US009955943B2

a2 United States Patent

Huang et al.

US 9,955,943 B2
*May 1, 2018

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

(*)

1)
(22)

(65)

(63)

(1)

(52)

WINDOWED TIME-REVERSAL MUSIC
TECHNIQUE FOR SUPER-RESOLUTION
ULTRASOUND IMAGING

Applicant: LOS ALAMOS NATIONAL
SECURITY, LLC, Los Alamos, NM

Us)

Inventors: Lianjie Huang, Los Alamos, NM (US);
Yassin Labyed, Los Alamos, NM (US)

Assignee: Los Alamos National Security, LL.C,
Los Alamos, NM (US)

Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 874 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 14/339,780

Filed: Jul. 24, 2014

Prior Publication Data
US 2014/0364738 A1~ Dec. 11, 2014
Related U.S. Application Data

Continuation of application No. PCT/US2013/

024512, filed on Feb. 1, 2013.

(Continued)
Int. CL
A6IB 8/00 (2006.01)
A6IB 8/08 (2006.01)
(Continued)
US. Cl.
CPC ..o A6IB 8/0825 (2013.01); A6IB 8/13

(2013.01); A61B 8/5207 (2013.01);

(58) Field of Classification Search
None
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,075,883 A
4,582,065 A

2/1978 Glover
4/1986 Adams

(Continued)

FOREIGN PATENT DOCUMENTS

JP 2009189867 A 8/2009
KR 1020100075011 A 7/2010

(Continued)

OTHER PUBLICATIONS

Devaney et al. Super-resolution Processing of Multi-static Data
Using Time Reversal and Music. 2000. [Online]: http://www.ece.
neu.edw/faculty/devaney/ajd/preprints.htm. (pp. 4, 10).*

(Continued)

Primary Examiner — Jonathan Cwern
(74) Attorney, Agent, or Firm — Lewis Roca Rothgerber
Christie LLP

(57) ABSTRACT

Systems and methods for super-resolution ultrasound imag-
ing using a windowed and generalized TR-MUSIC algo-
rithm that divides the imaging region into overlapping
sub-regions and applies the TR-MUSIC algorithm to the
windowed backscattered ultrasound signals corresponding
to each sub-region. The algorithm is also structured to
account for the ultrasound attenuation in the medium and the
finite-size effects of ultrasound transducer elements.

(Continued) 13 Claims, 35 Drawing Sheets
66“\
7o | Eleciro-Mechanical §
Reaponse 70-
bl
74~ Diffraction Impulse Generate Inter-Element
Responss . Transfer Matrix
.
Atteruationin  § |
76— Mediurm Generate Generalized
Time-Heversal Matrix
80~
g2 Generate Psuedo-8pectrum
for Generalized
TH-MUSIC Imaging




US 9,955,943 B2
Page 2

Related U.S. Application Data

(60) Provisional application No. 61/594,966, filed on Feb.

3, 2012.
(51) Int.CL

AGIB 8/13 (2006.01)

GOIS 7/52 (2006.01)

GOIS 15/89 (2006.01)
(52) US.CL

CPC ... GOIS 7/52046 (2013.01); GOIS 15/8977

(2013.01); A61B 8/5253 (2013.01); GOIS
7/52095 (2013.01); GOIS 15/8915 (2013.01);
GO1S 15/8997 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

5,465,722 A * 11/1995 Fort ..ocovvivvronernnne. GO1H 5/00
600/437
2/2001 Lizzi
9/2001 Gee
7/2002 Haddad
11/2002 Hoctor
8/2003 Stotzka
2/2004 Johnson et al.
3/2006 Vitek
8/2006 Wang
8/2006 Sumi
12/2006 Johnson et al.
5/2007 Nair
2/2008 Candy
4/2008 Waki
9/2008 Huang
11/2008 Johnson et al.
12/2008 Johnson et al.
3/2009 Jin
4/2009 Burcher
6/2010 Saenger et al.
5/2011 Chevion
5/2011 Derode
6/2011 Meng

6,186,951 Bl
2001/0020130 Al
2002/0099290 Al
2002/0173722 Al
2003/0158481 Al
2004/0034307 Al
2006/0058678 Al
2006/0173304 Al
2006/0184020 Al
2006/0293597 Al
2007/0100239 Al
2008/0045864 Al
2008/0081993 Al
20080229832 Al
20080294043 Al
2008/0319318 Al
2009/0076389 Al
2009/0099456 Al
2010/0157732 Al
2011/0118984 Al
2011/0125014 Al
2011/0131020 Al

FOREIGN PATENT DOCUMENTS

WO WO2007133882 A2 11/2007
WO WO2011103303 A2 8/2011
OTHER PUBLICATIONS

Szabo et al. 2004. Determining the pulse-echo electromechanical
characteristic of a transducer using flat plates and point targets. The
Journal of the Acoustical Society of America, vol. 116 No. 1, p. 91.*
Cobbold. (2007). Foundations of Biomedical Ultrasound. New
York: Oxford University Press. (pp. 110-111).*

Yao et al. A Fast Algorithm to Calculate Ultrasound Pressure Fields
From Single-Element Transducers. 1989. IEEE Transactions on
Ultrasonics, Ferroelectrics and Frequency Control, vol. 36 No. 4, p.
446 *

Lemoult et al. Time Reversal in Subwavelength-Scaled Resonant
Media: Beating the Diffraction Limit. 2011. International Journal of
Microwave Science and Technology, vol. 2011, Article ID 425710,
p. 4%

Waag et al. A Ring Transducer System for Medical Ultrasound
Research. 2006. IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency control. vol. 53 No. 10, p. 1709.*

Labyed et al. Ultrasound Time-Reversal Music Imaging With Dif-
fraction and Attenuation Compensation. 2012. IEEE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 59 No.
10, p. 2188.*

Nguyen et al. The DORT solution in acoustic inverse scattering
problem of a small elastic scatterer. 2010. Ultrasonics, vol. 50 Issue
8, pp. 831, 832.*

Devaney et al. Time-reversal-based imaging and inverse scattering
of multiply scattering point targets. 2005. The Journal of the
Acoustical Society of America, vol. 118 No. 5, p. 3132.*

Korean Intellectual Property Office (KIPO), International Search
Report and Written Opinion dated May 30, 2013, Counterpart PCT
International Application No. PCT/US2013/024512, pp. 1-10, with
claims searched, pp. 11-21.

Korean Intellectual Property Office (KIPO), International Search
Report and Written Opinion dated May 30, 2013, PCT International
Application No. PCT/US2013/024550, pp. 1-11. with claims
searched, pp. 12-21.

Office action dated May 2, 2017 issued in co-pending U.S. Appl.
No. 14/339,728.

Office action dated Mar. 31, 2017 issued in co-pending U.S. Appl.
No. 14/339,712.

Office action dated Apr. 4, 2017 issued in co-pending U.S. Appl. No.
14/339,738.

Office action dated May 10, 2017 issued in co-pending U.S. Appl.
No. 14/339,791.

Office action dated May 1, 2017 issued in co-pending U.S. Appl.
No. 14/339,759.

Office action dated Apr. 19, 2017 issued in co-pending U.S. Appl.
No. 14/339,770.

Anagaw et al., “Full Waveform Inversion with Total Variation
Regularization,” Recovery—2011 CSPG CSEG CWLS Conven-
tion, pp. 1-4.

Boonyasiriwat et al., 3D Multisource Full-Waveform Inversion
using Dynamic Random Phase Encoding,: Society of Exploration
Geophysics Technical Program Expanded Abstracts, 2010, pp.
1044-1049.

Cuiping, Li et al., “In Vivo Breast Sound-Speed Imaging with
Ultrasound Tomography,” Ultrasound in Medicine and Biology,
Oct. 2009, vol. 35, No. 10, pp. 1616-1628.

Duric et al. “Development of Ultrasound Tomography for Breast
Imaging: Technical Assessment,” Medical Physics 32(5):1375-86.
Fichtner et al. “Full Seismic Waveform Tomography for upper-
mantle structure in the Australasian region using Adjoint Methods,”
Geophys, J. Int. (2009) 179, pp. 1703-1725.

Huang et al., “A Rapid and Robust Numerical Algorithm for
Sensitivity Encoding with Sparsity Constraints: Self-Feeding
Sparse SENSE,” Magnetic Resonance in Medicine, 2010, 64:1078-
1088.

Ikedo et al., Development of a fully automatic scheme for detection
of masses in whole breast ultrasound images, 2007, Medical Phys-
ics, vol. 24, No. 11, pp. 4381.

Margrave et al., Full Waveform Inversion with Wave Equation
Migration and Well Control, CREWES Research Report vol. 22,
2010, pp. 1-20.

Sallard et al.. “Use of a priori Information for the Deconvolution of
Ultrasonic Signals,” Rev. of Prog. in Quantitative Nondestructive
Fvaluation, vol. 17, Plenum Press, New York, 1998, pp. 735-742.
Sumi, C., “Spatially variant regularization for the Deconvolution of
Ultrasonic Signals,” Rev. of Prog. in Quantitative Nondestructive
FEvaluation, J Med Ultrasonics (2007) 34:125-131, Mar. 8, 2007.
Tai, et al. “Image Denoising Using TV-Stokes Equation with an
Orientation-Matching Minimization” Space and Variational Meth-
ods in Computer Vision, Lecture Notes in Computer Science, vol.
5567, 2009, pp. 1-12.

Tape et al., “Finite-Frequency Tomography Using Adjoint Methods-
Methodology and Examples Using Membrane Surface Waves,”
Geophys. J. Int. (2007) 168, pp. 1105-1129.

Korean Intellectual Property Office (KIPO) International Search
Report and Written Opinion dated Jun. 2. 2013, PCT International
Application No. PCT/US2013/024676, pp. 1-10, with claims
searched, pp. 11-18.

Korean Intellectual Property Office (KIPO) International Search
Report and Written Opinion dated May 30, 2013, PCT International
Application No. PCT/US2013/024545, pp. 1-12, with claims
searched, pp. 13-20.



US 9,955,943 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Korean Intellectual Property Office (KIPO) International Search
Report and Written Opinion dated May 30, 2013, Counterpart PCT
International Application No. PCT/US2013/024656, pp. 1-10, with
claims searched, pp. 11-16.

Korean Intellectual Property Office (KIPO) International Search
Report and Written Opinion dated May 30, 2013, PCT International
Application No. PCT/US2013/024662, pp. 1-10. with claims
searched, pp. 11-19.

Korean Intellectual Property Office (KIPO) International Search
Report and Written Opinion dated May 30, 2013, PCT International
Application No. PCT/US2013/024539, pp. 1-16, with claims
searched, pp. 17-24.

* cited by examiner



US 9,955,943 B2

Sheet 1 of 35

May 1, 2018

U.S. Patent

A E

0BLBIY
1850 eolydein

£z~

Gunuuresboig

yonesiddy
2z AioWa
Ny ~-08 8¢
. S
218
H0$S8504d 4
weIsAs uomsinby
RIE(] DUNOSRILN
g ainpedy ommﬁm\ww
74 S/




U.S. Patent May 1, 2018 Sheet 2 of 35 US 9,955,943 B2

©

\d =

//’

AT o

" O

\l o s
ON

g

(é/w

14
*\Q\



US 9,955,943 B2

Sheet 3 of 35

May 1, 2018

U.S. Patent

€ "Old
L+ 1
UBLIBIT IXEN O} GACWN =
[
om\\ BALI(T PIBH O
BIB(] 44 JOISUBIY
-~ .. N>t
N _sweg
N“T 2L susuwis Iy wioy
.wo\ jeubiS pRIBNEDSHORY paInsSRop
A
25 ~

1 1USWS[T Jesnpsuel] sHoxyg s




US 9,955,943 B2

v "Old
Buibew) DISAW-HL
pazielausty 1oy
wnipedg-opansd seiausy 28
)
-
— 08
M XU1BW jesieAsy-all | a
3 0azZielsust) olBIsuUaL NP 8L
= 4 Ut uolenusly
® XUjeW 1oisuel ) asuodseay
=) e ; S
< 1S J-I01U] ajrisuan) asindi] UOHOBILQ VL
B —
= 874 ssuodsey L
fBoIUBYOON-0n09|g | o4

(/@@

U.S. Patent



U.S. Patent

84\

May 1, 2018

Sheet 5 of 35

US 9,955,943 B2

ki

Position Element { Perpendicular
to a Line Monotifament

Hepeat
Measurement
for Element {

¥

at & Given Distance

86

¥

Measure Echo Signal
at Element {

P 88

i \89

94\

Number ¢of

< epe_at Measurement j for Flement J
o (S 1885 than or Equal o M "

Average All Measurements for
Flement 1 fo Cbtain Sict

~ 91

&

i+1

Next Element |

f93

Average Sict to
| Obtain Set

!

¥

Cross Correlating Sct with Si()
to Estimaie Time-shift, i=1,..., N

L 35

k

Apply Time-shift to Sift), i=1, ..., N

]

{Obtain Calibration Filter Ri(w), i =1,

e N

FIG. 5



US 9,955,943 B2

Sheet 6 of 35

May 1, 2018

U.S. Patent

VAR |5

HONBUIGLLCY) JUBLIBIT BAIR0EY
fpuisURL] @ousleyi( Jog 1eadey

gt

{

seuwl ] peleinoes o Buipionoy
eubic 44 PRINSEaP MODUIA

_~OLL

i

P =1
disuonRRY |nuBISI(]
-guwiy oyl Buisq) sl 0} SOOUEISI(
paEnoE D 1808127 pUR ISS|RIUS LSAUDD

S~y

¢

LBLUBYT SAIRDSY O} J8LLION) WOl
DUB IBLI0T) 8] O JUSWS|T BUISURL Y
IOl SOUBISI(] O WING D1BNoR D
S4BNNDG BUL JO JBLL0TY YIET J04

211

&

suoibeigng sienbg o
suBld abvw spiag

9 "Oid

afiviy auuz Wio4 0}
sabew) uoilBsy-ang suIoD

901

4

uoifiay-qng uo
Buifeun OISIIN-HL wicled

&

suoibey-gng o
aue|d ebew sping




US 9,955,943 B2

Sheet 7 of 35

May 1, 2018

U.S. Patent

88 "Old

(i)

U i . z :
WIWGE gE= P+ p="p

02 L 0OF & O & Ob— G- Q2

 srigpz=T1— %p

oe

ve "9id
{wisix
0 b 0L 8§ O S~ 0L~ gL 02—
N H N Y ¥ ? 4 7 Y 1N
mﬁ@.NNRJ P W.ﬁ 18¢
T f )
| wwggee=pHp=p oe
S g1
{ . ”..
b mﬁ 1 Ot
g
0




US 9,955,943 B2

Sheet 8 of 35

May 1, 2018

U.S. Patent

as "oid

{wax

R wi@.OMHVw -

\WV

02 &t O+ § O & Ol- G- 02

0

L
WGP P= D /

08

28 "Oid
{1 Ix
¢ Gt Ot ¢ g &~ O~ S~ Qe
T T T T ? * * T = OF
 siggz= e §¢
N ” \ f o | € : {0z
WG L gP=Pp+ D= D
: : - b 4 mw‘.
{ }
ﬂu 24 oL
dg
0




U.S. Patent

May 1, 2018 Sheet 9 of 35

80

60 70

50

30 40

20

10

P

|
apnudwy 1eubls peziBULION

60 70 80

50

30 40

20

10

R < ol

1
apnidwy jeubiy pezifRULION

time{us)
FIG. BF

time{us)

FIG. 8E

US 9,955,943 B2



US 9,955,943 B2

Sheet 10 of 35

May 1, 2018

U.S. Patent

g6 "Oid
(¢} Ul uonriedss |BiXY
L 9 S ¥ € < + 0
iz ()
108

anpeausbis 1sabie] pug —e— { 0oL
anjeaushio 1sebie -« - | o1
ssssss SRR, 1 002
el | 052
e 1o0e
f.:.g 0Ge
00y

anjeausbiy

8

Ve "Old

(¥) w uoneredas peisye
L 8 S ¥ € <

anjeauabie 1s8biB| pUZ —e—
anjeauabio 1sebie] ~ « -

it O

Q0L
0Gt
002
0Ge
00g
0151
O0P

anjeaushiz



US 9,955,943 B2

Sheet 11 of 35

May 1, 2018

U.S. Patent

{6 "oid
() ul uonesedeas feIXyY

L 80 g0

-

¥0 AY

o N - O
S 6 S
anjeauabis

<
o

No©own
o o o

26 "Old
{~} ut uonesedss jeiaje
L 80 90 vo c¢0 0

O wn oW O W o
e

ob)

o O v
anjeauabis

QW0
< M



US 9,955,943 B2

Sheet 12 of 35

May 1, 2018

U.S. Patent

aot "id
{Luyz
g 8¢ 82 ve <Z¢  0¢

¥0
G0
9’0
L0
a0
6'0
i

801 "9Old

{Lau)x
0

Bl DOTBULION

€23

apri

S

201 "Dl
fusunx
0

3
¥

YA

VoL "Bid
{LuL X
o

02

UM QN TN O
[eRwloNoReReReleln
apnyubew pazieuoN

o

1 62

82

1 48
{1982 M

gz 3

1 E2

44



US 9,955,943 B2

Sheet 13 of 35

May 1, 2018

U.S. Patent

411 "9id =il "9Sid aLi "sid
{ex {0 f)x
g0 %20 0 G- 90 §'¢ &0 4 geo- &0 g0 520 {0 g0~ §0-
: Qw. lilf/r//f \\s\\\\\umw@w. T . e mwaw
By \\\\\ iy e yal - o /\ e g
. S T Y = wlh 2
N \ gtlh 52 ~m } 4201 = >
NS 4 & 0L &,
\ / ol = 3 3
L | TR I 133
.?. 4
Z 0:01 selb
RN E gLl "9id Yit "Oild
{)x {e)x {x
STAE 0 90~ S0 €0 8520 o mmd- 50 G20 it G20 S0
g .I..i.»)!).f»..!(/l) \\\\\\\\.\\s\\lw\u\i ~ e —— e
4 all Ny afl s ' a0k
AN d = 2 o1 &
.// \\ 1,01 ,m 00t ﬁ 0z \m,
/ o0t M
; 8 (L ns ge Sy
,w. \\ mwow Wﬁ % WJ =01 W
! M = cmOw =3 oElvh 2
ﬁ_ 0t - a0t
g1 mmmw =



U.S. Patent

N

N
N,

/ “\_\\”// TN

/
/

e

”

© ~
foane) <
b el

{UuigZ = 2%)84

(3]
O R R T I 5 0% 1

/

e

\

)
//
\

~

N

.

2

@©
<o
e~ o

%
{Wwse = 2'%)8d

6
O SRR

rd /\"\

N

kY

]
/4’

AN

i

,.
J

=
o
=

(Wwsz = 2'%)84d

«©
&
——

6
O R T TR R

X(A)

FIG. 12C

X{R}

FIG. 12B

X{A}

FIG. 12A

May 1, 2018

Sheet 14 of 35

/'/ oty
e - d
/‘// L
e <3
Yy
/ 9
c:‘;i
<\ e
<>
- ;
N 5
N =
> o ——
<& Land L)
b i onnd w—
(lwgz = 2'%)gd
S 2
/// =
7 s
( oot
S =
AN =
\ -
” 5
<
juo
N =
“-\ (7%
~ ; "(:::
()] [se] . A
o <o <
Lad hiaed
{wuigg = 7'%)8d
/ 2
/ <
S =
.\\ 2
) -
// 19
. <3
el iy
K <
\\\ §>?
()] [+9] - b
L] [ang L
R v hae

{wwigz = 2484

*{A)

FIG. 12F

X{3.)

FIG. 12E

US 9,955,943 B2

FIG. 12D



US 9,955,943 B2

R4 IIE

Sheet 15 of 35

May 1, 2018

U.S. Patent

MZL "Did KA E
{0 (o)X {g)x
PS50 %0 0 HOYruUr b oL bSO S0 O WO sit - o1 bSO S0 S50 O S0 Gl b o
P \\\x\iiixow L e 0 S 0

Ny a0k 3 : . . a0t 3 15101 pz
020t ﬂwmf 0201 MW.W g0t mm
,ONGW i 1 mqu 11 mwa it
= N«WN © M/vw i O@Ow %
00t 3 0l & 0 2
mmaw IM\ mm@w /M\ ova IM\

owow ovmw mwom‘

i€l "Oid Hel "Oid 8521 "Did
{1 (e)x (1e)x

60 0 S0 ¢ SO-90 & W.mow PS¢0 G20 0 S0 G080 w,uew bSO @0 0 S0 C0 Gl w.@ow
a0t 3B o IR ‘ 01 &
/~ < S o2 N - 00 £
/ Tt \ 7/ ~ VRN cZ
o T \ —~ / 401 8 v/ \ LOb u
,,\\ S 208 3 3 / N N v i =
{ Vi 3 Vo Y \ = iy i =
Y b1 mpOw 5 M\ ,ﬂ mwOw 3 ,«\ qm 1 mwa 5
k=3 / J = =

y1 0} ei0t o0



US 9,955,943 B2

Sheet 16 of 35

May 1, 2018

U.S. Patent

4€1 "Oid

)z

S Y EZ L0 ge e

<2l "Bid
{¥)z

Sy et b-etb&

o0t

X)Sd

[0t

{z ‘whwug

o0t

€1 "Oid

)z

S P EZ L0 1ges

gel "Did
()2

gvegif -3 e

(Lt

301

XS

;01

{z 'wuig

a0t

Svea 10 g s

ael "Sid

()2

.

~

AN .¢
N

SPEZ L0 1-28 b6

YEL "Did
)z

il

$01

5014

o0k

L0t

o0t

X)Sd

(Z ‘wiig

X)5d

{2 'wwg



US 9,955,943 B2

Sheet 17 of 35

May 1, 2018

U.S. Patent

HEL "Bid
{0z
5% £z 10

f)///. P
‘.../ - s
N Y \\
$ 7 A
Voo

e

o

HEL "Old
{0z

Sy £2 10 in3 s

e "
)z
Sy e 2t 0 e&ere
- T : o0t
™~ 7 |2z
./3\/:\\ @;‘Ou\\w
“ tall 2
a0t 2
I
e "9
(v)z
g i~ - 6 7 G
5 78210 ey Sy
. 401 o
™~ \.\\ ?owmvn.%
™ / 3O
// /7 P
Y \\ Now W
Voo ).QW
VTN it
ri0}

L

ey e

o0t

Nwww o

£
meﬂ,
all 2

a0 2

6201~

0}

“x
0lt o
3
i3

104

o

=
=
210 ~

01

PEL "Dl
)z
vy €2V 0 2B G
. ooy O
N EL -
,ﬂ.\ Y/ ﬁaw\ww
ol 2
o0t 2
a0
Bl "Old
)z
R MR )
0
- e owawyn.mfu
// \\ ﬂ
NN ult 2
\ \\ NS 3
x,,c\ /c\\ alb
201



US 9,955,943 B2

Sheet 18 of 35

May 1, 2018

U.S. Patent

AL "Oid
{¢)z
g B T 8
g «. g m b0 -2 £ P .01
//{.)./ \\\\\\ “ Ow.
.//./z \\\\ it
RN / 2161
\ \
T
SPi "Did
(0
PG 90 S0 6 S0 80 Yt b
0:0}
e o
™. Tl
N \
//.f .&Qw
\
// mwmw
fu/\\
piOt

X)Sd

{z ‘wig

284

(wiigz

¥t "oid
)z
sy et bie b m.omo«
J/,// ,\.\\ 7 ?Ow
. e d 2104
\ /
v101
gri "9id
{ox
SO0 WD 0 WF 5 U I
W0 S0 W0 0 WS Ar koo
| 110t
AN /
\ /
VN /
» 0F

X)Sd

{Z 'wiug

XjSd

7

{wuigy

ariL "9id
)z
S v e 2 4 02 ¢ P &
r//. .\u\.
N e
hY 7

,”,, \ / /
(¥ ,M \
Yy y
i "9id
(e
OS¢ 96 0 8 S0 S0 80 b
/./ \.\

o8t
13101
210}
g0t

10t

o0t

nOt

{201

2,0

yi0b

S d

{Z ‘wiuig

3
L

=2

{wwgz



US 9,955,943 B2

Sheet 19 of 35

May 1, 2018

U.S. Patent

SSE "Oid
X3PUJ
géL OOL 08 09 Oy @2
\ (01
f/
.,
//// 01Ot
//f/JI
//// a0t
]
w13}
g1 "Oid
(L
51 01 g 0 g- Ob- Gi- gL

4

anpaush

vSi "Oid

(L

gL ¢ 0 & O &i-

ot
8¢



US 9,955,943 B2

Sheet 20 of 35

May 1, 2018

U.S. Patent

g

st "oid

(WX

g891 "Olid

XB0U]
02t 00L 08 09 OF 08

AR SR ARV 1 (O S A R

Gt

[ L1

8

g1

gl

o0

Z % 3 B
D S =

anpausbiz

g

J8L "Did

{useudx

¥9L "Oid
(U)X
€7 ¢ St L €0 080454298
g
it
Gt
gi




Q41 "Oid e YA 1E
{ux
b A1 S 41

US 9,955,943 B2

W,
(o0}
o
(=1
e
o
2
]
wn
8.1 Ol Vil "Did
N Xxepuj {wux
= g2t 001 08 09 oy 02 } AN 21 At
N ; Ot
g |
s
m / 50t T
/// £
<
e g0 8
e 5
i P

U.S. Patent

g

B0

-

gyl
vl
Al
43

gl
¢l

N
—

{tity



US 9,955,943 B2

Sheet 22 of 35

May 1, 2018

U.S. Patent

asi 'oid

(X

g81 "Oid

(L X
gt 6L & 0 8 0Ob- G-

vei "Oid

{ur)x
g 0

g

Ot~




U.S. Patent May 1, 2018 Sheet 23 of 35 US 9,955,943 B2

-9

-10
x{imm)
FIG. 18F

~11 -10 -9
x{mmj}
FIG. 18E

-12




U.S. Patent

May 1, 2018

x{mmy}
FIG. 198

5 10 15

0
x{mm)

FIG. 19A

Sheet 24 of 35

US 9,955,943 B2

onjeausbiy

10!

10%

20 40 o0 80 100 120

index

FIG. 19C



US 9,955,943 B2

Sheet 25 of 35

May 1, 2018

U.S. Patent

GoZ 'Bid

(LY

802 "Oid Y02 "'Oid
{wax {wix
gt OF § g g O - gL G & g g Qi i




U.S. Patent May 1, 2018 Sheet 26 of 35 US 9,955,943 B2

x{mm}
FIG. 20F




U.S. Patent May 1, 2018 Sheet 27 of 35 US 9,955,943 B2

20

16

12
ka
FiG. 21

N

108

o
“
aneausfiy



U.S. Patent May 1, 2018 Sheet 28 of 35 US 9,955,943 B2

x{mm)
FIG. 22B

FIG. 22A




U.S. Patent May 1, 2018 Sheet 29 of 35 US 9,955,943 B2

FIG. 22D

FIG. 22C




U.S. Patent May 1, 2018 Sheet 30 of 35 US 9,955,943 B2

x{rmmy)
FIG. 238

x{mm)
FIG. 23A




U.S. Patent May 1, 2018 Sheet 31 of 35 US 9,955,943 B2

5 10

0
x{mm}
FIG. 23D

5

-10

10

0
x{mm)
FIG. 23C

-5

~10




U.S. Patent May 1, 2018 Sheet 32 of 35 US 9,955,943 B2

x{mm)
FIG. 24B

x{mmj)
FIG. 24A




U.S. Patent May 1, 2018 Sheet 33 of 35 US 9,955,943 B2

x{mm)
FIiG. 24D

x{mm)
FIG. 24C




U.S. Patent May 1, 2018 Sheet 34 of 35 US 9,955,943 B2

10

g
x{mm}
FIG. 25B

-5

-10

5 10

0
x{mm)}
FIG. 25A

-5

-10




U.S. Patent May 1, 2018 Sheet 35 of 35 US 9,955,943 B2

x{mm)
FIiG. 25D

10

G
x{mm)
FIG. 25C

-5

-10




US 9,955,943 B2

1
WINDOWED TIME-REVERSAL MUSIC
TECHNIQUE FOR SUPER-RESOLUTION
ULTRASOUND IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a 35 U.S.C. § 111(a) continuation of
PCT international application number PCT/US2013/024512
filed on Feb. 1, 2013, incorporated herein by reference in its
entirety, which claims priority to, and the benefit of, U.S.
provisional patent application Ser. No. 61/594,966 filed on
Feb. 3, 2012, incorporated herein by reference in its entirety.
Priority is claimed to each of the foregoing applications.

The above-referenced PCT international application was
published as PCT International Publication No. WO 2013/
116783 on Aug. 8, 2013, incorporated herein by reference in
its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
Contract No. DE-AC52-06NA25396 awarded by the
Department of Energy. The Government has certain rights in
the invention.

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX

Not Applicable

NOTICE OF MATERIAL SUBJECT TO
COPYRIGHT PROTECTION

A portion of the material in this patent document is subject
to copyright protection under the copyright laws of the
United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the United States Patent and Trademark
Office publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright
owner does not hereby waive any of its rights to have this
patent document maintained in secrecy, including without
limitation its rights pursvant to 37 C.FR. § 1.14.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains generally to imaging and more
particularly to ultrasound imaging.

2. Description of Related Art

Time-reversal (TR) methods have received considerable
interest in many areas, with applications ranging from the
destruction of kidney stones, to the detection of flaws in
solids, and to ultrasound medical imaging. One of these
methods is the Time-Reversal with Multiple Signal Classi-
fication (TR-MUSIC) imaging algorithm developed by Dev-
aney. This algorithm combines TR focusing with the
MUSIC signal-subspace algorithm.

Numerical and experimental studies that used the MUSIC
algorithm with TR imaging showed that when the targets are
much smaller than the ultrasound wavelength, images with
sub-wavelength resolution can be achieved. The high-reso-
lution capability of TR-MUSIC imaging may find many
applications in medical ultrasound. One area of interest is
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the detection of breast micro-calcifications, which are the
first sign of breast cancer for more than half of all breast
cancer cases.

The TR-MUSIC algorithm assumes that the ultrasound
attenuation of the medium is negligible, and does not
account for the finite-size effects of the transducer elements.
In addition, the algorithm is applicable only when the
number of point scatterers is fewer than the number of
elements in a transducer array.

Accordingly, an object of the present invention is a
generalized TR-Music method to account for ultrasound
tissue attenuation and the finite-size effects of transducer
elements. Another object is a windowed TR-MUSIC method
for imaging point scatterers when their number exceeds the
number of ultrasound transducers in the scanner array, or
imaging extended targets. At least some of these objectives
will be met in the description below.

BRIEF SUMMARY OF THE INVENTION

Time-reversal imaging with Multiple Signal Classifica-
tion (TR-MUSIC) is an algorithm for detecting small targets
embedded in a medium. This algorithm can produce images
with sub-wavelength resolution when the targets are point-
like, and when the number of scatterers is fewer than the
number of ultrasound transducer elements used to interro-
gate the medium.

The system and methods of the present invention are
directed to a new algorithm based on TR-MUSIC for imag-
ing point scatterers when their number exceeds the number
of ultrasound transducer elements used to interrogate the
medium, or when the medium contains numerous extended
targets that cannot be considered as point scatterers.

In a preferred embodiment, the methods of the present
invention divide the imaging region into overlapping sub-
regions and apply the TR-MUSIC algorithm to the win-
dowed backscattered ultrasound signals corresponding to
each sub-region. The images of all sub-regions are then
combined to form the total image by interpolation of the
images from the overlapped sub-regions.

Imaging results comprised of numerical and phantom data
show that when the number of scatterers within each sub-
region is much smaller than the number of ultrasound
transducer elements, the methods of the present invention
yield super-resolution images with accurate scatterer local-
ization.

The generalized TR-MUSIC algorithm of the present
invention is also structured to account for the ultrasound
attenuation in the medium and the finite-size effects of the
ultrasound transducer elements. The generalized TR-MU-
SIC algorithm yields higher-resolution ultrasound images
compared to those obtained without accounting for the
ultrasound attenuation or the finite-size effects of ultrasound
transducer elements.

The axial and lateral resolutions of the algorithm of the
present invention were evaluated with respect to the effect of
noise on the resolution of the images. Computer simulations
and tissue-mimicking phantom data were acquired with a
real-time synthetic-aperture ultrasound system to demon-
strate the improved capability of the windowed TR-MUSIC
algorithm. The windowed time-reversal MUSIC technique
has the potential to detect breast microcalcifications.

In accordance with a preferred method of the present
invention, the TR-MUSIC algorithm is generalized to
account for the ultrasound attenuation in the interrogated
medium, and the finite-size effects of the transducer ele-
ments.
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In a preferred embodiment, a windowed TR-MUSIC
algorithm is also used to image point scatterers with high
resolution, even when their number exceeds the number of
transducer elements.

Compared with the original MUSIC method, the gener-
alized TR-MUSIC method of the present invention includes
the following new features:

1) Accounts for the ultrasound attenuation in the tissue.
This is accomplished by introducing the complex wavenum-
ber in Eq. 4. The complex wavenumber contains the ampli-
tude attenuation coefficient.

2) Accounts for the finite-size effects of ultrasound trans-
ducer elements. This is achieved by the integration in Eq. 16.
In contrast, the original MUSIC method uses a point source
Green’s function.

3) Accounts for the electro-mechanical responses (time
response) and their variations in the element-to-element
sensitivity, as described in the calibration method 84 shown
in FIG. 5.

The generalized TR-MUSIC technique of the present
invention takes the above three aspects into account.

In one embodiment of the present invention, the window-
ing method is incorporated into the generalized TR-MUSIC
method. The original TR-MUSIC technique is valid only
when the number of small (point) scatterers is fewer than the
number of ultrasound transducer elements. The windowed
TR-MUSIC method of the present invention can produce
super-resolution images even when the number of small
(point) scatterers exceeds the number of ultrasound trans-
ducer elements, and when the imaging plane contains
numerous extended targets.

The windowed TR-MUSIC method of the present inven-
tion uses ultrasound data acquired using a synthetic-aperture
ultrasound system. The investigational synthetic-aperture
ultrasound system of the present invention allows acquisi-
tion of patient ultrasound data in real time. In the system,
each element of the transducer array transmits ultrasound
sequentially, and all elements in the transducer array simul-
taneously record ultrasound signals scattered from the tissue
after each element is fired. The features of the system and
method of the present invention provide a real-time syn-
thetic-aperture system that can be used for patient data
acquisition.

In a synthetic-aperture ultrasound system, ultrasound
from each element of a transducer array or a virtual source
of multiple elements propagates to the entire imaging
domain, and all elements in the transducer array receive
ultrasound signals reflected/scattered from the imaging
region. Therefore, synthetic-aperture ultrasound data con-
tain information of ultrasound reflected/scattered from all
possible directions from the imaging domain to the trans-
ducer array. In contrast, the conventional ultrasound system
records only 180° backscattered signals.

Further aspects of the invention will be brought out in the
following portions of the specification, wherein the detailed
description is for the purpose of fully disclosing preferred
embodiments of the invention without placing limitations
thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The invention will be more fully understood by reference
to the following drawings which are for illustrative purposes
only:

FIG. 1 is a schematic diagram of a synthetic-aperture
ultrasound system in accordance with the present invention.
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FIG. 2 is a schematic diagram of the scanner of the
ultrasound system of FIG. 1 interrogating a region of tissue.

FIG. 3 shows a flow diagram of a method for sequentially
exciting a region of tissue in accordance with the present
invention.

FIG. 4 is a flow diagram of the generalized TR-MUSIC
method of the present invention.

FIG. 5 shows a flow diagram for a calibration method to
compensate for the electro-mechanical response (time
response) of ultrasound transducer elements, and their varia-
tions in the element-to-element sensitivity.

FIG. 6 shows a flow diagram of a windowed TR-MUSIC
method of the present invention.

FIG. 7 is a flow diagram for dividing the image plane in
accordance with the windowed method shown in FIG. 6.

FIG. 8A through FIG. 8D show the distances from a
transmitting element and a receiving element to the four
corners of a chosen sub-region.

FIG. 8E is a plot of a received time signal.

FIG. 8F is a plot of the resulting time signal after muting
the time samples outside the time window that starts at time
t; and ends at time t,.

FIG. 9A through FIG. 9D show plots of the largest and
second largest eigenvalues of the TR matrix versus the
lateral separation FIG. 9A, and) the axial separation between
the two scatterers FIG. 9B. Plots of FIG. 9C and FIG. 9D are
magnified versions of the plots for the second largest eigen-
values in FIG. 9A and FIG. 9B, respectively.

FIG. 10A through FIG. 10D show simulation geometry
for a point source (black dot shown in FIG. A) and the
transducer array elements. FIG. 10B is the CPSF for the
point source in the plot of FIG. 10A. FIG. 10C shows the
Lateral profile of the CPSF at z=25 mm. FIG. 10D shows the
axial profile of the CPSF at x=0 mm.

FIG. 11A through FIG. 11C are plots showing axial
profiles at z=25 mm for the pseudo-spectra of two point
scatterers separated axially by A/4, A/10, and A/30, respec-
tively, where A is the ultrasound wavelength.

FIG. 11D through FIG. 11F are plots showing lateral
profiles at x=0 mm for the pseudo-spectra of two point
scatterers separated laterally by A/4, A/10, and A/30, respec-
tively, where A is the ultrasound wavelength.

FIG. 12A through FIG. 12C show lateral profiles at z=25
mm for the noise-free pseudo-spectra of two point scatterers
separated laterally by (a) A, (b) A2, (c) and A/4, where A is
the ultrasound wavelength.

FIG. 12D through FIG. 12F show plots of the profiles
corresponding to FIG. 12A to FIG. 12C when attenuation is
compensated.

FIG. 12G through FIG. 121 show plots of the profiles
corresponding to FIG. 12A FIG. 12C when diffraction
effects are compensated.

FIG. 12] through FIG. 121 show plots of the profiles
corresponding to FIG. 12A through FIG. 12C when both
attenuation and diffraction effects are compensated

FIG. 13A through FIG. 13C show axial profiles at x=0
mm for the pseudo-spectra of two point scatterers separated
axially by (a) 4k, (b) 2, (c) and X, where A is the ultrasound
wavelength.

FIG. 13D through FIG. 13F show plots of the profiles
corresponding to FIG. 13A through FIG. 13C when attenu-
ation is compensated.

FIG. 13G through FIG. 131 show plots of the profiles
corresponding to FIG. 13A through FIG. 13C when diffrac-
tion effects are compensated.
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FIG. 1371 through FIG. 13L show plots of the profiles
corresponding to FIG. 13A through FIG. 13C when both
attenuation and diffraction effects are compensated.

FIG. 14A through FIG. 14F show profiles when zero-
mean Gaussian noise added to the recorded signals
(SNR=25 dB). The plots of FIG. 14A through FIG. 14C
show lateral profiles at x=0 mm for the pseudo-spectra of
two point scatterers separated laterally by i, A/2, and A/4,
respectively, where A is the ultrasound wavelength. The
plots of FIG. 14D through FIG. 14F show axial profiles at
7z=25 mm for the pseudo-spectra of two point scatterers
separated axially by 4h, 23, and A, respectively.

FIG. 15A is an image showing simulation geometry for
1000 randomly distributed scatterers.

FIG. 15B is an image of the pseudo-spectrum calculated
using the 20 eigenvectors with the lowest eigenvalues.

FIG. 15C is a plot of the eigenvalues of the TR matrix.

FIG. 16A is a plot of scatterer distribution of a 5 mmxS5
mm sub-region.

FIG. 16B is a plot of eigenvalues of the TR matrix
corresponding to the 5 mmx5 mm sub-region

FIG. 16C is an image obtained using 20 eigenvectors with
the lowest eigenvalues.

FIG. 16D is an image obtained using a 100 eigenvectors
with the lowest eigenvalues.

FIG. 17A is an image showing scatterer distribution of a
1 mmx1 mm sub-region.

FIG. 17B shows eigenvalues of the TR matrix corre-
sponding to the 1 mmx1 mm sub-region.

FIG. 17C shows an image obtained using 20 eigenvectors
with the lowest eigenvalues.

FIG. 17D shows an image obtained using a 100 eigen-
vectors with lowest eigenvalues.

FIG. 18A shows simulation geometry for 1000 randomly
distributed scatterers.

FIG. 18B shows the total image obtained from combining
images of 1 mmx1 mm sub-regions.

FIG. 18C shows scatterer distribution of a magnified
region close the transducer array.

FIG. 18D shows the corresponding image of the distri-
bution of FIG. 18C.

FIG. 18E shows the scatterer distribution of a magnified
region far from the transducer array

FIG. 18F shows the corresponding image of the distribu-
tion of FIG. 18D.

FIG. 19A shows an image of the ATS phantom obtained
using the synthetic aperture sultrasound system. FIG. 19B
shows the image obtained using the TR-MUSIC algorithm
when time windowing is not used. FIG. 19C shows the
eigenvalues of the TR matrix.

FIG. 20A shows an image of the ATS phantom obtained
using the synthetic aperture ultrasound system. FIG. 20B
shows the image obtained using the TR-MUSIC algorithm
by combining images of 5 mmx5 mm sub-regions. FIG. 20C
shows a magnified region of FIG. 20A showing filaments
separated laterally. FIG. 20F shows a magnified region of
FIG. 20A showing filaments separated axially. FIG. 20D
shows a magnified region of FIG. 20B showing filaments
separated axially. FIG. 20F shows a magnified region of
FIG. 20B showing filaments separated axially.

FIG. 21 is a plot of tissue-mimicking phantoms (TMPs)
experiment showing the first eight eigenvalues of the TR
matrices of the spheres in a versus ka (wavenumber times
sphere radius). The glass spheres have a diameter 0f2:9 mm,
1:8 mm, 1:5 mm, 1 mm, and 0:55 mm corresponding to ka
values of 20.8, 12.4, 10.5, and 7.3, respectively.
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FIGS. 22A through 22D show TR-MUSIC images of
glass spheres with a diameter of (a) 2:9 mm, (b) 1:5 mm, (c)
1 mm, and (d) 0:55 mm. The white circles show the true
sizes of the spheres.

FIGS. 23 A through 23D show images of a second phan-
tom obtained using (a) X-ray mammography, (b) synthetic-
aperture ultrasound imaging, (¢) TR-MUSIC imaging, and
(d) TR-MUSIC imaging using 5 mmx5 mm overlapped
sub-regions. The spheres of the second phantom have a
diameter ranging from 0.25 to 0.3 mm.

FIGS. 24A through 24D show images of a third phantom
obtained using (a) X-ray mammography, (b) synthetic-ap-
erture ultrasound imaging, (¢c) TR-MUSIC imaging, and (d)
TR-MUSIC imaging using 5 mmx5 mm overlapped sub-
regions. The spheres of the third phantom have a diameter
ranging from 0.5 to 0.6 mm.

FIGS. 25A through 25D show images of a fourth phantom
obtained using (a) X-ray mammography, (b) synthetic-ap-
erture ultrasound imaging, (¢c) TR-MUSIC imaging, and (d)
Windowed TR-MUSIC imaging using 5 mmxS mm over-
lapped sub-regions. The spheres of the fourth phantom have
a diameter ranging from 0.8 to 1.2 mm.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a schematic diagram of a synthetic-aperture
ultrasound system 10 in accordance with the present inven-
tion. The system 10 includes a scanner 12 comprising a
plurality of individual transducer elements 16 disposed
within a linear array 14. The scanner 12 is coupled to a
server or like computing apparatus 20 (e.g. with a cable 15
or other connection means such as, but not limited to, a
wireless connections means) and synthetic aperture ultra-
sound data acquisition system 18 that outputs RF data 28
corresponding to readings acquired by the scanner 12.

Computer 20 comprises a processor 24 configured to
operate one or more application programs 22 and graphical
user interface (GUI) 23 located within memory 25, wherein
the application programs 22 may contain one or more
algorithms or methods of the present invention for imaging
a tissue medium for display via GUI 23 on monitor 26, or
other means. For example, the application programming 22
may comprise the programming configured for operating the
sequential excitation method 50 shown in FIG. 3, the
generalized TR-MUSIC method 66 shown in FIG. 4, and/or
the windowed TR-MUSIC method 100 shown in FIG. 6.

FIG. 2 is a schematic diagram of the array 14 of scanner
12 of the ultrasound system 10 shown in FIG. 1 interrogating
aregion of tissue 44. In ultrasound imaging applications, TR
focusing uses an array 14 of N transducers 16 acting in the
transmit-receive mode.

Each element of the array 14 is excited sequentially (e.g.
transducer 3 is shown in excitation mode) to generate an
ultrasound field or signal 30 through the tissue surface 40
and into tissue region 44. The backscattered signals 32 are
measured in parallel by all N elements 16, yielding the
inter-element response matrix K(w) of the array at the
angular frequency w. The matrix K(w) is then used to
compute the TR matrix T(w)=K*(w)K(w). When the inter-
rogated medium contains M well-resolved point scatterers
42, such that M<N, the TR operator has M eigenvectors with
nonzero eigenvalues, and these eigenvectors correspond
one-to-one with the different point scatterers 42.

Focusing on a single scatterer 42 can be achieved experi-
mentally by using all elements 16 of the array 14 to
back-propagate the eigenvector associated with that scat-
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terer 42. If the geometry of the array 14 and the Green’s
function of the medium 44 are known, backpropagation can
be computed numerically to obtain images of the different
scatterers 44. The use of MUSIC with the TR operator yields
a pseudo-spectrum that peaks at the locations of the point
scatterers 44. This algorithm produces high-resolution
images of point scatterers, even when the scatterers 44 are
not well resolved by the imaging system.

FIG. 3 shows flow diagram of a method 50 for sequen-
tially exciting a region of tissue 44 in accordance with the
present invention. At step 52, a first element (e.g. element 1
or 1) of array 14 of N ultrasound transducer elements 16 is
excited for interrogating an inhomogeneous medium 42. At
step 54, the backscattered signals are measured by all
elements 16 in the array 14. At step 58, the method evaluates
whether all the elements 16 in the array 14 have been excited
(and imaged). If the last element in the array 14 has not been
reached, the method moves to the next element 16 in the
array 14 at step 60, and repeats the process sequentially until
the N” element is reached at step 62. At this point, the
process 50 transfers the RF data to memory 25.

Generalized TR-MUSIC Algorithm

FIG. 4 shows a flow diagram of the generalized TR-
MUSIC method 66 of the present invention. In a preferred
embodiment, the method 66 generates an inter-element
transfer matrix at step 70, which incorporates the electro-
mechanical response 72 of each element 16 in the array 14,
the diffraction impulse response 74 of each element 16, and
the attenuation in the medium 76. Next, at step 80, the
generalized time-reversal (TR) matrix is generated. Finally,
a pseudo-spectrum for generalized TR-Music imaging is
generated at step 82. Fach of these steps will be described
in further detail below.

The derivation of the expression for the matrix K is
detailed as follows. First, the equation for the scattered field
from an inhomogeneous medium is presented. Then, the
transducer model is considered for calculation of the inci-
dent field. Finally, the wave-equation solution and the trans-
ducer model are combined to give the equation for the
recorded electrical signal and form each element of the
inter-element response matrix K, (m).

The integral equation for the scattered pressure field from
an inhomogeneous medium is given by Eq. 1:

o= [ i

Eq. 1
(o) plro, w)golw, r| ro) =

V- [y, (r0)V plro, w)]go(r| ro, w)}dve

where w is the angular frequency and V, is the scattering
volume. The fluctuation functions vy, and y,, are measures of
the relative compressibility and density differences between
the scatterer and the surrounding medium given by:

A(r) I\O Eq. 2
Yelr) =
)= pr)—po Egq. 3
g ()

where p, is the average density, and x, is the average
compressibility of the medium. The complex wave number
kis:
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where k=w/c is the real wave number. o is the amplitude
attenuation coeflicient, ¢ is the average sound speed, and 1 is
the imaginary unit. The free-space Green’s function gq(w,
rlr,) is given by:

exp(—ik|r - ro|) Eq. 5

(w,r|rg)=
go{w, r| ro) prm—

Because the wavenumber k of Eq. 4 is complex, the
Green'’s function accounts for the attenuation in the medium
shown in step 76 of FIG. 4.

In the following, the transducer model is used to derive
the equation for the ultrasound incident field.

The ultrasound incident field is generated by an ultra-
sound transducer element 16, assuming no other sources
exist in the medium 44. In the classical theory of sound in
a fluid that exhibits viscous loss, the pressure phasor is given
by:

Eq. 6

i&zd)(r, w)

inc(Fs W) =
Pinc(r, @) P

where ®(r,w) is the velocity potential. For a planar trans-
mitting transducer element 16 of area S, the velocity poten-
tial is:

D(r,0)=V, (0)H(r,m), Eq. 7

where V, () is the particle velocity normal to the surface of
the transducer element, and H(r,w) is the diffraction impulse
response generated at step 74 of FIG. 4, and also may be
referred to as the velocity-potential impulse response. The
particle velocity and the diffraction impulse response are
given, respectively, by:

Valw) = Eq- 8

and

exp(—iklr — rol)
Hir, ©)= T dr—n ¥

Wilw)E(w),

where the integral is evaluated over the surface of the
transmitting element S,, W () is the transmitter electrome-
chanical transfer function, and E(w) is the input-voltage
transfer function. In Eq. 9, it is assumed that the acoustic
velocity distribution is constant over the area S,. Using the
previous four equations, the incident pressure field is given

by:

Eq. 10

. w) = W \Ew exp(—ik|r— r0|)
Pine(r, 0) = — W, (0 2 dso.

The spectrum of the electrical signal measured by the
receiving transducer element is given by:
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Eq. 11
Pl@) = W) f f pa(r, w)ds, 4
SV

where the integral is evaluated over the receiving-element
area S, and W (w) is the receiver electro-mechanical trans-
fer function. In Eq. 11, it is assumed that the spatial
sensitivity of the scanner/detector 12 is constant across the 1,
area S,. Using this assumption, the sensitivity of the detector
12 is incorporated into W (w). When the magnitudes of y,
and vy, are small, the Born approximation is valid and the
scattered wave from Eq. 1 becomes:

15

Eq. 12
polr, ) = f f f U Y,r0) Pinelros @)go(r | ro. ) = 4
Yo

V- [75(r0)V Pinc(ro, )1go(r | rolldvo 20

where the pressure field p(r,») is replaced by the incident
field p,,,.(r,w) on the right-hand side of Eq. 1. By substituting
Eq. 12 and assuming that the scatterers are sufficiently far 25
from the transducer element 16, such that Ir-r,|>>A where

A is the ultrasound wavelength, Eq. 13 is obtained:

2ik* Eq. 13 30
ps(r, w) = Wr(w)E(w)fff
WK

{D’K(fo) +cos(@)y,p(ro)lgo(r | ro)Xffgo(ro | r’)dS/}dVO,

St

35

where 8 is the angle between the vector from the center of
the transmitting element 16 to the point where the inhomo-
geneity is located, and the vector from the location of the 40
inhomogeneity to the observation point.

Substituting Eq. 11 yields Eq. 14:

pn(@) = Fg. 14 43

2ik*
— W) E(@)W{w) f f f i[w(ro)mos(@)yp(roﬂ f f
(WK

Vo o\

St

golro |7/, w)dS'ffgo(Vl 10, w)dS}dVO 30
Sr

Tt is assumed that density fluctuations are much smaller

than compressibility fluctuations. Therefore, Eq. 14 can be 33
simplified as:
2ik" Eq 15
pijlw) = w_/qE(w)R'j(w)fff «(ro)ai (ro, w)a;(ro, w)dvo, 60
Yo

where the subscript i denotes the transmitting element, the
subscript j denotes the receiving element, a,(r,,m) is the 65
integral of the Green’s function over the surface of element

1 given by:

10

Eq. 16
ai(roaw)=ffgo(r|ro)d5, 4
Si

and the electromechanical transfer function F, (o) is given
by:

Fiw)=W (0) W,j(u)). Eq. 17

i

The integration in Eq. 16 accounts for the finite size
effects of the ultrasound transducer elements 16 used in the
derivation of the inter-element transfer matrix of step 70 in
FIG. 4.

With respect to the electro-mechanical parameters 72 of
FIG. 4, variations in the sensitivity and time response from
element-to-element may be compensated by calibration.
FIG. 5 shows a flow diagram for a calibration method 84 that
compensates for the electro-mechanical response (time
response) 72 of ultrasound transducer elements 16, and their
variations in the element-to-element sensitivity. Method 84
is a preferred method for calibrating a linear transducer array
24. However it is appreciated that other methods available in
the art may be employed.

Referring to FIG. 5, the first step in the calibration method
84 is to position element i perpendicular and at a specified
distance from a target line filament at step 86. Next, element
1 transmits and receives an echo from the target at step 88.
This pulse-echo experiment is repeated M (e.g. 10) times at
step 89 for each of the 128 elements. If the number of repeat
measurements for element i reaches M iterations at step 90,
the averaged RF waveform s (t) is obtained by averaging all
M measurements for i at step 91. At step 92, an evaluation
is made to determine if all N elements have been excited. If
not, the above steps are repeated at step 94. If all elements
have been excited, a reference waveform s(t) is obtained at
step 93 by averaging all 128 waveforms. Due to small
variations in the position of the monofilament with respect
to the center of the elements, a time-shift correction for each
element 16 is obtained by cross-correlation of the echo
signal s(t) with s(t) at step 95. At step 96, the time-shift
correction is applied to s,(t) obtained for each element. The
reference waveform is used with the time-aligned echo
signal s,(t) to compute the compensation filter r,(t) that
matches the echo signal s/(t) with the reference waveform
5(t) to obtain the calibration filter Ri(w) at step 98.

An exemplary calibration for a transducer array was
performed using the method 84, and is described in further
detail below. Integration of this calibration data into the
inter-element response matrix is explained as follows. The
calibrated spectrum p, J“’Z (w) is given by Eq. 18:

P ) = Ri@R {(@)p; jlw) = Eq. 18

2if* , \
w_KOE(w)Ri(w)RjVU)Fi,j(w,‘fff%((ro)ai(ro)aj(ro)dvo =
Yo

2i*
—E(w)F(w)fff «(ro)as(ro)a(ro)dve
WKy

Yo

where p, () is the spectrum given by Eq. 15 and R () and
R /() are the calibration filters for elements i and j, respec-
tively. The function F(w)=R,(w)R(w)F, (o) is now indepen-
dent of the subscripts i and j. Using Eq. 18 the inter-element
response matrix K is given by Eq. 19:
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2ik*
= _F'w)ff (’}’.{ rO)ArO rOdVO

Eq. 19

where the superscript T denotes the transpose and A, is an
N-dimensional column vector given by:

- ap(ro)]-

The expression for the inter-element transfer matrix given
by Eq. 19 is used in step 70 shown in FIG. 4, and is more
general than that previously derived by other investigators.
The generalized expression used in accordance with the
present invention incorporates attenuation of the medium,
diffraction effects caused by the finite size of the transducer
elements, and the sensitivity and time response of the
elements.

The behavior of the TR-MUSIC algorithm depends on the
coherent point spread function (CPSF) of the ultrasound
imaging system. An expression for the CPSF of a linear
ultrasound array of N elements is derived. The inter-element
transfer matrix K is then used to derive an equation for the
time-reversal matrix T at step 80 (see FIG. 4). The matrix T
is then used to derive a generalized expression for the
pseudo-spectrum 82 for the generalized TR-MUSIC algo-
rithm 66 of the present invention.

In classical TR imaging, images are formed by back-
propagating the waves measured by all elements 16 of the
transducer array 14. The backpropagation is performed
numerically, assuming the sound speed and the transducer-
array 14 geometry are known. The CPSF of a transducer
array 14 is the image of a point source obtained using
classical TR imaging. The CPSF plays an important role in
connection with the lateral and axial resolutions of the
TR-MUSIC algorithm. In the following, an equation for the
CPSF is derived.

The wavefield at location r that results from a point source
atr, is given by the Green’s function g(rlr,,m). Using Eq. 11,
the signal measured by element 1 is:

[a,(ro,m)ay(rg,m) . . Eq. 20

= W,(w) f f or | ro, 0)ds = Wy(was(w, ro), Bq. 21

Sy

where the term p,(r,m) is replaced by g,(rlry,w) in Eq. 11. By
simultaneously re-emitting the time-reversed measured sig-
nals from each transducer element, ultrasound waves are
focused back to the location of the point source. In the
frequency domain, this operation is equivalent to re-emitting
the complex conjugates of the spectra of the measured
signals. The CPSF is the sum of the re-emitted fields. Using
Eq. 10 and Eq. 21, the CPSF equation Eq. 22 is obtained:

2N

Eq 22
2k q
CPSF(r | ro, w) = —Z Wyilw

Wei(@a; (ro, )*a;(r, w)

2ikr ¥

W (W)W () (ro, wai(r, w)
a)KO

where E () is replaced by p*,(w) in Eq. 10 and sum over the
number of transducer elements 16. An approximate expres-
sion for the CPSF is obtained by assuming that the transmit
and receive electromechanical responses are equal for all
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array elements, ie., W, (0)=W (0w) and W, (0)=W (o).
Therefore, the CPSF is given by:

N Eq. 23
CPSF(r| ry, w) = W (w)W,(w )Z a: (ro, wa;(r, w)
i=l

= W (@)W (w)Ap, A

where the angular brackets denote the inner product in C¥,
1€,

N Eq. 24
A= AL A= Z a; (ro, )ai(r, @)

i=1

<AYO i)

The superscript T denotes the conjugate transpose. The
CPSF achieves a maximum at the location of a point source,
and decays away from the point source. The spatial extent of
the CPSF is determined by the size of the elements, the
number of elements, the geometry of the transducer array,
the location of the point source with respect to the transducer
array, and the ultrasound wavelength. Based on this result,
two point scatterers located at r,, and r,,, are well resolved
by the imaging system only if:

(a4, .4 )4 4 Vs

o ot v Cmm® Eq- 25
where 0 is the delta function.
The time-reversal matrix T is defined as:
T=K'K=K*K, Eq. 26

where the superscripts T and * denote the adjoint and the
complex-conjugate of the matrix, respectively. The second
equality follows from the fact that the inter-element transfer
matrix K is symmetric. Applying Eq. 19 results in:

- Eq. 27
o [ i s
LUKO
where
Alo, 70) = yro)re o) {Ary» Anp - Eq. 28
The TR matrix is self-adjoint because:
I'=[(K*K)*)"=(KK*) =K"KD=(K*K)=T, EFq. 29

and positive semi-definite because for any vector v, we have:

Tyl =\K*Kvy] =\ Kv,Kv] =|Kv|*=0. Eq. 30
{ ) (o) (k) i

It is observed that a positive semi-definite matrix has N
non-negative  eigenvalues. Indeed if Tv=Av then

{ Tv,v) =N[V[*=0 yielding A20. The eigenfunction associated
with the largest eigenvalue of the matrix T specifies an
incident wave that maximizes the scattered energy received
by the transducer elements. In other words, transmitting the
eigenvector associated with the largest eigenvalue focuses
energy on the medium inhomogeneities that would result in
the maximum scattered energy received by the transducer
elements. Other eigenvectors also focus energy on inhomo-
geneities with and efficiency that is quantified by the asso-
ciated eigenvalues. In the special case where the medium
contains M point scatterers, Eq. 27 becomes:
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] Eq. 31
(oK )z‘ )l ;mzl Am,m/ArmA;/ ,
where
Al 2[00 ) @ ©) . Ay 0)] Eq. 32
and
Nt = VetV W Ay Ay ). Eq 33

Eq. 31 is the generalized TR matrix detailed in step 80
shown in FIG. 4, and accounts for electromechanical
response, variations in element sensitivity, attenuation in the
target medium, etc. Note that Eq. 31 is a more general
expression for the TR matrix than previously derived by
other investigators.

When the number of scatterers M is less than the number
of transducer element N, the rank of the matrix T is equal to
M. Since the matrix T is self-adjoint and positive semi-
definite, the matrix has M eigenvectors with positive non-
zero eigenvalues, and (N-M) eigenvectors with zero eigen-
values. In addition, all the eigenvectors are orthogonal; i.e.,

Tu,=hhy, m=12, ... M

T,umOZO mo=M+1M+2, ... N Eq. 34

{ Bttt =yt

where 11, is an eigenvector with nonzero eigenvalue, |1, is
an eigenvector with zero eigenvalue, and A, is a positive
eigenvalue. When the scatterers are well resolved, the eigen-
vectors with non-zero eigenvalues are exactly the vectors
A*, . When the scatterers are not well resolved by the
imaging system, each eigenvector with non-zero eigenvalue
is a linear superposition of the vectors A*,

The MUSIC algorithm makes use of the fact that the
matrix T is a projection operator into the subspace spanned
by the vectors A*, . This means that the (N-M) eigenvectors
with zero elgenvalues are orthogonal to any linear combi-
nation of the vectors A¥, i.e

(g, (D, d, )0 m=12, ..
M3 N

M mg=M+1,
mo=M+1,M+2, ... N

The MUSIC algorithm for time-reversal imaging is
obtained by forming the pseudo-spectrum PS(r) such that:

Eq. 35

I Eq. 3
PS(r) = : 4

N

2,

mo=M+1

P

The inner product { u*mO,A,) will vanish whenever r cor-
responds to the location of one of the scatterers, and this
would occur for well-resolved as well as non-resolved
scatterers. Note that under ideal situations when the recorded
signals are not corrupted by noise, the pseudo-spectrum will
exhibit super-resolution, i.e. the resolution of imaging point
scatterers will exceed the resolution dictated by the CPSF.
The generalized expression for the pseudo-spectrum (e.g.
step 82 in FIG. 4), which is given by Eq. 36 above, accounts
for the attenuation in the background medium, and the
diffraction effects caused by the finite size of the transducer
elements 16.
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Windowed TR-MUSIC Algorithm

When the number of scatterers is larger than the number
of transducer elements, the eigenvectors of the TR matrix all
have nonzero eigenvalues. In this case, the TR-MUSIC
imaging algorithm is no longer valid for imaging point
scatterers. This problem can also occur if the imaging plane
contains numerous extended targets.

FIG. 6 shows a flow diagram of a windowed TR-MUSIC
method 100 of the present invention. The imaging plane is
divided into multiple sub-regions at step 102 and then each
sub-region is imaged separately at step 104. The size of the
sub-region in step 102 is chosen such that the number of
scatterers within the sub-region is smaller than the number
of transducer elements. All the recorded radio-frequency
(RF) time signals are windowed such that the time samples
of the window correspond to spatial locations of the chosen
sub-region.

FIG. 7 is a flow diagram for dividing the image plane at
step 102 in accordance with the windowed method shown in
FIG. 6. FIGS. 8A through 8D illustrate graphically how
windowing is performed for a square sub-region as detailed
in step 102 of FIG. 7. The image plane is first divided into
square sub-regions at step 110. For each corner of the
sub-region, the sum of the distance from the corner to the
transmitting element and the distance from the corner to the
receiving element is computed at step 112, as shown in
FIGS. 8A through 8D. At step 114, the times corresponding
to the computed distances are calculated. The start and end
times of the window are assigned as the times corresponding
to the shortest and longest calculated distances (minimum
and maximum). The shortest and longest calculated dis-
tances are converted to time using the time-distance rela-
tionship t=d/c. At step 116, the calculated time window is
applied to the measured RF signal, and the time samples
outside the window are set to zero. Finally, the process is
repeated at step 118 different transmit-receive element com-
binations.

FIG. 8E shows an example of a measured received signal.
FIG. 8F shows the resulting signal after setting the time
samples outside the time window to zero.

Referring to step 104 of FIG. 6, to obtain an image of the
chosen sub-region, the spectra are first calculated by per-
forming Fast Fourier Transform (FFT) on the windowed
signals. The TR matrix is then constructed (e.g. step 80 in
FIG. 4) at a given frequency and eigenvalue decomposition
(EVD) is performed. The image of the chosen sub-region is
formed by calculating the pseudo-spectrum given by Eq. 36
(e.g. step 80 in FIG. 4). The images of all the sub-regions are
then combined to form the entire image at step 106.

The advantage of this technique is that it allows the
computations for forming the different images to be carried
out in parallel. Since the emitted ultrasound waves from the
transducer elements are unfocused, each windowed signal
contains ultrasound waves that originate from an area
between two ellipses whose foci are the locations of the
transmitting element and the receiving element. Signals that
originate from outside the chosen sub-region act as nuisance
to the desired signals. However, since NxN time signals are
needed to generate the TR matrix, the effects of the unde-
sired signals is minimal due to the effective focusing on the
selected sub-region.

Numerical Simulations and Phantom Experiments

Numerical simulations and phantom experiments were
used to test the performance of our generalized and win-
dowed TR-MUSIC algorithms. In the following, the simu-
lation parameters and the phantom experiments are
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described. A calibration method is also presented to com-
pensate for variations in element-to-element sensitivity and
time response.

In the following discussion, a method for simulating an
ultrasound linear transducer array is detailed. Each element
of the array is excited sequentially and backscattered signals
are recorded by all elements of the array. The backscattered
signals originate from a number of point scatterers distrib-
uted in a homogeneous and attenuative medium, with an
attenuation coeflicient that varies linearly with frequency. In
the simulations, the specifications of the transducer array 14
are chosen to be the same as those of a linear transducer
array (Prosonic, HL.5-10/40EPN) that we use with the inves-
tigational system for real-time synthetic-aperture ultrasound
imaging (InnerVision, DAS2009). The array 14 has 128
elements 16 with a 325 pum pitch. The azimuthal length of
each element is 300 um, and the elevation length is 6 mm.
The center frequency of each element is approximately 7.5
MHz and the 6-dB fractional bandwidth is approximately
65%.

In the simulations, all scatterers are positioned in the
imaging plane. It is assumed that the scatterers have different
compressibility from the background medium and the same
density as the background medium. Since ultrasound scat-
tering from compressibility fluctuations is not angular
dependent, the Foldy-Lax model is used to calculate ultra-
sound scattered signals. This model accounts for multiple
scattering. It has been shown that when scattering has no
angular dependency, the TR-MUSIC algorithm is valid even
when multiple scattering is non-negligible.

To simulate the spectrum of the signal received by ele-
ment j after transmission from element i, Eq. 15 is combined
with the Foldey-Lax model, i.e.

pij(w) = Eq. 37
M
2ik* ‘
s Wal@Wy(@E(w) ) yelrmMilrm, w)f f 80(r | iy w)ds.
m=1 s '

The function 1r,,,m), accounts for multiple scattering
among scatterers and can be solved using the Foldy-Lax set
of linear equations that are given in matrix form by

HY; =¥ Eq. 38
where
¥ = [ty @) il @) e Gilg, @7, Eq. 39
and
Bq. 40
¥ = ffgo(ﬁ [¥, wyds',
Si
T
ffgo(rz ¥, wds, ... ,ffgo(rM [ ¥, wds'|
5 Si

are M-dimensional column vectors. H is a MxM matrix
whose diagonal elements are unity, and off-diagonal ele-
ments are given by the product of the scatterers fluctuations
in compressibility with the background Green’s function
evaluated at the locations of the scatterers; in particular,

H B = (1=80 o Wi 1 )& - Bg. 41
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Since the attenuation varies linearly with frequency, the
complex wave number from Eq. 4 becomes:

Eq. 42

where f denotes the frequency and a, is the attenuation
coeflicient slope. Given the average sound speed of the
medium and the complex wavenumber k, the double inte-
grals of Egs. 37 and 41 are numerically evaluated over the
surfaces of the elements. The electromechanical transfer
functions W (w) and W (w) are each approximated by the
spectrum obtained by performing FFT on a Gaussian-modu-
lated sinusoidal pulse with a center frequency of 7.5 MHz
and a 6 dB fractional bandwidth. Time zero of the Gaussian-
modulated sinusoidal pulse corresponds to the time where
the leading pulse envelope falls below 60 dB. It is assumed
that the excitation pulse is an impulse at time 0, and
therefore, E(w) is set to 1. The background compressibility
K, is arbitrarily set to one. The fluctuation in compressibility
v, is set to 1 for all point scatterers. The time-dependent
signals are calculated using the inverse FFT of the spectra
obtained using Eq. 37.

To compensate for variations in element-to-element sen-
sitivity and time response in the linear transducer array, the
following calibration method was developed. The calibra-
tion uses a 50 pm diameter fishing line monofilament (Asso
Fishing Line, SM3-08) placed perpendicular to the imaging
plane. For each element, the transducer array 14 is translated
horizontally such that the filament is located 2.5 cm axially
from the center of the element 16. The element 16 transmits
a pulse and receives the echo from the filament.

This pulse-echo experiment was repeated 10 times for
each of the 128 elements and the radio frequency (RF)
waveforms measured by each element are averaged to obtain
the waveform s,(t), where i is the index for the transducer
elements. A reference waveform s(t) was obtained by aver-
aging all 128 waveforms (e.g. in accordance with step 93 of
FIG. 5). Due to small variations in the position of the
monofilament with respect to the center of the elements, a
time-shift correction for each element 16 is obtained by
cross correlation of the echo signal s,(t) with s(t) (e.g. in
accordance with step 95 of FIG. 5).

The reference waveform is used with the time-aligned
echo signal s,(t) to compute the compensation filter r,(t) that
matches the echo signal s,(t) with the reference waveform
5(1). The relation for the calibration filter applied before and
after transmission is:

S()=RA(0)S{v), Eq. 43

where S(w) is the spectrum of the reference signal s(t) and
R,(®) is the spectrum of the calibration filer r,(t). Solving for
the calibration filter of each element yields:

Eq. 44

Using Eq. 18, the filters R(w) are used to calibrate the
measured spectra prior to forming the inter-element transfer
matrix K (e.g. with step 70 of FIG. 4).

A synthetic-aperture ultrasound imaging system (e.g. sys-
tem 10 shown in FIG. 1) was used to image and acquire RF
data from a tissue mimicking phantom (ATS laboratories
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Inc., ATS551). 128x128 RF time signals corresponding to
the different transmit-receive element combinations were
obtained. The phantom has an average attenuation coeffi-
cient slope of 0.5 dB/cm-MHz and an average sound speed
of 1450 m/s. The phantom contains a number of nylon
monofilaments that are approximately 50 pm in diameter.
The filaments are arranged in groups of two. In each group,
the two filaments are separated either axially or laterally.
The edge-to-edge spacing between two filaments is 3 mm, 2
mm, 1 mm, 0.5 mm, 0.25 mm.

Numerical simulations were used to test the axial and
lateral resolution obtained with the generalized TR-MUSIC
algorithm of the present invention and compare them to
those obtained with the original TR-MUSIC algorithm.
Then, the effect of noise in ultrasound signals on image
resolution was evaluated. Finally, the windowed TR-MUSIC
algorithm of the present invention was tested by interrogat-
ing a medium 44 that contains 1000 randomly distributed
point scatterers 42 (see FIG. 2).

To study the lateral and axial resolution of the generalized
TR-MUSIC imaging algorithm, several cases of ultrasound
scattered signals from two point scatterers 42 embedded in
a homogeneous medium 44 were simulated. The attenuation
coeflicient slope of the medium 44 is 0.5 dB/cm-MHz and
the average sound speed is 1500 m/s. In each case, either the
lateral or the axial separation distance was varied between
the two scatterers 42. The midpoint between the two scat-
terers 42 is located 2.5 cm axially from the center of the
transducer 16. The separations between the two scatterers
are: 8\, 6A, 4k, 2, A, A2, M4, M6, W8, A10, and /30,
where 3, is the ultrasound wavelength. For each case,
eigenvalue decomposition was performed on the TR matrix
at the 7.5 MHz center frequency. In all simulation cases, that
the number of nonzero eigenvalues was found to be exactly
two.

FIGS. 9A and 9B show plots of the largest and second
largest eigenvalues of TR matrix, versus the lateral and axial
separation distance, respectively. F1G. 9C and FIG. 9D show
plots of the second largest eigenvalue of the TR matrix for
lateral and axial separations between A/30 and A.

FIG. 9A and FIG. 9D indicate that, for both lateral and
axial separations, the second largest eigenvalue decreases
with decreasing scatterer separations and converges to zero,
while the largest eigenvalue increases with decreasing scat-
terer separations and converges to a specific value. This
result is expected, since the scatterers are less resolved as
their separation decreases. For large lateral separations, the
largest eigenvalue and the second largest eigenvalue are
approximately equal. Furthermore, as the lateral separation
approaches zero, the largest eigenvalue approaches four
times its value when the separation is large. This result was
shown by Prada in the case of two scatterers that are
separated laterally and symmetric with respect the trans-
ducer array. Note that in FIG. 9B, the largest and the
second-largest eigenvalues are not equal at large separations
because the two scatterers are separately axially and there-
fore not symmetric with respect to the transducer array.

FIG. 9A and FIG. 9B also show that when the separation
between the two scatterers 42 is small, the second largest
eigenvalue is much smaller when the scatterers are separated
axially compared to when they are separated laterally. This
is a result of the CPSF of the transducer array 14. FIG. 10A
through FIG. 10D show the CPFS for a point source located
25 mm axially from the center of the transducer array 14.
The lateral profile at z=25 mm, and the axial profile at x=0
mm are also shown. The CPSF is obtained using Eq. 24. It
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clearly shows that the spatial extent of the CPSF is larger in
the axial direction compared to that in the lateral direction.

When the pseudo-spectra given by Eq. 36 are calculated
for the different cases of scatterer separations, we find that
they peak at the exact scatterer locations. FIG. 11A through
FIG. 11C shows lateral profiles of the pseudo-spectra for two
scatterers separated laterally by A/4, A/10, and A/30 respec-
tively. Similarly, plots in FIG. 11D through FIG. 11F show
profiles of the pseudo-spectra for two scatterers separated
axially by M4, A/10, and N30 respectively. These plot
demonstrate that the TR-MUSIC imaging algorithm can
achieve super-resolution. This is due to the fact that despite
being much smaller than the largest eigenvalue, the second
largest eigenvalue is never equal to zero.

The generalized TR-MUSIC algorithm of the present
invention can achieve super-resolution. The attenuation and
diffraction effects were compensated by using the exact
expression for the vector A, to calculate the pseudo-spec-
trum of EQ. 36. The vector A is given by:

——la |r rl] Eg. 4

o=l [paad
w
A 2],
J‘IWM,... ,
5
ffexp

In the original TR-MUSIC algorithm, however, both
attenuation and diffraction effects are ignored. To determine
the effects of ignoring attenuation, we set the attenuation
coeflicient o to zero in the equation for the vector A,.
Similarly, the effects of ignoring diffraction effects of trans-
ducer elements were determined by removing the surface
integrals in the equation for the vector A, .

FIG. 12A through FIG. 12C show lateral profiles at z=25
mm for the pseudo-spectra of two point scatterers separated
laterally by A, A/2, and A/4, respectively. The pseudo-spectra
in FIG. 12A through FIG. 12C are calculated by ignoring the
effects of both attenuation and diffraction. FIG. 12D through
FIG. 12F show the profiles corresponding to (a-c) when the
attenuation is compensated. FIG. 12G through FIG. 12I
shows the profiles corresponding to FIG. 12A through FIG.
12C when diffraction effects are compensated. FIG. 12J-12L
shows the profiles corresponding to FIG. 12A through FIG.
12C when both attenuation and diffraction effects are com-
pensated

FIG. 13A through FIG. 13C show axial profiles at x=0
mm for the pseudo-spectra of two point scatterers separated
axially by 4, 2\, and A, respectively. The pseudo-spectra in
FIG. 13A through FIG. 13C are calculated by ignoring the
effects of both attenuation and diffraction. FIG. 13D through
FIG. 13F show the profiles corresponding to FIG. 13A-13C
when the attenuation is compensated. FIG. 13G through
FIG. 131 show the profiles corresponding to FIG. 13A
through FIG. 13C when diffraction effects are compensated.
FIG. 13] through FIG. 13L show the profiles corresponding
to FIG. 13A through FIG. 13C when both attenuation and
diffraction effects are compensated.

FIG. 12A through FIG. 12L and FIG. 13A through FIG.
13L show that, for a medium with an attenuation coefficient

ds’
47r|r r| ’

——ix |r ¥ |]
ds’
drlr—r| ’
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slope of 0.5 dB/cm-MHz, compensation for attenuation in
the TR-MUSIC algorithm results in a minimal improvement
in resolution. Compensation for diffraction effects of trans-
ducer elements, however, results in a significant improve-
ment in both axial and lateral resolution. Note that when
both attenuation and diffraction effects are ignored, the two
scatterers separated laterally by A/4 are resolved, while the
scatterers separated axially by 2 are not resolved. This
result demonstrates that the lateral resolution is superior to
the axial resolution. This behavior is a result of the spatial
extent of the CPSF for a linear transducer array, as shown in
FIG. 10A through FIG. 10D.

To determine the effects of additive noise on the resolu-
tion of the generalized TR-MUSIC algorithm, uncorrelated
and zero mean Gaussian noise is added to the recorded time
signals for each simulation case. The signal-to-noise ratio
(SNR) is 25 dB. The SNR is defined according to the
equation:

52 Eq. 46
SNR = 2010g10(2—2],
p

where o? is the variance of the Gaussian noise, and S is the
maximum amplitude of the weakest recorded signal. For
each simulation case, the spectra of the noisy signals are
calculated and the TR matrix is formed at frequency 7.5
MHz. We then calculate the pseudo-spectrum given by Eq.
36, where the exact expression for the vector A, is used.

FIG. 14A through FIG. 14C show lateral profiles of the
pseudo-spectra for two scatterers separated laterally by A,
M2, and A/4, respectively. Similarly, plots of FIG. 14D and
FIG. 14E show profiles of the pseudo-spectra for two
scatterers separated axially by 4A, 2\, and A, respectively. It
is clear that the two scatterers separated laterally by A/4 and
the two scatterers separated axially A are not resolved. These
results demonstrate that noise degrades the resolution of the
images obtained with the generalized TR-MUSIC algorithm
of the present invention. The axial resolution is degraded
more than the lateral resolution due the spatial extent of the
CPSFE.

To evaluate the performance of the original TR-MUSIC
imaging algorithm when the number of scatterers exceeds
the number of transducer elements, Eq. 37 was used to
simulate scattering from 1000 point scatterers 42 randomly
distributed in the imaging plane of a homogeneous medium
44. The attenuation coeflicient slope of the medium is 0.5
dB/ecm-MHz and the average sound speed is 1500 meter/
second. The lateral extent of the scatters is 4.2 cm, which
corresponds to the length of the array, and the axial extent
is 3 cm, as shown in FIG. 15A.

FIG. 15C shows the eigenvalues of the TR matrix calcu-
lated at the 7.5 MHz center frequency. The TR matrix has no
zero eigenvalues, and therefore, it has full rank N. FIG. 15B
shows the image obtained by calculating the pseudo-spec-
trum of Eq. 36 with the 20 eigenvectors that have the lowest
eigenvalues. Both attenuation and diffraction effects are
compensated during the computation of the pseudo-spec-
trum. The resulting image is very noisy and contains bright
spots that do not correspond to the scatterer locations.
Similar results are obtained when the pseudo-spectrum is
calculated using a different number of eigenvectors. These
results suggest that the original TR-MUSIC algorithm is not
valid when the number of scatterers exceeds the number of
transducer elements.
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The windowed TR-MUSIC algorithm of the present
invention was applied to the same simulated ultrasound
scattered signals. A 5 mmx5 mm square region was chosen,
and the windowed TR-Music method 100 shown in FIG. 6
was used to generate the image of the sub-region.

FIG. 16A shows the location of the scatterers within a
given sub-region. FIG. 16B shows the eigenvalues of the TR
matrix corresponding to the chosen sub-region. The number
of nonzero eigenvalues is greater than the number of point
scatterers within the sub-region. This happens because the
windowed time signals contain contributions from outside
the selected sub-region. FIGS. 16A and 16B show the
images obtained using T-R imaging step 104 (the eigenvec-
tors with the 20 and 100 lowest eigenvalues, respectively).
The two images are very noisy and the point scatterers are
not accurately located. Imaging using a different number of
eigenvectors yields similar results.

Next, a 1 mmx1 mm square region was selected and the
windowed TR-MUSIC algorithm was used to generate the
corresponding image. FIG. 17A shows the location of the
scatterers within the chosen sub-region. FIG. 17B shows the
eigenvalues of the TR matrix corresponding to the chosen
sub-region. It is clear that the number of nonzero eigenval-
ues is greater than the number of point scatterers within the
sub-region. FIG. 17C and FIG. 17D show the images
obtained using the eigenvectors with the 20 and the 100
lowest eigenvalues, respectively. The two point scatterers
within the chosen sub-region are resolved in both images.
This result suggests that when the number of scatterers is
large, the sub-region must be small enough to minimize the
effects of the nuisance signals that originate from outside the
chosen sub-region. Note that image resolution is higher
when using 20 eigenvectors compared to 100 eigenvectors
to calculate the pseudo-spectrum. This is expected, since the
TR-MUSIC algorithm requires using eigenvectors with zero
eigenvalues to calculate the pseudo-spectrum.

The images of FIG. 17C and FIG. 17D show some
low-intensity artifacts that don’t correspond to the point
scatterers within the region. These artifacts are apparent
because the lowest eigenvalues used to calculate the pseudo-
spectrum are not exactly equal to zero. Images similar to
FIG. 17C are obtained when eigenvectors between 5 and 20
are used to calculate the pseudo-spectrum. However, the
images degrade when fewer than 5 eigenvectors or more
than 30 eigenvectors are used to calculate the pseudo-
spectrum. Further modification may be used to optimize the
sub-region size and the number of eigenvectors used to
calculate the pseudo-spectrum.

The entire image of the interrogated plane is formed by
combining the images of the 1 mmx1 mm sub-regions, as
provided in step 106 of method 100. FIG. 18A shows the
scatterer distribution, and FIG. 18B shows the resulting
image. FIGS. 18C and 18E show the scatterer distribution in
a region close to the transducer array, and a sub-region far
from the transducer array, respectively. FIGS. 18D and 18F
show the corresponding images. The resolution of the region
closer to the array is much higher than the resolution of the
region farther away from the transducer array. Furthermore,
the images of point scatterers that are far off axis have a
slanted orientation. The lateral resolution is also better than
the axial resolution. These results are caused by the spatial
extent of the CPSF of the transducer array. These numerical
examples clearly demonstrate that the windowed TR-MU-
SIC imaging method 100 of the present invention can
accurately locate the point scatterers when their number is
larger than the number of the transducer elements.
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Next, the windowed TR-MUSIC method 100 of the
present invention was tested against the original TR-MUSIC
algorithm on phantom data acquired with a synthetic-aper-
ture (SA) vltrasound imaging system. The quality and the
resolution of the images obtained with TR-MUSIC algo-
rithms to those obtained with the SA system was compared.
The images obtained with the SA system are formed using
synthetic-aperture ultrasound imaging techniques.

FIG. 19A shows a B-mode image of the ATS phantom
obtained with the SA ultrasound system. The spectra of the
measured RF signals are used to calculate the TR matrix at
the 7.5~MHz frequency. The eigenvalues of the TR matrix
are shown in FIG. 19C. FIG. 19B is the image obtained
using the TR-MUSIC algorithm without applying the win-
dowing technique. The image is obtained by calculating the
pseudo-spectrum of Eq. 36 with the 20 eigenvectors that
have the lowest eigenvalues (FIG. 19C). Both attenuation
and diffraction effects are accounted for during the compu-
tation of the pseudo-spectrum. The image is very noisy and
many of the filaments are not resolved. Similar results were
obtained when calculating the pseudo-spectrum using a
different number of eigenvectors. Although the number
monofilaments is fewer than the number of transducer
elements, the original TR-MUSIC algorithm cannot resolve
all the filaments due the full rank of the TR matrix. The full
rank is the result of ultrasound scattering from inhomoge-
neities within the phantom which create the observed
speckle in the SA ultrasound image.

FIG. 20A shows a B-mode image of the ATS phantom
obtained using the SA ultrasound system. FIG. 20B shows
the entire image that is formed by combining the images of
5 mmx5 mm sub-regions obtained using the windowed
TR-MUSIC method 100 of the present invention. In each
sub-region, the pseudo-spectrum is calculated using the
TR-matrix eigenvectors with the 20 lowest eigenvalues.
FIG. 20C and FIG. 20D show magnified images of the
filaments that are separated laterally by 1 mm, 0.5 mm, and
0.25 mm corresponding to FIG. 20A and FIG. 20B, respec-
tively. FIG. 14E and FIG. 14F show magnified images of the
filaments that are separated axially by 1 mm, 0.5 mm, and
0.25 mm corresponding to FIG. 20A and FIG. 20B, respec-
tively. All the filaments are well resolved. The lateral reso-
lution of the image obtained using the windowed TR-
MUSIC method 100 of the present invention is far superior
to the lateral resolution of the image obtained using the
InnerVision system. Note that, as a result of the CPSF, the
resolution of the windowed TR-MUSIC algorithm is higher
for the filaments closer to transducer array compared to the
filaments farther away from the array.

Next, the methods of the present invention were tested on
phantoms simulating extended targets. Four tissue-mimick-
ing, phantoms (TMPs) with embedded glass spheres were
constructed. Phantom 1 contains five well-separated glass
spheres with a diameter of 2.9 mm, 1.8 mm, 1.5 mm, 1 mm,
and 0.55 mm. The phantom 1 was used to test the effect of
target size (or ka value where k is the wavenumber and a is
the effective radius of scatterers) on the number of non-zero
eigenvalues of the TR matrix, and to test the capability of the
TR-MUSIC algorithm to provide the shape information.
Approximately 100 glass spheres were randomly distributed
in planes inside phantoms 2, 3, and 4. The spheres have a
diameter ranging from 0.25 mm to 0.3 mm, 0.5 mm to 0.6
mm, and 0.8 to 1.2 mm, for phantoms 2, 3. and 4, respec-
tively. These phantoms are used to evaluate the capability of
the TR-MUSIC algorithm to image numerous extended
targets, and to test the effect of the target size on image
characteristics.
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The phantoms are scanned using an SA imaging system
(InnerVsion DAS2009) with a 128-element transducer array
(Prosonic, HLL5-10/40EPN). The ultrasound system provides
access to all the RF measured signals (128x128 RF signals),
and generates a B-mode image using a SA imaging tech-
nique. The TMPs are also radiographed using X-ray mam-
mography.

The SA imaging system was used to scan each sphere of
phantom 1 separately. The 128x128 TR-matrix is calculated
at the frequency of 3.65 MHz. FIG. 21 shows the spectrum
of the first eight eigenvalues as a function of ka. It is clear
that the number of dominant eigenvalues increases with
increasing ka. For a given ka, the non-dominant (noise)
eigenvalues converge towards a small value (relative to the
largest eigenvalue).

Images of the glass spheres are formed using the pseudo-
spectrum given by Eq. 36. The plots of FIG. 21 were used
to estimate the number of noise eigenvectors to use in the
pseudo-spectrum. FIG. 22A through FIG. 22D show the
TR-MUSIC images of four glass spheres with a diameter of
2.9 mm, 1.5 mm, 1 mm, and 0.55 mm, respectively, where
the number of noise eigenvectors used to calculate the
pseudo-spectra are 123, 124, 125, and 126, respectively. The
TR-MUSIC images provide no shape information. The
lateral extensions of the bright regions of the images are not
representative of the sphere sizes. Approximate sizes of the
spheres may be deduced from the axial extensions of the
bright regions. These regions, however, appear somewhat
elongated. FIG. 23A through FIG. 23D, FIG. 24A through
FIG. 24D, and FIG. 25A through FIG. 25D show compari-
sons of images obtained using different imaging modalities
of phantoms 2, 3, and 4, respectively.

FIG. 23A, FIG. 24A and FIG. 25A show the X-ray
mammography images, which are inverted for better com-
parison with the ultrasound images.

The corresponding SA images are shown in FIG. 23B,
FIG. 24B and FIG. 25B. It is clear that the SA images have
lower resolution compared to the X-ray mammography
images. In the SA image of phantom 2 shown in FIG. 23B,
the glass spheres appear larger than their actual sizes, and
some closely-separated spheres appear as one. In the SA
image of phantom 3 shown in FIG. 24B, a single sphere
appears as multiple bands with decreasing intensity in the
axial direction. This artifact is more prominent in the SA
image of phantom 4 shown in FIG. 25B, where the glass
spheres are larger than those in phantoms 2 and 3. The bands
are caused by multiple reflections of ultrasound waves inside
the spheres.

The TR-MUSIC images of phantoms 2, 3, and 4, obtained
using 20 noise eigenvectors at 3:65 MHz are shown in FIG.
23C, FIG. 24C and FIG. 25C. The TR-MUSIC image of
phantom 2 shown in FIG. 23C is noisy and many of the
spheres are not imaged. Similar characteristics are observed
in the TR-MUSIC image of phantom 3 shown in FIG. 24C.
The image of phantom 4 shown in FIG. 25C is dominated by
noise and almost none of the spheres are resolved. The
degradation of image quality with increasing sphere size is
caused by the increase in the rank of the TR matrix with
increasing sphere size.

To improve the quality of the TR-MUSIC images, the
windowing technique 100 of the present invention was
employed, where TR-MUSIC images of 5 mmx5 mm square
sub-regions were combined. The sub-regions are overlapped
by 50%, and the TR matrices are calculated at 3.65 MHz. To
simplify the calculation of the pseudo-spectra, the number of
noise eigenvectors were we conservatively fixed to 64.
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The resulting TR-MUSIC images obtained with the win-
dowing method 100 are shown in FIG. 23D, FIG. 24D and
FIG. 25D. These images demonstrate that the windowing
method 100 of the present invention significantly reduces
image noise. All the spheres of phantoms 2 and 3 are clearly
observed, while the closely-separated spheres of phantom 4
are difficult to resolve. The images provide no shape infor-
mation. Compared to the SA images, the TR-MUSIC images
have a higher lateral resolution. The elongation artifact
observed previously in the images of phantom 1 is also
apparent in the TR-MUSIC images of phantoms 2, 3, and 4.
This artifact reduces the axial resolution.

CONCLUSIONS

A generalized TR-MUSIC algorithm was developed to
account for the attenuation in the medium and the finite-size
effects of the transducer elements. It was demonstrated that
that the generalized algorithm yields higher resolution
images compared to those obtained without accounting for
attenuation or diffraction effects. Without noise in the
recorded RF signals, the algorithm yields super-resolution.
When noise corrupts the recorded signals, the image reso-
lution decreases. The axial resolution degrades more than
the lateral resolution because of the spatial extent of the
coherent point spread function. A windowed TR-MUSIC
algorithm was also developed for imaging point scatterers
when their number exceeds the number of transducer ele-
ments. This method is based on dividing the imaging plane
into sub-regions and applying the TR-MUSIC algorithm to
the windowed backscattered signals corresponding to each
sub-region. The images of all sub-regions are then combined
to form the total image.

It was shown that to optimize results, the sub-region size
and the number of eigenvectors used to calculate the pseudo-
spectrum can be chosen accordingly. The sub-region size is
preferrably small enough such that that the number of
scatterers within is much smaller than the number of trans-
ducer elements, so that the effects of the nuisance signals
from outside the sub-region are negligible. The number of
eigenvectors is preferrably chosen such that the correspond-
ing eigenvalues are close to zero. It was demonstrated
through a phantom experiment that the windowed TR-
MUSIC algorithm yields a significantly higher image qual-
ity compared to the original TR-MUSIC algorithm. It was
also shown that the lateral resolution obtained using the
windowed TR-MUSIC algorithm is far superior to the lateral
resolution of the image obtained using synthetic-aperture
imaging.

The windowed TR-MUSIC algorithm of the present
invention is ideally suited for detection of breast microcal-
cifications.

Embodiments of the present invention may be described
with reference to flowchart illustrations of methods and
systems according to embodiments of the invention, and/or
algorithms, formulae, or other computational depictions,
which may also be implemented as computer program
products. In this regard, each block or step of a flowchart,
and combinations of blocks (and/or steps) in a flowchart,
algorithm, formula, or computational depiction can be
implemented by various means, such as hardware, firmware,
and/or software including one or more computer program
instructions embodied in computer-readable program code
logic. As will be appreciated, any such computer program
instructions may be loaded onto a computer, including
without limitation a general purpose computer or special
purpose computer, or other programmable processing appa-
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ratus to produce a machine, such that the computer program
instructions which execute on the computer or other pro-
grammable processing apparatus create means for imple-
menting the functions specified in the block(s) of the flow-
chart(s).

Accordingly, blocks of the flowcharts, algorithms, formu-
lae, or computational depictions support combinations of
means for performing the specified functions, combinations
of steps for performing the specified functions, and com-
puter program instructions, such as embodied in computer-
readable program code logic means, for performing the
specified functions. It will also be understood that each
block of the flowchart illustrations, algorithms, formulae, or
computational depictions and combinations thereof
described herein, can be implemented by special purpose
hardware-based computer systems which perform the speci-
fied functions or steps, or combinations of special purpose
hardware and computer-readable program code logic means.

Furthermore, these computer program instructions, such
as embodied in computer-readable program code logic, may
also be stored in a computer-readable memory that can direct
a computer or other programmable processing apparatus to
function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article
of manufacture including instruction means which imple-
ment the function specified in the block(s) of the flowchart
(s). The computer program instructions may also be loaded
onto a computer or other programmable processing appara-
tus to cause a series of operational steps to be performed on
the computer or other programmable processing apparatus to
produce a computer-implemented process such that the
instructions which execute on the computer or other pro-
grammable processing apparatus provide steps for imple-
menting the functions specified in the block(s) of the flow-
chart(s), algorithm(s), formula(e), or computational
depiction(s).

From the discussion above it will be appreciated that the
invention can be embodied in various ways, including the
following:

1. A method of performing ultrasound imaging of a
medium, comprising: exciting a first transducer element in
an array of transducer elements to direct an ultrasound signal
into a target region of the medium; receiving a backscatter
signal from the target region within the medium with the
array of transducer elements; generating an inter-element
transfer matrix of the received backscatter signal; generating
a generalized time-reversal (TR) matrix from the inter-
element transfer matrix; and generating a pseudo-spectrum
for generalized TR-Music imaging of the target region.

2. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of an electro-mechanical response of each trans-
ducer element in the array.

3. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
fanction of a diffraction response of each transducer element
in the array.

4. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of attenuation in the target region.

5. A method as recited in any of the preceding embodi-
ments, wherein the diffraction response of each transducer
element is a function of the finite size effects of the array of
transducer elements.
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6. A method as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix K is cal-
culated according to the function:

2kt
:_F'w)fffer)Aro rOdV01

wherein the superscript T denotes the transpose and A, is
an N-dimensional column vector given by:

. ax(ro,m)].

7. A method as recited in any of the preceding embodi-

[a,{ro,m)ax(ro,0) . .

ments, wherein the generalized time-reversal matrix is cal- !

culated according to:

M
o )2\F w)? ;;1 At Ay

wherein

Al =L@ @) @lrm @) ooy an(rm @) ];

and

At = VelrmVelri Ay Ay ).

m

8. A method as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix is calcu-
lated as according to the function gy(w,rlr,), wherein:

exp — ik|r —ro|
golw, r | ry) = ——=———;
4nlr - ro|

w .
= — —iu;
c

&=

and wherein k=w/c is the real wave number, w is the angular
frequency, a is the amplitude attenuation coeflicient, ¢ is the
average sound speed, and 1 is the imaginary unit.

9. A method as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix is calcu-
lated as according to the function a,(r,,w) over a surface of
a transducer element is

a;(ro, w) = ffgo(rl ro)ds;
Si

and wherein r corresponds to a location of a wavefield
resulting from a point source at a location r,.

10. A method as recited in any of the preceding embodi-
ments, wherein the pseudo-spectrum is calculated according
to the equation:

1
PS(r) = —

2, Menge A

mo=M+1

wherein M corresponds to a number of scatterers in the
target region, N corresponds to the number transducer
elements in the array, p,, corresponds to an eigenvector with
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a zero eigenvalue, A, corresponds to an eigenvector with a
positive eigenvalue, and A*, corresponds to vectors asso-
ciated with the scatterers.

11. A method as recited in any of the preceding embodi-
ments, wherein variations in sensitivity and time response
characteristics from the individual transducer elements in
the array are compensated by calibrating the array.

12. A method as recited in any of the preceding embodi-
ments, wherein calibrating the array comprises: sequentially
transmitting a pulse toward a target and receiving an echo
signal from said target for each element in the array;
obtaining an RF waveform of the echo signal for all trans-
ducer elements in the array; obtaining a reference waveform
by averaging the RF waveforms for each element; calculat-

5 ing a time-shift correction for each element in the array;

applying the calculated time shift correction to the RF
waveform; and generating a calibration filter from corrected
RF waveform.

13. A method as recited in any of the preceding embodi-
ments, wherein receiving a backscatter signal further com-
prises: dividing an imaging plane of the target region into a
plurality of sub-regions; imaging each sub-region in the
plurality of sub-regions separately; and combining each
sub-region to form an entire image of the target region.

14. A method as recited in any of the preceding embodi-
ments, wherein the size of the sub-region is chosen such that
the number of scatterers within the sub-region is smaller
than the number of transducer elements in the array.

15. A method as recited in any of the preceding embodi-
ments, wherein spatial locations in each sub-region corre-
spond with windowed time samples within the imaging
plane.

16. A method as recited any of the preceding embodi-
ments, wherein the medium comprises a tissue region within
the body of a patient.

17. A method of performing ultrasound imaging of a
target region of a medium, comprising: exciting a first
transducer element in an array of transducer elements to
direct an ultrasound signal into the target region; receiving
a backscatter signal from the target region with the array of
transducer elements; and performing time-reversal imaging
by: dividing an imaging plane into multiple sub-regions;
imaging each sub-region separately; and combining each
sub-region to form an entire image.

18. A method as recited in any of the preceding embodi-
ments, wherein the target region comprises a plurality of
point scatterers, and wherein the method is configured to
image the target region when the number of point scatterers
in the target region of tissue exceeds the number of trans-
ducer elements in the array.

19. A method as recited in any of the preceding embodi-
ments, wherein the target region comprises one or more
extended targets comprising an extended region beyond a
the dimensions of a point scatterer.

20. A method as recited in any of the preceding embodi-
ments, wherein each sub-region is shaped to overlap with
adjacent sub-regions and sized such that the number of
scatterers within each sub-region is smaller than the number
of transducer elements in the array.

21. A method as recited in any of the preceding embodi-
ments, wherein spatial locations in each sub-region corre-
spond with windowed time samples within the imaging
plane.

22. A method as recited in any of the preceding embodi-
ments: wherein each sub-region comprises a square region
having four comers; wherein dividing the image into sub-
regions comprises: calculating the sum of the distances from
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each corner to the first transmitting element and a second
receiving element in the array; assigning windowed time
samples having start and end times corresponding to the
calculated distances; and muting time samples outside said
start and end times.

23. A method as recited in any of the preceding embodi-
ments, wherein imaging each sub-region comprises: gener-
ating an inter-element transfer matrix of the received back-
scatter signal; generating a generalized time-reversal (TR)
matrix from the inter-element transfer matrix of the sub-
region; and generating a pseudo-spectrum for each sub-
region.

24. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of the electro-mechanical response of each trans-
ducer element in the array.

25. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of the diffraction impulse response of each trans-
ducer element in the array.

26. A method as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of the attenuation in the target region.

27. A method as recited in any of the preceding embodi-
ments, wherein the diffraction response of each transducer
element is a function of the finite size effects of the array of
transducer elements.

28. A method as recited in any of the preceding embodi-
ments, wherein the medium comprises a tissue region within
the body of a patient.

29. An ultrasound imaging system, comprising: (a) a
processor; and (b) programming executable on said proces-
sor for: (1) exciting a first transducer element in an array of
transducer elements to direct an ultrasound signal into a
target region of tissue; (ii) receiving a backscatter signal
from the target region with the array of transducer elements;
and (iii) performing time reversal imaging by: generating an
inter-element transfer matrix of the received backscatter
signal; generating a generalized time-reversal (TR) matrix
from the inter-element transfer matrix; and generating a
pseudo-spectrum for generalized TR-Music imaging of the
target region.

30. A system as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of an electro-mechanical response of each trans-
ducer element in the array.

31. A system as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of a diffraction impulse response of each transducer
element in the array.

32. A system as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
function of attenuation in the target region.

33. A system as recited in any of the preceding embodi-
ments, wherein finite size effects of the array of transducer
elements are factored in calculating the inter-element
response matrix.

34. A system as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix K is cal-
culated according to the equation:
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wherein the superscript T denotes the transpose and A, is
an N-dimensional column vector given by:

[a1{Fo,0)ax(ro,0) . . . ap(ro,0)].

35. A system as recited in any of the preceding embodi-
ments, wherein the generalized time-reversal matrix is cal-
culated according to:

—4i¢ u
— — 2 LAx AT .
T= o @Y Y, s, AL s

m=1 ' =1
wherein:

Al =l ©) @lm,o) -, ayli o ;

and

At = YeOmelr Y Ans Ay ).

m

36. A system as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix is calcu-
lated as according to the function g,(w),rlr,), wherein:

. exp — ik|r —ro|
golw, rlrg)= ———;
4zlr = ro|

w .
k=——ia
¢

and wherein k=w/c is the real wave number, m is the angular
frequency, a is the amplitude attenuation coeflicient, ¢ is the
average sound speed, and i is the imaginary unit.

37. A system as recited in any of the preceding embodi-
ments, wherein the inter-element transfer matrix is calcu-
lated as according to the function a,(r,,w) over a surface of
a transducer element is

ai(rOaw)=ffg0(r|r0)dS;
Si

and wherein r corresponds to a location of a wavefield
resulting from a point source at a location r,.

38. A system as recited in any of the preceding embodi-
ments, wherein the pseudo-spectrum is calculated according
to the equation:

1
PS(r)= —

2, iy, 0P

my=M+1

wherein M corresponds to a number of scatterers in the
target region, N corresponds to the number transducer
clements in the array, ,, corresponds to an eigenvector with
a zero eigenvalue, A, corresponds to an eigenvector with a
positive eigenvalue, and A*, corresponds to vectors asso-
ciated with the scatterers.
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39. A system as recited in any of the preceding embodi-
ments, wherein variations in sensitivity and time response
characteristics from the individual transducer elements in
the array are compensated by calibrating the array.

40. A system as recited in any of the preceding embodi-
ments, wherein calibrating the artay comprises: averaging
an RF waveform obtained for all transducer elements in the
array; and calculating a time-shift cortection for each ele-
ment in the array.

41. A system as recited in any of the preceding embodi-
ments, wherein receiving a backscatter signal further com-
prises: dividing an imaging plane of the target region into a
plurality of sub-regions; imaging each sub-region in the
plurality of sub-regions separately; and combining each
sub-region to form an entire image of the target region.

42. A system as recited in any of the preceding embodi-
ments, wherein the size of the sub-region is chosen such that
the number of scatterers within the sub-region is smaller
than the number of transducer elements in the array.

43. A system as recited in any of the preceding embodi-
ments, wherein spatial locations in each sub-region corre-
spond with windowed time samples within the imaging
plane.

44. An ultrasound imaging system, comprising: (a) a
processor; and (b) programming executable on said proces-
sor for: (i) exciting a first transducer element in an array of
transducer elements to direct an ultrasound signal into a
target region of tissue; (ii) receiving a backscatter signal
from the target region with the array of transducer elements;
and (iil) performing time-reversal imaging by: dividing an
imaging plane into multiple sub-regions; imaging each sub-
region separately; and combining each sub-region to form an
entire image.

45. A system as recited in any of the preceding embodi-
ments, wherein the target region comprises a plurality of
point scatterers, and wherein the method is configured to
image the target region when the number of point scatterers
in the target region of tissue exceeds the number of trans-
ducer elements in the array.

46. A system as recited in any of the preceding embodi-
ments, wherein each sub-region is shaped to overlap with
adjacent sub-regions and sized such that the number of
scatterers within each sub-region is smaller than the number
of transducer elements in the array.

47. A system as recited in any of the preceding embodi-
ments, wherein spatial locations in each sub-region corre-
spond with windowed time samples within the imaging
plane.

48. A system as recited in any of the preceding embodi-
ments: wherein each sub-region comprises a square region
having four corners; wherein dividing the image into sub-
regions comprises: calculating the sum of the distances from
each corner to the first transmitting element and a second
receiving element in the array; assigning windowed time
samples having start and end times corresponding to the
calculated distances; and muting time samples outside said
start and end times.

49. A system as recited in any of the preceding embodi-
ments, wherein imaging each sub-region comprises: gener-
ating an inter-element transfer matrix of the received back-
scatter signal; generating a generalized time-reversal (TR)
matrix from the inter-element transfer matrix of the sub-
region; and generating a pseudo-spectrum for each sub-
region.

50. A system as recited in any of the preceding embodi-
ments, wherein generating an inter-element transfer matrix
comprises calculating the inter-element transfer matrix as a
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function of one or more of the following: the electro-
mechanical response of each transducer element in the array,
the diffraction impulse response of each transducer element
in the array, the attenuation in the target region, or the finite
size effects of the array of transducer elements.

Although the description herein contains many details,
these should not be construed as limiting the scope of the
disclosure but as merely providing illustrations of some of
the presently preferred embodiments. Therefore, it will be
appreciated that the scope of the disclosure fully encom-
passes other embodiments which may become obvious to
those skilled in the art.

In the claims, reference to an element in the singular is not
intended to mean “one and only one” unless explicitly so
stated, but rather “one or more.” All structural, chemical,
and functional equivalents to the elements of the disclosed
embodiments that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. Further-
more, no element, component, or method step in the present
disclosure is intended to be dedicated to the public regard-
less of whether the element, component, or method step is
explicitly recited in the claims. No claim element herein is
to be construed as a “means plus function” element unless
the element is expressly recited using the phrase “means
for”. No claim element herein is to be construed as a “step
plus function” element unless the element is expressly
recited using the phrase “step for”.

What is claimed is:

1. A method of performing ultrasound imaging of a
medium, comprising:

exciting a first transducer element in an array of trans-

ducer elements to direct an ultrasound signal into a
target region within the medium;

receiving a backscatter signal from the target region

within the medium with the array of transducer ele-
ments;

generating an inter-element transfer matrix of the received

backscatter signal;

generating a generalized time-reversal (TR) matrix from

the inter-element transfer matrix; and

generating a pseudo-spectrum for generalized TR-Music

imaging of the target region,

wherein generating the inter-element transfer matrix com-

prises calculating the inter-element transfer matrix as a
function of an electro-mechanical response of each
transducer element in the array, a diffraction response
of each transducer element in the array, and attenuation
in the target region.

2. A method as recited in claim 1, wherein the diffraction
response of each transducer element is a function of finite
size effects of the array of transducer elements.

3. A method as recited in claim 2,

wherein the inter-element transfer matrix is calculated as

according to a function a(r,,) over a surface of a
transducer element i,
wherein:

a;(ro,w)=ffgo(r|ro)d5,
Si

and
wherein o is an angular frequency, ds is a delimiter of
integration, gq(w,rlr,) is the free-space Green’s func-
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tion, a,(t,,w) is the integral of the Green’s function over
the surface of element i, and r corresponds to a location
of a wavefield resulting from a point source at a

32

7. A method as recited in claim 1,

wherein the inter-element transfer matrix is calculated as
according to a function g,(w,rlry),

location To. wherein:
4. A method as recited in claim 1, 3
wherein the inter-element transfer matrix K is calculated
according to the function: . exp — iklr = ro|
golw, rlro) = —————; and
4nlr - rol
k=2 i
2ik* 10 ST "
= _F'w)fff f3 rO)Aro rOdV0|
and
wherein k is a complex wave number, r corresponds to a
and 15 location of a wavefield resulting from a point source at

wherein 1 is an imaginary unit, k is a complex wave
number, w is an angular frequency, K, is an average
compressibility of the medium, F(w) is an electrome-
chanical transfer function, V, is a scattering volume, v,
is a fluctuation equation, r, is a location, dv, is a 20
delimiter of 1ntegrat10n and the superscript T in A, T
denotes that A is the transpose of A, which is an
N-dimensional column vector given by:

a location 1, exp( ) is Euler’s number raised to the
power of the quantity in the parenthesis, k=w/c is a real
wave number, ® is angular frequency, o is the ampli-
tude attenuation coeflicient, ¢ is the average sound
speed, and i is the imaginary unit.
8. An ultrasound imaging system, comprising:
(a) a processor; and
(b) programming executable on said processor for:
(1) exciting a first transducer element in an array of
transducer elements to direct an ultrasound signal
into a target region of tissue;

L a(ro.0)]. 25

5. A method as recited in claim 1,
wherein the generalized time-reversal matrix is calculated
according to:

[a,(ro,m)ax(ro,00) . .

(i1) receiving a backscatter signal from the target region
with the array of transducer elements; and

30 (iil) performing time reversal imaging by:
generating an inter-element transfer matrix of the
received backscatter signal,

wk)z NZZA /A*A/’

wherein 35

generating a generalized time-reversal (TR) matrix
from the inter-element transfer matrix; and

generating a pseudo-spectrum for generalized TR-

T = , 2] ~ s . . . .
A =L 00 ©0) Ol 0) oo Music imaging of the target region,

T ay (g ) ;

and wherein generating the inter-element transfer matrix com-

prises calculating the inter-element transfer matrix as a

40 function of an electro-mechanical response of each
transducer element in the array, a diffraction response
of each transducer element in the array, and attenuation
in the target region.

At = Y)Y Ay Ay ).

and

wherein 1 is an imaginary unit, k is a complex wave
number, o is an angular frequency, K, is an average
compressibility of the medium, F(w) is an electrome- 45
chanical transfer function, m and m' are variables
which range from 1 to M, M the number of scatterers,
A* corresponds to vectors associated with the scat-
terers, and A, T is the transpose of A ,

6. A method as recned in claim 5, m 50

wherein the pseudo-spectrum PS(r) is calculated accord-
ing to the equation:

9. A system as recited in claim 8, wherein finite size
effects of the array of transducer elements are factored in
calculating the inter-element response matrix.

10. A system as recited in claim 8,

wherein the inter-element transfer matrix K is calculated
according to the equation:

7zk4
w)fff « rO)AVO rOdVO,

1
PS(r) = ——————, 33
" 2
Z Hethy A and
ing=M+1 S . . . .

wherein i1 is an imaginary unit, k is a complex wave
number, w is an angular frequency, i, is an average
and 60 compressibility of the medium, F(w) is an electrome-

wherein M corresponds to a number of scatterers in the
target region, N corresponds to the mumber transducer
elements in the array, p*,, is the complex-conjugate of
W, Which corresponds to an eigenvector with a zero
eigenvalue, and A, corresponds to vectors associated
with r which corresponds to a location of a wavefield
resulting from a point source at a location r.

65

chanical transfer function, V, is a scattering volume, y,
is a fluctuation equation, r, is a location, dv, is a
delimiter of integration, and the superscript T in AVOT
denotes that ArOT is the transpose of A, which is an
N-dimensional column vector given by:

. ap(ro,m)].

[a1{Fo,w)ax(rom) . .
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11. A system as recited in claim 8,

wherein the generalized time-reversal matrix is calculated
according to:

5
_4 8 MM
v 4T
(wk )2‘ @l Z Z At Ay A
m=1 ' =1
wherein
Afm =[a1(rm ) a(rm, ) ..., anm, w)]; 10
and
At = 1elralVerp A A ),
15

and

wherein 1 is an imaginary unit, k is a complex wave
number, o is an angular frequency, K, is an average
compressibility of the medium, F(w) is an electrome-
chanical transfer function, m and m' are variables
which range from 1 to M, M the number of scatterers,
A% corresponds to vectors associated with the scat-
terers and A, 7 is the transpose of A,

12. A system as Tecited in claim 8,

wherein the inter-element transfer matrix is calculated as

X - 25
according to a function g,(w,rlry),
wherein:
exp — ik|r —r
golw, r | ro) = ik, 30

4nlr = ro|

34

-continued

and

wherein k is a complex wave number, r and r, are
locations, exp( ) is Euler’s number raised to the power
of the quantity in the parenthesis, k=w/c is the real
wave number, w is the angular frequency, o is the
amplitude attenuation coeflicient, ¢ is the average
sound speed, and i is the imaginary unit.

13. A system as recited in claim 8,

wherein the inter-element transfer matrix is calculated as
according to the function a,(ry,w) over a surface of a
transducer element i,

wherein:

ai(ro,w):ffgo(rlro)ds,
Si

and
wherein w is an angular frequency, ds is a delimiter of
integration, is g,(w,rlr,) is the free-space Green’s func-
tion, a,(t,,m) is the integral of the Green’s function over
the surface of element i, and r corresponds to a location
of a wavefield resulting from a point source at a
location ry,.
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