Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

AUBER MR IR R R HERSE
AtE KEAR A RFH samE

Mechanism of contrast—enhancement in ultrasound—modulated laser feedback imaging with ultrasonic
microbubble contrast agent

Zhou Bo-Rui  TanYi-Dong Shen Xue-Ju Zhu Kai-Yi  Bao Li-Ping

5] Fi{% B Citation: Acta Physica Sinica, 68, 214304 (2019) DOI: 10.7498/aps.68.20190770
TEZL L View online: https://doi.org/10.7498/aps.68.20190770
MHANZE View table of contents: http://wulixb.iphy.ac.cn

LT RGN HA SO

Articles you may be interested in

Fe X U E L ) L 5 AR 0 B
Super—resolution imaging of high—contrast target in elctromagnetic inverse scattering

WIFEAEAR. 2018, 67(14): 144101 https://doi.org/10.7498/aps.67.20180266

XF LU BE I PRESE TR X TNV Therm PR A )52 1)
Effect of contrast threshold function correction on NVThermIP model

WIFEAEA. 2018, 67(21): 210702 https://doi.org/10.7498/aps.67.20180493

R ot 2 TR RS PR REL AR P2 X AR IRk IS A 1 RE B 52
Effect of silver film roughness on imaging property of BaTiO3 microsphere

YIFIEH. 2018, 67(21): 214209  hitps://doi.org/10.7498/aps.67.20180823

2R eI PR T XDE R RO SR 5 2R B LA RE A S
Influence of the linewidth enhancement factor on the characteristics of the random number extracted from the optical feedback

semiconductor laser

YrH2E4R. 2017, 66(12): 124203  https://doi.org/10.7498/aps.66.124203

LTRSS IR 8 A CET SRR i Dk ORI S
All-fiber radio frequency—modulated pulsed laser based on frequency—shift feedback loop
YIBR2A 4. 2017, 66(18): 184201  hitps:/doi.org/10.7498/aps.66.184201


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190770
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20180266
https://doi.org/10.7498/aps.67.20180493
https://doi.org/10.7498/aps.67.20180823
https://doi.org/10.7498/aps.66.124203
https://doi.org/10.7498/aps.66.184201

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 214304

RIS 52 57 Y8 5 B A 8 BT [E] 15
B A& X EE FE B H R A 3T

AMAEYD  REARI LEHEDE RIAEY #WEY

1) ("PEARARERE TR ELT 50 TRR, fAF%E  050051)
2) (THHIA:, KRR B A E R H A S =, JbaT 100084)

3) (AR ERE AR, b 100042)
(2019 4F 5 7 20 HE); 2019 4E 8 A 16 HULENEdck)

P A I 2 AR A S — T B B4 AR ) A SOGB4 TR G I T T AT EOR A T
EZHARTE AT W O ABAZ NS L BE T3 TRIAFTE A A2 . 7o A5 8 D'~ USSR Y Sk b, 256 i 22 8505 /0L ol
IR 7 A 5 IR O BUSTEER, S T % BRE A B SRR 2O T A, il py A SR oY T
P TR 2 1) e i P 9 o JRO'G [ 45 AR X EE EE B P AL . 25 SRS B, e W W, B RO I R R
T L o R R SOE RUSHE S, I A 1 T 308 e G 0 [ 453 IR R I £ 1 O e A O R T £ i AR
X LU BE ;T AE 7 A W) L ZUR T r P R di R ) AT 2 el P A O [R5 A S, 3 e A I (] 5 3 A
WA 2 SR A 19 5 9 T i v LR X L

KR ORI, WO, WBREE, X R

PACS: 43.35.5x, 47.55.dd, 87.63.lm

1 5 =

DU R DGR E AT AR HR [ (ultrasound-
modulated optical tomography, UOT) Fl )t/ )2
Br 48 £ AR 2 (photoacoustic tomography, PAT)
FARR B E A LRI A RO |
HHEZE 5 7807 A R SR 118) — Tl 1 A A A 4K DN
AR OZBARGIET A YA SR R W R %
A, AP ICHL B RR AT | AR AR A B A A I T
B, I AT SR FRHR “J6iE K (optical biopsy)
R, T8 LI A5 JRAE i ARSIy T A BRI
NV 77, BT E B AR ) 2 2 R S F 5
Er i

*ER HRBIARESE (ES: 51722506) 9% Bh AR
t iBfEVE#E . E-mail: tanyd@mail.tsinghua.edu.cn
1 BIE1EE . E-mail: shxjoptics@aliyun.com

©2019 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.68.20190770

UOT MFRAFEZHTEHA (acousto-optic
tomography), #&—Fh -G AH B AR B g s,

FANEYHL NIRRT RS E bR B, 528
Xof A= A 2R N P SRR SR B AR TR 2R 85, W R B
XA . UOT 4546 T A 46 1K
1) e R BURE R PR A R R S AR AR A B i e
PR, BRI I AT S B2 WK
TEMFFERI, UOT SR FHDOG RN 25 424500
25 A WA it J ) LR SRERORE, R TR A= Ak
55 LTS, A CCD SRS AL &, W55
A5 M LA B A R, (ER AR RS SZ IR, SEi
B2, HREBONE R W, 858 0% i 52 [a]
BEFLAL ) UOT T LA K Hit e A6 38 42 1 R A
BRI . 2012 4F, Zhang 55 B FI Suzuki 4% [0

http://wulixb.iphy.ac.cn

214304-1


http://doi.org/10.7498/aps.68.20190770
mailto:tanyd@mail.tsinghua.edu.cn
mailto:tanyd@mail.tsinghua.edu.cn
mailto:shxjoptics@aliyun.com
mailto:shxjoptics@aliyun.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 214304

A3 A 25 R LR AT A8 iR dg & T U0 T
FIEMELL, SCE T 9 cm A=Al U )33 SR
{RIX PN VA S R G 4%, PIMELAAE PR IE = R
FESRAE T i — 204 S UG R FE . DRI, A= A 2%
ASG ERHO  R ()(5 1R LE | X6 PR BEAS J2 DL RS
B 2R 48 52 ki R 1 UG FE AR 2 BR ] UOT $ AR
AN E SR

B IEHIEOEES IS (ultrasound-modulated
laser feedback imaging, ULFI) A & —FpFE T
O AR RSN [E1 5% A 75 R BRI R
AT ARG RE A ] 457 55 F T X 5515 55 3 15
= (55 RETIE 100 H20) BRSBTS OR
AT 7 IR AR A O AF S A T AR A, AT AR R
$27 ULFI (15 .

T 75 T 3 5 ) — A R A 7 SO L
I, PR o 0 75 [ 35 S R R PR IR 7
PR B T 38 il R 75 A A5 5, T T
5 B A R RV (U S 25 8 R, IR R
T 22 T P A e 5 5 R AR P R R 7
R 7 U 3 5 70 AT AE SRy a3k s 2500 FH - AR B0
58 AR UM RE R I, L2558 75 g e
AJEAEMAE AT HEAT CT, MRI S5 HAtb ks
732 e LRGP 3. 6 PR ) S s e A 45 &
R P AR AT S IR A 1) R ) B AR 1590, ] s AR T
0123 AR IR BB 5 3 348 T R4 1 44 i K3 1O

JHE TR O 5 R A R P RS T T AR AR A
A2 4 L R R 7S T 1 R 791 1 5 R A DG
SR B R RS I AR 5, T8 M 75 R ) 2O Bl
G 0P R TR TR 0280 A R R AR AE T
TG M A SIS B UE T O SR R I T
BOR. FEXHMESE UOT 7EfFWE FE A AZ N L J5 T
(R, A ULFT BEAAE M b sy L S o 5
FIREHE = UG LEEEAREPE, 4 T SE AR
AR R BE 5 W AR B T 28 . R R AR — bl K 4
Tt ULFT G0 Fe R 76, AR SORESH 0 i 52 51
1458 ULFIL X LR i AL T

2 ULFI $OR Bl 4 3 ULFT X 1
& LR
2.1 BEIAHBEEEREEAR
1 5 ULFT SA R . (R O 2
TR g o OO0, 2 TR P (7 R 05

N QWRER A PES], Lu NP S SR
WA w + Q BITEHRDER FEOGEIRIE N, 5#0E
i WHEREDEIR G, TS DE#OLA 5 LI R
Olim) Jah, ZZFOCHRRME PD EHEARIIROLE
R AR DG A, AT DU M AR B d i
1A% B RSB P A AT S B R U

IR HE -

RAEERUT

eins  EIGEHL
v £l 2
-— — —t
O Wi J\ s |
L eamumsen ©

Bl 1 ULFTHARJEHE
Fig. 1. Schematic of ULFI technology.
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Fig. 2. Schematic diagram of interaction among micro-
bubbles, light field and sound field.
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Fig. 3. Ultrasonic dynamics of microbubble: (a) Curve of microbubble radius; (b) spectrogram of microbubble radius.
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Fig. 4. Curves of microbubble scattering acoustic pressure.
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M1l 5 FTLAA H, S e i S i R B bE K )
7R B RE I Rn, eReT LATKE] 1% W (A Ag
FLAAE 1064 nm P T EE REUW 2.5 £, H T
— R C A BUR REE, ZERTIR BRI (1 Ll
S TV RO A AR SRR
TR XA AR A BT 1) 0.9% Y
FALINIR BT 2) 0.9% HYEALENIA B AT
0 3) 1% HINR I FLAR Tt 4) 1% rI AR I 2L
TG, JFEH R 160 kPa A%k 3 MHz,
AT LR A2 1.25 pm, W 1054 /mL. 7£
SRERPUTE D, AR R IR &
[ S5 1 PR - 2 ST AR A o N R A T 1Y 1) R
A AR AR T R R, FRTE X
TEFERP i AR AR BO, JEHU S
Bk AR E 6 s, Hepe e [0, 1 h—4
T SR I I3 AT ) BERLEL.

SRR B E T, BT 3 2 BB R
WG 7 R R 23 FE R (0.9% S AREN
VSRR 1% MIRE W ZL ARV ) | 25, XF 0.9% 1Y
FACH W, SCHUN B8 0 = 0.1/em | I R EL
fts = 0.0001 /em | £ [a] S PE I+ g = 05 X T 1% 19

BV FLAE R, OO R A e = 0.1/cm L ISR AL

ps = 10/em | # [ SEEH T g = 0.76. PURRZEAFF
XF 100 AT REATSHER 2 5 5, P 21 B35 18]
ST AT NIE 7 B, HAR i o R R 47 5
Je¥, LLEINRTDE T, fr e R B & 5
T3 2 PR R, BUERFLEE D 5 mm, YR
i1 o0 5O 2 B AR R 1R TR R DG T RO
VIR B eV

HWOET RS
Hiaare

H,
s &

TR R Rk REGFLAD RO R %L
t=k¢, €0, 1] us(t) =10
ps(t) = TPpmbQsca(t) R*(t) g=0.76
g(t, R) o = 0.1
ta =0

B 6 SRR B EOGHUN S50 e i A2 1A
Fig. 6. Flow chart of optical scattering parameters selec-

tion in Monte Carlo simulation.

HRYEE 7(a), B 7(b) F1ZE 2 G55 Hrnl 0
WIS FIEHTE 0.9% WS LA BT AT, 2704
U P b, B P IR R RCR A [R5 | ARSI
PRI, ARG (RGOS BRI
B2 B2, G5 3 i A A SR ARG
(FRIE TR 2 BT 290 0.39%), T Mie HUR
B 15K R L] L2 AT, R i
SERIAE 0.9% M S BV AV 2R3N X R 7
VAT E TR S BB, S AT 5
R OGRS R AR B (5 5 p 3o, AT iR
B EH ULFL X .

RIGE 7(c).  7(d) ik 2 S5 54 ml i 13
WO RIVERIAE 1% BRI ZL AW s, t %
FEBEWHIT A A R A 2 WU, SERR R K
FHE BRI ST, Tt s | ) EBORT 2R 50 e A sk 1
S B ARER -2 B2 BRI i U
P T REIRCR, (0 i TR R O R B0
5, S IR RGBT A R R T 5K AR
%, {55 0 T UG AS B 1 W P RN DU 25 0t 75
TCH I EI B (5 A4 U R M5 S RS I HE 5
PRI, S S R 1% 18 0 L 700 v b (4

214304-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 214304

10 3 10
o RHETF ® ® (a) | o RKiEhT
* PG T €0 * YR T
* ST
5 -
§ g
) )
x N 0t
& &
2 X
—5F
—10
~10
- 10 10
o ﬁ%ﬂgﬁ% o RiEHDEF
* W * DG
* BEhnEmDET
5 -
) E
& &
S R

710 I 1
—10 -5 0 5 10

HFEAR /cm

—10

HeBERAZ /cm

B 7 S RPOTET A EE LB (a) 0.9% NaCl; (b) 0.9% NaClLEMBLHL; (c) 1% WINEHTFLA; (d) 1% BRR 7 FLR B e
Fig. 7. Monte Carlo simulation of backscattered spot patterns: (a) 0.9% NaCl; (b) 0.9% NaCl with microbubbles; (c) 1% intralipid;
(d) 1% intralipid with microbubbles.

®2 SHERPIIAL

Table 2.  Results of Monte Carlo simulation.

— . ”r?l"ﬂlﬁiéﬂﬁﬁ . A -+ I
ikl A B A
0.9% I NaCIATR 9354 45080 0 20.75%
0.9% M NaCl., ML A 9379 46070 4607 30.36%
1% AR LR T 843 52966 0 1.59%
1%BAR I FLAR | SOt A 97 52685 7 0.20%

FI xR O G RS S i B2, JF H.
Wt KB s (3R, A G s ) 7 3 O
535 5 A 22 (E 2 BT R, 8 A I it
ARO[ 153 BE A (55 PO S, TR
Y AR R B ULFT A HEE .

4 BT

R T B AR EAS R, A E 8 RS AR
gr. ST HEOER 2R Nd:YVO, A 0t
o, YR I PR G 1, PN 1064 nm ., 6T

R 20.2 mW. HHHEOLLA R R 4 0 1R
B BS 43, 29 4 mW HIBEOE ASHERARIES PD
FH LA B35 5, 29 16 mW B0 L B8 L
WE LG A SRR S KR R A R e AR (13-
10SF20, EasyNDT) ££i4 2 cm, IKEHH% 3 MHz,
P BB A DT TRE SRS DY R AR R A
VS ARG, HNEHR 3 mm, SMEN 4 mm,
P B R A O AT R 2.5 om, B E IR
#EDE S (LSPO1-2A, LongerPump®), F DL il i34
VOV T 1] G ] R RS ELAH

214304-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 214304

ik ¢

KRBT
AEZRUT
SeHLERI A8
HEERL PD
8 J ) S AR

LIRS ON

KRR R
AEERUT

8
Fig. 8. Experiment system.

e F, FHRCA B S . 55 R AR (332504,
Agilent) 3 1 — =42 3 MHz WKE11{5 5, L%k
K4 (LZY-22+, Mini Circuits) 5K 5 26 A B
AR S SCHLERINAS PD &t a5 5 F0fs
SRS R 3 MHz 3% (5 5 [l B i A
B RCR#AS (HF2L1, Zurich Instruments) #£17fi#
H, A5 ZI 8 IR Sl A R AT (A A5 5
I {5 SonoVue®H A5 i I i 5% | (Bracco
Imaging B.V., Switzerland), &AM B R0k
FEZh 108 A~ /mL. il s 7 Sk et G
#f 5 mL AR R K A S R 7R T A S
SR, TSR 30 s SERLHI A R
PR TS IR LR AR HE AR 1, LIS
FEHEE R ORI W S

W1 HEAREA R LB TOK, RIR AR
FRRBERT, AERCECE 4 BB A 0.9% 1YL
VRFIAEE T 0.9% 1 S Ah AR VR C 1) 7 B 1 5 71
(MeBEZ)2R 108 A /mL), i R AL 10 pL/s
8 R A Bl AR R S N 12 R 8. B 9 R
TR HRE A IR 75 AR 0—160 kPa i Bl N
KIS SR R . BIE 9 e LG
o 1) FEBRAH HRE T, AR R &
AR, WO P H ULFL (S 58T 0.9% &

———e LD
4 L

IREIBS ot
ML

Serbpimgg  BUTEDES

HEEERL PD ML

TENIA RN ULFL (55 2) BE& A R AW, 7~
IR EI RS B AF Z 3G R T HUN 5 R E S
T, WO TR ULFL(E 52 T 0.9% &
EN S T ) ULFL (R 5 3) 0.9% A L
P UGS . SRS IR A I TS
o, ORI B ORI R S . SIS SR
JEE AR A T ok B AR — R L

S 2 PO 1% MR RO IR LR H DA A
WAHLOGEERRE, BAREEE 1 P B KIS RE
Al R R AR R RS, BRI N4l A
1% MR R LA 1% AR R ZL 7 | fof s 5 7R
B (WO 21 108 4 /mL), {8 R e R
PL 10 /s BB EEHESh. [ 10 45 T A e e
KB RE HAE 0—160 kPa I [l PN #i fin s 8 A ik
gt LSS & 10 430 AT LU 1) mER
BAEWNIEA 1% W R ZLA, K2 R F g
BR[S9 AN BT o, IR (5 o i 2
BT MR 2) SR RS NI AR T FLAR | e i
AR AT, SRSl AW &, S5 L
WAF 5 IR LM I T M5 vy 3) X AT JC it i 5%
) ULFLAE S, AT LLR B0 E 52 FAE 1% W
A B LA (5 A R B U RE T, I LR
IR, ARG R 55 2 22 AWK

214304-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 68, No. 21 (2019) 214304
160 160
-a- JERML K (a) A k] (b)
A R i oy

190 | ~a- TRl =g 120k o
o —— SR .
= L S K JUUEE z JUESEL
P~ —— GOl w7 b~
%:S 80 /’f_—— - %{ 80 e/t
op AT iy a7
Jio - i .

w0F A 40+ /F/

i A = 0 ! L L
50 100 150 50 100 150
?'?Ei/kpa ?'?Ei‘/kPa
| -a- e —wi © 16| -a- FfGh =ris S
— S | Sl S

> >
£ £
i -4 i
= =

50 100 150
ik /kPa

B9 B 0.9%NaCl & % H 17 H-ULFT {55 ih £

50 100 150
ik /kPa

(a) B4R; (b) FEPEAE S (o) WIRWAE 5 (d) EWIBIAE
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Abstract

Ultrasound-modulated optical imaging technology is a new type of biological tissue optical detection
technology, and sensitive to the change of scattering coefficient and absorption coefficient of biological tissue.
This technology is a non-ionizing and non-invasive pathological detection method, which has great potential
application in early detection of cancer. However, ultrasound-modulated optical imaging technology is
insufficient in signal-to-noise ratio (SNR) and imaging contrast. Frequency-shifted laser feedback technology
with microchip laser is a new type of highly sensitive interference technology, whose gain coefficient for weak
optical signal can reach 10°. This technology can greatly improve the SNR of imaging. Combined with the high
sensitive laser feedback technology, the ultrasound-modulated laser feedback technology is proposed. The SNR
of this technology is better than that of the traditional ultrasound-modulated optical imaging technology. The
increase in SNR can achieve greater depth of detection in biological tissue imaging, but there is no significant
improvement in imaging contrast. In order to improve the contrast of biological tissue imaging and achieve high
resolution imaging of thick biological tissue, we use ultrasound microbubble contrast agent in ultrasound-
modulated laser feedback imaging technology. We establish a Monte Carlo photon transport model with
microbubbles in order to study the mechanism of contrast enhancement in ultrasound-modulated laser feedback
imaging with microbubbles. Finally, we establish an experimental system to verify the correctness of the
simulation results. Experimental and simulation results show that in the transparent solution, the ultrasonic
microbubble contrast agent can enhance the ultrasound-modulated laser feedback signal and generate harmonic
modulation, which can improve the imaging contrast by detecting the enhancement of the fundamental and
harmonic signals of the feedback. In the scattering medium, the ultrasonic microbubble contrast agent can
significantly attenuate the ultrasound modulated laser feedback signal, and the imaging contrast can be

improved by detecting the attenuation of the fundamental and harmonic signal.

Keywords: acousto-optic imaging, laser feedback, capsule microbubbles, contrast-enhancement
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