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Abstract

The rupture of vulnerable plaques is the major cause of acute cardiovascular
disease, which kills more than 3.5 million people annually in China. Several imaging
techniques including coronary angiography, intravascular ultrasound (IVUS) and
intravascular optical coherence tomography (IVOCT), are commonly used in clinics,
which can provide the structural information of the plague. However, none of the above
techniques can reveal the chemical composition of the plaque, which is a critical factor
closely related to the vulnerability of the plaques. The newly emerging photoacoustic
imaging technology has showed great potential to identify the plagque composition.
However, due to the large probe size, low spatial resolution and low imaging speed, the
current intravascular photoacoustic (IVPA) imaging systems are insufficient to identify
the microstructures of the plaque. Therefore, it is of great significance to develop
high-resolution IVPA imaging system, which can improve the identification efficiency
of vulnerable plaques.

In the theoretical section, the theoretical analysis of photoacoustic imaging was
conducted from the perspective of the mechanism of photoacoustic effect, the properties
of acoustic propagation in tissues and the method of photoacoustic signal reception. The
theory introduction will contribute to the design of the IVPA imaging system.

In the system development section, the design of the imaging system was discussed
from both the hardware and software aspects. For the hardware part, the overall system
design schematic was given based on the system goals. By solving a series of key
challenges including optical focusing in small space, photoacosutic detection as well as
precise assembly, the imaging probe with spatial resolution of 20 micrometers, diameter
of 0.9 millimeters and combined IVPA/IVUS imaging was successfully built. After that,
a single-mode fiber coupling system was also designed, which is composed of four
modules including beam shaping, beam collimating, beam focusing and fiber coupling.
For the software control part, the system control interface with LabVIEW program by
drawing the flow chart of main program and data acquisition program was developed.
With the completion of all above work, a high-resolution intravascular photoacoustic
system was finished, with an imaging speed up tol frame per second.

In the experimental research section, a series of photoacoustic imaging
experiments was designed to test the performance of new system. Firstly, the
signal-to-noise ratio (SNR) and resolution of imaging were measured. Secondly, a heart
stent was scanned with the system to obtain the 3D photoacoustic and ultrasound
images. Finally, the lipid phantom was imaged to validate the feasibility of the system

-1l -



M 7R Ll oR 2 L2 2 A 18 3

for identifying plague composition. The results showed that the system can detect the
photoacoustic signal from lipid.

The high-resolution intravascular photoacoustic imaging system was designed and
built up in this dissertation, and based on that, the 3D photoacoustic/ultrasound images
of the stent as well as the photoacoustic signal from lipid phantom were obtained. It can
be seen that this work will help to improve the diagnosis of vulnerable plaques as well
as decrease the incidents of cardiovascular diseases.

Keywords: intravascular imaging, photoacoustic imaging, high-resolution, vulnerable
plaque
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Fig.1-1 The working principle diagram of intravascular photoacoustic imaging

1.4 MERSEHERIRRIFFIIR

2007 4E, SEE I K2 B TALIX ) Emelianov BF 78/ NH T O 32 5l bkt
S BEAT AR A I A 6 7S AR PO SEB IR AT . 1% ZR 48R P OB AR I AR EEAT e P K
K, EEFEENENHT AR, G2 7R InE s s ER. R
RIZ RGO SEI AR S RIS, (HAIE R T OB R T-3)
KA Ak B A% A DI 342950 R PR g s R0 At A 2 A U0 SRS IR AR T
EHCATE GRS, DGR AR AT DARECEE 1A U 2 Jhk 585 A5 B A BRE T v £ g 17 s 73
Fit—2, Emelianov /NEZE 680 nm % 900 nm YKL, HEEL T 9 MK Bh ki AR
WAL BEERBEAT T B IR 7 M R = 46 61 %, wl iR S BB b i g
A SR L 2T AN e vk R E s BB, Wl 12 R, Wb sie gt ik
FWL, 6 BUR AT LA R R Rar ) 1) <5 40 K ORI 4 1A A i D' R AL A o ) AR
1, NI B R 4E AT S B HL ) 70 T Bidg . S BAR K1) O’Donnell /MH
CHLYE PO PR AR B R ) B, I AR WA 25 B oK kL, ] LAXT BLH

R PG FEHHAT Y6 75 A F 4. B4, 2009 4F Jimmy Li-Shin Su.Bo Wang 2 A FJF IVUS.
-4 -



M 7R Ll oR 2 L2 2 A 18 3

IVPA 455 B EAF 3 1 M7 9 SR I v 23 F e Fl it LU FE I B, 330 T4
TN T A 5 =2 2B LA 5 B % B9, 2010 4 Bo Wang % AR 4 i b5 75
VT 2T AN B SR 1, 3% B T AE 1200-1230 nm I8 Bk BREBR Y 16 g 5 HEAT O AR O
WY, 2012 4E Bo Wang. Andrei Karpiouk 25 A\ ZE AN e 1L (4175 8 R % if 4
WBERBEAT G AR, JFIEBIFE MR A 1720 nm P EE 1210 nm B BO6ERS
BB 1% B A 1340,

e
o

Posttive Slope

Negatwve Slope

-40
1-2 B BICRE BT AT 1 3 1A ) 7 i 15 BY
Fig.1-2 The spectroscopic IVPA images of the atherosclerotic and normal aorta
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Fig.1-3 The IVPA/IVUS imaging of a human atherosclerotic plaque.
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Fig.1-4 In vivo IVPA/IVUS imaging of lipid in the abdominal rabbit aorta
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Po=— (2-5)
K
L5 A
Po - L Ao (2-6)
xpC,

b A, —— LI OGRS, SRR K (Um®);
Ny — G NI e B R
DL A 556 75 RN 2 D) R ) 1) 2 8—Grueneisen 2817, HiE XN

2
r=_t__F% (2-7)
xpC,  C,
ot T A K AR R K W, Grueneisen 223 I i B AL AR N
I (T, ) =0.043+0.0053T, (2-8)

-9-



M 7R Ll oR 2 L2 2 A 18 3

Hrp T KB IR E . i (2-8) w5, FEANRRRE T, I (37°C)=0.2.
¥ Grueneisen &L I 5 L (2-7) /RN (2-6), BRIE T p, AT 25 %
Po =17 A (2-9)
i
Dy = Iy, F (2-10)
Ay, — IR
F——JREE, SRACAEEFER (Jem®).
o (2-9) nf 5, WORA LU A0 I BIAGE p, SOGRERE E F. HEU
PRI ZR B, TR AL R 1y, AL VRS SE /) Grueneisen R8T 55 S 50105
Mo MIZAT, FRATRT LA W 2651 B RO R e 3 RIS 5
213 XFERKENG1E
AT TR R R, T R O RS H R
PSRRI, AT B EN TR AT A, s T IR RIE

2 —
(VZ_ 1 asz(m)z— p TNy (2-11)

E@t_z w2 ot?

Xopp(Ft) ——=MALET &, W2 s, AT (Pa);
T(Ft)——MAE AL, WZ] I REREE, RACARIKE (K.
ol Jy R 72 10 R P e 2 IRl A A, 1 5 AR AT A 3R 78 e Bl

TEI 2 AL RGEAE T, AOTRE LR O] 30T Rl
aT (1)

pC

\Y

S H—— 8 3 R B e ] P P SO RS, B ARSI K B (Iims).
P H SRR K RN

=H(rt) (2-12)

H = u,F (2-13)
B (2-11) RAR(2-12), "B —BOLRE L.
2
v 1o p(Ft)=-LH (2-14)
V2 ot C, ot

H1 (2-14) U], D6 U5 ReA M 7S Sl 5 A ek 50 H 10— B S B IEA SR,
WA B IS 181 A2 AR IR AN BE 7 2 [ SRR S AR 7 30
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2.2 XFEESHEBERPRER

HOEF S5 P RN TR, SEon i RSO Bk R RE R 51 K B B I #a
VERZNK, P AR IS 77 BRI s A A PR IR A, 72— A S B (S
To EEMARNLRELRE S, BFEE S22 EWHITE SRR, i
SOME R AR R . AN R E RS AR LT i R B, e gt
AW FEIAES T R SRR 2 DA S SR O 75 BRAR B RE M BEAT 4

221 EXFFEENE

AT AT A EEMAR R, AN LA %5 BT A A,

(L FEp
p=P-P, (2-15)

X p—FEhE— A AL, SBAoMER (Pa);

P——rigHh [E— RAE S — I 20 N Rk, BRAL 9 ME R (Pa ),

Py —— A A I A [F]— AL R Ff IR R 5, SRR (Pa).

P IS R A9 75 5 Hh e — 7 BRI — I 200 N g e . R
FRAE AN 8] e ST P LR B AR WA P s DA S AT 9 v i FE 381 A RO Tk

P =#J§ p’dt (2-16)

XA p, —FHHGFE, BACNHHF (Pa);
T —IFEIERG, BAANFD ().
(2) FElHPLZ
7P (2-17)

1]

bz —F Y, BACNEETR- LK (Pas/m );

p—— R — AR A K, BACNIEETR (Pa);

o —— AR B SARBEE, ALK (mls).

Z=pc (2-18)

X p —ATAESE, AN T A K (Kg/im?);

C——NEALTEREE, BAKED (m/s),
(2-17) 1 (2-18) 2 A FHPTI PRI RIB TR o T 75 AR s A o3 2% i
FEAFIN AR ROR 2 5, AR BT B BTt ANFE], <. K
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DAK AT A 2 B 43 530 9 439 (Pa-s)/m \ 1.48x10° (Pa-s)/m . 1.632x10°
(Pa-s)/m.
(3) 78 R ) S 5 I 44

F T AN o A PR BTRAN ], 3 307 I8 A i TR] B T 40 7 A I R S
Ro PP EI—E A R AR FR RN, 15— O R AR S R R AR R U R
TR FRN ST B0 A BRI A OB S . O T e A P T A S R
I, R SO RON R My, S RER R e, 10T

yp =20 (2-19)
B

7=t (2-20)
Pi

b g —AANFEE, BAONIRYR (Pa);
P, ——AATFE R, BAONIHETR (Pa);
b —— MBI, BAONHER (Pa),

2.2.2 BERRIERGIE N

PR TR B LT, BEE S B AR IR LGN, e o B AR

R
A=Ae”™ (2-21)
N Ay — R E (Ui R BB R AE x=0 i FRIUEEAEL;

A —— AR R (U R B ) A x A7 B U

o —— NI AR B, SAA A5y UAPJT K (dB/em?),

FEAMA P AL IR, 8 75 I A R A Sl T Bt O DA S i 5 SR
RIS E . AR AR AR T Y SO R S B B, B AR S S
R ORSFNF A ) HELAR R A 25 UM BUR 3 E0BOUH 320 A S AE
Jo PP AR RIS 7 A B SR PR R R A BRSO R 5 BB E i o

AN BATTHEBIF 70 75 A A D 2 A ) S R PR O 7 AR IR o P
PRSI E S R P B AR S DA O o 4k P R RO PR B N, 2 0% P I8 A 32
AR BOW LA AR, EIRRRG A RAE AR P REIRARE . B TAEES BRA R
BT R, NS LR AR 73 PR SR 2R B K THARIIES 70 o D15 5 IO SR RS
Ve BUE S UG R AR ATBEAR, AT 20 o' 75 B 22 18] 9 7 4
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AR E LA LU . R, 75 S A fEd, FREX A E S R AR PR
JR A AT b B EAA]
2.3 XEESHERWEE

MRAEIRM ES MK, DG S 5 BIESCRT LL4r s RO e vk izl B
NPTV R S LR ST A

H AT 7S AR U, P HR N #5188 85 16 FH 5% (i 3L £, #i (Polyvinylidene fluoride,
PVDF) o5k AE I % (lead zirconate titanate piezoelectric ceramics, PZT)
MEME A H A B A di A . s FVE I = ZO0AAE T AR HBL A 5 430517 1) PVDF
Mis R & PZT HR O R ET B, R B X6 A S S AT R A= R
BRI . R H TR IR RS S SR B AT, BN EEARET L
VERS FE AT DG AR B 5 AT e R B AR, 32 DR R T R A ) T AR S PR
REZERIEL, MHBESIERRR . ok, EHEEAERMIALE, W
TE ST AR LR AERE 554 Sk ) 75 A D 7 R 457 LU RAIE 75 LB DL e e

6T A O SRR AT I 5t 2 T B A iR B0 . R DG RS R 0% BRI
1) 5k P55 B v - T 2 AT B — 3R B A i SR AT A, (R SR R AE
SR o AAh, A H Al R SR 0, IR ST
M-Z FiAEE. B EDCERBOCEE SR E— A 2, R B E L
At AR E M FEUECRIN B IR 25 . (H2 B A AR . PR D&
PRI AT R R 2T VR AE G A 5 RN P AR AR ORI B A

2.4 KREIN

AR EE BT 1 O6FE BR B A I ) — LS BER R , BRRE AR S A
LB, e ESEEMHN P RALRR L EOCHE S RO k. B, ZAnd
TOeFE S ERHLEE, BT 1O RN P AR A, RO IR A PR S
THRARYE . AERGRIE K R R b, R ARG R R A A
RN AR T AR T 6 P R R B AR . RS, A T OB E S
VAR AR I EE, WREEFE BT PR SO PUSGE I R S
HAZHOE X A T PR A 2 A Sl 1) 2 22 S A DA Rl 75 I8 R D T D'
R 2 HER MRRIRIE . fJa, N T ROEHEE S ERIOE, SRR
EADGER, IR S H RS ST T A g

-13-



M 7R Ll oR 2 L2 2 A 18 3

%38 MEREERGRGOBER

1E E—F R E TR SRR A . R b, AT RN A S
FIME WGP AR R GRS E 5 S8 Horp 3.1 04 1O U R Gl
EARBEE . ARIEIA VE R AR A R IR I SEBRRa 3K, SRR #ER . AR
SRRIRER < v A E L DAL SR R TR A SRS et H AR BTN R Gt B
b, $EH T RGEREE AR TR 3.2 AR PRI PG UG IR L
Bt SfE. BN RS e R B R BRI e RN A AR it
PARHS 02 () L 258 ) UBEAT W 9T, vk IR AR Y 0 R S ik BRI e A5 iR
ks 3.3 WHENNMHRBDCL AL RT SRR TIE. SOh@EXb e
RORFEMA R 0, $E TR GG 1B R BT 7 S0 X 6 i o i) e RO AR
BRBEATIC T, AR B, SEESER T T A RGBSR EDC AR SOt

3.1 RGRAIR AR

AR DA IR S EEX v 0 HE R LS YOG R R SRR BT AT . B
Joif € RGUEFI BT H bR, ARJE X R SR T 7 RIEAT AT, AR AR
P i R S R 1 LR S AR ) AR S 4L

3.1.1 B2t BEr

R RGE AT, ATE e RERRE B A5, R\ HIRENLRS
AR AT R 5. KA EARNED TR

A BRSO AR R 40 H 28 . H ATILA I I N DG S R
R EAR IR H 2 100 27 48 Ha K BE & I Bk v ABOR A it = A B MR LL R B B 5 .
FEMFAET, BB Bt 2 A e B, H SRS B R 7 23 A e s B =
AR S (150~200 pm). HI EFTAT, HUA MU OGS AR B AR ME LA 5 45 5k
JI B R A AN JERE SERG AR UL, DR b dE — A 4 vy L8 N O AR AR R () 2 [ 43 %
2, BEHRT 5B EIE RS LS S SRR R T . Ah, AR
()R — B Bog w6 . B N OCT A4 & 1 2 S g BER AT, X
HOGRE R R HOC R ER ST BAR TR 225 IVOCT BORAHILEL . A M N
OCT M)/ #E %35 5 20~30 pum, It PLERAT K38 5 v ot 5 1) 016 27 SR AR AL ' A5 BB A
] 43 2 IA8 E] 20~30 pmeo

5 A ARG UG HER RS B (D ml%n, 8 7R eI e S
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BRI 23 () oy 2R, TR BN ORIk e AT S R R R R . BRI AU
Wi, I E B KRR T A R A, SERRCK B 43 HR A B Sk
BOASIM . HRAEME NG BAGFDE A NSRS, T ERUNRS T i
ITHERE, REEMEEMERNARGE R, SEOZE I EEXMERSZI. Ak
SR BN ML EAR VG 2~4 mm, T BLAFEBE S X dak 2 2 AR 1 A 30y PH 26 5 80
AR EE /N, PRI IVUS B OCT Bl 2B HIAME R ST/ T 1 mme 9 13 2 kIR
M WA NG ESR, ARSCR TR UG IR L AME RSN T 1 mm.

S HbR R TR M N e BREIIEE . B IVUS 5 OCT HiAR# A LA
k30 Mt/ FD B i ) AR, BRI AR R TE AR N U B TR oK . IR B I E
Je 7 AR AR 2 158 2 M6 45 5 e i LASHBOR 6t AT e . EXFE LR,
B R ERLL, TRkt SR AR R MA Rt
LRBIRGEOCRS, EEHREE 10~20 Hz, S0 R R i R B 254
ANBBIESR . 70, £ B ATRIBOCH AR T, A MIE NS s R4t
F& JCVE S E SEI R ) . FEAR SO, FRATPREE— D4 U O A R T
FE, TRBHIE A A8 P O 75 AR P T B L3

VU H bR IR G A XU RS . B (2) AIHN, o HER L N e
A5 R G ) S T BLEOR Bk OCIE L 1 R R R A . AR IR LU AL 4%
R, XL BE RGN BUE R E R BEE R 1~2 mm. S5 sg At A0k
TS AR R ST LI BESR G S5 B o EAT A8, RIS 25 (] 3 R e i vy, (HRAE
RIVRFE Fsz 2I0R M. AT R KIEEE S0E UG & B, A 0EmE
Shh, TERUINAE NS S DU S RS R Gt

3.1.2 BIFREIT AR

BEt BT R BT B AR, AT Xt UG R G DL R S B T RE 1)
SNTIEGE, fEMEIER b, Bt T R EAS KR ER, K 2-1 Fios. I ADE
AR R G BEAREIKITROE . LR A LRE . WAIIRSKIZ I LR E . Ot
PR IR s« B R (e FER ) BAA S R G HIMTEEAL (K
PR SFRERY. DITNIRATN MR G S B ThREdAT 4l BAkp
BUWF:

(1) Rk s s it 32 B Ae 2 R FH oG A8 A 1 kot 6 e AR ) 2H 2358 T
WO R B e = R TR R 5

(2) FEBEAF AR A JE IR 1) 32 BB K OB 28 & I bk b e 3 4 31 sk
“rp
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(3) FRHIME sl B LA TIRE: B Jeild ot i sl 6 A R iRk
BEAT TR A4k, 106 FL I 34 ] AORAIEE 2R Sk 55 i s AL % LB B 22 T e (5 5 A
HLE 5 IR FE AL, AR5 I8 I i 7] T 4% 5 P B IR SR R [, Seailh im0 3194 5

(4) SE7E SRR T I RE a2 th KOG HEAT 2 6E, AR5 [ A 3
FESCR I TR 55 IR, Z R AR A5 ST HRI . A8 KDLk
TRIIRIN,  RSARAR Sk R 78 P A A B WA S DR 75 Rl 5

(5) B P RS WA T T RE e SEIOG 7 A5 5 HOFRMST LA R v B 75 8
S BEAN R GO R Y SE I L it A A5 5 #EATRERY, SEBDEE 5 Sl (S
FHIX )

(6) THEMLIK L ZE D REXT BN R Geh 1 S F b AT 2], b vk SR 1%k
PR RN B2 AT RE S

BB R A

He Nl yj PZEN NI=S AN

- == [Hkrngoes 0 LX5idan ﬁ]EE’% ‘ e G IR Sk
I pp—— ~
- e e e LSRR AR m
| RS SR KHEfES BEES ! — i
' 1
R T <AAA B
! CEBIRRER) /%:&ux :
1
1 1
________________________ ¥ 1
: HE L :
R :

B

K 3-1 J6 7 R R G R S A s A

Fig.3-1 The overall architecture of the photoacoustic imaging system

R O R RGBT Hr s SRS K, R0 i 3 EAEAE AT 23 00k
PO G R Bl R AR LRGBS HLR S B VOB 70 o DU R &5 20 B A1
VPR AR S HOEAT N4

(1 GO P B EZ R kP EoG s . IRYE 2.1.1 F6 7 RBP4 5%
fF, 6 AR R G R kB0 a8 BEAT G A A5 5 BB . AR I 107 R DGR
ek, I P RS BRAR 0 B BEE 800-1800 nme L7 b K 3 41 40 Bl P4
AT A R RO, B T A A 222 &R (optical parametric oscillator, OPO)
OGS AT LU R Dy 1 SEL O IR Bt B R, R80T 2 e B E AR OPO
WOtHs, Ik A EKSPLA A#] ) NT242-1K-SCU BUfiki ot 2%, Wil 3-2(a)fr
7~o NT242 B OPO WOGER I L ESH: EESHHN 1 KHz, Bk¥EH 5ns. Hirthisk
KG9 210-2600 nm. 7EE K 1210 nm BRI R B Bk b HH BE =R 100 W
Kl 3-2(b) AT &N, SR AE S EAGR AL, R ARG R Bt v 7R ERED G B AT B .
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=R N I T s 2 VAT

Bl 3-2 NT242 BUikiiot % (FH EKSPLA 2 w72 i BEEHZ )
Fig.3-2 The NT242 pulsed OPO Iaser

(2) JEFE TR A 1) 5 BERF A 2 7 R S B SORTRE I L . BRI R O
P R SRR . R G R P R S WA S DG 7R A 5 I RIS B 45 S IR
SRR, JFAME ST . TS A SYAEIE S, %A K5
A B B A Dy B 2 Be % R it SRR 75 5 5, IR A Olympus A =] 42 (it
[ 5073PR ALHE 5 ik &AL, aifd 3-3 AT o 2K i ISR UG ik i . AE 2R 7 U8
WA E] 75 MHz (-3dB); QR H%: AT XA E T S5HAES, OPO
S8 & H 0 BRSSP e R AR S, ik R 7 R S AU R
kit 55, AR a Fa i) A g %ﬁﬁﬁim& A 3- 4FET

| —
> 5
- 9 .-
- ¢ -~

y

Kl 3-3 ifﬂk%ﬂ%ﬂ&&%%@

Fig.3-3 The photo of the ultrasonic pulser-receiver

K 3-4 fiu A SE IS R R SE 1A
Fig.3-4 The photo of the trigger delay circuit
17 -
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(3) MU EZR TS JeHEIR, By BB FR &, W
Kl 3-5 fiin. BAANZN: ONHIFIH: (EABGHLSE RS G bl s,
AT SEIU B R S b 2 DS 5 5 A SRR R . WIS RIS
A BEAR S, R BB R A AR S, BRI ERA IR A R T
TR, 2GRN E EE R A T AN AR E S S HES, @
T RS F A 2 e G S AR G IR I R A R A
1060XP FAELF, TAEB BN 980-1600 nm, & T A et sifg: @5 bl
KRB A AT RIBAE TR B 4, RGUER &7 CSIM B A FIHE ALY
AL, ZEVIRENEE N FE S RSN 24 V. Bk g — X R
AT 552 N 400, 800, 1600, 3200, X#h{ES Ik KT 10 us; @A FF G-
N T EHRGIRR HHE, RS iE A Thorlabs 2 7] [ PT1/M-Z8 HLEI - & o

A THE

K 3-5 Ju R R G IS S LI &
Fig.3-5 The motion mechanism of the photoacoustic imaging system

(4 HHRRET I FEMAREITRE R ARG TIEH AlazarTech A #]
AP H) ATS9325 FUKHE K&+, Wi 3-6 fin. ATS9325 HlE R&EFH R EEE
ZHf: 84 PCI S A i KAE S FEIA R 1.4 GB/s. SCHF 12 Ar53 3 26 1 RUE T AR
PN BN B [R5 S RAE 2R IA B 500 MS/s. ARk A7 B Kk 2 2 GB XU
CIAEGERS . BN L TG A0 mV to #4 V., SCHRg s s 5 .

K 3-6 ATS-9325 T $if K& K s K

Fig.3-6 The ATS-9325 data acquisition (DAQ) card
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3.2 BTHMERAERIGIRKANILT

fE_EFieh, BTN TS B RGBT AR R TR, R
GERRPFRO BT, A MR I P9 7 ARSI A 3 R AT AR B B R R G B
SCRIPI A o AT SEN I 5 B AL P 6P B AR AR Sk I BN 1447 B
Feo MRAE RGBT AR, AR BT HARELES: B3 IR (20~30 pm),
BN (<Tmm) DR SRR 75 7 AU AR = A7

3.2.1 BRIGIRLHNEITHER

N1 B A W E SR G AR IR Sk, AT G AU . AR
BOROGE B RRE . UN RS R IR 5 TR DL RAR K SR i 5 5 355 )
AT ST AT . HR SRR G M SRR (D N T SIS IR KA
WUNRST N E RS A HER N EK, Wit i R B AR RS AR A i k. WOk
R S RERG; (2 ATIRECHEESIERIL, NGS5 IR R
PARCHRIN RS (3) SN T 13300 2 Wit ZRAAR e M I UG IR Sk, 7 BRI
B RS S 28 R R AL R e
3211 Wit A RREMREE

NT R BRI R, TN 2E AR AT R P R BRI
WUR S BRI P R G DA K A 3B oA AT R 5 35 206 5 T LA 7 T AT 0 AT

(D MRS (<1mm) 840 F, S &2 HE (20~30 pm) lifg 7
LA LA NG UG IR SR T 38 SR 2 BOR LR T Ok i AL, (R N2 BOGLT
R I KOG TR RO B AR . AR RO GHIIAKC DY 1210 nm I, BABDGLF4F
S EAFEUEFLSE (NA) EE 2B 2N, BRORAFdh LA B0 IR T 1 %
NT SRR RN RE, FEMBBLAEIT S0, RER A IE S AL
oFa G T S A . RIS G AE L 1210 nm Jy it BT LD AN B B P
T A SRR 1060XP B BBDEA, 26 A TAEE Ky 980-1600 nm, i K
1210 nm X MRS EAR N 8 um, F{EFLAEN 0.14. HETIME N OCT R LWF Lk
THHRZ R EHREEEIIT A% RE, TREGERKNAREEZHEAULER T &
IR R (20~30 pm), 11T L8N T ARSI R SFE0 Rk, w4y o
JEFE UG IRk R ) B R BB T REN %, H¥oHE T HE g &
i H B EEIE R

(2) TERREREBRCI AT, RIS ERILEEEES BT R
[T BT AN G 2 B R IE D> 1 OGS UG I 75 I OR SR, RSk kit
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SR P B RN R0 DA S R 75 2RI (B e LU e B (S 5 . O T SRR
FRT T SEBL AT 6 S 5 RAEFE S5 S WOR, it T 22 v ide S R e I 1
T e AL P 4 BE AR VRN RGPS SR e o AR A ML P Y 75 AR IR Sk i
FOA SR FE R 2SR AT, RGPk B2E [ Blatek A AR 17K R 2
Hefieds, Wk 3-7 s, HEESHEFE RN 0.6 mm*0.5 mm*0.2 mm(K*FE* &),
H O 40 MHz, 7 5k 3 60%. A ZA SR S E S, MUgE T
IO FEAS 5 BB Rk, i L v I P A P U IO ) 3

3-7 HAEHRBEARHIEYIE, Hrh RO ITHEd g Hpe
Fig.3-7 The photo of the ultrasound transducer

() R GHAFRN ARG X A ILE WA BREBHRRRD RS
P AU B BOR 32 AL HE 6 AR DL A0 P AR P A 7 e 18 0Bt R
AR} ' T e 75 o e A P T 7 AR B BRI FE BRI E & X . A 2 ERDE
770, FERRRUR Y B A b . B R AEE S I I — WA, DG BRI
AFI I 5 I A U B B SRR S S B AR R B A &S5 2. ek
HE AR R <0.7 mm, G B A BB ARAEMTUA v 45 SCrP /R ZE AR IR BUA ELA
BEHTINTTHERE R, RZ] FAIERMABIA Mo 6 B R EEE R
MEZEm L, CRRBEMCRZE. L, WithiEASmiisme 8 REEHR S H
AR B AL & 7 SUSEBDE IR . RIS L N OCT #3062 HE 7 T 78 A K
G R AAR N B s T U O 8K B B ARIE B A S K R
0.5 mm HF B AL Be -

() BN TR SR 8N OCT. Ju MU IR S BEAR 45 KK
FHE S e s S5Ot Ao R B I Pk A AT, IXRERE A RO N AL A A R
S AT RLORAIE BURER Sk v e e IS R0 BRPE NS E It BRI, BRSk Bt R
FHILAT ) o b e gk e 73 Ai 1077 2o AEBR SR B R BT b 7 Al e LA LA )
AFERBOCLT S peas FLBIRY . BREE AL SO6 I 0 B RgRSkhe s, ek
HHFE G LT A2 11 3K 00 T A% s SR A Sim 0l 2 e DA B 75 e 45 Y
TRIPEE. M RS . M P OCT HI IR K ™ i M S i s i S BB B 2
B e SRR, DA ORAIE IR R FHHE AT A4 A% A 2 3R Sk Tl . BRIk, Ol
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PG R Sk Bt 2 v (o SRR S SR AT . DU RS BRGSO R R, R4
JEENE R AR RS 2B AR SO R R A . TEASCRTH, AN BN
AT R Tl (1) TR I 2%
3.2.1.2 HRIEMEEHIREE

MR AT T R, work 1O BB ER S A5, WA 3-8 . DA Rk
BIRLHBBOLL . ARESES (89, WIS, MR, UM HE UL
JE I TSN BN E SR RN B B T ORI B 2 J 75 4
REAR [ LR AL, F ZOR e i A MO M i A2 AR B R Sk 1 Tl oy o SR ABE S 4
H RO GEE B RS S T E R, S PR 5 L — & A BE (5909
ROSBIME M EE b SR ARTE R A e s, FEEE R 7
—ANE T, T AT H S OO B 15 5 o B R 7 e B R 5 G AR AR A
ST 4R AR (T, R R BT . S RO S 4 e A BRI
FRAAAE—E MR X, NI 176 E 5 BRI R 8E .

PRI P

PR AW R E R

LS nal BB PR S R AEas
K 3-8 mar Bt IR L AR B A

Fig.3-8 The schematic drawing of high-resolution intravascular photoacoustic probe

3.2.2 RUGIRLH) ZEMAX 1R

H R B (Graded Index, GRIN lens) & —Fhdfr i 3 43 A7 {542 1)1 42 AR IR
e IE R . ARG B I P ) B R T 0 R A LRI R B — a5 T R AR
B FA L RL 4T S 26 o0 AR A Bl A A 0 P A ST S, AT SIS I SR £
HT B REEGEEA RTR/N KR W] B 52 5 AR P iy H v T~ & T 0 T
ffe s BV, Ve — R E NG R TR, B RSB LA EIE . LT
R, JEfE B0 B AL P9 B AN AV 2 A R A BRI R

FEARS R PO G RER I Brh e, R B RS B0 A RS 21 H 1)
JEIAHEAT o SR AR o AR — L84 SC DR B K LA R A UG R 78 OB
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OCT) (RISCHRUBHY, JReer it FAR, FURAUEHI0 TIERRI R 3 mm, AU
R A B VR AR P2 RSB B K . R HR Sk 10T
TR, e R RSB AT I T, RS TN 05 mm. TR
SR E RAE L M b LT TSRS B0, U ZEMAX
BT PEAS F RAREBEHEAT B, BESE REE 30 B, BZh R ar oS
S4TARHEE N 3mm, BADCBER £ 20 um I, ERAEBITKIES 4.8 mm.,

3 mm

K 3-9 S UG IRk O R AR ) ZEMAX #5445
Fig.3-9 The ZEMAX simulation result of the focusing spot in probe design

N T SEBLECR G SN A R ) 58, et bRk DGR i e g 25T T8 U7 2=
TRYE MLE N OCT SEBLGIURIIHE 7T LA S B SRR B A | K BIN LK, B/
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Fig.3-10 The ZEMAX simulation result of the inclined light beam in probe design
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Fig.3-11 The view of the probe under a conventional optical microscope
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Fig.3-12 The testing result of the real tilt angle in the photoacoustic probe
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Fig.3-14 The schematic drawing of the single-mode fiber coupling optical path
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Fig.4-5 The program diagram of the data acquisition and storage
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Fig.4-6 The LabVIEW codes of the data acquisition program
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Fig.4-8 The LabVIEW codes of the motorized translation stages control program
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Fig.4-9 The LabVIEW control interface of the photoacoustic imaging system
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Fig.5-1 The photo of the whole high-resolution intravascular photoacoutic system
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Fig.5-2 The photoacoustic image of resolution measurement sample
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Fig.5-3 The testing result of transverse resolution
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Fig.5-6 The waveform display of the maximum photoacoustic signal produced by black tape
5122 SLIWEER

NR AL E RS BRDGEAE S RS A, A Matlab BfEx B a6 Bt 347 4k
Mo JeEE SRS e X % AL B s AL PR B R BT B a6 Ek
PEBEAT AL, RN 40 AR )E BT IR IO A5 5 5 B T A B
LR L RN 7 0 22 ) B AR EE, A3 BIRE B S NE R L e OB S
TG RER 1A B B A REARAR,  BEANAL B AU RLRAE e LA A AR, 45 21 R IR
KGR SAEARAL EAME M LL AR S, Wil 5-7 o, SERRAi R Jum
AR RGE R AR TE A 1.5~6.5 mm,  H 48K 5 BRI AR AL E Y 2.7 mm,
B R E S I ERR LR oK. B, B ROt s SR R 405 AR e 1
FOFIEARY &, WO LAE P9 22 T80 S EA R o et DXCSsadEAT AR

-41 -



VNS | N 2 B 2 T i VAT

= L SNR/dB
N
o

=5 [

JEEA
=

1 15 2 25 3 35 4 45 5 55 6
P 5 A 2 R L R 8 /mm
K 5-7 SR A AR S AE A AL B AL HIE e b
Fig.5-7 The SNR curve of the photoacoustic signal produced by black tape at different position
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Fig.5-8 The photo of the coronary artery stent
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Fig.5-9 The setup of the stent imaging experiment
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Fig.5-10 The schematic drawing of the relative position of stent and probe
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Fig.5-11 The 2D and 3D photoacoustic images of the stent
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Fig.5-12 The 2D and 3D ultrasound images of the stent
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Fig.5-13 The photo of the lipid phantom
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Fig.5-17 The comparison between photoacoustic spectrum and absorption spectrum of lipid
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