RV - ooE % Ok Vol. 47, No. 2
2020 4F 2 J CHINESE JOURNAL OF LASERS February, 2020

W27 e 7 o AR < BRI 2k Ji

U R R K TR B 8 A 2300265
R R (L 2 O R T S L BB AR 230026

FE  OLF UG EDG2 BART L BE 5 FUE A5 UG AE TR 2 A W A 28 43 F o 1 S5 U R R T A ok L R RS R 1Y
— A B AR . OGBS (PAND 206 7 AR 11— 3 2 S8 0y 2, R BT DU B AR A R A 4l
L5 AT RE A5 B 00 A WF 58 N B B TFJR T I R A AN NG IR B, FH A2 . o T (R ) 450380 09 BF 5 N 6L T A X — e 3
RIEI BAR B AR SCERR TG WAMOSUR 9 R R BR o e R RIS e . SCR B R4 T PAM (1 Je A Ji 3
R B R S8 S ARG AR T A s ) 4 BE R IR IR B L O 2 AE S R T B N A R A T A
WFIEHE R 3 FR T PAM 76 4 Wy B 24 U i 17 T AR L B J5 Al 17 R ofe O J T 11 ) Pk %

KR EWES RGN BIMBUR 2R SRR TIRRRE s TR

FESES Q631 XEtRER A doi: 10.3788/CJL202047.0207016

Biomedical Photoacoustic Microscopy: Advances in Technology and Applications

Long Xiaoyun"?, Tian Chao'*"
'School of Engineering Science, University of Science and Technology of China, Hefei, Anhui 230026, China ;
?Key Laboratory of Precision Scientific Instrumentation of Anhui Higher Education Institutes,

Hefei, Anhui 230026, China

Abstract Combing the advantages of optical and ultrasound imaging, photoacoustic tomography is an emerging,
fast growing biomedical imaging modality, possessing high resolution, superb contrast and deep tissue penetration.
Photoacoustic microscopy (PAM) is an important embodiment of photoacoustic tomography. It has been extensively
studied for preclinical and clinical applications by taking advantage of its ability to provide anatomical and functional
information of live bodies noninvasively. To make people better understand the emerging technique, this review
reviews the development status, latest technology, and application advances of PAM. We first introduce the
working principle and typical system configurations and then discuss major advances in spatial resolution, imaging
depth, scanning methods, signal detection methods, and multimodality imaging. Subsequently, we review the
current status of biomedical applications of PAM. Finally, technical challenges of PAM in the translation to clinical
settings are discussed.
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Fig. 1 Schematic of photoacoustic imaging™"
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Fig. 2 Typical embodiments of PAM" "

(a) Transmission-mode OR-PAM; (b) reflection-mode OR-PAM;

(¢) dark-field AR-PAM; (d) schematic of typical OR-PAM
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(b) imaging of mitochondria in fibroblasts by conventional PAM®™ ; (¢) imaging of mitochondria in fibroblasts by super-

resolution PAM; (d) imaging of mitochondria in fibroblasts by transmission electron microscopy

3.2 Hima MR

2 B 2 AL AR A S BR ], PAM &R S5 1 il
Ti] 43 HE R 5E H O BT ROK 35 T RG] 4 HER
X AR AR R GRS eR PR 2SI rp 2 B
AKIFREGTEAR . B 4 75 40 g 245 1 A6 0 47 5 ] DA
FHih 7] 5> ¥ R, Zhang U0 oD MR N
125 MHz R 8 7 4 BB i 7 A 1785 i 1 48 %37 9, fx
KT 7.6 pm BYRIW A FERE A, BTG AER
JEES T DL S B T R I, B Tl ) 4y B R0
(A ZARAS 1.5 pm (5l ] 53 FE 2, 225K 88 7 4 fig

AR 9K T 1 GHz, = 5908 P 09 800 1 1 R Pk
0% — 7 T 64 RE AR 1 S T R RE AR T Y
SR s Iy — T R AR A ) A 2 b AR % s B AR T
o T 22 i SR UK, B 5 400 RE 25 i 5 1 , 7 AL R R
BRI/ BRI AR S AR BT HG in R e e
1 58 Ah, WF oT N B 22 3R R AR 2R 1 b 2 L
JOf 2o 2 B R A AR AR T i ok R PAM
BUAG il 1) 43 B

214 Jey ¥R A A R I RO R R A KN &
PR AR M A S AR . 2010 4, Shelton ZE5% F

0207016-4



th i

i ot

I 25 WA WA R L 1) 1 27 AR e R AL R 8 e 7 R R
I B G A X 7 A S AT R G b, ST
Ik 6 pem B A3 FE A (H BAGE B A B R R
BRI 0.5 Hz, 2014 4F B 5 4 3 4 05 17 4
Th AR S BT AR £ 0 R Ik R A 21 4
JHL R = 4 AR TR 58 AR GE 1Y Bl 43 B R AT LGk B
1.5 pm™  [RAR i AF 5 2 5 3 ' 6 A I Ol
B I I R R ST B30k AT IS Ak B il ) o3 B R
fE T s, A, Wang VY XL T
Grueneisen 5t BRI, £ FH PR A~ 80O ok o AR W i &
W SR, 25 R B TE B — A ki R 2 i Rt TR
B [A] P9 » Grueneisen Z3 %5 A9 R AR 3 KL 58 — N30 Ik
PRI DA R O A E S . R A G
5 ] Y A L 22 L n] DR s il i o B

Zhu 5 Z A B L& 5] A B PAM
BAG 38 e A i 1) O7 R ERCT 2 A
8, 3tk e B AR AT A, B T e o PR
Wang %75 11k 2 ffy i B[] I 3K B 22 A W0 1 gkt
B 1A il R B A 1 B SR R B A A ) A, 52
T3 AN BRUER S DK AR G 10 = 2 4% 1) [ 1 5 0 B
R
33 HGRE

TG 0 SUSAR T o BE G ISR B 3G T, A %
O B HICSR A0, 38 ¥ 34 5 o ™ B S ) T AR B S [R) 43
e, WEFE N BRI A2 T 5 R 8] 18 1 25 55 ]
JEHR M RETE R L T IR E AR WHA N EOLER
g0 Lai M 25 S Grueneisen 5t 800 . AR
LM E S AR O A F 5 iy B dst, B &5
(] 6 80 ] % X6F A SR G A Wi 3 % {6 75 i ¢ 3 ok B K
S TS B G BE R £ & — AN B B KN (B 5~
7 pm),

H T P 8 R A A 2R 1 O P A 5 T DL i )
F TR BE A D, PRI SR — 4 47 80 5 6 ot vl DL gk 5
RN N PSR O BN R B 2 S b = e S
WO HAT AV T A B ] 43 B AR o R AR
h TR A )L, Yao S5 FERE S 7 MR 5 A
P She 38 O R AR DX sl iy 4 B HL 3 T R G T T
WE A Y HZ, Hajireza SO 3 45 A S WP
U R AR €8 25 W) B R €8 25 77 AR 1 22 R AN
B SFIRY KT 4 4%,

2014 4F, Li 1 ] A8 R E 5L PAM R G045
IR T —E2EA00E B ARS Z RG] LS
BV ISR DON: X B E SR (ORI DA I A R VN
JE 7 a] 9 R FE L 3 T AR AR B I AR Tk 10

B —E R Lk T s AL AR,
A £ B R N AR B B — R ] (Y
15 ms), 548 TC i 0 2 w3 AR 1 ZE oK. Yang
SEUO NG R OB B T R B AR LB R B ONR R B
r A PR AR R B I R T T R R T O R
MR AENE LB T 3.3 pm B 43R (750 pm 5
TR B BUAR 17 el 1] 1 4 B ) DU AR 22 1 ms, X PR
AU I 2 SOK SRS BOR K R 4 S = A ko T
EMEIARAARNFEAKE N =R 20, 3048 T
B — 7 I (][] By 19 Jok ot e 3] e e 4 o) ok o 97
18 25 S Ao [i) R 7S A B AT B R B B IR B R 5 IR A
STl B SO ok B AT 7E — YR R 4 R O
JET7 ] b = AN S AR OGRS, 8 A [R] I (8] 43
PRGOS Z WY KT 3 £%.

DUZE IR DGR B TR Ik X R T AAEAR
P A S RST E O F 9 KSR . o T RS
TR 5T N G 22 iR At DU 28 7R o O B8
o G T AH F T DL ZE R O R R B Y 55 s 7 AR 3
SRR AT 5, M BRI T L E OR-PAM i L
20 A . Shi %1% 3 F Grueneisen JF e 1 %500 7
BT UL ZEIROEH S M B AR PhE AR KA K
ML AT AR R 2 1 mm. B ) 5 BSR4 R 7 pm,
HZ 07 5 5 2 P & BOE 8 MO R A R
LRGN E A, Jiang ORI Park SFU0 245
G E RGP D IR 5 G ARt
52, 0T LK SR R R HLRIR Y 7.4 15,

Yang SV 4 5K 5 PAM HH4S G,
PRI T —Fh 2 8] 5 RO 19 6 75 OB AR B R
(SIR-PAM) , %4 A 2o [ i 98 45 ' 375 1 % i F
AEASE A 18T A 18 % 1 T 85 3 . BVl ) R/ A AR
MERIR G LUBUEOG RS &l 4 Frs . iR
TG ARSI B E T i R R G vl LISl 1.8 mm X
Sl 00 T PN S ST A AR T R A R T e O R Y
PAM BT £E - T B 3 X 3l S 90 355 Bt AR o
3.4 HBEE

1o UG T BUSA B T A R oy P B g A
FEAE I B th P RO Bk R iz s i . mEE
AR O A P A L Ao PAM B B LA 41
20 0 1432 Sl IR A B it SRR R ) SR AR AR
25 /N B Bl 1) I3 30 7 2 AR 5 e T /N BRLUK
oG 2 J2 AR 3 Bh E AT AR

TCie S A B 4 5 = % F OR-PAM i & 5 ik
15 B B 2% 52 B BG4 Bk o 554 R A BRI
T S B H R G R (292100 kHz) 1Y

0207016-5



h b4 bl
SIR-PAM Conventional PAM
Objective (0.1 NA) Objective (0.1 NA)
N .
‘ §o
/ E
y £ is 9 £
\ =] o3 § =
Q s 3 L 0
\ ] o3 c [Ts]
) cc (] n
’ 1 SG @ i
l = 2 8
! T o
\
N "
\ ——r

-
o

e
S]

!

\
|

Norm. PA amplitude
o
o

PA signals

Ultrasonic -6
transducer

-3

Displacement (um)

|
|
sjeubis vd |

6 Ultrasonic
transducer

0 3

P 4 ) 43 B AR AR (9 O 7 S UM AR B A 1l B AR J B

Fig. 4 Principle of spatially invariant resolution photoacoustic microscopy™"

BWOLERBN T PAM U AH 25 8 52 0% BOG &%
1) T8 8 1 T I R

TSR PAM & R 58 £ 225 T R
R R = TR IR R AN AN S TR - S D
1 Hz/mm £33 (B scan) # & R ], %f 1 mm X
1T mmfy XS A7 R AR A% 10 min, Qi Y F
2017 ARFE YT AT LAHR w4 R R 00 e e 2N L
il o {H SR AR [ 52 S AR B 5 Pk P PRI o A A
BEAEE S AE T R B ALK sh Y &
A LS BRI 3 i 0 05 05 2 — o (H A il
2 BT 3R 3l 0 R /N Al SRR Sk i

2012 4, Yao SV HGE T —FP 3 T A6 A R4
B — 47K 2 AL B (MEMS) H AL 6, 76 2% L il
rh ORI P A R A R AR 2 R 4
MEMS $ fifi % % 18] e & 0] LASE B 400 Hz 92
FTRE SR 53 b — > 07 ) A5 SR 5 4 T AL T
Bt Ar . b IEah -, Kim 865 40l 7 —Fh
T4 MEMS 14 & 0 G AR 1R R K AR
15 mm, HEA 9 mm T8 /933 4y [, 49 15 8 B 4%
PO Z RGN I SN RAL B AEHE A PAM R 4800
(0 J A HAT BRI v TV T

MEMS £ 4ifi & 1 AR BN 55 T8 1 13 43 4
R LR R o T AR ENE . HEBZT,
TR B B AR E M I 2 PR 4
HOmZE T AN Bk, 7E OR-PAM 1, 4k
B 8 451 9 7 v SR ) e 3 [ A R P A S g [ N A A
WG TR Y J7 v S, AH 3 T 07 3k TR 06 O B O 25
o P AL SRR L A7 I TV e U B v A R L 1R S BT
LRSS 52 3 — e PR (F M L 22 . B T

2 — AR L Jin 20 R Qin ST AR TR RE R
PR PR AR N TR BRI B R G TR R
AR T B0 R AR W B . RS  Kim
SRR BE T R AR S 0 TR S R
AT SR BRI 5 A A% S0 0 7 Ol e e o L R
AL ] Ak T A1 i R B A R R

Li %59 F1 Song 45 JH R P 4 BiE 4 B 41 5 AR
B A L SR 18 VR 38 Ao 0B B P A1) A8 R
R 22 A R R ) L AR
— YR DR ARAT = 4R R AR T R
HAR — R H T 208 5N H#HLE, Lan
25T SR FH 1RORG B LR AL LB 3h S A B BN
FlHE R AT LA E] 900 Hz. HARIE T %8 i 32 0= fL
JEE AT R R T S A B 0 22 30001 B 1 T AR LA E—
LT,

Yang VI & T —Fh Ik T 0 2 ) O i
- HUF B (DMD) Y B 0 5 R 1% 4R
3 2o [7) e 98 4 ' 3 1 iR R RIRE L, A6 B AL 7 AR
G R ASAS 1 IE 35X 45 8040 A, S B T AE 1.8 mm il 6]
108 P Y B 1] 43 B o AR A, X F ik e R s
T 51 4 14 07 20 % B R 8 ik DMD g e 4] 46 5 3
TR O A 2 B E A S T LA B AR
=4 5. AR BOG 2% Dk o 200 % O 1 kHz /Y
fBWF X 180 pm X 180 pm X 1.8 mm & B 1%
it 21 s; HIEOL A AR THF] DMD fix K
DI A8 (22.7 kHz) I S I ) AT AR 28 1 s,
T2 T FRBR O EER A E B,
7O ) il R R R R 2 R AR B XS Y IE
XT L o

0207016-6



th i

i ot

2 ORI T X L

Table 2 Comparison of different scanning methods

Field of vew / Laser pulse

Ref. Scanning method Co-axial Transducer focusing Scanning speed )
(mmXmm) repetition rate /kHz
[56] Mechanical Yes Spherical 1 Hz/mm >10X10
[58] Voice-coil Yes Spherical 40 Hz/mm >5X5 4
[60] MEMS Yes Spherical 50 Hz/B-scan 9 X4 10
[64] No Spherical 270 Hz/mm 0.15X0.15 100
Galvanometer
[67] No Sylindrical 50 Hz/B-scan 40 X 40 100
[68] Hybrid Yes Spherical 250 Hz/B-scan 4X8 50
[55] Multifocal Yes Linear array ~20 Hz/mm 6X5 1.35
[70] Hexagon mirror Yes Spherical 900 Hz/B-scan >12X10 800
0.05 Hz/volumetric
[51] DMD Yes Spherical 0.18X0.18 1

scan
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