,640 Blood 1,570
Acrylic plastic 2,680 Muscle 1,580
Polyethylene 1,950 Lens of eye 1,620
Water (25 °C) 1,498 Skull bone 3,360
Water (50 °¢) 1,540 Soft tissue (mean value) 1,540

2.3.2.2 A2 ULYB9ARY

= Y 5 ¢ = o v Y = ' @
‘L‘LWJm:ﬂﬂﬂﬁuf‘]am'i']‘lﬂ'lﬂlﬂﬁ@uquuqulﬂlum'Jﬂaqﬂ FZUNIDUNDANAINIU

Tifudanans BegnTInsaienennasnuussfeaInnas (power) i 15sinaghiansaunduan

o w °© d' o s 4 = [} 4:54} A:{.Aﬂ' r_‘j =4
AMasvesdIRaunInIsINAd (focused wave beam ) ABWNUINULIGNUNVIATUANNTZNUNTE

w &

= & i 2 = ! 1 2 s i a o
Bendnduripuituyeinau (wave  intensity, W/cm?) wazinasimsfauuudunng

(relative intensity) WisulABIRUAIDIBlUMETRIATIUA (dB) MuEInIsh 2.3 fall

2.4

1
dB =10 log (+) (2.3)
0
I ADANAIULTNVEIARY
I, AEANANNULLLE198S (reference intensity)

wennilimuduvesndudanirwndinasiansegluguves neper/cm feaunisi

Neper = In (é) (2.4)

& w v o o H = @ e o= 'Y
wazilledanirgnniinisindounuuuaiunuenlusminaningavguiinisiudauay

AaeFale LsNaITaMIANFUTUS IR ANA TN UAIA NS UlAR NEUNNST 2.5

uag 2.6 Aatl
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2
=251 (2.5)
2pc
Pp e
dB = 20 log (PM ) (2.6)
,0

ile Py FeA1AmAUgeEn (maximum pressure, ) anglusinang
Pyo  AeftAudugegadndanldiueuiieu
2.3.2.3 NN5AANDUYBIATY

Tuvasindusansremiumesdriviuinaadelaty vensnauiivesniy
wiliasuudadluidesninmiuusnsnisanauifinisngnimeesianatsiiuansnaiy
19U AAIMLLHLTE9RANANT (mass density, p) 147 §aaziinUsIngNIaiAnegauInBn
Wy Mstinnsinmiusnasessevesnanaesriafiuandeiu MaRausingmsaives
nsaaneudmyIn N13RANNINIEEs (scattering) UB4AdunIslufInaIwazn15AANTS
dvrinu mug‘dﬁ 2.7 miaaneuvainaudanirenasnieluianars (wave attenuation) 1y

HATINMANLIINAIATEEY  Uaen13gAnau (absorption)  Aau Ailazduediumn

U

.

duuseansnispanauaau (attenuation coefficient, @) BuluruaudRianizivosiinans

wAAZYLN MURITIRA 2.2

ULTRASOUND

NON-SPECULAR
ANGLE INDEPENDENT

RE EMISSION OF SOUND

ABSORPTION

SPECULAR

ACOUSTIC
IMPEDANCE
ANGLE

o € 1 PR 4 o v ¢ a ' 9 ' a
JU¥ 2.7 Usingnisalinegiinfiudiendudaniranniuninasinuludsesdevesiinans [22)

55299
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waztduA UL fUAIAIILRTRIAAUSaRS191IAT

U

o a v & & § @ @ ° v o P
waguonanasibmisausaudunsluilosvossiinaraudl sy ldndiuyenay

4luvauziiu (frequency dependent)

ar v Sad b = = o o = b ar
dansvndAtanadluisesqaiuaudnveinisneaauidunadilulunieludnans
(penetration depth) PNMTNITTIUIPAUSan 1 eReziinsaaneutiosunile
o o 4 o o o 0 g U a Y _ 5
wasuiulazIzgnanaunnilelnfsuniunsegnlneazyiliifinueiiv (limited view
shadowing) wssnmiileiengnuatilaensygnyseilioilionds uennedusaniwanil

muidgawiglviruaziBenifuifiazausaduiuinanddiuiemingnanmeulunun

AT 2.2 FuUszEnonsanvauvesnausaniieInviaiud 1 MHz [22]

Material a Material 24
(dB/cm) (dB/em)
Blood 0.18 Lung 40
Fat 0.6 ‘ Liver 0.9
Muscle (across fibers) B3 Brain 0.85
Muscle (along fibers) 1.2 Kidney 1.0
Aqueous and vitreous 0.1 Spinal cord 1.0
humor of eyes
Lens of eye 2.0 Water 0.0022
Skull bone 20 Lucite (plexiglas) 2.0

NMSANNTUYBIREUTANSI920  Feifintuliiesanadudaniiginiinisanamndany
luguvesanusoubifiulmanaveniloesanarsiinsimasudludnynevenissauas
ranefiiondusannAAumednly psaameusileswnainnisganautiasdueni

= @ = A = a a = : =
TUDY Uﬂ??ﬂﬂ“ﬂﬂﬁﬂﬁi&ﬂ?&lﬂﬂgﬁﬂ 2.8 HAZITUAEIANAIAIING relaxation frequency U9

faziiaunnarsiuluausnaisusaseina

ATTENUATION

Relaxation
frequency

I
|
|
i
]
}
|
|

FREQUENCY

= A or 2 d“:li‘ e i d‘ Cz 2 b7
E‘U‘ﬂ 2.8 meﬂ'ﬁaﬂwau‘uaaﬂauaamwnﬁmuagnumﬂfnummﬂauaamwnﬁ [22]
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AR - =Lung (a)
10 / \S\kull-bone (b)
5
B /hjusc!e {c) Kidney (f}
2 ~ANNNGRRNE  Soft tissues (d)

T T

Hemoglabin (g)
RS

e o
=
|

< —Water (h)

T T

o

Q

o
I

’

0.01 Loy o Lol Py | | | 1x’|1n||| I oog bl | 9% |
IOk 20k 50k 100k 500k IM 2M IOM 50M S500M

FREQUENCY (v) Hz

ATTENUATION COEFFICIENT/FREQUENCY, {afv), dBecm~'MHz-"
@]
(4]

U 2.9 uamsrnduUsyansnisaaveuvenilaibayssianeieg [22]

Tunsaivesdinannduilsidevesddidindesenouludinilodonainaissing

AJ s 2/ g a::: 1 s Q C-‘l ﬂ
"0331]LLUUﬂWiﬁﬂW@HYI‘JU"UBUNWﬂ‘UU E'LJ'VI 2.9 LaAMIAIFUUSEEANTNITAANDUUDILLBLED

Usztnneneg Tuseneianaiadsneg

2.3.2.4 N15ESNOUNAUVDIARY

msagiouvesnaudaniiend (wave reflection) Wuusngnsaifiiatud
58878 (interface) seniNFINaNTiLAnA1iuasssiln TnalonausansemiunieEiy
iaasiamnﬁanmwﬁdlﬂgjﬁﬂﬁ’f;ﬂmwﬁaﬁﬁﬁhmmé}’ﬂumumatﬁm (acoustic impedance,
Z, kg/(m? —s)) Yoefnansfiuananeiull giusdiy (3oviamun) YesRALTIRNNSENU
\Annnsagvioundu (echo) veandwundusanly Adufinaudiannsatenldmuaunis

2.7 wazuguandfuwssivssnnanusasyiinaumied 2.3

Z = pc (2.7
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WaZLIEWISAANIMMAENYSEAVNENISazYiou (reflection coefficient, ag) uay
duUseAnsnisaeeinu (transmission coefficient, )  LHBAAURUNIINAINGNTA 1, (Z,)

tulufasnnansd 2, (Z,) leanaunisi 2.8 wag 2.9 muainu

2
_ (Z£2—Z1
tp = (22+zl) (2.8)
Ay

We  aptap=1

A15197 2.3 AIAUAIUNNNINEEN (acoustic impedance, Z) 983f7na79
whlagUsEnn [22]

Nonbiological Acoustic impedance Bilogical material Acoustic impedance
matdrifil (kg/m? —s)x107* (kg/m? —s) x 10™*
Air 0.0004 Fat 1.38
Water 1.50 Aqueous and vitreous 1.50
humar of eyes
Polyethylene 1.85 Brain 1.55
Plexiglas 3.20 Blood 1.61
Aluminum 18.0 Kidney 1.62
Mercury 195 Human soft tissue 1.63
Brass 38.0 Spleen 1.64
Liver 1.65
Muscle 1.65
Lens of eyes 1.85
Skull bone 6.10
Fufurziuindendudanirendmaumailugianariitnn A19NUUINY

(impedance mismatch) w&uvesrauaziinsasfoundufiounun Wy Aseesesening
meiiade vie omaah  faluSfesdinisldsanirenidealudiien (acoustic
coupling) Lﬁ@ﬂ%’uﬁiﬁuﬁmwﬁszmwiaasiaméﬂﬁ AduUszans nsazeuiaslduends
dndrumnudiuvesrduiinnnssnuiurduaseunduld wasluiusaionfudlosfionsun
AndulssAvdmadeiauresniusuady (reflection pressure amplitude coefficient, ) 9%

Iamuaunisi 2.10
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P, _Z,-Z
R, =L =22%1 (2.10)
P p, T Z+Z
o [ U s =
we P WUAIANUAUYDIAAUANNTENU
[ ] [ =
E: LWUAIAUAUYDIAAUANNTENU

Tunsagviounduvesrdudanirvnansesravesieiboviindeg awnsafiansanls

d' 1 :J 1 1 F 78 d’i} s L7 U = v (¥
INATNN 2.4 U NInaszrIenatuianulasiu (muscle-fat) wuiiasiinisasyiaunau
YOIAANNTUVBIRAUANNTENUUTSUALNE 1% Uasiinnuiduaasnisaasnulszuin 99%
AIUNIURRTEWI AU U INAIENUANA ULV LAY IANLY LY E U Tan S99 6

LALVIDUNAULADUNLA

= @ a £ ar A W 2 & '
A15199 2.4 AduUsEAVEN Az TiBuTsIMNAuLaLALL YRR USRI ATIsaese
UssLnnmiee (22]

Tissue interface

Pressure reflection

Intensity reflection

Liver-kidney - 0.006 0.00003
Liver-fat -0.10 0.011
Fat-muscle 0.12 0.015
Muscle-bone 0.64 0.41
Muscle-lung -0.81 0.65
Muscle-air -0.99 0.99

19159115 UIRRUDANSIT1IATNANATENIU U USLINSBERBTEWI198mNana9=a1115a

WTUIUANATENUYDIAAUANNSZNU (angle of incidence; 6;) TidiAvinfuyasviou

YoIPAUA DU (angle of reflection, 8,.) lﬁmmgﬂ‘ﬁ' 240

el er

Y

‘J d' ot d- :: 1
UM 2.10 uamanagviouvasnausaniwmdfinnnsznuisesse [22]



22

-

-/_“\l

Reflection

Z,=pge (echo)

Refraction

Z, = pycs ; Transmission

]) . b ey <C;
- - Qt & =et .

=] @ 1 A a & = Y 2 g a ! @ |
U 2.11 uansdsngmisainnsgiiintudisadusanendiumnsinulydsesne
YDIPINA [23]

JUN 211 wansbiiuiiadnumznisasiou nisdsrtunaznsvnvvesnausanin
Y1nseussusInaNIAA IR U uARAIaiY 8 gimRnsEUAEne Ty

natinAauANnsyUIURsaEse yvinm (6,) vesnAuitdmundaiananadl 2 azdiuey

[y ' < W v s
NUAALANATIYEIAN LS IVBIRE USRI IALUSINGT (cy, C;) MUY Bz C

2.3.2.5 n1SANAYaIAaU

' ¥ oo
s a & o

mMsinYsIndudani g wave refraction) Wudsngnisalfiintufisesraves
GT’Jﬂﬁ’l\‘1Lﬁaﬂ?{uﬁﬁﬁl%’]‘ejﬂﬁ@quﬁﬁ’lu%ﬂﬂ[sl)'lﬂﬁ’hﬂ%ﬁﬂlﬂéaﬂﬁ'}ﬂaw%ﬁﬂﬁﬁﬁ’]F‘I’J’mL%'ﬂumi
AUV IYRINISIAGauSans 919 (ultrasound velocity in media) fluansnafy adwdl
indeuiideinuduntufanarsiiaesasiifiensvesn At uiinm (refraction)  1uann

WWIMAANANFUT 2.12

Tagfinsinmsinuiandulumunguosaiuad (snell’s law) amuaunsi 2.11 uag
2.12 fail

sine of incidentangle __ velocity in incident medium 2.11)
sine of refractive angle ~ velocity in refractive medium '
in(9; Ci
S_m_(_"_) =t (2.12)

sin(6;) ¢

Faaunsin 2.12 dannsaduiaiudiensuasuidnisdnm (refractive index, n)

a = 1 = ar 2/ at ' ~ v r-?
wmmﬂmmsammmm’mau%qﬂamiwﬂﬂ"ﬁumﬂa’]ﬁlﬁlﬂumuaumsm 2.13 U
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DD
S5
olo

S

2.12 ) nMsvnmvsdnaunsassalala

]
Alo

o

=i
N e

true O : apparent

object object
2.12 ) MIRNVUBIARUSEWINTOUF DADITR
d. s d
3UN 2.12 uanansviniuueaniy [22]

sin(6;) ci ny A;
sin(6y) ¢ nj A (2.13)

miLﬁmﬁumaaﬂﬁmgmmﬁmﬁﬁ’nmﬁﬁﬂ%mﬂumLmﬁﬂﬁmﬁﬁﬂﬁﬁmé@zymﬁlﬁ
ABaN13 (artifacts) Lﬁﬂ?]’uiﬁiumsa%’wﬁumwmqmiLwaéﬁﬁms'L%’ﬂﬁ'uazﬁauﬂé’u
Megruruilendudanrendinumsiudnlulusnaneildldasideio sy (non-
homogeneous matter) uaxﬁmmLgaiunWiLﬁuwﬂamaaﬂﬁuﬁLmﬂ@mﬁ’umﬂq wiu'luguﬁ
2129 PAusaniemdiunininasd 1 edilvlugananei 2 wazsunaudnluly
fananadl 1 Snass msinmnuiiatuiussildnmiiahedundualdifamiodteu

\Taszwe (spatial distortion) wazgadsmuasdenvasnnle
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2.3.2.7 N15N52139U99AAU

nsnszdsesnaudanignnnieluianans (wave scattering) uiinTuile
! o A o w o a v a & o v o -
AANENAGUTBIRAUSan AR U e lulusnasiuiivunalndidesiuniedn
NIIUIAYeeYNIANE IR INYINeAG (obstacle) Aiflagansluiinanaiug aduasiing

2

wndguiianiinisiaunisllanlunngiienisuvuduuasiilentafiasasioundu

a e

(nonspecular reflection) lUdwunasininnduvioinnisunsnasnuagzneliindugio

o

UM (speckle noise) Tulunmiiasreduls

s 2 d

2.3.3 faulasdysyrasaniigion

s

mé’am%’w«mﬁmwuaﬁawa%%LLUasﬁmmﬂmmmﬁiﬂamﬁ’wﬁngmszﬁmm
piezoelectric effect 'Lunwuﬂa&wé’wm1ﬂéfﬁuumvwm"tﬂﬁwﬁmmﬁlﬁgﬂuwé’muna‘tugﬂfuaa
AaudsdanIwn Wellusswulwihunanaseundnfiledidnesn nanfasiinisduaziiiouly
o = ‘ﬂ' L7 = 1 -:-::s' ar s 1 d' o
AMEAAAUAIIUAY ‘[m%unwsmau&umqaqm a ANAINUNERARABITUAIA LD R B Y
—~ 2w an/ /v a tv) v o v g v
(resonance frequency) ¥93tunandutlansuanwasluvmziusonuuulmieundugile
Mlinrauds (transmitter) wazusingnsallifanialudnuvaenduiudionsuamiwes
) & o w - £ o %) = o 2 o < s
panuuulvie i lumisy (receiver) s Teevmluudrasivhunldvinnsnaiend (quartz

crystal) finlaun lead zirconate titanate (PZT) [23]
2.3.3.1 Aandasdyrunuudauudife?

Tun1seonuuuimmIuaiwngesd aAruruiveslundnasidusirvuniemuaves
d: L n’-:t‘ = :‘{ d' El‘ dt a 'u =3 :’uj =F d'si
PAUTANI191IA NIRRT Tnefim udueIrausans19asin L dna N uRE N e LN

_ 1 @ = q" : dl' d] ar 124 3 @ ar
(thickness) WNAUATINTIUDIAIAIIL Y1IAAUVBIAAUDARNINYIIN 'ﬂ%ﬁﬂ’l']llﬂllWUﬁﬂu@]'lN

dunis 2.14

c
Fe=ree (2.10)

= a a = aa ) A
LB t ABAIAIUNUIVDNGUNINNUAUNINY —

8]
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SIGNAL ELECTRODE

2.13 n) MPaR WA IUERLYeS

TRANSDUCER RESPONSE

FREQUENCY (MHz)

2.13 9) MIABUAUBNABAUDUBINT AR TES
JUA 2.13 MBan I NANSNERI@e SUaznISHoEUBIANTLA [22]

UM 2.13n wandlassasronglvvesidanenansuaineesuuuidundniuwies Tae

U
¥
ar LY ar = =

Janiiu backing material Afnfusundswestundnazldifietisiasunsuninszaisnes

a 9 2 o v W
ﬂﬁui'ﬁa@ ﬂlﬂm\‘]ﬂ’mwmwmm’m

lagunfiudimsuaiugesavgnosnuuuliiinsmeuaussioninud (frequency

' ]
= 1 =

response)  MiA1AIMTANBUTITITA- JUN 213 LanINITROUAUBIHDAINE VB

= o

nIuaREesiAImmianRane Wisufisuiusewinawuy undamped fuwuu
damped  #iAnAIE £, ijuﬁwmmﬁﬁﬁﬁﬂﬁmimauauaaqaqﬂﬁaﬁmm?{ﬁwau wasii
a;ﬂﬂ?wﬁwaqﬁ'lqua (half -power point) fiead £, waz f; Aavldiiteveaniennuning
vosgumud (band width, BW) lumsvieumssimsuaiigedsil IngLsanunse

ANNBIAT Q factor vewimsuaiugesivelduends BW Idanaunis 2.15 g

Q=L (2.15)

- fi-fs
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A
g I, J\\/’\UﬂUﬂUﬂUﬂUﬂvf\ﬁ e
2.14 n) g uiuy ST HtoUs
% TIME =
2

o

2.14 9) §
JU# 2.14

ULUY short pulse

&
dyandanignn [22)

as

anwauzdyaanausanhenanltlunenisumdlagdiunnudieziler 2 uuuan

2
& ar

U 2.14 lnedyyraiiuiaddug sugd 2,149 evldfulunmsadidunindensidasy

o &l a 3 '3 & - O v oo
21P8uRans191IR  (ultrasound  beam) LUUNNINAISUNANEULSTDINTIAFU
(wavefront) iaenunanuviasiiiinedy shwisvesfiavimiuaiueesivunalugnine
A w 9 ¢ oo Ay aw o <
AUEMARUDAN1YNIRNINY miRduN A didnwuziluadussuiu (planar  wavefront)
UW3N52918 (propagate)- 08NN NAIUAINZY 2.150 wionwvasiilanduiidnuvanduge
Anda (point - source) - ARuBansIwIaAldaziidnvaziduadunsana (spherical

wavefront) unsns¥a1B@eANN AN AU 2.159

P ! ; - -

TRTEENT B~
[ 2 T T
[ T A T e TR
| : 1 [ T | v Pt % LS
' N T [ (N T A
0! 1 ! [T B Vgt ol i BN
'_’_I-—l-b-!-hr-h'—bl—rl—-' : L e oa s :L—- -—-,-:-4—’—4—
I : I ! ' [ ! \ " “ b R ,l ]
SRR RE R N et g ow ]
Loy I 11 vONG TR - .
R I . R TS
[N T I T T
| I S TR S A T B | TEeT

2.15 n) unasnialkuy planar 2.15 9) WaINIUALUY point source

JU 2.15 MInszatevesnaunumaniie [22]
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2.16 n) WasniARAUTNDN99= AT 2.16 ) NITUNINFDAVDIATUNTINGUIN
ugaduiinadunanss 9a Jausiay wriaggaviliiAndugUiuuremih
ﬁ;mﬁ%uwéﬂﬁumaﬂauaanm ARUTIL

U 2.16 msunsnaenvasrduiiiiminemyuaiiees [22]

dmiunauaimesildiuludiuminnaiddy szfinisunimnqgauuiants
nynammesiaiioulugafuiinriuiisnugy 2. 160 feludnunstesdeausiuildosiin

VNMUNINARTIMAIMUUIES a1 wEenasesRawanT (wavelet) 91nvnqaariiiia
AINANTIAUAILFUR 2:16%

sdunsalndiuwrasinlnaduassenINudIn Fresnel zone (Wsa near

zone) fugu 2.17 Tnedmsuanwesiianeuz duLtunay L3198 a0 aUTEUNS e ST
Fresnel 271na@uni1sn 2.16 sl

2

Dresner = %‘ (2.16)

o & @ o o = g
L8 T WUIANY M INS AR DS

/f::g:
,:,.'J

RN

\
JFRAUNHOFER
1 ZONE

FRESNEL ZONE

ﬂ!' o di. o ﬂ' d Y
JUN 2.17 drmduluseeg near field wagmsuusenvasdnduiisses far field gy 6
[22]
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lussesllazioimdunuveniudanirendesfinteglunauaruniravivaun
vouE Ay JunseiaEudnduGuiinsnszaweendledngszes fraunhofer zone (M3e far

zone) FwsldnAnpuunuaunsi 2.17
: i
sinf = 0.6 (;) (2.17)

dwiunsuaiwesildiiensaianmaumansunmeiu asdenisseey near field figm
Wielvifinisnszanefesmdrnueenlumegudnedas Jlndudansendifinuenady
éguw‘%aﬁmm?iqq wanvzfinnisaaveugenuluie  Anuivesndudaniemdildiy
Tumensunndazaguszunm 2-20 MHz  Safnzeenuuulimsuaiiwesivunnusyana

10 fadwnsnialunginituy
2.3.3.2 imudasdygruiuurangdauug

nuER g SLULMatsdIuges (multiple  elements  transducer) WJu
nuaesivsznaumeninmendvangqdiugoninisyneuFesmaduganswaiaeed
WUULLIEURSS (linear array transducer)  Insasanunsaluiavsousuadfinyiswe

ﬂﬁuﬂul@ﬂﬂamaﬁmummnaﬂumsﬂixﬁumﬁﬂs}aa’l,mwiaxehu wupugy 2.18

3

lumsaunuiieaianmasimualiinisashaduauny (scan lne) INNINTEAUY
< & k) o as ' ° f L 3w =y <
HENATIAZ 2- 3 FINTBUG NU HIUNITNNIULRIYA linear switched  g1iuiuildnluisese
WU NIYAURIT 1,2,3 uay 2,34 Aaluauasuviagpanssd udnhdygaiasiounduun

asrefudunm . venanidiannsaa$reguiuumsaunukiunsieues phased aray

FERVZL o i

Fin £ WRE R s

I.' \ II \
/ \ / \
/ \ i

UM 2.18 msvihnsawnufmsuaiiweslunuu linear switched [22]
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smsadroguuuulunisnssgundnaendimmsluafuionioadaduaunuimme uies

° [ ' = ' voay W i v oa o o
Mualiiinismbailumsnssiundnusazinliviiudioliannsninressiaty

(dynamic beam sweeping) wsan1sluiadaay (beam focusing) rﬂmﬁadm‘imugﬂ 2.19

. ; W :
]
#$#%%$%; ?
T I
Sweep Right - - Sweep Left
Dynamic ‘I."; ;"}:
Sweeping ‘
B

/ Shallow Focus /

Dynamic Focusing

2.19 %) dynamic focusing

gﬂﬁ 2.19 MsawnUYINIILaRwasluLuy phased array [22]
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2.3.3 ANDANIYIIRNINISUNNE

o 1 foin v ana @ s . .
awoanwaildiulunisnsaaidadeniamisunnd (medical ultrasound image)
ieunwueagldnsasanmnandyaamsasiaundu (echo pulse) Tnglifinisagiion

L2 5 1 U ar 4:3 ! =i = =
AAUNIIINTUIDUADANNE ‘U@QE}'JEJ’JSVIE]EIJTIEJIU'S’NH']EJ ?;‘UVI 220  uwansnImUIBULIg U

Y

I IUFURUURARY

lagludnlliofinsantemuasiBonuosnindanivns (mage resolution)
Uadundniilinasenuazdenludeszos (spatial resolution)  uazsgazidundianunse
upwiuldvenmdans1eslauniauIny g nauLde 9 LIIEINITABUNAINNALLD Y AYBS
[ ar g v & 2 =l o a " T
mMwaansgneanlau 2 UsznvinamuazdualunuIvaaInay (axial resolution) wag
ANUazIBeAluianInfniudinay (ateral resolution) 5UM 2.21 uandliiufsnnnu

ALLRUANERIUTLAN

Stationary
Transducer

M-mode B-mode A-mode
Incident
e e T pulse
e T i 3 o
M—— B
M.__.—_. i) A
8
['4]
0
- Returning
b echa
w/—\""h- .
it
Resultant M-mode display Valva Leaflets

JUN 2.20 dhvazveinmdaniigninvesisauuuy [23]
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| Slice thickness
Y (elevational)
Axial

gﬂﬁ 2.21 aNwyaLY9Y axial uaz lateral resolution [23]

AazBealuLwITasdIAdulY (38158031 linear, range, longitudinal %38
depth resolution) vangtemiuansavesszuunsadnnlunsienussseazsonuung

P s

vovingansisiiaginiulunuivesdniusantrend dufessusvisiiduiianvesdyan

4 ot r g e r-\l! (4 ar  ar g v = al.' '
grvaunaudsy ﬁﬁﬂﬂﬂﬁﬂﬂﬁ]ﬁlﬂ“ﬂﬂﬂﬂUﬂu ‘338313‘\]31]‘53117ﬂﬂﬂ’l'ﬂﬁuﬂiﬂﬂuﬂ%ﬁ]ﬁﬂ'ﬁﬁ88

U

ar as L s =

AN MY TadARUSanIIY1IN (spatial pulse length, SPL) saniynaninnudgeiaydl

AINATLDUANRUU LLazF’ﬁﬂ’J’lﬂJaSLﬁﬂﬂlmm’]‘ﬂﬂﬁﬁﬁﬂﬁuﬁﬁlxlﬂ‘ﬁan:ﬁUﬂ'J’mﬁﬂ?Jmﬂau

Awazdealufirmadisainfugindy Miesends azimuthal resolution) B84
mmawmsmaﬁzuUmsa%’wmw’lumiu,aﬂu,amnaamﬁammmaﬁmgaaa?ﬁﬁagjﬁmﬁ'u'l,u
wRaniudvesndusaniigng Vs e e s uuUT S ud Ui (single element)
viensuaRuTasuUUYATINMAETY (multi-element array) u?usummé'umu@uénmwm
drdusniufaivusainuasidon wilfeannvunaussd1na (beam) uwUswABumY
ez INTIMIUaRIYeInuLTEasvesElng (near field) wazsulng (far field)
ﬁaﬁuﬁnﬁ%’qLﬁuﬁnﬁﬁuagﬁuszaxﬂqﬁuﬁn frazBentiaslinaffianisvorlniaves
ﬁﬂﬂﬁuﬁa‘ﬁ'ﬁsazeiaizm'wshu‘i,ﬂé'ﬁusjmlﬂa“uawsmaﬁama% wazdslnasonlulugulng
Ammuazieniivzianaunsgdnduiinisuiusen Tunsuafwesiidnisinialaeld

€ = e ' P ') a - -tk
laugldes (acoustic lens) Lwammwmza3‘Ewnaﬁ%ummmazLaaﬂm“ﬁu
2.3.3.1 AMNWLLUU 19 ;53115257

AmLUUeELNU (A scan image) Ya9RaUsans 1AL TN MRS TULIRn

Qs A % .t 2 @ = ar = =
yYIUAINES (amplitude signal) vasdyaazvisunduiisudunatfituly Tasfina
mmLLGia::EJamﬂﬁuﬁazﬁauﬂé’umﬁhﬁqﬁ’q%’m}zﬁ’uﬁ’uﬂmamaﬁmzazﬁwmnﬁammaﬁqwa%

2
= s

netusesds arlumaifunivesdyyiuvzdesdndunariiliiasnduisainga
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nIER e fiddugaeenluniiusesse wagnaNAAuaseuTiHunan
%’u'ﬁaw{anﬁumﬁamwaﬁqLﬁa%ﬁﬁwﬁﬂﬁﬁ}uﬁﬁu5nﬂ=§:\mﬁ'a Foduluniladuauny (A
scan line) flazlifieyavessessislutumeg fogluwuadadu Tuilgtudanfrandluluuie
aunudemalivssgnaldiulunsnsaameiudngine (ophthamology) iialdmszasming

vestusomanegnelunen
2.3.3.2 2nuu U dunu

= . o =i 2 ar o w ¢

MudUUUaRNU (B scan image) iunmiussyndldiuluiasesdanirend
iemsiladomsmsunndlusuuinesgruiqluicluuuuiidy M mode wasuuumsadg
Awawnila 2 R (2D grey-scale) lunsasnminuaiinamgsvesdyauasiounduly

Lwiaxz,é?uaLzﬂuasgﬂmé"ﬂmﬁummaiw (brightness) unu
2.3.3.3 MWWUU 1Y FLnu

MAWUUBHELAY (M scan image) Lﬁum‘sﬁ%’wmwﬁﬂﬁaga’luLmuﬁanmu
vaseTreiininadouln (motion)  wmdemiieusunaiiisiuly WuNIaNNIWANg
houvasauiila (heart valve leaflets) ﬁﬁaqﬁmsmﬁaulmé";ag:maamnm INNNAIIY
qefumm’;W’[uumﬁy’mwmaﬁﬁxaxﬁwﬁm?{auuﬂae‘lﬂsxmwﬁ’amﬂuaﬁaL%aiﬁuai’aazﬁﬁ
nsedeulmtue Wsuiunan ludaguuiimaimunsasiainmeisasiifinisadsulmly
é‘ﬂwmxﬁimaﬁﬂﬁa‘%'wnwwé’am%"}smqﬂuuuumﬂLwaaéLLasﬁ"ua@mﬂwa (Doppler color

flow imaging) W NUNLUULHY

2.4 N5E519AUNINAATIIINNISIEANE

luunilaziunsnandsnnuiidesduiiisadasiunisadranmmenisunmg
(medical image reconstruction) , AsASINAUAMlLLUUAIY WuluuTamesulA
Wsiaatl, wwumedamafivadia wagmsaierunminvIndyuildnedusanty

IIRLUFULUUAINY [26,27)
v & o A ar 9 ¢
24.1 ﬂ'ﬂ&lgLU'ﬂﬁﬂULﬂEl'gﬂ‘Uﬂ'ﬁﬁ'i'Nﬂ'IWVl’Nﬂ"!'iLLW‘i/lﬂ

lnaviluuan suiiineanmyemsumeiinsiundngnszuiunisaiadunm
wen1lladelsaduasiiiinnguuuundng 4 suuuufenmitadranandediend (X-rays

3 ¢ o w - Y 2 . . | v @ o
imaging), Amwiasalagldaiiudaniions (ultrasound imaging), nmitadslaserdunisr
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Emission

Reflection .=

' 4 {Light electrons, radar,
<A ultrasound)

R

JUT 2.22 Mnwestayaimianldadranmmemsunme (28]

NOUMNAULIMEN (magnetic resonance imaging) WazATWRATINAINET s AunANSed

lununvransiuades (PET.SPECT)

U7 2.22 uanawdsiumesdoyaitthalflunisatrenimmenisunmg lunsdves
Sedondisnayliteyanimnduvessidiidmeqe Yeaveenin@ndu (ransmission data) lu
nsdivesnisaininmmsntmaniiuedesisieyldfeyavesanssidiiudasnin (emission
data) Tunsdvasedudaniwnddnlugudiiseslifoyannaduiiefoundumndahe

(reflecting data)

lunisafrenwdninslaeerdudndisdaenfiames (Xrays comnputered

5 ar a = o = o Tl ar d !
tomography) WU AR5333UUNUSE (detector) 'sasmmimeﬂammqﬁwmums@mﬂﬁu
(absorb)  ansunEHuRENINRInTI TRl R T udyy s iwTazs i luldlunas

UsmnanadeyailGenddayalusieatu (projection data)
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Projection TR
% /// : —V‘ﬁ\‘

gﬂﬁ 2.23 flaridu Py (t) ﬁlﬁmmnmﬁmaﬁu (projection) v83A f(x,y) ﬁyu 0 [26]

1ngu 2.23 e £(x,y) Wuitediuresganm 2 iflalauunn wass ray 1Tu
wuLdureeSsdiond iy flx,v) i wasyy 6 Lﬂumummmimmmﬂmw ANSUINATIN
naeawunduSIEdazEoniine ray integral - uasyavesteyalsEuiinsanimunias
Sunirdayavasnisareiunie projection data njuauMsvaadu A uaz B lalavzian

Wulumaaanis 2.1 fail
x -'c08€ +. y<sing = t; (2.1)

= 2, o < o a
we t;  Wusversmnanidulalatgamiin

AndumsEaTImasnuuduveilaidy £(x, ¥) ssaansewildanauns 2.2

Po(td = [0, oy fa¥)ds = [ [ F(x,y) 6(xcos O + ysin0) dxdy (22)

€

=1

ﬁqﬁ%’u{f%Lmuﬂﬁ‘[‘dmﬂ%"wm%'ana floy) mAmu e deidu 233 Py (t) 1
Sundnedunilaitnmsuwansaey (radon transform) vasdoya £(x,y) Luaamnu,maum
maqLauiaaLaﬂﬁ?msm’l‘uumuﬁaamemuﬁmme'xmimwuuuuNa‘amu (parallel
projection) qugﬂw 2.24n L“LJums‘[ﬂ‘sLﬁ;ﬂmwuaaiqaLansmawamqmnwmuﬂuaaﬂmmn

WANdRSE dangui 2.24v Hulusiaaduresfiduvuduasluia (fan beam projection)
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2.24 n) MslsAtuwuUSIEvuIY 2.24 9) MskUsaturuUTaEdwasluwe
5UN 2.24 mslusianduresssd [26]

Lﬁamﬁﬁ]'rsmﬁqaiwmuiﬂimau’[u%’q&@ﬁﬂ%néﬁ&huL%’ﬂﬂ’lu%wamaLkazgﬂaﬂnﬁmm”a

HYUDBNINAATUT 2.25 98l6iin

Ny N o Jray #x)ds (2.3)
dle N, Wudumilusreuiinaussnmainsianiy
Ny usdrundlysaeuieudalvlusaenae
u(x, y) Wudssdninsanou o afnn. (x, ¥) 1aq

ds Wuanuesasnssazvsidusdiwdlutusanie
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Niﬂ
Py (KT) = ) u(x, y)ds = In—>
D ray _path_ AB Ny

o

U 2.25 e Py(t) ﬁé’uwuéﬁuﬁwmu‘[ﬂmauﬁyu 0 lala [26]

£ N N_uz)
oy #(2,3) ds = In (Nd (2.9)
fhfiﬁaﬂ'wmmw‘hLaﬁﬁuﬁn%’aﬁw%'uﬁayaiﬂimﬂ%’waqﬁqﬁ%’u ©(x,y)

asjwliﬁmwiflﬂgm'sr;ﬁﬁﬂsﬁuagjﬁuamgﬁgmﬁdﬂ‘i?ﬂﬂimaunﬂﬁaﬁa‘%’wmmﬂwaaﬂ
Sfendfimndsumintunus Futnasliuaielumadfod fahulunssuaunsadreiu

@ @ \ 1 . ovoon
NI NNy I MIUNIU (artifact) Tulunmiiadamuaae

dmSunImn IS U NERaS e AuNI9IAASUa aldegansiuiunnInsed
(computerized emission tomography) lusunwmanigiasg st edinszuIumtians
f’i’uﬁummw%’qﬁa%ﬁqﬂuiwmEJLLax‘!,ﬁm'HLﬂmeaxauag’l,uu‘%nm‘umaﬁ’mzﬁﬁaamﬁ%a%ﬁq

o ol

AW asiudunnmisdiiezUanUaesauniaunuin (gamma) sonun lngfiuSuuainy
wmmiumaqaﬁ%’dﬁﬁ%wﬁammaqlﬂmuL'Jmu,a::namam's‘%amﬁﬂvmn'ﬁﬁw’lumaqafms
] v & v vee A4 2 ] Py ° @ & oo . .

uuq Asunmiilddatiolunmiwansienisvheuesetensduly functional image) Tu
msiudeyalusiaaduazdaddinsadudedunuh (samma camera) 1SUdIULAIR

ihdeyatuignszuiumsaisdiunnesly

dmiunmiiasaleeldadusaniiens (ultrasound imaging) Hu 5@ m50a319
%a;\galﬂsLﬂﬂ‘t‘j’uIﬁmnﬁma1ﬁ1~ﬁ1umﬂﬁumwaaﬁ’tyapmﬁaﬁwamﬁué’am%’qm'sﬁﬁﬁuma
nMmdrauludaiansasuniu (time  of flight) “Fe31NAINITAANBUTEIRINANS

i a 4 o | = 2 al o ) (Y Pl
(at‘tenuatron) NAAULAUNIHNIU I‘UEU‘W 2.26 LLﬂmLLmLauﬂ’l'&‘LﬂaE}umewaﬁaamwnﬂ
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Q_L
x(t)

P [ P o v g '3 o 1 oA 1 v W v -
FUN 2.26 uuiEumsirieuivesiadsaniiamsaindidsnan (Ty) dnludshnsiuniy
(T2) Negoumsaiudau [26]

s i e s Qs o g O U 1 ' o s ar
nnmasmauinutluluiinaidustsigangnelusenisiesiusenlusinsady

AAUNBEAIUNSINUTI (transmission mode)

N3UA 2.26 Israansaeynuldinsiiuntwedmgaiadsaniignndan A U
g1 B Ansidumaludunse Weamudumaraniodeseu (soft tissue) Satuvilis
aunsaldiintavnasinluuuandunss (linear line integral) vesfoyalusiwaduls un

(3 =

Tumaufuimadunevesdiyanuiadasiinisinm (refraction) Suiilosunannanuunnss
VIR LNITINW (refractive index) fifliuansiiefiu s USnnisessevesiInatusazyin

1 CII ¥ l‘—‘; I :9;' ﬂl o @ =2 s = L3 U
S5HA0] mumﬁawaaauwumaawﬁq G\QUUL?’?‘\N&Jﬂ%BI‘iﬂ’!'ﬁ’JLﬂ‘iﬂé‘ﬁ‘ﬂ‘NﬁﬂiﬁﬂaUﬂh‘Uﬂﬂi&l‘Uﬂﬂ

ﬂﬁuﬁaé{]’am%’wmﬁﬁchuL%"\“Ltﬂuﬁmaml,a:muaaﬂmmﬁqaluﬂﬁa%’wﬁmgaiﬁiLaﬂ%"u
2.4.2 MsaeAUnIBUUWAT A IivAdia

lunisafrnmdnvanlasldimadansuvuiioadn (Algebraic image
reconstruction) 1 vzauuAlWIngidesnisadiesfundu (nmiaeandlu 2 SivSeusumsiy
3 8R) Wumninvesiudsiinlimsua wazaniuvihnmsufaunsmsisadniemag
wUsilansudrdanalusiopduittald lunsdlveansainiuvesdoyalu 2 fdlusulala
af va a o 4 v o < o a
wesauyAlAiinenefwisudauiuasivvunmfiussnaudeisnvesinegs Flev)
i 1 = € o i H 24 o 1 Id. A .
lnedlunsiaswaiftandu f(x,y) Dudmed  drivunls £ Budaeiiviain jt Tela
v & e b ad v ow oo ¢ o v e v a
wagli N iudnnueaiovun  lunsdiduddonddiuduiitrunady © wavisiu

=2

dllussuu xy 1 Sednilngudrnzauyililndidssfumnunivesiinea  msm
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HavIumuwuFuTEluvnslnzSonImsvmauInvenss ray sum) &l P Ay
Y i

TUsiaduvassedidun it lala a¢ldaunis 2.5

E?’:l(wij “fij) =P (2:5)

loghi M Fodnnudedvionun (uynqseulusidad) uas wy; Ferunnmesimiin
(weight factor) Aununaveswal j™ AfldeSididud i Tnefiunned w, ; Hagdidifiy

ar

nauvesiuvBaYai j™ dnfuied ith fuwameshegrilignilnealugui 2.27

disismenadeuiuadlifiamm £(x, 7)) wazvnsimunmeuinnesimn
wi; Mzgununavenea 0 Aluadenauinveausdi i wazsedunsdd w;; Iagalugjey

il'ﬂ"lLﬁu@uéLﬁaqmnﬁﬁwmwaqﬁnmaﬁaaﬁ%ﬁmaﬁiawmmmmmLﬁuwéﬁﬁmuﬂiﬁ

]
i
s %

-~

R
a, B
%

/

wy; for this cell =

area of ABC
5

YN 2.27 juuuunsviluseedunasmsduurmunine i w, ; [27]
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Sduueaiinun (V) wagsuiuvesdediamn (M) diemies sfauiseold
FBnsmaamiadviqlulumsuvasndufussuvannts (inverse matrix) Tuaunis 2.5 1&
asﬁmhﬁmm’luw}wﬁﬁ’ﬁﬁmu N omagdifnunn (Wulunsdlveaninawin 256 x 256 guil
$ww N ey 65536 19a) warlnesnudfiselisuusdnmun (M) Tvwnlvg)
weiunwlufe  Fedn N was M fifnnnfananine suaveausng [w, ;] Asdvun

Tvgjunniu (Useunn 65,536 x 65 /536) aulyianunsaldiSnsmdunefundnunnssyile

dWSUT WU M war N flldanng  Kaczmarz Iddiauemaianisyiic
(iteration) ﬂ%‘luﬂmmﬂmmmuaumw 2.5 T,ﬂEfluﬂuuu.sﬂL'i'mvwauaun'ﬁﬁiwm”lwaa”l,u

TULLU'U‘V]“UEJ’]EJE)EF]NU
Wiifi + Wiafot. oo+ Winfy = P, (2.6)

Waifi +Woafoto ook wonfy = P,

Wirf1 + Waa ot o + Wy fy = Py

TunSeitiis1uiu N wavhlinwmil N degree of freedom Fadunwitgnunudog
s for oo, f) vegpiinnsindnlugeluans N 55 TuawsMnanusagaunisasunu
m‘lmﬂasmau (hyperplane) u,auma'a‘vwaumsa"nmmmwaLaaa'ﬂLﬂuwuamm (unique
solution) 9adnvesiislatefinau vavaaz Wugngaiieauasliuawainasvasaunsly &

mamammgﬂw 2.28 Junstlvesnsifudsiiies 2 69 (2, 5)

fa

N
\\\\\
w8
P T
- L ~._H
0 Initial
W w2k {\E\\ "‘C& guess
W
3
%
»
2
*
.s\g

3UN 2.28 M3aBniisnsues Kaczmarz dmduasaiaus [26]
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Men15l35989 Kaczmarz 1519zfasinisaaanasugy (initial guess) AUUATA
Adududu £, 59, £ yavausadsummsuunamesldidu O luas N
8 dwsrdmusliasudulidnugudimn TeAududazgnlusiamiuluuussumu
lawasinau (hyperplane) %aﬁﬁaaumsmn’luﬁﬂ‘umammﬁﬁ 2.6 wazldidu FO qanddy
FO ﬁ%gnI‘UmﬂlﬂuussuﬂulauJa%’mauﬁﬂlﬂﬁLmuﬁ'saaumiﬁaaﬁﬁﬂu F@ yazyvinga
wuildeluidesq thifie 7G-D sxgnlusianaluvuszuvlawesinaudalUiunudieaunis
uSdn i luyewesauntsl 2.6 wasldifu 7O @y nssvaummiheriisannsaden
wilugUvesaunsadinenanslamail

FO = famn _ @el0or) B (2.7)

Wi Wi

loehl W, = wip, Wi, .., wiy - AeAduUszansluaunisusn uas w; - w; uwa
ABIALABS (dot product) Wes W, Mumiutes  msluseavussuulawadmani kth gy

aansamldannisldswaduvussuulawesivaud (k— 1) §ad

N [ (k)
(k+1) ) Pi—Et=1(f1 'Wu)
- =f+ " Wi (2.8)
5 % [ S J
ﬂi::mumwaan';s‘v'fﬂﬂimﬂ‘ﬁ’uuusxmulmﬂa%mauﬁ’ﬂlﬂﬂiznisﬁwﬁialﬂﬁaaqfuu
nagviasle fO0 Gafifelusiundugavhaniugavesaunisit 26 andufassiinsiudh

(iteration) Tasmslusiande FO0 aqlﬂuuazmulmﬂai’maué’uLLsﬂSﬂﬁaUﬁi‘a”LULﬂU'uﬁﬁlaﬂ9;
2.4.3 NMTESNAUNINANYINAINABUS AnZ 19126

Wevhluuds maadifunmdasndasnsiidyaaminaiusantens svanmise
o 134 = ] L= o v a ' ar o =
vildme 2 wailalugq Aalaswatiansliatiulidwitunzqesninaining (transmission

mode) u,asT,mEJmﬂﬁﬂﬂﬂﬁlﬁﬁﬂﬁuﬁaxﬁauné’uaaﬂuw'mﬁﬁmq (reflection mode) [18,19]
2.4.3.1 msassaunmwuuTildwannisdesinuady

'lumia%'ﬂqmwﬁuc?hamaﬁﬂmaaiqc\i'm (transmission  ultrasound image
reconstruction) duingazAesrnegseninguemamaiiwesfiduidiniulassuady

Azl 2.29 uavagrevihmsaunuinqitesunduiideiunsgeenunlinasaiaiimuin
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.
.

transmitter

JU 2.29 msafrennluwuunisaseiny transmission mode)

m’mﬂi’ﬁﬁ‘uaqi’mriauué’ﬁaﬁﬂ”swuumﬁauuulumnﬁu%uamidqw'w, (transmission
projection data) LLavmemimmmmmau’l.wwmu‘lwuanﬂia L;Jamwauamwnuuw
mmmmafmummm‘mmmhﬂ%‘lumwaummmmwm smwuamaa’iunamqL?a'mma\?

'[‘Eﬂ,um'smwauaLLaz‘,lua'mﬁnm’LUU'ssaﬂm’lﬁﬂumsa‘mmwmam'ﬁuwwélﬁ \Hosan

s =i e

‘(J?J%Wﬂﬂi‘tdﬂ"I’i’N\‘lEl’ILLWINLL@‘”Lﬂﬁ@ﬁﬂ’ﬂ@\iﬁ?ﬂi’mﬂﬂﬂL‘dﬂ‘iﬂﬁﬁ TUSE)‘U‘]WTWI BNYNUNIE

'ﬂﬂﬂLLUUI‘m,‘UU"ILUUWJ ﬂﬁ']\‘lﬂ\"mﬁ’)fﬂﬂ'ﬂ ﬁ}aﬂﬂ'ﬁ‘ﬂ”ﬁiq\?ﬂ’]‘l"ﬁ]ﬁﬂ (AN LL"UE)FJHLUH']
2.4.3.2 NM38319AUNINUUNTIIUE NS aE o uAGy

lunsafanmausomaianisazsiou (reflection  ultrasound image

reconstruction) ‘VI‘5’]‘1.1aﬂ’élﬂiﬁﬁﬂ'ﬁLiﬁlﬁ]%aﬂjﬂ‘ﬂ@\‘]ﬂﬁuaﬁfﬂ'ﬁ']‘?ﬁ’Jﬂﬂﬁ]ﬂlﬂﬂﬂﬂﬁ“"ﬂUrJﬁﬂLLao

r

fiseSudyaunsasioundu (echo pulse) Lmema'ﬁwa%mugU 2.30 Tewineih

ar v 2 & S P "
mwuamLezﬁa'iu,ammqi}:ﬁéfaﬂwaamwﬂﬂwaiumsﬂwmauﬁuﬂw&wawamaafgt;yﬁm
T9A0890435 1A “’fuzuwmﬁasﬁauné’umwﬁﬂﬁaﬂmuaq HAuusadesun Sdyyin

sumuaau,a“ﬂwwvﬂ,mumamﬂm‘lumumammaa (limited-angle viewing)  ag1alsfiny
mﬂuﬂuaaL‘Lluwlﬂuﬂmmﬁmmfdﬂu’lumiaiwmwmqmmwmammumiaaaamwnmLwa

331908

transducer

s‘d‘w 2.30 nsasnmluwuunisasy 2Y10UNEU (reflection mode)
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2.4.3.3 msadaunmnuuiildaduainsaufiang

E“J’aflmmﬁﬂﬂ'ﬁa%’wmwﬁuﬁnmﬂﬁﬂﬁamﬂ‘z’fﬁmfymémﬁuﬁgaﬁﬂu TYEUIDINANT
dwiuuasdygraninnisasisundgu Lwamml‘?ﬂumia'mmwmmmﬂ 2.31 InQasua
a&ﬂ.umﬂa'mwLﬂuuﬂmammammuammmwnnaammuu%ﬂma (ring array) L‘smi’laaa
FOUMITING TummvwmmammaamwuwmmwL‘UumaqLLUU%ﬂmLuﬂargmmeam

afufg'lmﬂauaaﬂiﬂmamaanlﬂuaﬂwmvmﬂuwaumenau nwaRIvesiivaelnesoufiag
mwm‘wL‘Uumi‘uazugywzmwasuamgymmwmwLﬁm“ﬁu Iﬂamwuaﬁ'sLsﬁ@'ﬁ‘éx’aﬁag”luﬁﬂwﬁq

]

yuassuiuiuideie Sudyanaiiaannisdes drunsuaieifivaslagseufias
%’Ué'm_,auu’}guﬂﬁazﬁaw‘%@miﬂixLﬁdﬁtﬁﬂﬁﬂ'}@%ﬂﬂ ﬁﬁmﬁaa@sauq Fring Feae
anunsnassfiunminunelinnyuseugiiing uwidedesveeitiedoddnsuaioged
Iunnuazdeyaiifintuisuuinnumeng padldmlumaivdeyalusiandunasms
a$eAunmuny oaneSsulunisaiunmAuiiniugeendudeu wasiitesinunnlunis

iludszgndldauas [29]

5UN 2.31 msassnmlusuuildnsdgn adewinuuas g azioundU

(transmission-reflection mode)
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1550UN55UIUINLAYIT D
(Literature reviews)

3.1 Uni

8 U °

IUUMﬁQSLﬁuﬂTSﬂﬁ’]’Jﬁ\‘]ﬂ’]'iWU‘V]’J‘U’J‘ﬁMﬂiiuﬂ’maﬁﬁﬁﬁ&ﬂﬂﬂﬁﬂuﬂ’liﬂﬂa‘ﬂﬂ’]‘ﬁwu‘é

aw a a 74 LY 1

Tavazwvatlaveanluassdiufe duusnidunsmumuissanuddefiievestunsadg
AUNWARYITRLA UM INd Y g uldanAiusansgad ludiuiiaesasidunuided
\WNetaanunIsmnazUssunuadudsyansnisanvouresnaudaniignsiistunisly

o

Heide
3.2 ANSE519AUNINARNYINNINATUIARZ1DIIA

NETNAUNNARYINN VBT DB IULRAEAUNSEIe B nelua N AAuSan T
s & o Y a 4 o v ¢ o o o o .

FmatuauIvlnndanunausan Senanduluunldaauaz oy (reflection mode)
vslunuunlgrdunsd sl (transmission  mode) wazludIuYeINTBaNLUUTEUUATS
v ] -1 a n:l' o ::u’ a’ 8 2/ go’ I ar = al' ar o
assAuaImNdnuidemitauevidulvundsaltindudnairslunisifiuniwessrausansa
gnsnnims R uresiuludiete s ifesnsezadinmaslunsdiiasdasiuetersdy
adlugrad (immersive water-bath system) wislusuuiiligesldildifisurasusus

Bufiuaud (couplant material) S¥wingsRaveM NI AR WD SNV Tty

lusguunisadasiunmiavnawuuidesdds ity Mussuunisadieiunind
lefunsimuedeaiisafuienauy Tl 1992 Neuyen uazmmg [30] ldtauassuy
nsafedunminuuuilindygyansasieundunasdyyanisdeny Tneseuy

2 ar a & [ [ N v da & 1
UsENaumeiIng1uamMiansoans1e1InkuukLLdunse (inear array) ammmmﬂmagﬁm

'
L. =

v ¥ o v oo w1 W < ] g =
asstudmiuivihnduiduashudygueaudanseninelusiah wasiissuunis
wwihmuaiigesinevuiudyaaraulinsuseu 360 99 wasdeszuuTindieade

mutiteslud 1993 Jago waz Whittingham [31] ldsufuimunssuunisadeiuniniianunse

uananmas1eAuaIndeyanunIanduides (acoustic speed) vosuitasaduuTuily

Tl 2004 Ashfaq was Ermert [32,33] Aldwmunszuunisadeduniniiaunsa
VR a ¢ daw o = a ) Y
UisqﬂﬁﬂﬂjﬂummmamLsuaﬂmw,mL?"Iume'wunum‘ltﬂummmwm‘lm'ammsquu

v ow A a o < & = 2y w oo
‘WJ’JG!LW@&%ﬂﬁﬂuﬂﬁwmﬂ‘U’J’N‘UENE’iM‘U‘mﬂLﬁﬂﬁ!’m‘gﬂ‘w 3.1 LLaﬁlﬂﬁJﬂq‘SWWquaLUQ\‘mu
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Delayed Trigger Signal Trigger

Interface

Synchronization——

Servo l

Controller

PC

Servo Motor

RF Signal

L Trigger Signal

Pulser —G:E:D @- US System

Transmitter Receiver

e

Transducer Trajectory

3UM 3.1 ssuvainAuamasTI LU URTE N uam e SLuULL I EUR S 2 TTved
Ashfaq waz Ermert [33]

awnsalfifuiuwuulunisldaunmeedialdduss Tneanunsauaninmadrsfuvosiudnaes
mﬂ*ﬁ'a:damwﬁﬂuﬁgaﬁi’mmuﬁa‘nmﬂ?{uuazﬁwﬂ'ﬁamwaumﬁulﬁl.ﬂuaamﬁ 7831 Jeong
wazaniz [34] Wiauensassfunmesaduuiazidedeseuiuufiausolinisuonuey
wazswazidenvesninlags lnsendedenannailunisifiunisuesaiiu (ime of flight)

LazAINIanNauL A lun1sas19AunIN

defansantonnsuaiwesilussuvaiemunmuuuiideditty venanagls
AN1SWINTIUAR YOS LU VLA URTIEY  delinsiniauanisesnuuunazasnam
nswaRmweswuuiiSesaiuduinas Ging shape aray 138 toroidal array) wssenald
Auluauasnaunwdn Tl 1997 Andre wazage [35) WWRASEUUNTAS9AUATRUUR
MhmsuaiwesiiFeshiuiusnamnnidlumsduwasiudugnndusaniand Tnoted

s o

yasszuUsInaMilfshineissuumanmuiiansuaiwesialameuazannsaudyain

Qs

nsageunduvsaduinilivngfiemnsluastifeniu Inededdseuunsussnadyan il

oW

U'ss?m%mwgamﬂLﬁaémﬂnﬂ%mm%’auua%ﬁﬁhmumr}

Tul 2006 Waag uaz Fedewa [36] laldssuumyadisfunmuuuisumuiiuns
afeAunminruasudlasSsudisufuamildanninuuy B scan wudild
INEALBYATBINMGNTY feN1 Ruiter uay Gemmeke [29,37] Idiwimsuaiwesinfings
Wuawmudeufuamysluuuibestundoutuszuunamuilildszuumsatedunm
wuuifuadioufmstuaiuges (virtual transducer tank) PUgUT 3.2 wagldmeufaines

aussaurgalumsasefiunminmedaniremdveniudasdunuy 3 GRtuduesiusn
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JUH 3.2 ssuvasihunwsinuwuuildimsiuaiiwesues Ruiter uas Gemmeke [37)

B A, B(t1r5)

2849 Li wazae [38]

waglul 2008 Li wazanie [38,39) leaassuuademunwiildnsuaneesraumunas
szuuideuwmuiluwuididimvaidunmdudluiuy . 3 Sanazanansaily
Uszgndlinualddunsnnaitadvuziwiuulunmeadialdunadisonugui 3.3 Tau
mmaﬂa%’Nﬁumwﬁa:&am"ym%au,asmsamwauﬂ?{uwauﬁ’mﬁaﬁ”‘wnnﬁmmwmnﬂiaxﬁaunﬁu
wazmsdsriulmluedned  dmsunisussgndldramunsuaiuweslunisadisfiunn
o¥unzduqfimaiauauiufity  Fukumoto uazame [40) leWanndasiuanoes

ﬁw%’umia‘%’wﬁumwdau'd'izﬂawawiauw,ﬁagimaa%’wma’lu

Tul 2009 Hansen wavawg [41,42] IinausuwiAnlunsassrunindaninend
fuaaLﬁﬁuuﬁﬂnau"lﬂu’maéﬁqwﬁqﬁan'}i”l{f'chiuasﬁauﬂﬁ'umﬂssﬂavﬁ’uszwquuﬁ'z
nsuamIeidanmnAiedafiammsasfounaulidounduludmimsuaiesaily
gﬂﬁ 3.4 ilildssuunsaiudunmiildnsuainwe fiftuasiiedld wazawiaing

AundunAldn wasuyndienie
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JUM 3.4 s2UUas AN INEAUI19Y8e Hansen [41]

agslsfanulussuunisadrdunmuuuiidastdinfusnanafenandnedudy
%sﬁaﬂﬁai’mzﬁﬁaqm‘msa%’wﬁumw?gﬂumﬁlﬁumé]’wmt,uu'agﬂuﬁ’aﬁ%ﬁua Fatusinaylal
avandefireireairfumsnneitaduiesmndesusunimiihag Tasiowzeddzdos
'L%’maﬂum‘m‘nammﬂuﬁmmwﬁwww%ﬁaqmmaﬂum'ﬁLﬁuﬁayjaﬁﬁﬂ%mmmﬂ

AAUTUIUN 3.5

dmdusruumsassun R LTidadlifaenstdidusinansiy Slasinng
Wannraderiuinlaenaenduiu Taeidelduisuivenanetldossiduluudadd
szesnalumsiivieyaiidu uasnesuszuuitlidedinmsmmbnswanweslalavily
ANANLENEINTBINITTDALUYTEUUaEN NN Seuunsiiudaeasinesysenauluse
nuaiiee fuuuwdunsIegmsmuuutaznalamstusaiuifiuuagioundufin
ﬁgaagjﬁ'mdw 1ut 1996 Richter wag Heywang-Kobrunner [43,44] laniauaszuunisadng
ﬁumwLﬁwuumﬂﬂﬁué”am%"ifm’aﬁﬁaxﬁauu'mﬂLwiuasﬁaulmaLé}'ﬂuu%é{aqgnﬂﬂﬁﬂmﬂﬁa

sgIgviuunaaRnuasisulavsegiuas amiaiauladinsdinabidaauagunn

L2

U7 3.5 szvumsadsAunminrnasunnuuiidedddinduiina1a (immersion) [42]

o)
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unsenalul 1998 Krueger wag Ermert [45]  Aldwmunszuunsadreduninily
AwadeAuntUsEENS nnanntu lngssuvadisfunmdinsusenaunniuasisunauLay

nalnmstusinuuegaugui 3.6

oulul 2011 Huang was Li [46,47) ldinausnisadrafiuniwsanirenssie
foyasndrmuiinazAimsanneunduveniiodoidumiunduasouiiaseuunan
LLduasﬁauﬂﬁumwmgﬂﬁ 3.7 lussuuilaminauenssudinsimnainsanmeuiilie
nadnslndifsaiumnvusnsanniaiinmilldannmsiassnisaefunmuasiilian
sTUUMIAIAUMWITallonuULTUI  Jeong uaz Kwon Tud 2010 (48] Tdvnaue
wnAnlidedlduiuasounduusdedlimnsuaineedasiuriinsSusmduuuny

' M vda & o a &
winmilaniivsingmsaltasniadumn

sdlsimmilussuumsasnfunmuuuiibifeddidesivadeiidfyunnlsens

& A o @& v a a 1Y - v v = a2 & 1
‘VIU\‘]ﬂa"i}']L'LIuﬂﬁ]\'il?ﬂ']'§U'ULG!']UNLWE]GL?TLW'}UN@E‘.FLUEUVI‘NWLL‘UULWE]LUUﬂqiﬁﬂaqﬂwumUﬂqﬁﬁi’N

o as

nw wagnwitasdundusnldunmisidesitaluduvenpmasvasnmiignirimgmmes

(imited angle of view) sutlissnaindnymuesusssuviRvesssuumsiiunmeaduddey

ultrasound array —————— Xy ¥
contact gel e
" polyethylene-plate ——..

” 1 VAT N

breast ————_

u(,X.y,z)

——metallic reflector \ €(x,y,2)

~

JUM 3.6 svuumsasRunmdsiuusuuilldesldiidusnanses Krueger
ez Ermert [45]

3%.4 min —>

™
h
i
i

DiPhAS (Digited
Phaced Aoy System)

o 37 o
JUN 3.7 szuumsaTsAun mRAnYIALLYeY Huang uas Li [46,47]
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"o = o
3.3 ﬂ'li'lj5$3Jﬂmﬂﬂﬁﬂﬂi&‘a%ﬁﬂﬂ‘iﬁﬂﬂﬂu’?}ﬂﬁL‘L!E]LEIE]

AduUseAnsnisaaveuaiudaniiensvsailalie (tissue attenuation coefficient)

Wuaniilduavendalduanisanaswesnaudanigng (dB/(cm — MH2z)) \lamauiln1siiu

.
o=

madlvluedneuieidedolala idownAndfefuguanifansfveaiods (local
property) é‘fﬂﬁgumwﬁﬁ%'wﬁu%ﬂﬂﬁiﬂﬁ’uﬂsxﬁm‘éwmmsamwaumﬁuﬁ%’&ﬁaL{‘Jumm%aﬂ‘%mzu
(quantitative image) flanunsnaglfvsvenieUssamvoaiiodousazeiinld Fsasunnsing
Mnamaeduiludadunmuesaiuaing (brightness  image) fia¥19funnaInady
giou lngazuansliiiuyuaviannulnvesdyaraiasioundundsimsuaiiege s

ar 2 L2

AN I NINLATIU

2
[

muuﬂ'lﬁﬂ'ssmmﬁﬂﬁ'uﬂ'ﬁxﬁw%fnﬁaﬂwauﬂﬁumaaLﬁaL?J‘aﬁqﬁalﬁfhﬁmmﬁ'}ﬁmﬂu
nssUIuMIaisAunmdanswnduesnann Tl 1995 Hamamoto uasma [49] &
ﬁfuauamﬁ’iaaaﬂﬁsmuﬂ'ra'a%"mﬁumwﬁmmd‘uma’“fm::aaﬁﬂﬂﬁuasﬁaué’am%'wnﬁmugﬂ
7i 3.8 Inelaueisnsyszanmmnisanneueatiodelngldnisusyanarnaaaiiy (integral

slope) fildannsitamdniussznitsrmuana ey uvadidoentyiud

]
Cadar o '

ar v = = = 1 a a i fn& = r
atymﬂmwaawwﬂummmnm%' LAl UIANYBINTTNININIAAUDARN TV IANLAUNIGH U

'
= '

vihlluidaigeseulaladifidnmuisvesnduwnnsefladimntingy annsaladneyuulain
4 o = [ 5 @ £ Y A ey a
Aauinspualuduasilasauiseasiaonavensinuld nmwaieauildidunimds
Uainnwenjuitaesiianusniluusvendldnunisairsfunmsandronslddussen Tny
P Py é‘: = 8 ar 1 |-:? Ay = ' o £ i

AduszavsnIsaaneuiivnladududmilituiudyannsunmunslisidudemsudns

AU (transmittance) w3aAinsagdiounay (reflectance) o savRpvasiaidalalalas

Transducer
transmit and receivc

i a oA w P ' o @ a
JUN 3.8 nsiiunvesrausan e narudnlUlue esauuuiaaues Hamamoto [49]
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FULUUAITUNSNTZRIGUATNITANNDUVBIATUDANTIYIIA
Tudananefiaue
(Proposed propagation pattern and ultrasound wave

attenuation in media)

4.1 unun

<1

TuunaziumsnanfaguiuuRgAnsSUNITUNINSTAURATNTAANOUTDIAA USAR

Swnnluiinarsigidelibandszendld Feaggninaualuwundandnduniiddunisi

Inefinus Teeasiinisnanf@nyueeiaduannsenulazaduasveuluilodosinais

LaEnaNNISUDINISTUSEUIINIAINSAANIUYBIAAUD AN DIIANIETBNISUTEUIAIAITLTY

4.2 NISHININ5ZASVBIAAUANNSENULALARUASNOUN AU

Lfiaﬁm‘agmﬁ&ﬁ'ﬁgmﬂmé’am%’wnﬁﬁﬁq@ﬂﬁﬁﬂﬂ% (ultrasound putse) FAumadn
Wintweadadoseund NUIIINSANFYN Uz iounau (reflecting echo pulse)
WavHINEIHIY (transmitting pulse) %uﬁ%umaqsawia‘uaal,ifaﬁfaﬁxuﬂLaua Imaﬁ;sﬁuag
NUANULANATIYBIAIAYENITaETIDUNGU (reflective  index) izm'jﬁa%’u"uaﬁaaﬁiaﬁuﬂ
Tnohluudumannsnidgaraasiounduanduvessessoumanihndumaisiudu
awdnuald edaslaimulunsyuiunisafrenmAuandygasenanaziaugein
%’U%’aumnﬁg&ixuumiﬁwﬁﬁ’h’ﬂumiﬁaLLas%Uﬁ’zyfywmuasé’ana%%mﬁlﬁﬁumaﬁwmamw
U 4.1 sziuignaduresdygumnnsent (incident pulse, () wumadiluly
LﬁaLﬁa%‘agﬂamgﬁlﬁﬁﬁﬂzuwaasaasia&gsal,wi%:uﬁ I, Widesqauietud 1, wavLIIauYRLA
doyae B(t) WWugavesdygnasyisundu (reflecting echo pulse series, ¥ Ton(t) ) 7
Lﬁﬂ%umﬂmimuﬁumaaﬁ’mmmaxﬁauné’uﬁﬂmﬁm 2 usiavtuvessosse laeddwuves
Foyegronliu 7, () 89 1oy (0) wasliaenndasiunatlunisifunisuendu (tme of flisht)

AAUALIaIN T, D8 T,
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Py

JUN 4.1 uansgurduvasdgyanuannseunasdyniadevounduiduvessesralale

mednvazaInan suidygaasiounavludivun ry(t) Fuludygio

v s

agviounauludisiugaving (latest echo pulse) MastAusndvindsimfmuaiieaf oz

= i

gnwa’ﬁam1Lﬂué’fgfy']maaﬁauné’uﬁlﬁlﬁumaBhu%gumaﬁaUﬁiatﬁlm?jaa'mnnﬂ%gu \losann
Anduannmsasiaunduresiugaieil N defudsdeatiouiniunasimvesmsaney
waqﬁaﬁammnm s wagid@unIaa g Tdmsutnvesdyyuasvisunduln
1o fifiMnysvesmsasvieunduuaznsdshuseaiafouasnmsanveuiindaziuvesesse
Talaieuiuan Iiaumsi 4.1 uae 4.2 fil [49]

N

PO =) Tm(®) (4.1

n=1

N n—-1
Iy
. -2 y)-fdl
E(t) = § rn,n-i-l( brpesr tk+1,k) ¥WP(t—1,) e Yy el + n(t) (4.2)

n=1 k=1

fle 7. Aerduasieundy (echo pulse) i sa8RBlaln
t AotalunIsAuMNe (time, s)
Tamsr ABAGLUTVRINTALYIOUNSU (reflectance parameter) Seninetusousad
n fuduseson n + 1
tpmer POAILUSBINTARIIY (transmittance parameter) sswistusessian n

Auduseersi n + 1



al

Ty Aaraaamiag (delay time, s) Suillounainszesnesenineh
nuaRwesUsesaTui Nt

a(x,y) AerduUseaviansanveueaiiaiBeituiuauivesnay (frequency-
dependent) luwiie dB/(cm — MHz) fifda xy Tuszuulaoasium

f Aormudvesndusani1vne (frequency, Hz)

l Aasyeyye (distance, cm)

n(t) AedyyusunIualy (general white noise)

sdnalsfimaulunisufuRageuds mlifivasiiagnsivarfulsvasmsasieunduuas
U589 SEIHUTINNIF USRI TaanauluLAaIUTRIsasABLLaLEa lALae  WALSY
AWMLY TZUIUAIR U TIAAIURTUAIAIIUATUNIUNLEEN (acoustic impedance, Z)
Py o =, ' @ = o ' % A e B
17 Weld Z, uag Z,,., Wurimnudumunidasiseesevaaiadiatuil n waz n+ 1
Tale AtiumeleNVBIAIAINNAIUNNUN AL 1RLEILISANIANR LU SVBINITASNOUNAY

WAYNITAININSENINToRDN n way n + 1 Talaluidavasanudulansaunisi 4.3 way 4.4

fadl
Znt1 = 4y
S £ S —= 0 (4.3)
2Zn11

t = — 4
nn+1 Zn+1+zn (4 )

WD T TUW BN IANNLTY 151AL L AAIURINITAS YO UNAULAZNITAIHIUTENINY

soudof n uaz n + 1 Taladuseaunisi 4.5 uas 4.6 dail
Zn+1“‘Zn -
R = '—) 4.5)
nn+i e +Zn (

4ZnZn11

Bl = e :
" s + 2 *©

fausansalisuannisn 2 Tmiladuaunish 4.7 il

N n-1
]
P®=) (ﬂn) X Pyt =) x e ENT Ly a7y
n=1 k=1
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wazdaisisanlulawuvesnrud (frequency domain) a¢l&i

N-1

Ren(f) = Ry (ﬂ Tk) X PLf) x e 2 Ty (48)

k=1

4.3 N1FUSTUIMUAINITAANDUYDIARUS BN FI91IR 8283 TU AR Ty

u.l

wuEunsa 4.8 willudyguasiounduvesniugnaariefiesidiunenduan

L]

é’qﬁ’ammaﬁ'gwaﬂf?}’uasaﬂugﬂﬂﬁuﬁﬁ?’fagaﬁaLLU'ﬁ"uaqﬁwmiasﬁauﬂé’u (R,) uagAINS
dslu (7)) vosseesavaaiadourasduienlidney LﬁamﬁmiﬁmaumﬁﬁiwﬂugﬂLL‘UU*uaa
logarithm Ingauyiliidnnisasieundunasmnisdsrinnesfusossoioiioduiuysnd

lalanfidnwdu 4 wasfinasaraunisludeves power spectral magnitude 9zla7

—a (N “fdl
[Ren ()] = A2 X |Py(F)le i )T 4y (4.9)

tog([Ren (D)) = log(a?) + tog (1P, (Nle* b "&274) 4 log(inry) (a.10)

Iy
log(|R.v(f)]) = Eog(A2)+log(|Pf(f)f)—4f a(x,y) - fdl + log(IN(F)]) (4.11)
Iy
IngUaunislvd
Iy

log(1P;(f)1) — log(|R .~ (F)|) = 4f a(x,y) - fdl — [log(4%) +log(IN(HD]  (4.12)

L

] d’ 4 Y3 di d':i
WRUIAUNST 4.12 willunashevesdygagnadu P, was 1, (t) iy

=

Badu Tnedidrudusiu (slope integration) Tuaumadumduussansnisanmeulngsy

=

I o a 4 & o Vo o = ° -
(fl Ya(x, y)dl) ARDALUIEUNIUAUTBIGNATUUUAMATUN 1 D9 N Wasvinisfiansan
1

dygradeguulanmamnun Snisiduussavinsaanouiiléfsuiusasyitlidusumns
axvipunduuazAINsdINuYeITeURaTeialf ousaz sy sudedygrasumulaladndae
uaﬂmﬂﬁ’umiﬂismmﬂ"nmiamwamﬁuﬁam%ﬁﬁﬂm’Tmﬁ%‘ﬁLsﬂz}ﬁ'}Lﬂuﬁeqmmﬂ'ﬁmmL%’J
4 o w & 4 2 . ! v & v &
YOIAAUDARIIBMIALULLBLED  (tissue sound velocity) a9unt18nsie TuAstsaiuise
a Y o E- 1% = & A ] el 1
wmamﬂagmm’twmmmﬁwmﬂauaam%’ﬂfm’m"f,ur,umaammmqL‘TJuLuaLaaaau"lmumLﬂu

Apanlalals
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N159188935UUNITAS19AUNINANYINIVBILAIUY
INAFUIANIIVIINA YN UATTDUARY
(Simulation of breast image reconstruction system

from ultrasound wave by using wave reflector plate)

5.1 UniI

TuunilazdumsnanisnisiiasssevunisasAunninvIvefuLIInNAaY
danivnnssuHuasiauaiu e3ua1nA599NLUUAIMYUSIADITBIF UL LaEATT
99NLUUTEUUMIATIAUNNARYI WY Sz NaUMewruagiaumdusuuusaee fiagldlums

{1894
5.2 N139BNRUUAMNHUTIND WATUY

Lﬁaaﬂwﬂﬁwawﬁwuéaﬁuﬁﬁaaﬂwiﬁm:nmsa%”mﬁumwﬁﬂ‘umwauﬁmﬂué’ﬂqaﬁuﬁu
uzi3e feunmuojudiaesueniua (breast phantom) Jegneanuuulvdsenaulydn
deiBeluduseg Mduiodondnaulasai memeinaveasuilgundiuveslaiu
(fat), druveuiioidoroutiu (glandutar tissue) LAz YRR (cyst) TaaUSIaiEIY
funzisa (cancerous - tumor) 18101 GsldruunliedsatssLanaunnsuansnsoss
dudsyAninsanveurdusanirvndfeussian regular tumor Ineauslidudewds
uz13aUuUURINulE (benign tumor) tagUssan high-attenuation tumor viatdufouusis
wuuiduileeiliannsadnulimels (malignant tumor) [50] Tudosduil 14
senuuunwiusiasuduuliiidnwasdunssnausesnwinuinsuussuy - 2 37 et
weliiredensiieudssfuseninanmiunuuiuamitesgnadrefiunduan U 5.1 uang
amiusasweasuililunssiassnmsaisiunim lngusznaufetuvedluiiuvieviuey
aeuen (U3nnEwd 1) Slevumun 3 fedums  dwdl 2 Wudwveuiiodoseuiuuds
LﬁuLﬁaLéaﬁ%u’iwquﬂ‘umﬁuﬁﬂaaa it 3 Wuguhdaludwiilenaiaswueeunnly
msmsamﬁmﬂﬁﬁgﬁs’wLﬂuaahammmlmgﬂizmm 5 fadwng uazdwd 4 uaz 5 Wiy
founziSaisansuszinndnadu Tnefmuslifivundniniinisnsieitsedrendusani

fmnAzasonIInulaAsUszNa 3 wag 2 Tadwnsaudidy



5UM 5.1 Mwiuitassesiunildlumsdiassnmsadisiunin

A15799 5.1 Ardudsvasnmiudasndu [46]

54

Attenuation Sound Density Acoustic Coordinate Spherical
Tissue coefficient velocity (g/cm?) impedance of center radius
(dB/(cm=MHz)) (m/s) (kg/(m* =) (6y) (mm.)
x 10"
Fat 2.21 1464 0.94 1.376 (0,0) 35
Glandular 2.74 1522 1.03 1.567 (0,0) 32
tissue
Cyst 0.78 1570 1.02 1.601 (-14,-14) 5
Regular 4.26 1553 1.07 1661 (21,4) 3
tumor
High- 7.36 1547 1.50) 1.701 (21,4) 2
attenuation
tumor

= 1 b ' ) w¥ \d u
A1519% 5.2 Ansuvinimszninasegsiavasiiatalalaluiu

Tissue boundary 8; 6,
Water - Fat 1P 0.976°
Glandular tissue - Fat 12 0.962°
Glandular tissue - Cyst 1° 1.031°
Glandular tissue - Tumor 12 1.020°
Glandular tissue - HAT 12 1.016°

“8; = incident angle
8, = refractive angle
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L3
a

A51971 5.1 wanasieaztBenvesinuyingg vesnmrusiaoaduaniemdusyand
nMsaaneuAiuSand e, Arnuiirausaniend, ANIMURLTeaIEe, ArAay
AUMULERN, mum’umtﬁmﬁdﬁumwﬁaq waziulwoaiiefelussuruvesnin 2 o7 [46]
AU 5.2 wanA iy (refractive angle) fiseesasswiaifoudelalaluiiuy Tnad

ANyuANATENU (incident angle) Wy 1 ssrnuiloisuiuduund

5.3 A1598NLUUSZUUNISES19AUNTWARYININIUSENaUABLHLEE T O UATY

Tumseenuwuuszuumsassfuamanvansteaduuilslunissasinisadrenm
nail wniuimsUssgndlinmesimsuaaweidaniendidldnuiusgudluniasdan
famdiiensnsadiedeiluAemsuaieessanirnsuuuidudy  (inear array
ultrasound transducer) waymsanRILHuATHouABY (wave reflector) Psauqlushumsd
wansaladuiienansiiumesinauayioulvdounaulugihnsuaigessanienei
I sdusele ﬁgqﬁl,ﬁa’tw”tﬁszwmia%'fmﬁumw’luwuﬁhjﬁaaﬁﬂniwuuisuu“lﬂ6]Laa U
7152 WanIsEUUNISAS ALANARUNsTesiuL Il dluAneintsshaesnsadnnluadd
vulaugesnmuuy 2 i szuuUsznouludedui (mmersive water bath) PG
w3ana 12.8  mufiwasussaihiiiliusimeanuia (de-gases water) Tnql3iilalfidu
danansdmiumisiumevesrausaniiend | Muluresdahiafeimsuawessanin
gnanuulnduLue 128 awud TeoisazauyAlidaumsuiassufvunaussum 1
finfunslaofilifnszosyinwe wovhesemindawudlag snusiumisi 1 CRERRIVEURT
auiisfumiah 128 msdhuvngauesnm usuansnawesdahesdusumiaes

1 o

vudnassuiuuniivunaduRgudnaszang 7 wudums Inefiguantirnegduly

4

= 1%
AUATITNN 5.1 YUY

Linear array transducer

5UN 5.2 szuumsadiiefunmnldlunisinassmsadenin
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shednuazmsesnuuusananiiflefinsanuulamuvesnmsyssnananinudi o
wllowiunavesnmitazgnuszananaiivuinlu 128 x 128 finea Tasdinmyjusianves
wugUnnautua 64 Ainwanwegasinans  arwdvesdyndaniendildianiu
35 MHz  nglasiiuitvuunisaiiefunmiidaniiendesiinsuaivesinieay

Auvulasiiuiae s LI NeEATINAN

Tudesiuiisagimsinuguuuuiianemsasiouvssaduanusuasioundy 3
aNWUEABLUUKLLAYT (single plate reflector) b?'iqﬁﬂﬁgﬂimﬁé’ﬂumwmﬁuﬁwmgﬂﬁ 53
N, WUUNTaURMALY (rectangular  reflector) Andslinsevaumsanuguvesduitoly
annsadsieundusaniivndaianiianaldaugud 530 wazuuunseulds (curve
reflector) ﬁaanuw‘lﬁﬁahu‘lﬁaLﬁﬂﬁugﬂwsawmtﬁmumugﬂﬁ 530 lnowiuagvioundy
ﬁ%mmzauq?ﬂﬁﬁwmmﬂi’aQﬁﬁﬂmauﬁ’ﬁﬂuéﬁazﬁauﬂﬁué’am%’wnﬁuuuauijﬁmu
(absolutely reflecting materiat) iy egiifioy Iﬂaﬁgﬂqumsazﬁaummﬂ?{ué’am%’wnﬁ
fusiuazvioundiu u gannnsynulag ssiulunungnisazdiousswitaunnnssnuiuygy

dsviou (rule of reflection) MAUENMST 5.1 Saii (27]
8; =0, (5.1)
1o 0; ﬁaqmnmwwaaﬂﬁu (incident anale) 1aq

6, AayuagyiounduuaInay (reflecting angle) lne

Linear array transducer Linear array transducer Linear array transducer

— g ——
— wuigzy o

128 mm 128mm 128 mm

5.3 N) WUULHULAE 5.3 %) LUUNSOURMELY 5.3 A) wuunsaulaa
= = a o A ow o & o ' v P
;B:qufl 53 'i%UUﬂ'l‘Jﬂ%"]\‘lﬂUHWWﬂﬁI‘U’H\‘Pﬂ'E'NLmquuﬂqﬂﬂauﬂﬂﬁiﬂ"m‘}ﬂﬂqﬁlLLNHﬁ%VIE}'Uﬂﬂu

€« WWEIT ——>
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Linear array transducer

= 0K
e ooo . coo H 5B

i

UM 5.4 N15UNENsTN8989RAUTan3I9IRINITIUERLge TA AR AU

o

L=

Tun1sunsnIze18909rdusansI91Ia (Wave — propagation) 3MNNsIUaR w33
UsLAaZduIY 19z liRausani e nAlnTunInsEtesenu ludnvazue e we
UusEUU 2 i ( 20 fan beam shape) Tngiisn19ns318 ( £30 emission angle) Asusiyy

+30 9 -30 oagnyiavun 61 3 wmg Uit 5.4

fafughensléngmisazfaunuaunsi 5.1 LagnseyIainALSae el
mstiumadudunsdldludedeseuiiidduilunisasvieuiliuansinafumnnin [49,51]
TsanunsafuinuazaIaI A1 InIsAunweRaudanImIna1ngatudauy
nsuaRreiBawuiuraciy Msdumesinlididsiusaewo s fnsasioundy

PNuHvEzYBUlUANE1 waziiumenduluSeduuusnildiaue

TunSARUANTLAUN1ITeIRE USaRS 9 IR usEUURIT LYo UAR LLUUNSB Y
Andsuuazuuunsuisrduaaty sxiuiniianisesnduasiioy u Rauisiiaaunn
nIgnuANnIENUATIHUdEisuInguannssny - (8;) lneialaudannsgnueguuiaiseulag
leifsufiuuadusnads (reference line) Ssazmsanniufineu o fuvtledug vldnsiu
fianevssyuazviou (6,) 1¥nugud 5.5

Linear array transducer

oool | i3l

incident
path

Referenceline

reflect
path

l:l‘ LY 1 = ; e !J i T S d =i s 2 b2 =
3UW 5.5 mMegramaiianevesdudzyiauainyuannszvy WeifisuiAseiuuuiidudnegs
o .7 1 d' A
FUSUBHUAL IO UL UUNSDUALNAYY
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faa 3

g unsAuNITeIrduRadsani e naunenINMsLERIwe sBAIIuRA
de qu suvniail 64" Tlayunsdanszans (emission angle) 7 +18 ssrnuansluguil 5.6 adu
Wumslumnnsenuiiuduasyeudinsousiuanesannmednusie avveudulufirmiaduan
wdiAumsislunnnssnuinvesuruasiourauAinsausuYn avveutulufirvnediuuyie
foundulunnfinsuaineesdawudiisu adumis 1117 giiuiiedusiuiicnig
ﬁ’qndﬂﬁaﬁqmuLf’fm?;'aﬁuaqﬁmuﬁtflumﬂﬁ’a, Wederemig, AeuusiSuuuiianig

anvougy, ieldesisuumariul udrlasiounduludmsuaiugesmuuuld

Linear array transducer

U7 5.6 fagumaiuwemauiaddansienis a fMumimauaiisessaimsiiied
th o ar 1 Ef‘ t s [ v ﬂ' =
64 dmiuamunIsdsil +18 93 WrunITARYDURINUNUEIBUATULAZ AU
Lo s = ao fo ow oa th 9 Qs M £ = o
ndulufmsuaiawesdaunafiiui 111 dviusivasieuwuunsaviivasy

dmsunisfurnfismanisiiumwesadulussuuilfuiuasfeusduuuuldniy
wdsasamnsaldndnnisviiinmnanisagvieundu o gamennsenvuudnseulag 16
Wity Tneiiumisvemannnsgnuuuialfsssuruasiouaauiussinisfuam
Wudiria (tangent tine) MRalAY o sundeiuy Faazfuduiidsarniudeasiannilds (curve
radius) veusiuasieuLUUNseuTANase U Tignil asailowindududadind nieduiaGey
Tnqfisezanunsofunaniaaesyuasioulflnsnslfidusadamuldinandumn

W98 mUIUN 5.7

fegansiiunavesnauRaddanenaiiuniesnInms AR e S s
dv o dumiadl 64" Fyunsdadeniufie +18 samuandugudl 58 eAudumaluan
nsenuiusuagieuiinsausiuared aduinldnmeduen asveutulufinmisdudie
wdAunessluannsenuinveuduasieundufinsaudurndaiiuinGeu asveuiuly
firvssuuuiadoundulunniinsuamiwe Ay u dunts 48™  qmtuiiady
muﬁﬂwm&ﬁmdnﬁ'ﬁ;s’ﬁqmuﬁaLﬁ‘aﬂfauﬁmmﬁtﬂuﬁwﬁa, Lﬁ’m?jasiamfmu, fauuziSauuud

fifinnsaaveuas, Webersuusuasiinis udriinFiedeundudunluduudnadisiy
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Fanily,\elgarauiuluasiavie wa e lUasNautiuasiaueAuN 1A IU7 La899809

gounaviulummsiuaangasmeauuula

Linear array transducer

Tangent

incident vector

Reference path

line

sU# 5.7 Megunsmiamivedduagvisuinnyuannssvu WaliisuiRgaiuuuidunds
wagiduduiannulasdmiuuruasiouwuunsaulé

Linear array transducer

s00 l[li! coe

5UH 5.8 M0 1N15AUNNIYIREUREATan1919R 0 AU IuaR eI DALIUARId
th e ;o . w4 -
64 dmTunuNTdeN +18 93r sunIsazYiouIINUAUEY B UARULAZIAUN I
[y Qs = §aa fu v o th o Qs ' I
navludmsuaniwesdawudfisun 48 dmsuukuasvisuLuunsaul

gﬁﬁ' 5.9 wanaiiag1an1siunweIndudanigngannsuaR e AU o
fuwmisnsananaiumisi 647 dwmiunsuasiieuniuicanmsuuuy Ingidanuandniuyy
NIvaEyNas 5 89AaIn +30 e 30 8am  ALiuifienanIRAuNIeRduSansw1an
AABATUNTENIAUNURUTBILLIE U A LYeRE L TinuLAn AR UL d Ny

JUTNTBURUAEYIBUAGY
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5.9 N) WUUUKHULAED 5.9 ¥) wuunseuddsy 5.9 A) uwuunsoulAs
JUN 5.9 naliunvssnausaniennnnnsuaRIwesBamuR o i 64

'
o 1 e < a

Tun1sdrasenisd ammﬂmﬂaué’am%’wnéuaxﬂ’ﬁ%’wﬁuﬁasﬁauné’uuwm @]

L]
v ]
&

nIuaRgesBaNuALAasAtY Isfualiluniaztisianiieg wiinsuafuwessa

]
o LTt bl

SOIINTIIN I ﬁaﬁﬁwﬁwﬁﬁum’maﬁavzja%é"lmuaaamymvmqﬂﬂauﬁ’aé (transmitting
transducer) eaniUluvngiinsmaniweidawurmnmdesn 127 fMaslivimiidy
nswadwesdmiuiu - (transmitting - transducer) Wiy nsasdyaInesEuanly
nuaRwefBAuAR L 1 %\‘1agjmqﬁwu%’wqﬂﬁfmﬁwﬁﬂuﬁadqL%f'uﬁuﬁa'aa‘”ﬁgqﬂm
Sani e dfadesnuluniugunisnssaevimun 61 fiems TusaiinsuaRugesaamud

)
s s

AUNUDU Aindenediuniisn 2-128 aghwihidusSudyanesioundu dyginii

gvisunavanfasiinnsaaveuidadudulumuaidulssdnsnsaneuveuiloiafiagy

o

ar

Waddanenmiehull JsnmsSudggriutduasiialuawizfumvsuanngesaauud

e

Qs

U sunisirduasisunaulsndusnaseus ety winiu

=

o £

dygraasviounduniuldlunsiazsumisifisrgniinnsandifedoyalsiaaduniu

L ]

'
L4

WImaAuAGY (line integral projection data) dwiunisasisaunmainnsUasendunad

faa 5

ARV TIATBIMNITIUAR VDTN UARIUAUIN 1 NUUNITIUER IS DAUSAILALT 2 A

) o 1 B

AUV URIEIRE

] v e s 2

128 fagvihmidmduisudygruasy

- a faa & o "o o oA
wUluE N UEA e IoALUAAIUNUIT 1 uazsunian 3-
UNAY dyeyruasNauNauNaisunduunfiemsu o
o i [ I £ & = o [P VoA LY [ a gar 1t
mumislaqiasiluteyalusinduiidmdudumied 2 msaduiudunsuaiivedsds

e dvd [ Y a L 4 @ =z a Saa & o | 3
wagmTulinesimmualiiialaluisen aunseisfmsuaiiwesdamudiumian 128 Aas

fehdugatursunsiiviayansasfiaunduvionun 128 gauitelddmsumsaiefunm

Tun1sadrefunmnduuntu azidenldinatian1sad e unInuuuwAT AN
= F 5 R = a da
WyAdin (algebraic reconstruction technique, ART) tlesandumaiiafianuwmungay
o [

dmiuldainfunmlunsdididesiiavesnisiiuvdoyalusiandu (imited angle of view)

[27,51] lagfisrarunsaldidunianisinfounuessndudaniigisidinanyiann
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NIUER YOS DALUUAR A BLAILNUIUN TN AR UN NS DUNS UL AN ILER eSS R ius
Mfuusagdwmis sndudusumia (ray tracing) dwiulddoyafulunszuiumsadaniw

Aulalae

AIUENWMETBINITEDNLUUTEUUNTAS NAUNTNAUSE N UM I8 LR UL B UAT ULAY
NIIMUUANITINNUYIBITaRS 19 IANs ad s tulunusanadneiuty szl

annsaaiAunmuIta e ulldlaglifedinswyussuunsifiuniwwazawdiaine

ar

4 @ = = v a o = wa a o
Aumnfdudunmiiuanstisdoyanisannsuniudanirend dsieilugnantinddyues

g

Wolde
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NAaN1531a94
(Simulation results)

)

Tuunilaglunmsnantwanisdiasinisadnauamudiaeusuusisssuuns

=4 a da v :_q' . & = S
asAuNNYIANTuNUEs o UARULABYLUUTIWUULNWALY,  WUUNSaUAIvAbILAsLUY
nseulds nwiiaieAunduinaggnilisuisuiunmwiuatunisluwdvesiirainnfauiade

MA%e84 ( root mean square error, RME), Aansdiumiaddnvesusiiunaula (region of
interest, ROI)

6.1 HANISIIRBINIYITLUUNISESNAUNINIINUHUEST DU E1UUSZLAN

szuvaisAunImdani1wrnuesiuias wi e ussnouseunuds iounsany
Uszinn lagnusaeuiewSeuiiaudssdvdnnlunisadsdunmlngldidenldsanessulu

AMFASIAUAWLUUWATIANISNUA® (ART) Naﬁiﬁuam‘iugﬂﬁ 6 WSsUWBURUNG 3 LU

6.1 N) WUUUKWGYD 6.1 v) uuUNsEUAIMALY 6.1 A) wuunsaulAe
i o w =4 ar 17 =] Ll 4 P
JUN 6.1 nMwiasAuNduINAINIEUUNSES NALATWIUSENB UM BLHUALIRUARY
¥ia 3 Usslaw

ngUT 6.1 uae 6.1 Wunmjuhassduiiaidunnnssuuilduiuasey
wuunseudimasuuaznseunuulisnudify ssuiisensodungiiusayssyveuian
Bhaiiduguiasfeudonsisiiegmeludadedulfedredany saufasanunse
wenugzduiduluiuneuenlddnde dniluguil 6.1n dunmiladsfunduandsing

dyanasuniumelunmunnauldinefoehlldlunsigedelalald  sUf 7 uanenis

Y
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wioauuulaseig (mesh plot) Wisuisuseninanmiuatuiunwilaserunduanildun
Mnszuviildusiuagiiaunuunsevdimasuuasnsevnuuldsmudidu Tnswanafisuiu
IENINYNUDILUUNTA (perspective  view) Fuyumassnunii (font view)  qsifudn
Foyanmitldanuiuasfieunuunseuldsesiimanssiitonvasfeyatosnitluuuunseu

Avagy

£0

MBI WAL
6.2 1) AmAUAUY
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6.2 AN WNBUNITNUEUNILAUTDIAAUD ANFI9190

msadun iy Wunsadreiuamiagldidumadiu (ay propagation)
geemdudangnafivanUassunainimsuanwessawudimddeeiiduniaiuveniy
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wananisiTsufisun niiadieiunduananssuuadisruniwilduduas o unuunseu
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wazewlauuy high attenuation tumor mINEWUTBINMTIASIIAUATUNIRINANSLTY
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JUN 6.4 1 profile ToyavosmwiiassrundunnuSeuiisuiuninguatu

Attenuation coefficient (dB-cm./MHz)
Attenuation coefficient (dB-cm./MHz)

Attenuation coefficient (dB-cm./MHz)
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=4 d

Tunsafeduniu anugndosestoyauunmitadeiundundslunsadined
fuuszAvdmsanvoundureniaie attenuation coefficdient) awgniUiuiisuiutoyauy
amduatu Tneldmamarmiunaineasueasdideass ( root mean square error, RME)
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Ui 6.5 nsanasuesrl RMS munssaumsvhdiludane3funisadisfiunnwuudld
winliansivAtln (ART)

wennil ifiannsefiuAdeyaduyseansnsaaveuriuveaisibeilunn
Nasrerunduu S euisuiunmruatuludweaifinuensed 6.1 wasuanalSeuiieu

= & A vy o
lnsuenauviinvedliagalddnniugui 6.6

A5190 6.1 uansrndayaduysedvsnisaanauaiuveuiiolo () uiinausineg
Yo mauRtULS U B un a1 sAund UL

Tissue Bl BZ
average Min. Max. SD Error (%)
Fat 2.21 2.07 1.49 3.16 +0.200 6.33
Glandular 274 2.67 | Lald 3.26 +0.260 2:55
tissue
Cyst 0.78 1.06 0.26 1.30 +0.16 -35.9
Regular 4.26 4.01 3.84 4.53 +0.142 5.87
tumor
High- T1:36 6.71 6.22 71.55 +0.458 8.83
attenuation
tumor

T

B"= attenuation coefficient (dB/cm-MHz) of breast phantom image
2

B“= attenuation coefficient (d8/cm-MHz) of reconstructed image
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[36]

Sa—S
TP W A (6.2)
Timage
de s, Aedwenuidimesuinaiiadls (Quiwsereuliionsidy)

S AaAAMUITIE USRI DU UYE (Hetdadnuw)
Oimage AOANUBNLULINATEIY (standard deviation) v83n W

AAnuuansesgeiuilodedhunfuuinaitaulagingn anAnnaUIeudisy
fusgwienmduatuiunmfiaienduiuen Tnowssudsuimnmiiadafunsumuuuitls
Funudumaiuresnduuuy 61 1 (Muguil 63n)  eufuamitadeRunduanild
Iudumaiuvenduuuy 384 @ (Muguil 6.39) wavuandififunumne 62 1
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M99 6.2 ANAULANAIIYBIUS AUl U UYEaY WSsuisusEuIen e uatu

AUNNAas19AUNaULN

Tissue Original image Reconstructed image

61 paths 384 paths
CRyst 1.73 1.06 1.47
CRrumor 1.34 1.18 1.21
CRya 4.08 1.00 3.66

*High attenuation tumor

s = 1 1 s = ‘a‘
1NN1591889N158519AUNINT 1AL wanliiulInIsUTsuuAIdNUSEANSNNT

anvaumausaniaNldnaiamMIUszunaMIAIANNTULUY integral slope Wi @315

° [7%y) 2/ =i Y ) v a v g -
dnnussenaldiuszuunsasnunmilseneusieuruasyisunauliiuegnd
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(Conclusion and Suggestion)
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ABSTRACT

The ultrasonic broadband - pulsed waves which pass
through living organ or sofi tisstie can be resolved io
construct a novel tomographic image Jrom ils projection
data. Whereas a data obtain by an ultrasonic transmission
mode tomography is not able to be used Jor reconstruction
a characteristic image of soft tissue which shadowed by a
bone, an ultrasonic reflection mode tomography is realized
10 be a solution for this problem. However the algorithm to
extract the projection by using an integrated attenuation
coefficient of tissue from the pulsed wave in reflection mode
is more complicated, In this paper, we propose a simulation
in 3D of a modified reflection-mode ultrasonic tomographic
system by using the matrix linear array transducer and also
an  appropriate image reconstruction algorithm.  The
obtained output shows that our system is more practical
and feasible toward for using in clinical trial.

1. INTRODUCTION

The conventional pulse-echo B-scan imaging is a
method that use the reflected pulse for reconstruct the
tomogram, but the image only shows the interfaces of tissue,
not the local properties of it. On the other hand, the
ultrasonic transmission mode can image the local properties
such as the sound velocity, refractive index or the
attenuation coefficient of the tissue from the recejved pulse
[1]. However, the major problems of the ultrasonic
tomography are expanded into two cases. Firstly, the
diffraction and refraction of the ray while it get through the
interfaces of the tissue having difference reflective indexes
make it travels not in the straight line, so we cannot use the
line integral geometry as in the X-ray case. The approaches

to this problem are somewhat more complicate, known as
the Fourier diffraction theorem [2] and the filtered
backpropagation algorithm [3]. But anyway, we still can
usc the straight line integration if we assume the soft tissue
having a little change in the rcfractive index. The next
problem -is the transmitted pulse almost completely
reflected with the hard tissue like a bone, give a null signal
to the receiver located on the opposite direction. This
makes it hard to find the application in human. But again,
the reflected pulse also contains the character of the tissue;
brings us a possibility to utilize this waveform.

Many attempts [4, 5] have been tried during the last
decade to realize the ultrasonic tomography toward clinical
application. The system differed from the conventional B-
scan imaging, however, hampers such realization. In this
paper, we explore the concept of modifying the B-mode
ultrasound imaging to function as a reflection-reflection
mode ultrasonic tomography. The system is similar to that
of the limited-angle transmission tomography [6, 7]. We
use algebraic reconstruction technique as it provides the
better image quality in the case of limited projection. We
also purpose the idea of using bi-plane array transducer
instead of single array transducer. The image quality
improves dramatically.

This paper is organized as follows. A brief introduction
and mathematical background of ultrasonic reflective
tomography theory was presented in section 1 and 2
respectively. Section 3 is an overview of the image
reconstruction algorithm. Sections 4 show the acquisition

system for acquiring the projection from simulated phantom.

The experimental resulls are provided in section 5.
Discussion and conclusion is present in section 6.
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2. THEORY

When the specimen is issued by the broadband
ultrasonic pulse pi(1), the reflection of the pulse will occur
every time it passes each interface where the refractive
indexes are difference, subsequently return us the
attenuated waveform pr(z) as illustrated in Fig. 1.

re(f) ren(f)
20) — ﬂﬂwr\ﬂ t

AN

N

182 e PN N

WAf-M

pi(?)

Figure 1. The waveform of incident and reflected
pulse. The reflections oceur at the tissue interfaces

Only the Tatest pulse in the waveform or rN(t) that we
need, because it passes the entire tissue’s length from/ ; to

il
! N and reflected at the N interface. The equations for the

reflected waveform and concern parameters are writien
below. Keep in mind that we never know aboul the
character of the reflectance and transmittance between each
layer.

N
A B Z]rm(z) (1)

n=

/

N
-2 Ia(x,y,_fo}i!
n—1 i
ren(t)=\/a(kngKjx&(i*rn)xe 1
(2)

where R and T are the reflectance and transmittance of
n n

th . . ;

the power at the n interface, t is the delay time
n

corresponding to the distance from the transducer to the

th . .
n interface, and (x,y, f) is the frequency-dependent

attenuation coefficient of the tissue at coordinate (x. ).

The latest recorded pulse must be converted to be in the
frequency domain as shown in (3), so the frequency where
the amplitude of the signal is maximum can be detected.

N-I I'N J
ReN(.f)mx Pi(f)_\,e*ZIj}a(x,y,f)c (3)

I'N
o =2 1A )d
e N

where f(f) is the phase shift of the tissue.

The attenuation, B , is estimated from the reflected
ultrasonic_signal using the centroid-shifting method [8].
The ultrasound signal s(¢) reflected by a biological tissue

is digitized with a sampling interval s =1I/Fg in N

samples (Fs is the sampling frequency, T is the signal
duration). We cstimate the center frequency or spectral
centroid defined by:

n?[(r,-)
PRV my(z,) %
Where
+o0
m )= [ A8, p.dp (5)
J —

Due to the random position of scatters in the medium,
the output of the estimator fluctuates. The variance of the
estimate is reduced by averaging the spectra of A
independent (uncorrelated) echo signals for each window
position. One centroid is determined for this depth and
noted f(1)i, where denotes the averaging process over A
uncorrelated lines.

With  the classical assumption of a linear-with-
frequency attenuation:
alf) = pf (6)

Where o is expressed in dB/cm and B is the

attenuation coefficient expressed in dB/emMHz, the
following relation can be shown :

- 8.68 df,
IR 2
ca (1)
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Where ¢ denotes the speed of ultrasound in the tissues,

2
df/d T is expressed in MHz/s and o (1) is the spectral
variance (MHz?)

N
To estimate the integrated aticnuation, [Bepdi . the
!

spectral of both incident and reflected ultrasonic signal are
computed. The frequency centroid (4) is evaluated. The
difference of frequency centroid of spectrum  between
incident and reflected ultrasonic signal is linearly related to
the integrated attenuation and hence the projection data
along the ultrasonic ray.

3. RECONSTRUCTION ALGORITHM

The concept of the simultancous algebraic
reconstruction technique (SART) is to resample the normal
pixel’s grids by the equidistance lattices as shown in Fig. 2,
in which each element on the lattice can be assigned the
gray level from bilinear interpolation of 4 adjacent points.

The projection equation of the SART can express
mathematically as the following (see Fig 2.

M
P, = fis,)As : (8)

nr=l

where p; is the projection for the i ray, As is the arbitrary
equidistance between two lattice’s clements, and f{s;,) is
determined from 4 adjacent pixels (f’s) by bilinear
interpolation, or given by

.f(sfnl) = 'Z\ d:}‘m -fj (9)

coeflicient e, remarks the contribution of the 7™ pixel to
the m™ point on the ray.

Substituting (9) into (8) yields

N

Pi :Zay.fj (10)
=
M,

a, = Zduﬂ,AS (1

m=l

ay is clearly the weighting function of j pixel associated
with the " ray.

Figure 2. The interpretation of a pixel
weight factor a;

After the projection equation was modeled, the formula for
updating the j” pixel on the reconstruction grid for the
(,+1)" iteration can be derived as in the case of the ART,
or

RIS 277 + o (12)

where the summation with respeet to i is for all rays in one
projection. The complicated equation can be explained
step-by-step as the following:-

, (@) Find the weight g; from (11) for all pixel j within

" ray.

(b) Calculate the summation of i or numeration term
in (12), the summing is done for rays within one projection.
Note that, for the first iteration, the initial values of Jj are
normally set to zeros.

(c) Update the £s by (12).

(d) Move to the next projection, repeat (b) and (c). Do
this repeatedly until all projections are completed. This is
counted as one iteration.

(e) Repeat (b) to (d) by using the same weight as (a)
for the succeeding iterations.
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4. IMAGING SETUP

Original model Reconstructed model
e

Fig. 3 shows 3D ultrasonic reflection tomographic
system with 2D matrix linear array. The dimension of
matrix linear transducer is 32 x 32 pixels which resolution
is 1 pixel/mm. This matrix is placed on the top side of the
32x32x32 pixels simulated volume. The system is capable
of transmitting a pulse from a single channel while the
remaining 1024 channels acquire a complete echo data set.
In the simulation process, a Shepp-Logan phantom was
issued by the 3.5 MHz broadband ultrasonic pulse, sampled
at 40 MHz, along the vertical axis, and then its reflected
pulse were calculated and resolved by the frequency-
centroid shift method to get the value of the integrated
attenuation coefficient.

L L E T T

Figure 3. Tmaging Sctup

5. EXPERIMENTAL RESULTS

Fig. 4 shows the reconstruction results on the Shepp-
Logan Phantom in various slides.

Figure 4. simulated reconstruction result

6. DISCUSSION AND CONCLUSION

The simulation of 3D matrix linear array ultrasonic
reflection  mode tomography using the algebraic
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reconstruction technique was purposed in this paper. The
simulated system can be modified from the conventional B-
scan ultrasonic imaging system and hence makes the
system  appropriate  for clinical application. The
reconstruction results show that this system is promising.
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ABSTRACT

When the broadband ultrasound pulse travel through
living organ or soft tissue,it was known that their
reflected projection data can be used to reconstruct a
novel tomographic image. While, a data obtain Jrom an
ultrasonic tomography in transmission maode is not able
to be used for reconstruction a characteristic image of
soft tissue which naturally shadowed by a bone or hard
tissue. An ultrasonic tomography in reflection mode is
realized to be a solution for this problem. However the
implementation to identify the projection by using an
integrated attenuation coefficient of tissue from the
pulsed wave ray path in reflection mode is still more
complicated. In this paper, we propose a simulation in
2D of a reflection-mode ultrasonic tomographic system
by using the linear array transducer and also a frequency
centroid shift method to calculate the projection data.
The imaging setup system was enhanced by wave
reflecting plate in order to increase an echo wave path.
The ultrasound wave paths of our simulation system were
intended to focus on the Jan beam trajectory which is
rather close to a real propa gation of the ultrasound wave
travelling through soft tissue and ART vvas used finally as
an image reconstruction algorithm. The oblained output
shows that our system is more practical and possible
toward for using in a clinical trial.

1. INTRODUCTION

In general, a conventional pulse-echo B-scan imaging
is a method that uses the reflected pulse to reconstruct the
tomogram, but the image only shows the interfaces of
tissue, not the local properties of it. The ultrasonic
transmission mode can image the local properties such as
the sound velocity, refractive index or the attenuation
coeflicient of the tissue from the received pulse [1]. The
major problems of the ultrasonic tomography are
expanded into two cases. Firstly, the diffraction and
refraction of the ray while it get through the interfaces of
the tissue having difference reflective indexes make it
travels not in the straight line, so we cannot use the line

56

integral geometry as in the X-ray case. The approaches to
this problem are more complicate and also known as the
Fourier diffraction theorem [2] and the filtered back
propagation algorithm [3]. However, we still can use the
straight line integration if we assume that the soft tissue
have a little change in the refractive index. Another
problem is the transmitted pulse almost completely reflect
with the hard tissue like bone and give a null signal to the
receiver that located on the opposite direction. This makes
it hard to find the application in human, But, the reflected
pulse also contains the character of the tissue and provides
us a possibility to utilize this waveform. For the attempt to
apply the reflection ultrasonic tomography in real
application, some researchers have been presented and
shown the different from the conventional B-scan imaging
[4,5].

In this research, we apply the concept of modifying
the B-mode ultrasound imaging to function as a reflection
mode ultrasonic tomography. The system is related to that
of the limited-angle transmission tomography [6-11]. We
also intently focus on the ray trajectory of ultrasound
wave which emitted from each element in transducer array
in order to close to a real phenomenon of wave
propagation from any point source. The ultrasound wave
from each element was considered to travel as a spherical
wave so that an image reconstruction algorithm of the fan
beam trajectory in 2D was performed efficiently in our
research. We also purpose the idea of using an ultrasound
reflecting plate to provide a complete echo pulse from
each side of the imaging setup system. The algebraic
reconstruction technique (ART) was applied as it provides
a better image quality in the case of limited projection.
The reconstructed image quality improves dramatically
when compare to the only one reflector at the bottom

This presentation was organized as follows. A brief
introduction and mathematical background of ultrasonic
reflective tomography theory was presented in section 1
and 2 respectively. Section 3 is an overview of the image
reconstruction algorithm. Sections 4 show the image setup
system for gathering the projection data from simulated
phantom. The simulation results are provided in section 3.
Discussion and conclusion is present in section 6,7
respectively.
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2. REFLECTION ULTRASOUND

When the object is projected by the broadband
ultrasonic pulse Pi(?), the reflection of the pulse will occur
every time it passes each interface where the refractive
indexes are difference, subsequently return us the
attenuated waveform Pr(2) as shown in Fig, 1.

ra(t) ren(f)
ﬁ@HM~—4w+t
TiT? TFITX

1 I I

1O

f1 2 —— [x7 Ix

Figure 1. The waveform of incident and reflected
pulse. The reflections occur at the tissue interfaces

However, only the latest pulse in the waveform or
Fen(t) is considered because it passes through the entire
tissue’s length from /; to Iy and reflected at the N"
interface. The equations for the reflected waveform and
concerned parameters are written below. In real
application, the character of the reflectance and
transmittance between each layer are still unknown
parameter,

N

Pr(O) = ) Ten(t) @

n=1

where Ry and Ty are the reflectance and transmittance
of the power at the N" interface, 1y is the delay time
corresponding to the distance from the transducer to the
N" interface, and (xyf) is the frequency-dependent
attenuation coefficient of the tissue at coordinate x»).
The latest recorded pulse must be converted to be in the
frequency domain as shown in (3), so the frequency where
the highest amplitude of the signal can be detected.

n—1
i
una)=¢ﬁ¥(fqﬁl)xp&r—rh)xe“”3““*”“ @
k=1
n=1 "
Ton (f) = ,r_Rn (I—[ Tk) x pi(F) x o2 J'tl‘" alx,y,fldl
k=1
-
X e—ZJ J"l ¢(fdl (3}

Where @(f) is the phase shift of the tissue.

The attenuation, «, is estimated from the reflected
ultrasonic signal using the centroid-shifting method [8-
10,12]. The ultrasound signal s(?) reflected by a biological

tissue is digitized with a sampling interval At = Fi in N
s
samples (Fy is the sampling frequency, 7 is the signal

ThwBRE oeg

duration). We estimate the center frequency or spectral
centroid defined by:

_m (t)
Fw) =T @
Where
m@= [ fswpyr @)

Because of the random position of scatters in the
medium, the output of the estimator fluctuates. The
variance of the estimate is reduced by averaging the
spectra of A independent (uncorrelated) echo signals for
each window position. One centroid is determined for this
depth and noted fi(r), where denotes the averaging
process over A uncorrelated lines. With the classical
assumption of a linear-with-frequency attenuation:

a(f)=8-f (6)

Where a is expressed in dB/cm and g is the
attenuation coefficient expressed in dB/cmMHz, the
following relation can be shown:

_ -868 df.
B = vo?(1) drt (7)

Where ¢ denotes the speed of ultrasound in the tissue,

% is expressed in MHz/s and g?(t) is the spectral

variance (MHz?)

In order to estimate the integrated
attenuation, fli" a(x,y, f)dl, the spectral of both incident
1

and reflected ultrasonic signal are computed. The
frequency centroid (4) is evaluated. The difference of
frequency centroid of spectrum between incident and
reflected ultrasonic signal is linearly related to the
integrated attenuation and defined as the projection data
along the ultrasonic ray path.

3. RECONSTRUCTION ALGORITHM

Algebraic reconstruction technique (ART) is a
reconstruction technique which can reconstruct a quite
good quality image when the number of projections or
angles is limited [11]. The following is a reconstructed
equation of ART. when p; is a projection data of it* ray,
f; is adata in j** cell, w;; is a weight data of jt cell at it
ray, j and / is a number of cell and number of ray
respectively and £ is the number of iteration step.

P, =N f(k)w-

Kk k =1/ )

FEV = (0 4 | T T2 | ay; (8)
=1 ""il

The line integral projection data which obtained from
the frequency centroid-shifting method is calculated
firstly. Next is the correction by ray weighting data and
then follow by the updating process to improve in each
iteration. Since the wave ray path in our simulation was
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enhanced by the reflection from each wave reflecting
plate, then the line integration along each reflecting ray
path will provide a rather complete echo data that pass
through the phantom in all direction especially for the first
or second echo reflection.

4. SIMULATION SETUP

The imaging setup system in our 2D linear array
ultrasonic reflection tomographic simulation is shown in
Fig. 2. The dimension of the linear array transducer was
128 elements which its resolution was approximately 1
element per millimeter. This array transducer was
assumed to place on the top side of the 128x128 pixels
simulated image system. Both two lateral sides and also
bottom side of this experimental system were fixed with
an ultrasound refection plate which was assumed as an
absolute ultrasound wave refection material. By these
reflectors, the echo should reflect freely according to rule
of the incident-reflect angle which intently to provide
more ray path in phantom area. However our main
concept has to be realized again that when an ultrasound
travel through the soft tissue, the diffraction can be
neglected if the reflective index is not too different and the
straight line integral can be applied. The created phantom
which its object size is 64 was located at the center of this
imaging setup system and the system was assumed to fill
with degasses water as an ultrasound wave media. The
phantom in this simulation which shown in Fig. 3, was
primarily intended to design as a simple organ model in
which compose of fat as the outer, soft tissue, muscle 1 as
the smallest and muscle 2 as shown in Table I.

The simulation was started by transmitting  an
ultrasound pulse from each single transducer element
while the remaining of 127 elements acquires a complete
echo data set. In this simulation process, the ultrasound
ray path from each element was designed to travel in fan
beam path with +30 degrees, a phantom was projected by
the 3.5 MHz broadband ultrasonic pulse, sampled at 40
MHz, along the vertical axis.

Linear Array Transducers
127128

e Vel o e S} l'b"— o=

“~Wavereflector -

—— 128 mm —_—

Figure 2. Imaging setup system for simulation

Figure 3. Created phantom

TABLE I PARAMETERS OF CREATED

PHANTOM
n Organ gray level
1 Fat 0.4
2 Soft tissue 0.8
3 Muscle 3 0
4 Muscle 4 0.6

Fig. 4 and Fig.5 show an example of wave propagation
of transmitted and reflected pulse which emitted at 64"
and 110" transducer element in fan beam shape
respectively. In these figures, the emitted angle was
stepped at 5 degree per step for clarify showing but in the
real simulation the angle step was 1 degree per step. At the
110" element in Fig.5, wave reflector provides more
reflecting pulse noticeably. All echo pulses which
reflected from every three reflected sides were
accumulated and resolved by the frequency-centroid shift
method to get the value of the integrated attenuation
coefficient. As we mention earlier, our main concept has
to be realized again is when an ultrasound travel through
the soft tissue, the diffraction can be neglected if the
reflective index is not too different. By this reason, the
straight line integral technique can be applied when we
assume that refraction of ultrasound wave is very rare in
soft tissue. Due to the limited angle of view, the ART
image reconstruction algorithm was preferred to use to
reconstruct a phantom image.

Figure 4. Wave path at 64" element
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Figure 5 Wave paths at 110" element

5. RESULTS

The reconstructed images from our simulation are
shown in Fig. 6. The result image is compared between
the output from the imaging setup system that has 3
reflector plates (Fig.6a) and the system that has only one
reflector plate at the bottom (Fig.6b).

20 40 60 80 100 120
(a) the reconstructed image from 3 reflectors system

20 40 60 80 100 120
(b) the reconstructed image from 1 wave reflector system
Figure 6. Reconstruction results

6. DISCUSSION AND CONCLUSION

Due to the ray trajectory of the ultrasound wave path
in our simulation system is 2D fan beam and there are 128
transducer elements in our virtual linear array transducer,
so the created object was fully projected by a rather high
condense of US ray path at the top and also reflecting
plate at the bottom. The ray path was designed like a fan
beam at £30 degrees (1 degree per each step) in each
element from the first transducer element to the last 128th
element and the reflecting plates in each three sides were
provided a huge of echo data when compare to the only
one reflecting plate system. This simulation system seems
to be a natural redundant acquisition system, however
from the experimental results, the reconstructed image
shows some details of the pixel value compare to the
original image. The root mean square error (RMS)
between the original created phantom image and the
reconstructed image also calculated which the total error
value is acceptable.

We have a long term research target to develop an
ultrasound computer tomography in refection mode for
application in breast tomography which this experiment
provide us a useful implementation technique. The future
work should be focus on an emission angle of an
ultrasound wave to improve an image resolution and
penetration. The size of an object phantom and a number
of transducer elements should be increased to ensure an
image quality. The phantom which provides a same size
and attenuation value like a normal living tissue should be
tested. Finally, the image reconstruction algorithm should
be improved in term of speed and iteration step.

We may conclude that the simulation of 2D linear
array ultrasonic reflection mode tomography in fan beam
with an enhancement by wave reflecting plate was
purposed in this paper. The obtained reconstruction
images show that our system is promising and convince
the system to modify with a conventional B-scan
ultrasonic imaging system for further clinical trial.
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Abstract— In general, it was known that when the series of an
ultrasonic broadband pulse travel through living organ or soft
tissue, their reflected projection data can be used to reconstruct a
novel tomographic image. Whereas, a data obtain from an
ultrasonic tomography in transmission mode is not able to be
used for reconstruction a characteristic image of soft tissue which
naturally shadowed by a bone or hard tissue. An ultrasonic
tomography in reflection mode is realized to be a solution for this
problem. However the implementation to identify the projection
by using an integrated attenuation coefficient of tissue from the
pulsed wave ray path in reflection mode is still more complicated.
In this paper, we propose a simulation in 2D of a reflection-mode
ultrasonic tomographic system by using the linear array
transducer and also a frequency centroid shift method to
calculate the projection data. The imaging setup system was
enhanced by wave reflecting plate in order to increase an echo
wave path. The ultrasound wave paths of our simulation system
were intend to focus on the fan beam trajectory which is rather
close to a real propagation of the ultrasound wave travelling
through soft tissue and ART was used finally as an image
reconstruction algorithm. The obtained output shows that our
system is more practical and possible toward for using in a
clinical trial.

Keywords- ultrasound reflection tomography, wave reflector,
ART reconstruction )

L

The conventional pulse-echo B-scan imaging is a method
that uses the reflected pulse to reconstruct the tomogram, but
the image only shows the interfaces of tissue, not the local
properties of it. The ultrasonic transmission mode can image
the local properties such as the sound velocity, refractive index
or the attenuation coefficient of the tissue from the received
pulse [1]. The major problems of the ultrasonic tomography
are expanded into two cases. Firstly, the diffraction and
refraction of the ray while it get through the interfaces of the
tissue having difference reflective indexes make it travels not
in the straight line, so we cannot use the line integral geometry
as in the X-ray case. The approaches to this problem are more
complicate and also known as the Fourier diffraction theorem
[2] and the filtered back propagation algorithm [3]. However,

INTRODUCTION

978-1-4244-4568-4/09/$25.00 ©2009 IEEE

M.Sangworasil
Dept.of Electronics, Fac.of Engineering
KMITL, Bangkok, Thailand
ksmanas(@kmitl.ac.th

C.Pintavirooj
Dept.of Electronics, Fac.qf Engineering
KMITL, Bangkok, Thailand
kpchucha@kmitl.ac.th

we still can use the straight line integration if we assume that
the soft tissue have a little change in the refractive index.
Another problem is the transmitted pulse almost completely
reflected with the hard tissue like bone and give a null signal to
the receiver that located on the opposite direction. This makes
it hard to find the application in human. But, the reflected pulse
also contains the character of the tissue and provides us a
possibility to utilize this waveform. For the attempt to apply the
reflection ultrasonic tomography in real application, some
researchers have been presented and shown the different from
the conventional B-scan imaging [4,5].

In this paper, we apply the concept of modifying the B-

- mode ultrasound imaging to function as a reflection mode
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ultrasonic tomography. The system is related to that of the
limited-angle transmission tomography [6-11]. We also
intently focus on the ray trajectory of ultrasound wave which
emitted from each element in transducer array in order to close
to a real phenomenon of wave propagation from any point
source. The ultrasound wave from each element was
considered to travel as a spherical wave so that an image
reconstruction algorithm of the fan beam trajectory in 2D was
performed efficiently in our research. We also purpose the idea
of using an ultrasound reflecting plate to provide a complete
echo pulse from each side of the imaging setup system. The
algebraic reconstruction technique (ART) was applied as it
provides a better image quality in the case of limited
projection. The reconstructed image quality improves
dramatically when compare to the only one reflector at the
bottom

This paper was organized as follows. A brief introduction
and mathematical background of ultrasonic reflective
tomography theory was presented in section 1 and 2
respectively. Section 3 is an overview of the image
reconstruction algorithm. Sections 4 show the image setup
system for gathering the projection data from simulated
phantom. The simulation results are provided in section 3.
Discussion and conclusion is present in section 6,7
respectively.



1.

When the object is projected by the broadband ultrasonic
pulse Pi(1), the reflection of the pulse will occur every time it
passes each interface where the refractive indexes are
difference, subsequently return us the attenuated waveform
Pr{t) as shown in Fig. 1.

REFLECTION ULTRASOUND

reft) ren(f)
Pt Hn — >t

THLTY

(XN F] I.‘\tr

Iy

Figure 1. The waveform of incident and reflected pulse. The
reflections occur at the tissue interfaces

However, only the latest pulse in the waveform or Fen(t) 15
considered because it passes through the entire tissue’s length
from /, to Iy and reflected at the N"interface. The equations for
the reflected waveform and concerned parameters are written
below. In real application, the character of the reflectance and
transmittance between each layer are still unknown parameter.

N
pr(t) = Z 1o (t) )
n=1
n-1 lN
Ten(t) = ‘/R_“(H Tk) X pi(t — Tp) X e LEZCRT 5y
=1

where Ry and Ty are the reflectance and transmittance of
the power at the N" interface, Ty is the delay time
corresponding to the distance from the transducer to the N
interface, and (x,yf) is the frequency-dependent attenuation
coefficient of the tissue at coordinate (x,»). The latest recorded
pulse must be converted to be in the frequency domain as
shown in (3), so the frequency where the highest amplitude of
the signal can be detected.

n—1

L
ren(f) = m(n T") xpi(f) X g, PO
k=1
.l
s¢ g 2Lhy AL 3)

Where @(f) is the phase shift of the tissue.

The attenuation, @, is estimated from the reflected
ultrasonic signal using the centroid-shifting method [8-10,12].
The ultrasound signal s(?) reflected by a biological tissue is

digitized with a sampling interval At = ;1- in N samples (F& is
the sampling frequency, T is the signal duration). We estimate
the center frequency or spectral centroid defined by:
my (7;)
mo(7:)

fe(m) = C))
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‘Where

) = [ f- S faf ®)

Because of the random position of scatters in the medium,
the output of the estimator fluctuates. The variance of the
estimate is reduced by averaging the spectra of A independent
(uncorrelated) echo signals for each window position. One
centroid is determined for this depth and noted f.(z), where
denotes the averaging process over A uncorrelated lines. With
the classical assumption of a linear-with-frequency attenuation:

a(fy=6-f (6)

Where o is expressed in dB/em and f is the
attenuation coefficient expressed in dB/cmMHz, the following
relation can be shown:

__ —868 dfe
B = co2(r) dr

€))

. ; d
Where ¢ denotes the speed of ultrasound in the tissue, -EEC—

is expressed in MHz/s and ¢?(t) is the spectral variance
(MHZ’)

To estimate the integrated attenuation, _]';1” a(x,y, f)dl, the

spectral of both incident and reflected ultrasonic signal are
computed. The frequency centroid (4) is evaluated. The
difference of frequency centroid of spectrum between incident
and reflected ultrasonic signal is linearly related to the
integrated attenuation and defined as the projection data along
the ultrasonic ray path.

ITI. RECONSTRUCTION ALGORITHM

Algebraic - reconstruction techniqgue (ART) is a
reconstruction technique which can reconstruct a quite good
quality image when the number of projections or angles is
limited [11]. The following is a reconstructed equation of ART
[1] when p; is a projection data of i ray, f; is a data in i
cell, w;; is a weight data of jt" cell at i*® ray, jand i isa
number of cell and number of ray respectively and £ is the
number of iteration step.

k+1)
NG

®
j I

J

[Pi b fl(k)wil ®)

N 57 }a"i

1=1 Wil

The line integral projection data which obtained from the
frequency centroid-shifting method is calculated firstly. Next is
the correction by ray weighting data and then follow by the
updating process to improve in each iteration. Since the wave
ray path in our simulation was enhanced by the reflection from
each wave reflecting plate, then the line integration along each
reflecting ray path will provide a rather complete echo data that
pass through the phantom in all direction especially for the first
or second echo reflection.

V.

The imaging setup system in our 2D linear array ultrasonic
reflection tomographic simulation is shown in Fig. 2. The
dimension of the linear array transducer was 128 elements

IMAGING SETUP



which its resolution was approximately 1 element per
millimeter. This array transducer was assumed to place on the
top side of the 128x128 pixels simulated image system. Both
two lateral sides and also bottom side of this experimental
system were fixed with an ultrasound refection plate which was
assumed as an absolute ultrasound wave refection material. By
these reflectors, the echo should reflect freely according to rule
of the incident-reflect angle which intently to provide more ray
path in phantom area. However our main concept has to be
realized again that when an ultrasound travel through the soft
tissue, the diffraction can be neglected if the reflective index is
not too different and the straight line integral can be applied.
The created phantom which its object size is 64 was located at
the center of this imaging setup system and the system was
assumed to fill with degasses water as an ultrasound wave
media. The phantom in this simulation which shown in Fig. 3,
was primarily intended to design as a simple organ model in
which compose of fat as the outer, soft tissue, muscle 1 as the
smallest and muscle 2 as shown in Table I.

The simulation was started by transmitting an ultrasound
pulse from each single transducer element while the remaining
of 127 elements acquires a complete echo data set. In this
simulation process, the ultrasound ray path from each element
was designed to travel in fan beam path with £30 degrees, a
phantom was projected by the 3.5 MHz broadband ultrasonic
pulse, sampled at 40 MHz, along the vertical axis.

Linear Array Transducers

B = e T e e

Wave retlector

PP
Figure 2 Imaging setup system for simulation

128 mm —————

Figure 3 Created phantom
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TABLE1 PARAMETERS OF CREATED PHANTOM
n organ gray level
1 Fat 0.4
2 Soft tissue 0.8
3 Muscle 3 0
4 Muscle 4 0.6

Fig. 4 and Fig.5 show an example of wave propagation of
transmitted and reflected pulse which emitted at 64" and 110"
transducer element in fan beam shape respectively. In these
figures, the emitted angle was stepped at 5 degree per step for
clarify showing but in the real simulation the angle step was 1
degree per step. At the 110™ element in Fig.5, wave reflector
provides more reflecting pulse noticeably. All echo pulses
which reflected from every three reflected sides were
accumulated and resolved by the frequency-centroid shift
method to get the value of the integrated attenuation
coefficient. As we mention earlier, our main concept has to be
realized again is when an ultrasound travel through the soft
tissue, the diffraction can be neglected if the reflective index is
not too different. By this reason, the straight line integral
technique can be applied when we assume that refraction of
ultrasound wave is very rare in soft tissue. Due to the limited
angle of view, the ART image reconstruction algorithm was
preferred to use to reconstruct a phantom image.

€0
Figure 4 Wave path at 64" element

80 100

80
110" element

o 60
Figure 5 Wave path at



V.

The reconstructed images from our simulation are shown
in Fig. 6. The result image is compared between the output
from the imaging setup system that has 3 reflector plates
(Fig.6a) and the system that has only one reflector plate at the
bottom (Fig.6b). The example of line profile at row 60" which
passes through the whole created phantom of reconstructed
image is also shown in Fig.6¢ and Fig.6d respectively.

SIMULATION RESULTS

2 40 60 80
() the reconstructed image from 3
reflectors system

120

20 40

80
(b) the reconstructed image from 1
wave reflector system

80
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\_\
u; \v‘/“ \"v:\\ri [i¥]
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02|

(c) line profile at row 60th from 3 (d) line profile at row 60th
wave reflectors from | wave reflector system
Figure 6 Reconstruction results

VI.  DISCUSSION

Since the ray trajectory of the ultrasound wave path in our
simulation system is 2D fan beam and there are 128 transducer
elements in our virtual linear array transducer, so the created
object was fully projected by a rather high condense of US ray
path at the top and also reflecting plate at the bottom. The ray
path was designed like a fan beam at £30 degrees (1 degree per
each step) in each element from the first transducer element to
the last 128th element and the reflecting plates in each three
sides were provided a huge of echo data when compare to the
only one reflecting plate system. This simulation system seems
to be a natural redundant acquisition system, however from the
experimental results, the reconstructed image shows some
detail of the pixel value compare to the original image. The
root mean square error (RMS) between the original created
phantom image and the reconstructed image also calculated
according to Eq.(9) which the total error value is acceptable.

128 123]]:U fi}|2

2128 123 fl.j

Our long term goal is to develop an ultrasound computer
tomography in refection mode for application in breast

RMS(%) = x 100 ()]
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tomography which this experiment provide us a useful
implementation technique. The future work should be focus on
an emission angle of an ultrasound wave to improve an image
resolution and penetration. The size of an object phantom and a
number of transducer elements should be increased to ensure
an image quality. The phantom which provides a same size and
attenuation value like a normal living tissue should be tested.
Finally, the image reconstruction algorithm should be
improved in term of speed and iteration step.

VII. CONCLUSION

As a conclusion, the simulation of 2D linear array
ultrasonic reflection mode tomography in fan beam with an
enhancement by wave reflecting plate was purposed in this
paper. The obtained reconstruction images show that our
system is promising and convince the system to modify with a
conventional B-scan ultrasonic imaging system for further
clinical trial.
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ABSTRACT

Suffering from breast cancer is one of the important
health problems which threaten a middle-aged woman
around the world for a long time ago. Diagnosis any
abnormality by using a conventional ultrasound is a
preliminary investigation which should be performed
annually. In this paper, we propose a simulation of our
modified imaging setup system for female breast
diagnosis. We modified a conventional linear array
transducer probe with a water bath in which ultrasound
reflecting plate was fixed around this system. By using
this reflecting plate, echo wave was enhanced
dramatically in all direction and provided us more
projection data. The slope integration in straight line
path was applied for attenuation coefficient estimation.
Finally, an iterative ART algorithm was implemented fo
obtain a reconstructed image. Output from our selup
system shows a promising image from an unlimited angle
of view due to surrounding reflector and also gives an
attenuation image which independent from reflectance,
transmittance and general noise. These encourage us to
investigate more suitable reflector shape and also to
implement with a clinical trial in a future.

1. INTRODUCTION

It was known that breast cancer in middle-aged female
is a fatal cancer which commonly found in women all
over the world. An existence of this harmful phenomenon
or an abnormality in her mammalian gland is still
dramatically increased annually. Their causes probably
come from foods, contamination, life style and also
unidentified cases. This seriously impacts to a quality of
life of her owns and also her victim family [1]. The most
suitable way to handle with this problem is to detect it in
an earlier state or in a benign state as soon as possible. X-
rays breast detection or a mammography is accepted as a
standard method to investigate this health threat especially
it is recommended to perform annually. Even though, this
classical manipulation is seem to be an efficient solution
but an implicit risk from an accumulated radiation dose is
an unavoidable fate and the investigation by using X-rays
is not suitable for a soft tissue imaging as glandular tissue.
Recently, diagnosis using B scan ultrasound is more

popular and widely use due to its safety and its advantage
for soft tissue or living organ imaging. B-scan ultrasound
imaging is a convectional well known technique that uses
an echo or reflecting pulse to reconstruct a novel
tomography image or tomogram. However the image
obtains from this technique is only show a shape or
boundaries of a reflecting tissue or organ not a local
property of it. A quantitative image from this technique is
still quite complicating due to lack of physical parameters
from their projection data [2,3]. Many researchers try to
present their modified imaging setup systems with B scan
ultrasound for application in breast imaging both in
reflection mode and in transmission mode. Those works
were implemented with an immersive system [4,5] and
also without water as an ultrasound medium system [6,7].
The tissue characterization image such as sound speed or
attenuation coefficient also possible finally by using a
complicated reconstruction algorithm.

In this paper, we present a simulation in 2D of an
attenuation ultrasonic tomography system by using a
conventional linear array transducer probe. We propose an
ideal to enhance an ultrasound wave path by using a
reflecting plate fixed around water tank. An increasing of
wave reflecting direction provides us more projection data
especially in a shadowed phantom area under fan beam
shape trajectory. We also implement a slope integration
technique to estimate a tissue attenuation property along
each ultrasound wave ray path. This classical estimation
technique provides us a tissue characterized data in which
independent from reflectance, transmittance and general
white Gaussian noise [8]. The reconstruction image was
accomplished by using algebraic reconstruction technique
(ART) as it provides a better image quality in the case of
limited projection [9, 11]. The obtained image output
shows that our modified system is possible and more
practical; it encourages us to implement our concept in
real experiment and also before a clinical trial.

This paper was presented as follows. An introduction
and ultrasound attenuation concept was presented in
section 1 and 2 respectively. The image setup system for
collecting a projection data from simulated phantom was
in section 3. Section 4 is our simulation results while
discussion and conclusion is present in section 5.
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2. ATTENUATION OF ULTRASOUND

Reflection and transmission is a common well known
phenomenon which occurs every time when an ultrasound
pulse hit a tissue interface. Data collected from both
natural existences can be used to reconstruct an image of
insonified object [2, 3]. Consideration a series of
reflecting pulse in Fig. 1, an ultrasonic incident
pulse,P;(t), propagate into an object and then return us an
attenuated reflecting pulse P.(t) at every tissue boundary.
We interest only the latest pulse in this series or 1y (%)
because this pulse passes along a whole tissue’s length
from [, to L and finally reflect at N** boundary. We can
estimate this reflecting pulse according to (1) and its
derivation and all concerned parameter is in (2) as
following.

N

B = ) 7enl®) W

n=1

n—1

P (t) = i\/R_n

n=1 k=1 f
-2, 1N a(x.y)-fdl +n(t) 2)

Tk) X Pl(t = T?‘l)

xXe

Where 7,,,(t) is a reflecting echo at any interface, t is
a time in second, R, and T, is a reflectance and
transmittance parameter between layer » and layer n+1 or
at any N*" interface, T, is a time delay corresponding to a
distance from transducer to the N** interface in second,
a(x,y)is a frequency-dependent tissue attenuation
coefficient in dB/(cm-MHz) unit at any x-y coordinate
space, f is an ultrasound frequency in MHz, I is a
distance in centimeter and n(t) is a general white noise.
This latest recorded pulse can be transformed into
frequency domian as shown in (3).

N-1
1
ReN(f) = Al Ry (n Tk) X Pi(f) X e—zfllNa(x,y)-fdz
k=1
+ Tl(f) (3)
Ty Ty wrewsraiaissemn Tn: TN
Prre

h e Iy

Figure 1. The incident and reflected pulse at each
tissue interface.

In order to simplify this equation, term R, and T},
which are independent parameters with respect to
frequency spectral can be substituted by constant
parameter 4. Then we can this equation in term of power
spectrum and logarithm as shown in (4).

log(1P.(HD — log(IRelN(f)I)

= 4[ a(x,y) - fdl
Ly
— [log(4?) + log(IN(£)D] C)

This equation shows that a difference of logarithm
between power spectral of P;(t) and P.(t) is linearly
related to an integrated slope of tissue attenuation

coefficient or f:}” alx,y)dl with respect to frequency

domain. This relation also implies about an independent
from both unknown reflectance or transmittance and also
general white gaussian noise in the incident pulse [8]. We
also need not to know an ultrasound velocity of each
living tissue in advance especially considering a soft tissue
like glandular tissue then we can assume that a sound
velocity in woman breast is constant. A summation of
tissue attenuation which derived by using this classical
method will be defined as a projection data along each
wave path in a tomography process. Comparing to a
convectional B scan, the reconstructed image obtain from
this collected data can be denoted as a quantitative tissue
characterized image.

3. EXPERIMENTAL SETUP SYSTEM

Figure 2 shows our imaging setup system in this
simulation. This setup system composes of a virtual linear
array transducer probe which placed on the top of water
bath. The dimension of this linear array transducer is 128
millimeter in length and it is assumed to compose of 128
small transducer elements. Then, its resolution is
approximately 1 element per millimeter. As a preliminary
study, water bath is also designed in rectangular shape
with dimension 128 millimeter in width and 128
millimeter in height. This implies our virtual space to be
128 x 128 pixels. Both two lateral sides and also bottom
side of this setup system are fixed with an ultrasound
refection plate which is assumed as an absolute ultrasound
wave refection material. This bath also assumed to fill
with degasses water as an ultrasound wave media. At the
center of this bath, a virtual breast phantom size 64 pixels
is located. This phantom was primarily intended to design
like a simple breast model in which compose of fat as 1,
glandular soft tissue as 2, cyst as 3 and tumor as 4. Its
figure and ultrasound properties [6] are shown in Fig. 3
and Table. I respectively. In this simulation, we set our
ultrasound wave frequency at 5 MHz which is commonly
used in a general diagnostic ultrasound. The simulation
was started by transmitting an ultrasound incident pulse
from the first transducer element while the remaining of
127 elements will act as a receiver to collect all echo pulse
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Figure 2. Imaging setup system
Figure 3. Created breast phantom
TABLE I Ultrasound parameters of phantom
Attenuation | Sound | Density
n Tissue coefficient | velocity | (g/cm’)
(dB/cm) (m/s)

1 Fat 221 1464 0.94
2 Glandular tissue 2.74 1522 1.03
3 Cyst 0.78 1570 1.02
4 Tumor 4.26 1553 1.07

from our reflecting plates. Then, the transmitter will
switch to the next one and the data collecting process
perform again until the last transducer element was
activated.

In this simulation process, the ultrasound ray path
from each element was designed to travel in fan beam
path with 30 degrees of emitting angle. According to the
rule of incident —reflecting angle, echo pulse should
reflect freely from those surrounding reflectors then
provide more wave path in phantom area. Considering to
our concept that when an ultrasound travel through a soft
tissue, any refraction can be neglected if refractive index
is not too different due to a constant sound speed
assumption. Then the straight line integral can be applied
for ultrasound wave trajectory with a very rare refraction.
All echo pulses which reflected from every three reflected

Figure 5. Wave path at 10™ element

sides were accumulated as a projection data and resolved
to get a value of the integrated attenuation coefficient.

We can show an example of wave propagation of
transmitted and reflected pulse which emitted at 64" and
15" transducer element in fan beam shape in Fig. 4 and
Fig. 5 respectively. In these figures, an emitted angle was
stepped at 5 degree per step for clarify showing but in the
rea] simulation the angle step was 1 degree per step. At the
15" element in Fig.5, lateral side reflecting plate provides
more reflecting pulse noticeably, then the limited angle of
view is minimized.

4. SIMULATION RESULTS

Figure 6 shows the results from our simulation. The
reconstructed image of our breast phantom was shown in
Fig. 6a and a projection data at line profile 60" which is
passed through the middle of phantom model was also
compared between the reconstructed image and the
original image in Fig. 6b.
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Figure 6. Reconstruction results

5. DISCUSSION AND CONCLUSION

In this research, a ray trajectory of the ultrasound wave
path in our simulation system is emitted in 2D fan beam
and there are 128 transducer elements in our virtual linear
array transducer, so the phantom object was fully
projected by an ultrasound wave path at the top and also
reflecting plate at the bottom. These may cause a
scattering shadow at the top and the bottom of
reconstructed image. At the lateral side, we can obtain a
projection data due to an increasing of reflecting direction
from each lateral reflecting plate. Compare to our previous
work which designed to provide only one reflecting plate
at the bottom, the quality of this reconstructed image was
improved dramatically. In term of quantitative
comparison, root mean square error (RMS) between the
original phantom image and the reconstructed image also
calculated which the total error value is less than 35% and
flatted at the last iterative loop of ART. Considering a
projection data estimation, due to we estimate an tissue
attenuation value from the slope integration technique,

then we intently simulated a random noise addition into
our incident pulse at 20 dB of SNR, the reconstructed
image from this implementation is almost the same as in
noise free image. This verifies that our projection data
estimation method is quite independent from unknown
parameters as noise. We have a long term research target
to develop an ultrasound computer tomography for
application in breast tomography. This experiment
provides us a useful implementation technique. The
conventional B scan transducer probe is possible to be
modified with a simple inexpensive imaging setup system
as our virtual system. However, before a further clinical
trial, some investigation should be implemented to assure
a real system such as an image resolution, a suitable
reflecting plate shape, a variety of phantom model even
though an another tissue characterization technique and
improving in reconstruction algorithm.

As a conclusion, we propose a simulation of 2D
ultrasonic attenuation tomography with an enhancement
of wave reflecting path by using reflecting plate. The
reconstructed tissue characterization images show that our
system is promising and encourage us to develop more
practical system in a future study.
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Breast cancer is one of the most prevalent health hazards in women all over the world. An annual screening test using a
diagnostic ultrasound seems Lo be an appropriate method to handle this physical threat. Tn this paper, we propose the use of
a two-dimensional reflection-mode ultrasonic tomography system for a general breast ultrasound investigation enhanced by an
echo wave path using a wave reflecting plate. Qur virtual imaging setup system is composed of a 128-clement conventional
linear array transducer placed on the top of a water bath and a wave reflector attached around this setup. The shape of the wave
reflector was designed as a single plate shape, rectangular shape and curve shape. For projection data, we estimate a line miegral
insonifying data by using a classical integration slope of attenuation coefficient method in which its derivative is independent
of transmittance, reflectance, and noise. By imaging a virtual breast phantom model, the reconstruction results obtained from an
iterative algebraic reconstruction technique (ART) algorithm show a promising image. The image is not only indicates a tissue
characterization from quantitative attenuation data, but also restores an area covered by hard tissue due 10 an increased wave
path direction from our nonrotational imaging system. These results encourage us to implement our concept with a clinical study

in the near future. © 2012 Institute of Electrical Engineers of Japan. Published by John Wiley & Sons, Inc.
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1. Introduction

The existence of a cancer or a malignant tumor in the female
mammalian glands is a serious health problem, which is commonly
found in women around the world, especially in the West. The
risk factor of breast cancer arises from many parameters such as
aging, ethnicity. personal and family history, estrogen exposure,
lifestyle, and so on. It causes much misery in the daily lives
of the victims. The best way to solve this problem is to detect
the benign threatening form at the earlier state or before it goes
into a metastasis phase. The well-known and widely accepted
diagnostic technique for primary detection of breast cancer is an
annual mammography. This technique nermally uses X-rays to
reconstruct an image or mammogram. However, by this technique.
there is an implicit or inherent risk from an accumulated dose of
fonizing radiation, which should not be used with young women
whose breasts are still growing. On the other hand, diagnosis of
an abnormality in female breasts by using a conventional B-mode
diagnostic ultrasound is becoming more popular because of its
safety and ability to create a real-time image of soft tissue like
cyst, benign tumor, or highly condensed mass as well as other
internal organs [1-3]. Currently, it is widely accepted as a standard
investigation method for breast cancer screening or also as an
adjunct diagnosis together with a mammogram and tissue biopsy
[4]. This medical manipulation is more convenient, less harmful,
and less painful from breast tissue compression than a classical
mammography procedurc. However, a common B-scan image
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creates an image by using an amplitude height of an ccho pulse
which reflects from an organ boundary to form a configuration of
brightness in intensity [2]. Ultrasound computerized tomography
(UCT) has also been developed in order to enhance a conventional
B-scan image of a female breast by an implementation of a
cross-sectional image [5,6]. Tn particular. the quantitative tissuc
characterization using sound velocity and attenuation coefficient
in tissue derived from this technique can be used to distinguish
between a portion of benign and abnormal tissue or a malignant
breast lesion [7].

Many research works have proposed a modification of B-scan
ultrasonography in the echo-pulse reflection mode and also in
transmission mode especially in an imaging setup for application
to detect breast cancer. Tomography image of breasts lesions can
be satisfactorily obtained as a result of the continuous development
of ultrasound computed tomography during the past several years,
These modified imaging setups were designed to scan with and
without a water bath system. Tn an immersive imaging system,
both the scanned object and the ultrasound transducer probe must
be submerged in a tank containing water used an ultrasound
propagation medium. Nguyen and colleagues developed a simple
ultrasound tomography system to measure the cross-sectional
images using both transmission and conventional reflection modes,
This system consists of a pair of linear transmitting and receiving
array fixed on opposite directions and a mechanical device to
rotate the whole system horizontally through 360° [8]. Jago
and Whittingham also proposed a similar imaging system that
can show a pulse-echo B-scan and acoustic speed image from
both reflection and transmission modes [9]. A standard setup
consisting of a linear array probe from a commercial type
of general diagnostic ultrasound system was applied to breast
UCT in the transmission mode by Ashfaq and Ermert [10],
which was further developed for use with small animals [11].
Jeong and colleagues also used the same technique to develop a
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high-resolution ultrasonic transmission tomography system for
soft-tissue differentiation [12]. An innovation by using a large
number of small ultrasound transducer elements configured in a
ring shape or toroidal array was proposed by Andre ef al. [13].
Their system was composed of two transducer rings in which a
transmitted and reflecting pulse was able to be collected from all
surrounding angles, from which a tomogram image of object could
be obtained without any system rotation. Waag and Fedewa also
developed a ring transducer system which used only one transducer
ring for scanning and showed a promising reconstructed image
for medical ultrasound research [14]. Goulding and colleagues
developed an ultrasound tomography system for breast cancer
detection which could create an image both in the pulse-ccho
mode by using only one transducer operation and in the pitch-catch
mode by using a pair of transmitting and receiving transducers
[15]. Gemmeke, Ruiter, and their colleagues proposed a novel
evolution of UCT imaging by applying a set of three stacks of ring-
shaped transducers which were nonoverlapping and aligned in a
cylindrical water tank. By using a rotation of posilioning stepping
molor and assuming an idcal virtwal transducer. they finally
obtained a three-dimensional (3D) tomogram image by using a
complicated reconstruction algorithm [16,17]. A real practical use
of UCT for breast cancer imaging in clinical application was
developed by Li and Duric [18,19]. They also used a circular
transducer that could be moved in a vertical direction to render a
volume image of an immersed breast from a set of continuously
sliced tomogram. Hansen and colleagues utilized a full-angle
spatial compounding (FASC) concept from echo-computerized
tomography to improve a breast UCT image. In this imaging
setup, a curved reflector was placed opposile (0 a linear array
transducer in which the system could use only one transducer
probe to reconstruct a sound speed image of the breast [20,21].
Fukumoto et al. also proposed an ultrasonography technigue by
using a transducer tank to reconstruct a cross-sectional image of
a human extremity [22]. Tn these immersion imaging systems, the
patient has to lie in a suitable position on an examination couch and
breast has to be submerged in water in a tank. Then, the scanning
process is started by rotating a pair of transmitter and receiver
or by moving a circular ring transducer vertically. The tomogram
image can be reconstructed by using the transmitted signal or the
teflected signal, and then the sound speed or altenuation image
finally obtained according to their projection estimations and image
reconstruction algorithm. However, the patient must always endure
the discomfort due to an unfamiliar examination position and to a
long data acquisition time.

An ultrasonography setup without the breast being submerged
into water has also been investigated to overcome those problems.
Richter and Heywang-Kobrunner introduced a breast compression
imaging setup for the detection of diffused breast cancer in which
the female breast was tightly compressed between a Plexiglas plate
and a stainless steel reflector plate; and then B-scan imaging was
obtained by a moving linear array transducer on the top of the
Plexiglas [23,24]. Krueger and colleagues improved upon the idea
by substituting with a polyethylene plate and adding a contact
gel, and the reconstructed image could be processed from an
algorithm for a limited angle of reflection [23]. Huang er al. also
proposed an imaging setup with a conventional probe for UCT
reconstruction of a sound velocity and an attenuation coefficient
image [26,27]. Jeong and Kwon modified a configuration of two
opposing linear array transducers to obtain multimode ultrasound
breast imaging. A compound B-mode sound speed image and also
a strain image of the breast could be reconstructed simultaneously
from this setup [28]. A simulation of a tomogram image was also
reported by Quan and Huang [29], in which the reconstruction
of a numerical breast phantom image was simulated from a
sound speed transmission tomography by using a virlual ring

array transducer. In a nonsubmerged system, a breast was tightly
compressed between two parallel plates with a probe coupling and
reflector plate at the bottom. Tomugraphy was mosty implemented
by using a transmitted signal which was reflected from a metal
platc and a reconstruction algorithm for a limited insonifying
angle or incomplete data [25,26]. Nevertheless, quite similar
o the mammography, the woman always suffers from breast
compression, and a projection data collected from the limited angle
range causes difficulty in the reconstruction a complete lomogram
image.

2. Our Proposed Imaging Technique

In this paper, we investigate a simulation of UCT of female
breast imaging by using our modificd imaging setup. Our idea is
to increase the reflecting wave path by using a wave reflector
which is placed around an area of a phantom image in order
to minimize a limited viewing condition [25.26]. In the initial
experiment, the reflecting plate was designed into three simple
shapes: a plate shape, a rectangular shape, and a curve shape. Qur
imaging setup is also designed to be applied with a general-purpose
lincar array ultrasound transducer. and still uses an immersion
concept to eliminate any pain from breast compression. In terms of
the projection data, even though a pulse-ccho B-scan imaging is
a method that uses a reflected pulse (o reconstruct a tomogram,
the image only shows the interfaces of the tissue and not its
local property. The ultrasonic transmission mode can image the
local properties such as a sound velocity or attenuation coefficient
of tissue from a received pulse [30.31]. In this investigation, we
implemented an integrated slope of the attenuation cocfficient to
estimate the tissue altenuation value. The computed data from
this classical method not only shows a line integral along each
wave path but is siill independent of any unknown transmittance,
reflectance. and general noise [32]. By collecting the projection
data from the wave paths which are enhanced by the surrounding
reflectors in various dircetions and using tissuc characterizing
estimation, it is possible to obtain a reconstructed quantitative
image especially from a region which is always shadowed by
highly attenuating or hard tssue [33-36]. Finally, an algebraic
reconstruction technigue (ART) is applied, as it provides better
image quality in case of limited projection [35-38]. Considering
the simulation results obtained from our virtuzl imaging setup
system in rectangular and curved reflectors, it is shown that we
can obtain a transmission of ultrasound tomography for mimicking
breast phantom without any system rotation. Also, a tomogram
image can be reconstructed from quite complete projection data.
These potentially imply that our idea is more applicable and
possible w be modified or applicd for real implementation with
a prototype system and also clinical study in the future.

The rest of the article is structured as follows: The propagation
of ultrasound and also the projection data estimation are described
in Section 3. Scction 4 is a virtual image setup system for
collecting the projection data from a phantom area. Section 5
shows our simulation results. Discussion and conclusions are
presented in Sections 6 and 7, respectively.

3. Ultrasound Propagation

Tt is known that when an ultrasonic pulse propagates in an
object or sofl tissue, a reflection of this pulse will occur every
time it passes an interface layer where the refractive index
is different [30]. A tomography image reconstruclion can be
accomplished by using a series of reflecting projections. However.
an implementation to acquire projection data from any reflecting
wave path is still more complicated. The phenomenon described
above subsequently returns to us an attenuated wave as shown in
Fig. I [32].
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Pi(:‘)

TeN1)
Fig. 1. Waveform of incident and reflected pulse

In Fig. I, P;(r) is a time-varying ultrasound incident pulse
traveling in a living tissue which has an interface layer between
Iy and ly. P.(t) is a reflected pulse which can be formed as a
series of echo pulses 1., (f) to rov (f) at each layer, corresponding
to a time of flight from 7; to zy. Only the latest pulse in this
waveform, or roy (1), is of interest to us because it passes through
the entire tissue’s length from layer /) to [y and then reflected
backward at the Nth interface. This reflected waveform is given
by (1), which also can be wrilten in terms of an attenuated pulse
with any reflectance and transmiltance parameters as in (2).

N
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where r,, () is a reflecting echo at any interface, ¢ is the time (in
seconds), 1,41 is a reflectance parameter between layer n and
n+ 1, L4y 1S @ transmittance parameter between layer n and
n+1, 7, is a time delay corresponding o the distance trom the
transducer Lo the N th interface (in seconds), e(x, y) is a frequency-
dependent tissue attenuation coefficient [in dB/tcm-MHz)] unit at
any x —y coordinate space, f is the ultrasound frequency (in
MHz), ! is the distance in (centimeters), and #(r) is a veneral
white noise.

In real applications, the reflectance and transmittance between
each layer are still unknown parameters. However, we still can
estimate these parameters by using a tissue acoustic impedance
(Z) in which Z, and Z, 4 are defined as the impedance of the
tissue at any neighboring interface n and n + 1.

Equations (3) and (4) show the reflectance (r, ;1) and transmit-
tance (2, ,41) for sound pressure from two adjacent tissue acoustic
impedances:

Zn+| - Zn .
- P o e 3
T+l P TR (3)
‘ o ZZn+J (4}
L 2'u+l + Zn

By considering reflectance (R,,41) and transmittance (7, ,41)
in terms of power energy, these parameters can be expressed as in

(3) and (6), respectively.
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Then, (2) can be reformed as follows:
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Then, the latest recorded pulse is converted into the frequency
domain as shown in (8).
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To simplify (8), Ry and 73, which arc consistent parameters
respect to frequency spectral. are substituted by the constant value
A, and the whole equation is derived in terms of the power
spectrum and logarithin, as shown in (9).

log (1P (A1) — log([Rox (F)]) =
v
4 f atey) - fdl — DogA) + log(IN(ID] ()
!y

Equation (9) indicates that a logarithmic difference between
power spectral of P;(r) and r.y (1) is lincarly related to the inte-
arated slope of the tissue attenuation coefficient or jf]v alx, y)dl
with respect to the frequency domain. This also implics the inde-
pendence from both the unknown reflectance and transmittance
and also from general white Gaussian noise. Moreover, using this
technique, we need not to know the ultrasound velocity in each
living tissue in advance. especially considering a soft tissue like
glandular tissue. Then we can assume that the sound velocity in
the breast is constant,

Considering our proposed imaging setup, this concept is applied
to each transmitied pulse that is reflected from a reflecting plate.
The summation of tissue attenuation which is estimated by using
this classical method will be defined as a projection data along
each wave path in a tomography image reconsiruction process
using ART. Finally. the reconstructed image from this collected
data can be denoted as a quantitative image compared to a general
conventional B-mode image.

4. Imaging Setup Simulation

In our simulation system, we intend to increase an ultrasound
wave path by using a reflection path from a wave reflector.
Three different shapes of wave refleclor were preliminarily studied.
Figure 2(a)—(c) shows our imaging setup of two-dimensional
(2D} linear array ultrasonic tomography for a one-plate shape,
rectangular shape, and curved shape system, respectively. A virtual
array transducer was assumed to be placed on the top side of each
128 x 128 pixel simulating the image space. The dimension of
this linear array transducer is 128 elements with a resolution of
approximately 1 element per millimeter. In the one-plate reflector
system, the reflector was placed only at the bottom side of the
imaging system, whilc in the rectangular system the reflectors were
fixed at each of the three sides as a rectangular square box. In
the curved system, the reflector was designed as a symmetrical

[EE] Trans 7(S1): S105-S113 (2012)
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Fig. 2. Tmaging setup. (a) One-plate reflector. (b) Rectangular
reflector. (¢) Curve reflector

semicircular plate at the bottomn side. while both lateral sides were
fixed with two straight plates. These reflectors were assumed to
be made of absolute ultrasound wave refection material. By these
reflectors, a transmitted pulse was expecled to reflect freely in
many different directions according to the laws of reflection [31]
(10) and provide many ray paths in phantom image space. Each
imaging setup was supposed to be filled with degassed water as
an ultrasound wave medium.

e, (10)

where ¢} is the incident angle and #, is the reflection angle.

Al the center of each imaging setup, a virtual phantom model
designed as a circular model was placed. lts diameter was 64 pixels
or equivalent to 64 mm. The phantom in this simulation, which is
shown in Fig. 3, was primarily designed as a simple model of a
breast. It is composed of fat as the outer region, glandular tissue as

Fig. 3. Virtual phantom model image

region 2, cyst as region 3, tumor as region 4, and high-attenuation
tumor or malignant tumor as region 5. These tumors are equivalent
to a benign and a malignant tumor.

The ulirasound properties of these tissues are also shown in
Table I [26]. The ultrasound wave frequency in this simulation
was set at 3.5 MHz of center frequency, which is commonly used
in a general diagnostic system.

In this simulation, an ultrasound wave path from each transducer
element was designed to propagate in the 2D fan beam wave path
with £307 of emitting angle. The traveling path of each emitting
angle was calculated with respect o the ineident and reflecting
angle of the wave as in (10). Particularly, when an ultrasound
pulsc hits a perfeet reficctor, a ray wacing ol main reflecting
pulse is dominant and the one we are interested in. Using this
concept, an amount of a total number of wave path provided by the
reflector system for cach emilling element is about 61. Tt is close
to a real phenomenon of wave propagation from any point source
when considering only in the 2D plane. By this implementation,
our phantom was supposed (o fully project by echo ulirasonic
pulse from all arbirary reflecting directions caused by these wave
rellectors without any fimited angle view and finally collected as
projection data by each receiving clement.

An example of wave propagation of the emitted and reflected
pulse for the one-plate shape, rectangular shape, and curve shape
system is shown in Fig. 4(a)—(c), respectively. Tn each tigure, the
emitting pulse is emitted at the 64th transducer clement (arrow
position) in the 2D fan beam shape. The emilting wave path is
plotted in steps of every five paths per step for clear presentation,
while in a real simulation an angle step is 1 degree per step.

Tt is obvious that the wave reflector provides more reflecting
puls¢ in the rectangular and curve shape than in the one-plate
shape. Particularly in the curve shape, the reflecting wave in
semihorizontal direction is enhanced noticeably. All echo pulses
that were reflected [rom reflectors were accumulated and resolved
by using the integration slope technique described above 1o obtain
a value of the integrated attenuation coefficient.

Due to the Timited angle of view, the ART image reconstruction
algorithm was preferred as a reconstruction technique (o restore a
tomography image. As we mentioned earlier, due to a the constant
sound velocity in a soft tissue, when an ultrasound travels through
the soft tissue, refraction of the ultrasound wave is very small and
can be neglected if a refractive index is not too different [32]. By
this concept, we still can apply a straight line integral technigue
with our wave ray path and it is possible 1o predict all wave ray
directions reflected from the reflectors.

Considering the emitted energy power, the emitting angle for
each transmitling element is designed to span approximately £60°,
This emitting power was varied downward according to each
emitting angle by using a normal cosine weighted function. This
directivity causes deviation on the energy power from 0.8 to | for
each emitting angle.

In terms of transmission, the transmission coefficient was also
calculated according to (8) at each interface between two different
tissues. This value was also used to decrease the energy power of
the transmitted wave. Figure 5 shows an example of ultrasound
wave path that is emitted from the 32th transmitter element
position (arrow position) at 4157 of emitting angle path. This

IEEJ Trans 7(S1): S105-8113 (2012)
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Table T. Parameters of the phantom model

Allenuation coelficient Sound velocity Coordinate of Sphere
n Tissue (dB/em-MHz) (m/s) Density (g/em?) center (xv,y) radius (mm)
1 Fat 221 1464 0.94 (0,0 35
2 Glandular tissue 274 1522 1.03 0,0 39
3 Cyst 0.78 1570 1.02 (—14.—-14) 5
4 Regular tumor 4.26 1553 1.07 (21.4) 3
5 High-attenuation tumor 7.36 1547 1.10 (21.4) 3
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Fig. 4. Wave path at the 64th emitting element. (a) One-plate
reflector. (b) Rectangular reflector. (¢) Curve reflector

wave passes through fal, the glandular tissue, the cyst, and the
tumor region, and then gets reflected back to the receiver. Tt causes
the energy power along its wave path to decrease by this computed
factor.

The imaging simulation process was started by emitting an
ultrasound pulse from the first emitting transducer element while
the remaining of 127 transducer elements were supposed to act
as receivers in order to collect all transmitting pulses which are
reflected from each surrounding reflector. Then. this emission was
swilched to the next one and the echo pulse was collected again
until the last transducer element was activated.

Fig. 5. Wave path at the 32th clement

5. Resalts of Simulation

We propose our idea by simulation of ultrasound imaging of
a breast phantom model from our modified imaging setup. As
a preliminary study, an investigation was performed into two
simulation cases as a wave reflection by a various reflector shapes
and an increase of the emitting wave path. The first simulation was
performed with a system ol three reflectors, as shown in Fig. 2
in order to compare the reconstructed images due to different
reflecting directions from each reflector system. Figure 6 shows
the results for this experimental simulation. The reconstructed
images obtined {rom the ane-plate reflector, rectangular reflector,
and curved reflector are compared in Fig. 6(a)—(c), respectively.
These images are presented in a gray-scale model. In Fig. 6(b) and
(c), the reconstructed images of the breast phantom model—from
rectangular and curve reflectors—show ¢learly an area of both the
cyst and tumor region inside the glandular tissue region and fat
area as well as the boundary distinctly. Some shadowing effect
under the whole phantom area in the rectangular reflector is still
noticeable, which may be due to an inherent reflecting wave path
in vertical direction from the reflector plate at the bottom side of
our simulation setup.

Figure 7 shows a mesh plotting of the reconstructed image
compared to an original phantom image in which the perspective
view and the front plane view are present.

The second simulation was performed to consider the effect
of increasing the number of emitting wave paths. The number
of emitting wave paths provided by our simulation system is
61 from £30° of emitting angle. These emitting wave paths
were caleulated depending on each emitting angle. We augmented
those numbers by calculating a wave path tracing based on the
position of the emitting transducer element and the position of the
receiving transducer element with respect to a reflecting direction
from the surrounding reflector. This causes the number of wave
paths to extend o 384 paths. Figure 8 shows a comparison of the
reconstructed image between 61 paths and 384 paths in Fig. 8§(a)
and (b), respectively. In Fig. 8(b), a clear area of cyst, both tumor
and also a border of fat region, is seen easily.

By considering each data content in our reconstructed image
space, this image gives us the tissue characterization from an

[EE] Trans 7(S1): S105-S113 (2012)
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Fig. 6. Reconstructed images in gray scale. (a) One-plate reflector.
(b} Rectangular reflector. (¢} Curve reflector

attenuation coefficient estimation method. Their tissue composi-
tions are well identified and satisfactory. The projection data in
term of an image space line profile at cyst, wmor, and the high-
attenuation tumor area in the reconstructed image werc compared
with those data in the original phantom image. The 50th, 68th. and
80th line profile of the reconstructed image in Fig. 8(b) is shown
in Fig. 9a)—(c), respectively.

These line profiles pass through the middle of cyst and tumor as
well as the high-attenvation tumor region. In these figures, a solid
line represents data in the original phantom image and a dash line
that of the reconstructed image.

In terms of quantitative comparison, the root-mean-square
(RMS) error between the original phantom image and the recon-
structed image of Fig. 8(b) was also calculated according to (11).

128 128
Z;=| ijl ifij ‘f}}P
128 x~128 2
2l }:.‘gl.f,f

RMS(%) =

x 100 (11

120

(a)

Fig. 7. Reconstructed images in mesh plotling. (a) Phantom
image. (b) Rectangular reflector. (¢) Curve reflector

where fj; is the pixel value of the original image and 7 is the pixel
value of the reconstructed image.

This value was calculated with respect to each iteration loop in
ART algorithm and is shown in Fig. 10. The final RMS value is
approximately 12% at the 500th iterations loop. Table 1T shows the
statistical data analysis of the attenuation coefficient (#) between
the original phantom image in Fig. 3 and our reconstructed image
in Fig. 8(b). These data are also compared as a bar graph in
Fig. 11.

Further statistical analysis was also performed in order to
distinguish between a cyst area and glandular tissue and also
between a tumor area and glandular tissue. The contrast ratio of
those was calculated with respect 1o (12) [14].

Sa — S
6 = A0 (12)
Timage

where 5y is an intensity value in the area of cyst, tumor or the
high-attenuation tumor region, Sy is an intensity value in the
area of glandular tissue. and gjuage i$ a standard deviation of the
image.

This implementation compares only a reconstructed image
obtained from the rectangular reflector setup system. The recon-
structed image in Fig. 8(a) and the image in Fig. 8(b) were
evaluated, and the results are shown in Table I11.

{EE] Trans T(81): S105-8113 (2012)
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20 40 60 80 100 120

80

20 40 60

(b)

100 120

Fig. 8. Comparison of reconstructed image. (a) Reconstructed
image from 61 wave paths. (b) Reconstructed image from 384
wave paths

These values imply an intensity difference between a region
of interest and the background. This indicates that owr imaging
system is able to discriminate a tissue area in the breast phantom
image satistactorily. By considering only an area of the tumor and
a high-atlenuation tumor, benign and malignant tumor should be
distinguishable by our system.

For noise tolerance, the projection data cstimated by our
integration slope method should be tolerated to a general noise.
We tested our system by adding a random noise into an emitted
ultrasound pulse and the signal-to-noise ratio (SNR) was calculated

according to (13).
Tsignal )
Thoise

where oy is the standard deviation of pulse signal and ayisc 18
the standard deviation of noise.

At 20 dB of SNR, a reconstructed image obtained from the
noise-added signal compared with the noise-free signal is almost
the same. This indicates the robustness of our classical integration
slope method to an existent general noise.

SNR(dB) = 2010;_1( (13)

6. Discussions

In this simulation, we demonstrate an idea to reconstruct a med-
ical ultrasound image of a virtual female phantom model for breast
cancer screening test by using tissue attenuation data derived from
a slope integration method. Ultrasound waves can be assumed to
propagate as a straight line when the sound velocity in the tissue
components i$ not too much different. Tt makes an image recon-
struction by using ray tracing projection from ultrasound wave path
possible. We also intend to improve wave ray tracing by using an
enhanced reflecting wave path from wave reflectors surrounding
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Fig. 9. Line profile data. (a) Line profile at the 50 row (cyst
position). (b) Line profile at the 688 row (lumor pesition).
(¢) Line profile at the 80th row (high-attenuation tumor position)

the phantom area. By this enhancement, our phantom arca will be
fully projected by a rather high condensation of ultrasound wave
path from these increased reflecting paths. This will provide us
with the feasibility to obtain an image from some areas shad-
owed by a high-attenuation tissue due to various directions of the
reflecting wave. Furthermore. our imaging setup system requires
no rotational system, unlike in another conventional tomographic
imaging system. o create a cross-sectional image. The reflection
occurring in our system provides enough unlimited-viewing pro-
jection data to apply in the image reconstruction process and
then finally restores a rather good quality image. Considering
the speckle interference noise that might exist randomly in an
ultrasound image, we implement an algebraic reconstruction algo-
rithm as in the image reconstruction, which realized a general
effective technique to suppress random interference or artifact

IEE] Trans 7(81): $105-S113 (2012)
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Table T1. Statistical data between original and reconstructed image

s
Tissue A Average Minimum Maximum Standard devialion Error (%)
Fat 2.21 2.07 1.49 3.16 +0.200 6.33
Glandular tissue 2.74 2.67 1.71 3.26 4:0.260 2.55
Cyst 0.78 1.06 0.26 1.30 +0.160 -35.9
Regular tumor 4.26 4.01 3.84 4.53 +0.142 5.87
High-attenuation tumor 7.36 6.71 6.22 755 +0.458 8.83

#' = auenuation cocfficient(dB/em-MHz) of breast phantom image.

A2 = attenuation cocfficient(dB/em-MHz) of reconstructed image.
100
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Fig. 11. Comparison of the attenuation coefficient between the
phantom image and the reconstructed image
Table I1I. Contrast ratio of eyst and tumor area
Reconstructed image
Tissue Original image 61 paths 384 paths
CReys 1.73 1.06 1.47
CRtllumr 134 1.1 8 ] 2]
CRyar" 4.08 1.00 3.66

*high-attenuation tumor.

noise. Furthermore. our inherent multiprojection path from the
swrrounding wave reflector is also comparable to a compounded
scanning [39.40], which implies that speckle noise rarely appears
or can be disregarded in a reconstructed image.

We have a long-term research goal to develop an imaging setup
that can be modified Lo a general linear array probe of conventional
diagnostic ultrasound for application in breast tomography. This
experimental simulation provides us useful information and the
implementation technique. There are some investigations still
remaining before in vive experiments such as both lateral and
axial resolutions, phantom size, or size of lesion masses can be

Stz

attempted. In a real experiment, time of flight will be considered
together with calculated wave path for each receiving pulse, and
then a multiple reflection will be included in projection data
estimation. We also plan to design a wave reflector in a flexible
shape in the future so that it can be fitted to all varieties of breast
shapes, making it unnecessary the use of water as a medium or any
imimersion system. Furthermore, any breast pain can be minimized
because there is no applicator plate to compress the breast tissuc.

7. Conclusions

In this paper, we proposed the simulation of a 2D linear array
ultrasonic computed tomography. Our imaging setup system was
enhanced by using a reflecting plate in rectangular shape in
order to increase reflection from the ultrasound wave paths. The
quantitative images obtained from the reconstruction process show
that our system rcquiring no rotation is promising and encourage
us to modify this system with a conventional B-scan ultrasonic
imaging system in further clinical trial.
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