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Abstract  Photoacoustic microscopy (PAM) is a noninvasive imaging technique that has undergone remarkable
advancements and applications in the field of life sciences, basic medical research, and medical diagnostics. It operates on
the unique principles of detecting photoacoustic signals and reconstructing them to create high-resolution, in-depth
structural and functional images. This paper offers a comprehensive overview of the developmental background and unique
principles behind photoacoustic microscopy. As we delve deeper, we explored various methods that have been employed
to boost imaging performance. These include, but are not limited to, optical enhancement, acoustic enhancement,
exploitation of artificial intelligence to augment the entire process. Moreover, there has been a significant focus on the
harmonious integration of optics and acoustics in PAM. Ultimately, we discussed the extensive applications of current
PAM in modern biomedical research and provided insights into the future developmental trends of this technique.

Key words biomedical imaging; photoacoustic microscopy; high-resolution; multi-function; non-destruction

12 . 7RI 3L ] L) SR, S IR QA R e 5
. f2 W7, LA KRS L 2T 2 1 4800 2 ) S5 I A5 A I

TEROW 55 2 L2 T L1 A A T A R B AR R, AT A7 AR e i o SR, >4 I 1Y 1% ¢
BA W ENF O E, X R IR BB IEX A R R AT 25 B R BR A, 60 435 A5 18 | KR 03 Bt

i BEE. 2023-11-07; fEEHHEE: 2023-12-14; RABH. 2023-12-21; MEBHELZBH: 2024-02-02
HETH.: EFRARBERES(62275121,12204239) 6 5 B KBTI 0 H (62227818) | [ 58 8 5 6F & 1181 (2022YFB2804600,
2022YFB2804603) VLI A Sk Bl 24 5L 4 (BK20220946 ) |, H g 5 18 FEA BRIl 55 2% & 101 %% 4 9% B (30923011024 )

BI51E# . ‘mahaigang@njust.edu.cn; “zuochao@njust.edu.cn

0618006-1


https://dx.doi.org/10.3788/LOP232447
mailto:E-mail:mahaigang@njust.edu.cn
mailto:E-mail:mahaigang@njust.edu.cn
mailto:E-mail:zuochao@njust.edu.cn
mailto:E-mail:zuochao@njust.edu.cn

L3 e
TN K37 32 B 3 26 PR 2R AR B A T A O S8 1) &
JE BN IE L A B T2 AN T R T S R AR
EBARPEML T 5 B 5E 3 T, {H 23 [R] RN 8] 3 B R Y 5
1 S BB M 200 T BB SOt p g R 2
N7 R T A W A S o HE R R TR 4L
ST RS A T, DAL O ' 2 S B B O 5 R A i 4l 4
PR 50 435 ) I 2 52 3] 2 37 4 FBE 10 BR A 5 1 SR OBE P R
A B K ZE 8 VR BT o HE R B R (A SR A AR R
50 E MK FE BE RS L A IR B S A AR (PAT) 52 1)
FEFE (PA) RN AT AE () — o 24 0k J bl (i B =2 A
SR AR BIEE 2 A A A 4 41 2 R G RE R AR
W) 41 WA A 6 i 358 43 B 4 3 5 e Sk FAVRE L 4R )l
PR I K R AR PA R T 0% B8 R R R i B ok
7, I T X 7 {5 S AT o b A BN T AT 4
o NI, S5 AR B AR L, R R AR AR
A AR R Z 5B RE T, i B 62 RS X
BU B3 R R SRR o AR S R R GRS R 2 5
PATL R LL&I] 43 4 0675 Wi 2 B % (PACT) 67 81K
% (PAE) MG MO8 (PAM) 3 R 35 B 5 05 =X .
Hordr  PAM HA WE SR 516 22 2K G 14 88 v 25 (] 2
R IF H R T A ) 4L SO B 7R I A S RO H O
55 2~3 MU G, PAM B B AR TR AT iR oK, AT LA
RS T AV AL L A ThRE X &
spaEfE B 5 PACT A0 H, PAM UK 58 32 55 4138

$61E55F 6H1/2024 £F3 B/BAERBEFEHRE

w7 AR BOG A F %5, IF B0 & 242 1 G vk
I T S R S (o2 o 7/l o o = A SR S N S DA
MrfE

PAM S — i 5 A2 R AR HE A, AR 4l A i FH 17 5
KA S H Ay RO AR S PAM LS 22 45 5 PAM Y
Bl % 2% 43 ¥ % PAM (OR-PAM) Hl /5 %% /3 #E % PAM
(AR-PAM) . OR-PAM I ff ] 43 #f R HL P Tt 27 48
SR RN BT SOR 9 28 30 AR 9 i R 1) 43 B, A
7 S 040 i 2 0 40 7K ST 0 B AR, H R AR R B 457, R
9 1~2 mm, 1 AR-PAM % ] S % 0y 2 BB
2, 3 R 552 R RS A AR AT DS R
AW UG O R A RSB 2% . AR-PAM
A A i) 43 9 3 B R 8 7 0 BB 4 118 v AR R fifE
[ 7 2% 5 5% . Maslov %R IR 2 24 50 MHz ) #8 7
e g 25 A EUEFLAE (NA) K 0. 44 1 75 2435 e, i 15 %
15 ) B8 1] 43 B 232 R0 il 1) 43 B 2R 43 00 3K B T 45 pm
15 pm, 1 ELS AR ik 3 mm. AR-PAM i i # 75
R 7 R e A, AT LA i A 1) oy B R (S PR R AR TR
FE o PAM N T S KA R F G809 2RI R 8L, 3 8
TR G FRE 75 R o R LR L K 1 RTR R
UL PAM 5287 0] DLy ok 328 A 46 MY (1) 3% 55 X
F I 36 P AR B 3 T 5 3 BB 9 6 75 % . OR-
PAM A DAFE 5 S0 T TAE, tnl DU I B B0 T
VE , 325 S A5 = 7 38 FH 1 0 A g i) 2 R B R AT AR

(a) PAM system (b) OR-PAM AR-PAM
1 SMF
|m I I Ultrasound transducer 1
FC cL “S—
ocusing lens
-g — Conical lens
§== -
Ultrasound
—. / BS A . transducer
Trigger . oL Ultmsound " ( '
p . transducer \
. PM Wi . P A |
: ater | "\ Focusing Waler
f Q ‘D = lens
PA Si_gnal " Sample
© Biomedical applications of PAM technology
- 2N Ao S ¥ S max
£ TN =< \ e
£ 5 hpee—— | S
e R s oo | B=
i =
; e T~ T (W o
3 e USRI (D
= NP b e S L3
y 2 ~c A }“‘q'._'-'-'-.":.l =
Ia Sy SSNARY
¢ . . TS SRR e
P, (SIS ENE L,
Cell imaging Oxygen saturation imaging Blood flow speed imaging Tumor elastography

K1 PAM 7t J HoA W BE 22 B o (a) PAM R 485 (b)) PAM RS0 5 77 X, T B 413 OR-PAM, [l 9 | 4 3L OR-PAM,
M 4y 35 T 18537 IR T 9 AR-PAM ;5 (¢) Y6 UL AR 2B By B2 2 g g i)

Fig. 1 PAM modalities and their biomedical applications. (a) PAM system"”; (b) realizations of PAM systems

U1 represents

transmissive OR-PAM, II represents reflective OR-PAM, III represents AR-PAM based on dark-field illumination;

(c) photoacoustic imaging in biomedical'

14,17-18]

0618006-2



1115 52 3PS A5 2 3 R AR P B 07 . AR-PAM 3 #
R G W O MR BB R I, 1 ol it R
OB 1 2 S R A A 3R T S I 5 SR R L AR T v R
BefieAn B9VE T A SC B R I A R AR XM A
JE AT RIS R WO AR A R

U AR OB R USAR BER — ELAL T PR R JE B
B e R W B o BUSAT B T2 B RS, e 1 A%
LA B IR 2 UM D RE 55 1 i o B RLR SR O
OB AR A AT IR AF A — L8 P AR BR ), SR R
RIS A S Y BIR A, 5 ) AR A R AL 2 1 2408
BB BN ER . T v Rk 28 Pk A, BRE
N G i DA AR 2R BT BT AN 2 B 4% e AR Y
IR SR TR AR TS TS T BRI . I,
ARSCERIR T O B AU AR B A B K Ji BRI 5 4
FWTFEEJE | & AR LA SC U A N L 1 67 O
RN Je 8 Dy B, LA 1T S B 2B 7 8 A
SCEE AT IT A 4 T e SR B SR A6 B BOSRAR
I 22 38 58 1) D6 7 0 SRR AR i A 48 T N T e
5 B D't P A ORI RO 25 5 75 2 R Y DI P R O
BAR BRIGAN AT AL PAM 76 A4 W 21 800 25 7
Ty g USSR O T R E ST, e BLES T OL R BRORR
AR KT T i 9 P, IF X PAM $EAR R R 19 K 7
I BEAT B

2 JetEsEaE Ot BEUR AR

2 o3 FE A T RO I ORUR H AR BRAT = 43 B
T OCHE . WA X o FER A B T N A 5 T AT
TEAN A - 1 5 R T RO 2A oo, i 5% L D1 27K
R N AR £ B A RO R AT B R DU iF PAM %
REBE T, AR AT T v A9 25 ) a3 B R, R =5 ) ot
P B A S B A G ' U A R A L o £ A A ) ok
R g AT U AT RL Y, AT LS B A A0 RN T A 2% O
TR AR, I T PAM 1Y g Mg .
2.1 RREBEEEHXFBHBIGERIRE

PAM PEfig 19 $2 7+ 5 62 2 80 & 0y L Ak B B A
Ko A HAY R BT AT L FE 4 & O T AR T
S PR 24 L I 240 Y 5 R RS B S S R . R L A
% T G B A% Gt ot 2E AT B AR B, AR AT T A ) A HE R
D12 SR AR 2K 1 I BE B AT AR S RS B LR
KR A, BB HEN G AN LT, 58
] A IR DX R A3 R R A R T OGS I BB AR
it B ROE IR, PAM 20K vl DLz 38K 41
A
2.1.1 A TFREENHEFIHAMSLER

MV I AR A B 2 L TT R T A I
FLA RN N . A% 5800 BUA% 7 X 32 20 i1 99 4% PR Y
BRI, DAL A 4 A v i I 38 0 1 2 A I8 B ) AR B 5 A
B EDH o X B P K R I P R i )
AT EROERT R

F£61EF 6H/2024 £33 B/BAEEFZHE
K=k 4k =(2x/A), (1)
Kk YN B R KN 5 ky SRR ) R KN A R
Ko ATRLAE Y, an R R 1) R KN Ay M i 2/ AL TR 4
DI KN b R LA R AR . AT F 2, A SR )
2R et K, UK DAV Sk R R e, WIS Y R A A
5 D2 RIS T DR TR, A T TR A S A BR A T A A
U K 55 TC A W 22 A7 e A o A AR AR B AT] o AE X L R
A G893 S AR 1 vk % O 2 T
) 25 A 0 SR A R B T S R R AR A
B4, E M Pendry ™ FEOGE i R . FEE SN E
B, G0 5 T B 2 32 B4 S A BR A o 2, 3 A%
G535 i G TR S B /N B LB . 1 Pendry & BLTE
T 55 SR v 7 3 30 AT L e B K, 2k B B T
TAT SR BHE B AT E AR T T 05 B R
AL TS T 58 3 G o 3K AR ML A R A T
W o IR LR 18 B AR R 6] 2 37 B 1Y) B s
T —E R BREH B T — e A A BBt
JET Kaina %73 oo i FROK BEA L &5 4, B &
SE IR T AT SR A AR . R
T ROKFEAL™ A B e iR 9F R 8 — A S5, BT
AR TR o (EJE 3l 2 FT R 5 6088 A kL R X BR
PR, DI AR OB R A RE B ST N B R BT B R
T — DRI SR . XA R R
H T A SRS P 8 22 8] 1) 22 RO BT S LS 1 o o i — 25
B IE T 9% B 4T S 3R AR 1 A ) I O K AR R A%
3, I K B BE S8 A 43 BSR4y 00 AT SR BR T Y
TSR35 A% W 2 iR . 2023 4F, Cao %I
T — PRI S A R R L 2 0 R AT LG A
B AT 53 6 24 T 52 TR R 21 K 24 Bt R B 1Y 28 £7%
[F] Hs P 45 A 6T 5 19 6 R B4R 38 50 B Bl 1 i B o A
FIAT 2218 19 55 % o
K AR B AR AR B 2 R TR I A 7
fl o 3o e LT R A N U Ty o SR A% G AR T ik
AT S A B 0 SR i LA AR AL i R b B D K
YN . ST ST AR R B R T X — IR R AL T AT
fE L & AE NS IR 34 I8 I 76 3 3 R Wl AR I, S IR A
BRI HE . AR YA 75 2R S B LE MM K T TH A
FE— 22 [Pk R, (E 2 AR 19 25 4 e TR R AL, E
AT T Rt 1 S0 50 1 R, Sk 2 B iR 3 B SRR O K R
PR T IR . AR AT LLE i gk S TR A X G AT
SEHFRE A AR RO A B0t A R — 2 HE Bl D K K
G H AR K R, R 45 AU Y v 40 PR AR 1 T T B
AT BE
2.1.2 AFMERERGEE BHAMEK
OR-PAM Ky 43 ¥ % 3 2 3% 56 24 A7 55 4% BR i) FR
il A R BOK B Bk . an g | 4y BT iR, OR-
PAM ) TAER K E 20T DLy i B X s i =X . 78
B Gt A TAERECT 0O BRI RN O 75 A 5 A6 0 38 7

0618006-3



s 8
S84
- - 8

bl
282
>

b ()
. 2
»

]
b ]
(8 =1

n
>&

J
]

" !-l {
S 88
V2

ot

:3'-‘:

=
%5

2D moving stage

EOE WS
B8 88
< 58 6% 4

2 Yo )0 )L }-{ ," 1 el S 3end® Lend® S )l
» »
> ]
" -

]
]
L 7
)
L]
Y aa

)

SRS

*
»

F615FE6H/2024 £33 B/BAEXBEFZHE

| A7

Normalized amplitude

¥ (mmi

Pl 2 T 7 1A P 2 o A 0 4 2R A AR 0 S B () 124 S VROK A U 7 T & 5 5 (b)/=417. 5 Hz Ab i Iy 3 1
SR 5 (o) A% 15 B W A 47 oot 52 v S A WO ABURE i A TR 88 B2 377 5 (d) i £ 3 TRT BT 30 37 1) D90 — A I SR IE W A7 7 A,/ 15 (2140 B 56
FE DX, MOE IR (B 2k o A,/5 98, I HLX RS20 (BRE0) BN B BT O A,/ 1. 298 5 (e)~(g) S I 2(b) ~(d) A F] , (H WAt 5

A 22 55 7 LA 7R B 3 R, LA Ao/ 7 B8 23 Bk A< A e 7 TR [ Y 4 S 4 R

Fig. 2 Experimental demonstration of subwavelength focusing and imaging using a flat acoustic superlens”™. (a) Flat lens composed of

124 soda cans; (b) real part of the pressure field at /=417. 5 Hz; (c) pressure intensity field after compensation of losses occurring

during the propagation within the lens; (d) normalized amplitude of the field in the close vicinity of the output surface proves the

existence of a focusing area of 1,/15 (red line) while the source (blue line) is A,/5 wide and the source of the control experiment

(black line), that is, without the lens, is A,/1. 2 wide; (e)-(g) as Fig. 2 (b)-(d), but for two sources that play sound out of phase

to demonstrate super-resolution. It clearly demonstrates the same negative refraction results with a resolution of A,/7
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Fig. 3 Reflective switchable subwavelength Bessel beam photoacoustic microscopic system and Gaussian beam photoacoustic

microscopic system, simulation and experimental results of Bessel beam parameters. (a) Reflective switchable subwavelength

Bessel beam photoacoustic microscopic system and Gaussian beam photoacoustic microscopic systemm; (b) (c¢) intensity

distribution of the calculated Bessel beam at the =0 plane in the z-y and z-z planes™; (d) cross-sectional image at z=0"";

(e) (f) intensity distribution and experimental diameter of the Bessel beam along the z-axis
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Fig. 4 Principle of wavefront shaping. (a) Before wavefront shaping™’

; (b) after wavefront shaping™’; (c) experimental setup for

; (d) comparison between linear optimization and nonlinear optimization focusing effects"
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Fig.5 Specific schematic diagrams and imaging results of the Fabry-Perot interferometer (FPI). (a) Schematic diagram of an all-optical
micro-ultrasound sensor composed of a rigid optical fiber-coupled FPI and an open microcavity™”; (b) schematic illustration of

optical illumination for photoacoustic microscopy with acoustic resolution on a hair model™”’; (c) (d) images of three individuals
with slight lateral displacement at different depths of hair obtained using a commercial piezoelectric sensor and a microfiber
', (g) B-scan

sensor”; (e) photograph of a mouse head with the scalp removed™; (f) MAP 1mdge of mouse brain vasculature'™

image along the dotted line in the y-z plane””
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Fig. 6 Images of the dual piezoelectric transducer’s imaging results”"

. (a) Depth image of microvasculature in a tumor model; (b) optical

image of the tumor model; (¢c) photoacoustic cross-sectional image corresponding to the dashed line in Fig. 6 (a); (d) ultrasound

image corresponding to the dashed line in Fig. 6(a); (¢) image stained with hematoxylin and eosin (H&.E); () three-dimensional

photoacoustic image of the tumor region; (g) three-dimensional ultrasound image of the tumor region
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Fig.7 Schematic diagram and imaging results of the micro-ring resonator. (a) Schematic diagram of a polymer MRR used for a PA

endoscopic probe”™; (b) schematic representation of the packaged MRR on a glass cover slip with optical fiber”™; (c) polymer

MRR installed on the front of a mouse for chronic cranial window""; (d) illustration of optical scanning using a transparent

polymer MRR"”; (e)~(g) longitudinal PAM images of the mouse cerebral cortex vasculature over 28 days'"”
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Fig. 8 Effect of synthetic aperture algorithm compared with other methods. (a) Effects of different methods on mice in vivo™; (b) photo
of a cube (gelatin) model with nine linear targets (denoted as T1-T9) spaced at 1.2 mm apart™; (c) photo of a chicken breast

with three pencils inserted at different depths as imaging targets™’; (d)—(f) 2D cross-sectional images obtained using conventional
technique, SAFT, and IntC-SAFT""; (g)-(i) 2D reconstruction images obtained using conventional technique, SAFT, and

IntC-SAFET, with T1-T3 representing different pencils"™’
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Fig.9 Overview figures. (a) Neural network-enhanced OR-PAM’s imaging speed and in-vivo imaging results in mice'’; (b) trade-off

relationship between imaging depth and resolution, with OR-PAM having the highest resolution and the lowest imaging depth,

and PACT having the lowest resolution and the highest imaging depth”™; (c) enhancement of image signal-to-noise ratio by

neural networks
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Fig. 11  WGAN results for mouse ear vasculature and results of an adaptive enhancement method with a deep CNN prior. (a)—(c) Input
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ATl 22 G5 09 516 6 R 6 10 B9 A% 45 5 (a) 26 T n] 40 3 AR-OR-PAM B9 $ 4 3k 2 G5 B0 TR , 23 o BE HE 6 6 43 b W 4, 4 S 3o
1 22 B £F B L A6 B S RS A RO A A BE RO S L BORUR L T T S DD (b) B T MEMS I R G IR R
(c)S-OR-ARPAD F5¢ ,  H 75 W36 #8843 31 HE OR 15 ARBER , X B Jbk 22 J2 45 M kA7 6 3R AOE 7 45 5 A iU 28 7
(d)(e) AR-PAM I OR-PAM #1549 /N BB A9 4R 9 56 75 KR 5 (D) () OR-PAM F AR-PAM #4597y BUER 2= 9 MIP #114
R 2R HE B R X I A L AR R 500 wum 5 (h) ~ (k) S-OR-ARPAD RS 7E OR H AR 520 T il b 37 5 X 38 1% 2 2 18 % 1 PA &
B LT B KR T LR 0~180 pm 19 BI R Rl e IR I 455 (MAP) (R T LA 220~550 pm 7Y 34 B -0 % 58 522 4 48 1)
MAP 3 - B 38 2 F J7 460~1800 pum TR 3 Ab 1L 7 199 2% 9 b 1) MAP % 1L
Optical paths of different systems and corresponding imaging results. (a) Flowchart of the switchable AR-OR-PAM scanning
head system, where the beam splitter divides the optical path into two parts, and each passing through a multimode optical fiber
and a filter device, ultimately enabling acoustic and optical resolution photoacoustic microscopy. Manual mode switching is
required”"”; (b) flowchart of the MEMS-based system"'"; (c) schematic of the S-OR-ARPAD system, with illustrative
diagrams of optical excitation and photoacoustic signal generation in skin multi-layer structures under both OR and AR modes
of the optoacoustic visual objective™"; (d) (e) in wivo photoacoustic images of a mouse ear obtained by AR-PAM and OR-
PAM™; (f) (g) maximum intensity projection (MIP) images of the mouse ear obtained by OR-PAM and AR-PAM, and the
scale in the enlarged region within the dashed box is 500 um™""; (h)-(k) in vivo comparison under OR and AR modes of the S-
OR-ARPAD system among continuous cross-sectional PA images of the palm region, lateral maximum amplitude projection
(MAP) of the depicting slices from 0-180 pm below the skin surface, lateral MAP of the epidermis-dermis junction from 220—
550 pm beneath the surface, and lateral MAP of the vascular network located at depths of 460-1800 um below the epidermis-

dermis junction™""!
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Fig. 14 Microvascular detection imaging. (a) Mouse ear before injecting 4T1 tumor cells (Day 0)"* (b) maximum amplitude projection
microvascular image of the mouse ear on Day 0. The dashed box represents the region of interest'”"; (¢) depth-encoded
microvascular image of the mouse ear on Day 0""; (d) mouse ear on Day 4"*"; (e) maximum amplitude projection microvascular

image of the mouse ear on Day 4"""; (f) depth-encoded microvascular image of the mouse ear on Day 4"*"; (g) mouse ear on Day

7" (h) maximum amplitude projection microvascular image of the mouse ear on Day 7"*"; (i) depth-encoded microvascular

image of the mouse ear on Day 7!"*"; (j) (k) images of the mouse ear’s microvasculature system obtained using the RUT module

and traditional photoacoustic combination module”*’; (1) visible light NB-PAM of brain vasculature in a mouse with a skull,

showing the depth-encoded brain vascular network™”
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Fig. 15 Applications of PAM at the level of skin structure, diseases, and cells. (a) Cross-sectional image of healthy skin imaging,
clearly showing the layered epidermal structure (EP) and blood vessels in the dermis (DR)"*; (b) cross-sectional image of
psoriasis skin imaging, with capillaries (shown in green) interlacing with the epidermal structure (EP)"*; (¢c) top photograph of a

psoriasis skin area and photoacoustic imaging results in the dashed region (above), and a photograph of healthy skin area and
photoacoustic imaging results (below), showing superficial skin depressions"*’; (d) photoacoustic images acquired using
Gaussian beam photoacoustic microscopy (GB-PAM) and extended depth-of-focus photoacoustic microscopy (E-DOF-PAM)"*;

(e) photoacoustic microscopic image of fibroblast cells"”; (f) mixed FDOM/multi-photon imaging of a mouse ear after injection

of melanoma cells (MC)!'!
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Fig. 16  Applications of PAM in tumor research. (a) OR-PAM images of hemoglobin concentration, oxygen saturation, blood flow
speed, depth, diameter, and tortuosity in the tumor region”; (b) in vivo OR-PAM image of oxygen saturation with ultrafast
dual-wavelength excitation. The first and the second pulses are 532 nm and 558 nm""; (¢) mammograms of the affected
breasts, depth-encoded photoacoustic angiogram of whole cancerous breasts, and sagittal plane image across tumor region™;

(d) a representative x-y maximum amplitude projection (MAP) image of a mouse brain vasculature over the entire cortex

acquired by UFF-PAM at 532 nm, and the oxygen saturation of hemoglobin (sO,) map of the same mouse brain acquired with

dual-wavelength measurements at 532 nm and 558 nm'"*"

(@

BI17  PAMZESNHEATZLL e i B o (a) 58 4 /0N BUSUER IR ZS TR AL 55 R 8 KORE 143 A (89 45 JF 6 75 R 5 () /N BUE- DA I VR
B4 11 19K OR-PAM FEIR ™5 (o) 5 JUE A A7 6 (OFF) LA AE (ON) B ili CHb 5O, 1 3k 35 32 B PAM AL 3 38

(D FEHE EARFE S /D B PARIEAS M6 S 3 O RTE ST 1 BR 3R 5 /N BUEE sO, R
Fig. 17 Applications of PAM in cells and tissues. (a) Merged photoacoustic image of microvasculature and nanoparticles distribution in
a complete mouse skull state™™; (b) five-wavelength OR-PAM images of the blood and lymphatic vessels in the mouse ear"";
(¢) head-restrained PAM of cerebral CHb, sO,, and blood flow speed in the absence (OFF) and presence (ON) of isoflurane””";
(d) percentage change of PA amplitude of the mouse ear after epinephrine injection and sO, images of the mouse ear after

epinephrine injection”"’
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Fig. 18

Applications of PAM technology in cerebrovascular medicine. (a) From left to right:in vivo imaging of the total hemoglobin

135,

concentration in the mouse ear, linear sO, image of the mouse ear, nonlinear sO, image of the mouse ear”; (b) high-speed

imaging of the mouse brain obtained under hypoxia challenge, showing reduced blood oxygenation™™; (c) simultaneously

acquired high-resolution maps of CHb and sO,, respectively”™; (d) baseline image of cerebral oxygen saturation (sO,) before

simulated metabolic acidosis and image of cerebral sO, after simulated metabolic acidosis™”
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