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Abstract

Attenuation coefficients of medical ultrasound not only reflect the pathological information of tissues scanned but also
provide the quantitative information to compensate the decay of backscattered signals for other medical ultrasound
parameters. Based on the frequency-selective attenuation property of human tissues, attenuation estimation methods in
spectral domain have difficulties for real-time implementation due to the complexicity while estimation methods in time
domain do not achieve the compensation for the diffraction effect effectively. In this paper, we propose the modified VSA
method, which compensates the diffraction with reference phantom in time domain, using adaptive bandpass filters with
decreasing center frequencies along depths. The adaptive bandpass filtering technique minimizes the distortion of relative
echogenicity of wideband transmit pulses and maximizes the signal-to-noise ratio due to the random scattering, especially
at deeper depths. Since the filtering center frequencies change according to the accumulated attenuation, the proposed
algorithm improves estimation accuracy and precision comparing to the fixed filtering method. Computer simulation and
experimental results using tissue-mimicking phantoms demonstrate that the distortion of relative echogenicity is decreased

at deeper depths, and the accuracy of attenuation estimation is improved by 51% and the standard deviation is decreased
by 46.9% for the entire scan depth.
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1. Video Signal Analysis Method

AF7HA AFHole dif-Re] XSG oS
25 2AYAM BEHE A5 AY Fag
A (linear frequency-dependent) 74 EA43
PR SREE, OhF g FFE
approximationg 71438t gt} ol 3 714 6]“’“"%
g J Aol A g Jo“a Z53 2359 Al7)(intensity),
d, OJ} g]x% E/d 75,} E}\éy
94 woz A Zo xdF

& A

.
e 2 =

L

iz

o] 7] A EW@AFA2E 9
G(f) H(piezoelectric) A2ke} E @
A EXNS 51431 A4 Bro)

)ﬂﬁi

,&.O?—
A

ofy

e

array E#h

UrEhH = A
(exponentially) B

A(f,z) = exp(— 43f2)

°of W, g 9] Fopel] e HAAFE vhehiiH
,_}7;3 Nepers/c/MHz (32 dB/cryMHz) 2 %
ok, 229 DAL G A e EA] B(f)lf: i
Aegsra A@)n o] xazgagl’

2)

ok

¥ rﬂm.d

94
B(f)=

714 By &9
™, A5 nd Hekapl
- 7tA W 5 9ok

S A Qe vERd 4719
253 Al2"e) B3 W
H AEE FEEA AA

el gl meby o

SRELE
A% 091 A T
% G(H% D(f,2)=
EAnFA Y Lo 4
SEETBETEEREL

g AR AAN 9

=

3}

2~ ol

=

1

T

e £
[eagyiog

(317

XN HM4T7THSCHEHS R 45
&8} reference phantom methodol A& 5US A2 &
AWHE9 ERAFAE A3l EFE phantom.EH
H de ‘?_?%}/ﬂi(f:% vk )t A 283 gt
ZA A AL AI(AE 9 5)9] Hi(ratio)E ©|-&
st A 5s dEarll o) whgk zlo] o)A
o HFE Naet AE NE9] HE AXEd 4 @)
iga

RS(f,z)= 5, ) exp{—4(B, — B,)fz} 4)
’ B.(f) s
o714 oftl Al r3} s= 47t BE wFA 5 A
Z W EE JERIT
ol u, VSA el Fapg oA (4} 2

o] e #F Az AE A5 A7 Hl(intensity

B-mode 43X 4& F e As =27]9
n](amplitude ratio)= ZA}ske] ¥
A Aelgt) dirdo R A%
A goa AAsE A 99 A @A e
VRS(f,z) #< B-mode 974 AE =279 H&2
AN & itk o] o pdstd 4 B9} 2

ratio) =

B2

g T
q.l]/l]'

E(z)

RE(z)= Er(z)
L )

B.(f,
= \/;(e% zp{—4(8, ~B,)fs; 2}

A7\ E (2)9 E(z)= 42 9 Zo] zelAe]
B-mode %7 A&e] Z7)o) ofdt Fatghs viepdtt

fep TR F9 Feffective frequency)e]l™ B-mode

A Az @A7)e WL FurEA Yurdon
A% FA5E PP,

QoA AE 94 2 HE Foe deEd 7t
4 E4E A4HA EF APNES A4S W)
#3 A5 2ol (A= B,— B,)E A O)F Zol F=T
2 %E}[iﬁﬂ‘

' 8.686 dlogl RE(z

AB(dB]em/ MHz) =— of 4 Og(dzE( ) ®)

eff

RE DN FHAFE oF 4 B I
2337 s A4S WPUs FHASE A9l AE)
2 o83 78 & gk



46 3g UBEE

2. 2210} DoAY Y

AFE 2oAde T3 BF wglse AE wy
Azo Hgsts Bd FAAFE 2t 285 By A
32 AASQY Bdy zZale dede 9%
Astel g 317 2 e nEstgon, 4% aray
g 7Es7) 8 AL g AxbelN BAE HEL
% (superposition)3te] A4 B8 FASAHE

£ 4894 918 02mm x 10mm 3719 1287) ¢A
2A4E Zhe MY arrayg FAASALH, A & 7
AL fioha JHgEgith B 285 A 414
dynamic receive focusing® dynamic aperture 7] &
A3t F-numbers 22 1434t} ol 2o] 44
¥ A% 22v $4 F94 5MHzE 2% Gaussian
e H2gA 80%0 YHEe Zed |, v A
gL 98] A8 98 A dgEE 2s 7‘4’\ g2
%B_Z} BRoA 2 AFsr|2 ) B &4
7 FES X 19 2gth
AR B3l 2/ @Y THATFE
B A5 E A3 shde S0pm 27
9| polystyrene A7} o2 FXHo| e HHA
7 05dB/cyMHz8] W3 2M BE A2 AE-&
i, GE e Bum 2719 glass A&7 Y9
2 E¥xHo] glv #HAF 07dB/cmyMHze] RIS
24 AE NsE ANt BE 9 ASA &
5}9) £5E 1540nvs2 7o, arle
Amm(lateral) x 80mm(axial) x 10mm(elevational) =
283t ¢4 2712 (mm’) A AEE BF
97NEA A @71l ] Rayleigh #¥& WEsle
F dAsdd. 2ol AH8E EAAFAE 8mm

f

\!

s

B
o
£

A

1:

AE

dolo]l z3& FAon, 1-I5MHz Fa4 dg&
E 1. E35 2oME #He
Table 1. Ultrasound Simulation Parameters.
EdAFAN 5 Linear Array
dd 24 27 02mm x 10mm
HA 2z AF 128
$H 27 74 0.2mm-
F-number 2
FA FIT 5MHz
e F 80%
AE 24 80mm

o8¢ 2& =

(318

4 o= SME 2

01MHz B0 2 MZYsigch

4

A7 GGoA AAzEe s A
e F29 g Zo] e
& A<l echogenicity7} 9
THE wHo of B =5 gz
echogenicity®] 52 W Zoprt AARSFE, AF
o gy Zo] AZRSFE 08 Frlstd FFH %

3 A B F7HA @A 2 89 opet ‘@UH g
g ol g3l e Bude AF H2o] &Eo ¥
EAHol Hoi itk 2@ 10 Yehd Hie} o] wkg
Zolo] w& Al echogenicity(ratio of mean pixel
value' Y= W% Bxo) ggFo] AR wal APH
ol #A(logarithmic scale® TS A-)olA,
AL wg ZoldA 3 3EE ¢ 5 dd. 19
1914 2oy 3 A 29 dgF2 5%, 20%,
50%, 80%EHA RF AdAGg 74 A4(05dB/cnyMHz)
£ 2+ 7Y% phantomE AHEEYTh VSA W&
Hgs] g ®2E s 9 ZAASF
0.3dB/cm/MHzE 2+t

o|g sjAsty] H8 #AE WE AEE BA FHg
(Pitzoz AF T4 Fi5 aun w2
T)E HHYT ¥, VSA $E S HEsto AFH £
o 2748 A AMSaA st A7 AAHAT

53]

=)

Relative Echogenecity (dB)

Depth (cm)

O 1. clst NME HES e NS HA (5%,
20%, 50%, 80%)E ALSHE Ao wrEglojo
= AHE 9l echogenicity {fogarithmic scale)

Fig. 1. Logarithm of the relative echogenicity versus

depth for a uniform attenuation phantom using
various {ransmit-receive pulse bandwidths (5%,
20%, 50%, 80%).



201049 9@ HxXE%t3 =&KX X

| T ]
5= :
= | AN —
X
£
g a5: :
1] - b
=3 NN
g
B 4.~ 5%BW
§ | - 20%BW
© | ---- 50%BW
| ——80% BW
3.5— — : -
0 2 4 8 8
Depth (cm)
a3 2 drEkzlolof wE wiek MFel ZAl Fulp
3}
Fig. 2 Center frequency shift of the reflected ultrasound
signal versus depth.
WL IR g o)t Ao E wg sl 2
Ed 34 Fo57t 9 Faf g9gor o)Fslng
148 shte) 54 Fusz HYets 49, B
Zolo wet Az Fu7F A3lEE EAdel gt
79 29 %3 phantom® o} &3 ¥hEF Zlojo) we
A Fope oFg R RAd ARE
phantom-‘?l 7%‘4 Xl'fﬁﬁ; OSdB/cm/l\/leOM, 7*'9—4 A
A=Y

i

B
fom
X

o>

ol s ofy ol
|
(o}

HbY
U

L wmRo A= wkek Zolo] mE A 7haA)
438 Gaussian LE|9] F4 Fujgs ALAo
WA 7E S Aotaid, He gy dee =
] Fo4E VSA gneEd $E

frequency) golell whet, g A 2o
& Brmode FHAE) AV)E dEFE FE FoFE

(319

47 SCHH LR 47

Relative Signal Power

Frequency (MHz)

a7 3 iAol HEEEZIol2, 3 4, Somioll WE EE
power spectrum® B4 Fouig

Block power spectra and their center
frequencies at 4 representative depths 2, 3, 4,

and 5cmy).

Fig. 3.

AL

AHgste] o] A&
dE H$H dAEHE o] §F JéEi%’ K
B2t 23 He 34 5

o nrk g (FaAd
A @
4oz

22 Z A

TE THEE I
echogenicity”} o]
A NA) Gaussian BHE AHEE & 3o
-3} whekal § o] z%y_w_ 88 £ 9=
Zold M FA Fag A5
wer spectrums 7122 & T

l

oy

25 B

.
oo
T E 9 po
Gh

¢

L

oEY I:H

A
bt
Y A L)
e

L2 jor

4
>
o
w]

g

4 Fa X}O]

a9 3& ZF

o
J i
fd
il

¢

)
2,
rIT. rr_%,}}m

ofk
r
folr
il
o,
opp
ol
o
£
i,
>
4,
&=

ofy yo o

T
o
T °
ki

by k=4
T=E

-1N

o] power spectrumi} 54
Ak ARREE & WA S E 80% thHZ 2
2E o] &3 A%, 0.5dB/cm/MHz2] 7%4 A4 7}A)
™ 4mm x 4mm BE9] ¥ A3 HIHEE o] 83}
of Askgh dojvt, 1glell A 4709 thE ¥ ‘32} °](2, 3,
4, 5em)oll W power spectrum}t 7t Zlo]¢] +
s e

AE HEE o] a8 104 AFE ule} o] A
Q1 echogenicity’} A v Hdghe o Z &

+ Gaussian BHEA, £ =FdqA+= 9 2o

power spectrum F4 F5o tld] 20% =

z0
=

2o

8
z

Al

=2
&

N

lo

A}



48

sttt g8 T4 Fase A dold BE W

N5 power spectrum®] 4 Fy¢9l w39 744
AeE Lt 2As
m4
2 FAAE AR A3 ZHE o|&¢ ZHASF 4

Z e Agxe FUsg AF] s AFEH =
©}4 ¥ 7 TMl(tissue-mimicking) phantom& ©}-§3 4
FAAE vt AFE 24P L ¢ MHA
Arg g uhe}h o] 05dB/em/MHz ZAFE Ze ¢
43 #E WPNEE o) &R eH, 4F WIS E
ZHAF 07dB/cm/MHzS Ztet). F 239 A3
Y echogenicityE Alst7] 3l 4x4mm 719 EF
& AR, & oA A vt 22 HE gy
ZHE AHESto] oY w5 s dE
3% 49 Yebd miel 2o] 7129 oy wals
olgst] AE FHAFTE dFde B0t
), W o7t AoAFE 58 AHAFe A
EH%P] A gags & ¢ gled, 53] 4em o34
e W QoldME dFd FAAre FE=} 2
A Astd S & & Aok Y & =84 Ade A
€ FHE )8 dF UGS )X, g 4
ol W& A5 FFEY Asirt A UetA 4o
W, AA w3 gojd digf vlny A JEFHE v

0.75
N
3 »
s o7 A 1
L2
m
=)
= 065
c
o
°
g 06
(&)
c A
£ 0.55
g — 80% BW
g 05 AdlaptBPF ‘ L |

0 2 4 6 8
Depth (cm)
a8 4 ZARH RoMEE 0|88 TYs A x| e
phantom Zo{AlE Z3 (g Zolo wmE of
& HAH= errorbar HENZ EA|)

Fig. 4. Comouter simulation results wusing uniform

numerical phantoms (The errorbar represents
the estimation variance at each depth).

(320)

NS UNBEE 083 9B 3T 24 o5

Bg o 4 o EE 45

SIME 2

Hale s WHE ol

errorbar E|2 FA8Ion, 7|&e] g W A

58 olgate
Aoz e
el e dZBRE
syt 953 e

Depth (cm)

o o o
H (o] (o]

e
N

Attenuation Coefficient (dB/cm/MHz)

Fig. 5.

AT AL A Be FueFol
248 Ueig ¢ & Atk 59 A
Qe W Zoloq 7129 o
4% A4S woln

AT

Depth (cm)

AR

Width (cm) Width (cm)

(@ b)

— 80% BW

AdaptBPF
—— - Real Attuation Coeff.

1 2 3 4 5 6 7

Depth (cm)
(©
TM phantomg 0| 23t Z4|x14 ol 5A
(@) 3-ayer 41 & phantom2 B-mode &4t

() EF phantomel B-mode ¥4t (o) HisF 2

OIOII e oS 22X (skek Zlolof wE of
Z HAl= errorbar HEfZ EA)

Estimated attenuation coefficient using T™M
phantoms (a) B-mode image of 3-layer sample
phantom (b) B-mode image of reference
phantom (c) Estimated attenuation coefficients
along depths (The errorbar represents the
estimation variance at each depth).

11-



20108 98 HMAZa3|

TM phantom ©]-&& 482 19 59 Zo] A
2 & 3709 layer® A ¥ TM phantom¥} Siemens
Antares 28] (Siemens  Medical  Systems,
Issaquah, WA)E o|&3lo] W A3 E A9l Ed
A g i 0% HHEg zton $4] F
e 89MHzE ARSIt EF WS E a9
5(byell Hl wieh o] ZAMAF 05dB/c/MHzE %
£ GAMMEXAHe] TM phantom ©]-&-38H .

3-layer TM phantome A$B49] Agygo = 7}
7k 05(0~4cm), 0.7(4~55cm), 0.5dB/cm/MHz(5.5~
Tem) 8 #HAFTE 2vom, 7 layers] 49X e
Y #AHATE 231 itk B-mode A 7
layerd) AAE 34 £3 4oz gAavh AoH
echogenicity & 7lIXIsl7] 98 EF9 ZVe 9A
dmm x 4mmolH, 7t E2& AdHaxial T3, ¢
(lateral 3= 5% FHE dF AHFEE A

29 5o)e 71E9] Wy Agtd Eg o) &3 7
A5 45 AHRe e Zdold wat Jepd §
AR ASEE A7) A3 d5E AR FE
Y " glolo st HFFghoz Aar. ll"%?
o A UEebd wie}l o] Aotd A& HYE °l%'
& gl 7189 4F WyEy RE
e Brh A8 dF AYgEE RIS
e 24y A9 v 2 vk
A5 9F Fgre PHNeY, 4=

2T =
How AA vebds g &

- 6w
B

- B

TE

=%
T=

E

=2

v.z g

FA LdstA 7= g
q(Quantltatlve Ultrasound
< A7 g 249 FE 245 AFEe
e ARE AFste] Boy e Weghd o
grl e SAE AT 53] 95 257 A3
AAN AHAFE e 259 AFEY AES 93

£ A8 AdyHor s /MY T2 AN HR T
l 0}‘4015} Iy AF7A gol A7 * F3t
T 90N AFH FAAAF 45 BRE AN Fo)
o} ’2/\1?} Ao B ojggol au, A g9
AT 45 P dF 229 Jdase nAys
eH @3o] o} gt

2 =idMe A% 229 JHaAE u AT

=2X H 47 A SC H

(321

M5z

gA9 ARG 4= dugdEQ VSA EE Hys
g_}z = xzqg}o] & Aq}a} AL HA9) %7%1]

wh glo kS

E
x|
o

A3 AA T
wkgE Zl ool A o oﬂ% %’-MZ T8 AFE o
AdEe, BFEFHoE 51%9 dF AL
469%9) AF AR A8 BHE BJH.

& !

Mo

i

[1] K A Dines and A C. Kak, “Ultrasonic
attenuation  tomography of  soft  tissues,”
Ultrason. Imaging, vol. 1 pp. 16-33, 1979.

G. Berger, P. Laugier, M. Fink, and J. Perrin,
“Optimal precision in ultrasound attenuation
estimation and application to the detection of
Duchenne  muscular  dystrophy  carriers,”
Ultrason. Imaging, vol. 9, pp. 1-17, 1987.

P. A. Narayana and J. Ophir, “On the frequency
dependence of attenuation in normal and fatty
liver,” IEEE Trans. Sonics Ultrason., vol. 30,
no. 6, pp. 379-383, 1983.

B. J. Oosterveld, J. M. Thijssen, P. C. Hartman,
R. L. Romijn, and G. ]. Rosenbusch, “Ultrasound
attenuation and texture analysis of diffuse liver
disease: methods and preliminary results,” Phys
.Med Biol, vol. 36, no. 8, pp. 1039-1064, 1991.
G. Berger, P. Laugier, J. C. Thalabard, and ].
Perrin, “Global breast attenuation :@ control group
and benign breast diseases,” Ultrason. Imaging,
vol. 12, no. 1, pp. 47-57, 1990.

S. W. Flax, N. J. Pele, G. H. Glover, F. D.
Gutmann, and M. McLachlan, “Spectral
characterization and attenuation measurements in
ultrasound,” Ultrason. Imaging, vol. 5, no. 2, pp.
9%-116, 1983.

H S. Jang, T. K Song, and S. B. Park,
“Ultrasound attenuation estimation in soft tissue
using the entropy difference of pulsed echoes
between two adjacent envelope segments,”
Ultrason Imaging, vol. 10, no. 4, pp. 248-264,
1988,

[2]

(3]

(4]

(5]

[6]

(7]



50

[8] M. Fink, F. Hottier, and J. F. Cardoso,
“Ultrasonic  signal processing for in vivo
attenuation measurement: short time Fourier
analysis,” Ultrason. Imaging, vol. 5, no. 2, pp.
117-135, 1983.

H Kim and T. Varghese, “Attenuation

estimation using spectral cross—correlation,”

IEEE Trans. Ultrason. Ferroelec. and Freq.

Control, vol. 54, no. 3, pp. 510-519, 2007.

[10JL. X. Yao, J. A. Zagzebski, and E. L. Madsen,
“Backscatter coefficient measurements using a
reference phantom to extract depth-dependent
instrumentation factors,” Ultrason Imaging, vol.
12, no. 1, pp. 58-70, 1990.

[11]1S. W. Flax, N. ]J. Pelc, G. H. Glover, F. D.
Gutmann, and M. McLachlan, “Spectral
characterization and attenuation measurements in
ultrasound,” Ultrason .Imaging, vol. 5, no. 2, pp.
95-~116, 1983.

[121P. He and J. F. Greenleaf, “Application of
stochastic-analysis to ultrasonic echoes
estimation of attenuation and tissue
heterogeneity from peaks of echo envelope,”
Journal o f Acoustical Society of Ameriaa, vol.
79, no. 2, pp. 526-534, 1986.

[13]H. S. Jang, T. K Song, and S. B. Park,
“Ultrasound attenuation estimation in soft tissue
using the entropy difference of pulsed echoes
between two adjacent envelope segments,”
Ultrason. Imaging, vol. 10, no. 4, pp. 248-264,
1983.

[14]1B. S. Knipp, J. A. Zagzebski, T. A. Wilson, F.
Dong, E. L. Madsen, “Attenuation and
backscatter estimation using video signal
analysis applied to B-mode images,” Ultrason.
Imaging, vol. 19, no. 3, pp. 221-233, 1997.

[15]H. Kim, J. A. Zagzebski, and T. Varghese,
“Estimation of wultrasound attenuation from
broadband  echo-signals using  bandpass
filtering,” IEEE Trans. Ultrason. Ferroelec. and
Freq. Control, vol. 55, no. 5 pp. 1153-1159,
2008.

[16]L. S. Wilson, D. E. Robinson, and B. D. Doust,
“Frequency domain processing for ultrasonic
attenuation measurement in liver,” Ultrason
Imaging, vol. 6, pp. 278-292, 1984,

[171C. Kasai, K Namekawa, A. Koyano, and R.
Omoto, “Real-time two-dimensional blood flow
imaging using an autocorrelation technique,”
IEEE Trans. Sonics and Ultrasonics, vol. 32, no.
3, pp. 458-464, 198&5.

(9]

(322)

SIME 2

%

[18] Y. Li and J. A. Zagzebski, “A frequency domain
model for generating B-mode images with array
transducers,” IEEE Trans. Ultrason. Ferroelec
and Freq. Control, vol. 46, no. 3, pp. 690-699,
1990.



20108 98 MXS3 =EX M 47 A SCH A 6 = 51

5 M H(AHEY
1990 A& distw A3 stz
AL 4.
1992 Mgt Axpgghat
AAL &4,
L 2001@ Purdue Univ. AA&3std
3} .

1992'd ~1998d LG A= Add+9
20014 ~20068 A A S48
2006 ~AA Fejhsta AAH7) B

<FHARor: A=Y, Y= A2

of & 2(H3H)

1901 AATE e HAE e
A E4

19981 Univ. of Michigan, EECS
AL E4

2002 Univ. of Michigan, EECS
HHAL &4

1991 ~1995¢ 4 A A Al ~"LST A3
20031 ~20083 A AR FAATF A AT
20083~ A #HEdEn HFEHITGH ug

FHAEoF 1 SoC/MPSoC 247, Computer
Vision, REEAAE A, A A8 HA>

(323)

2 M(AEY)-wAl A A
1991 =R areds A7)
AAF e shAL Y.

A g st Azbg ekt
AAL E4.

University of Wisconsin
~Madison ECE 8HA} £,

19934
2008\

199341 ~1999

g A7y dddrd
2008 ~dA Gt drlestat 2u
<FHAROE: AeAY, JurxSI, F9EA >



