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Fig. 1 Comparison of imaging depth and resolution between optical, ultrasound and photoacoustic imaging"”"” (CFM: confocal

microscopy; TPM: two-photon microscopy; OCT: optical coherence tomography; OR-PAM: optical-resolution photoacoustic
Py P |2 P graphy P p

microscopy; AR-PAM: acoustic-resolution photoacoustic microscopy; PACT: photoacoustic tomography; USI: ultrasound
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Fig. 2

Skin structure, photoacoustic imaging principles and combined diagrams of vascular imaging. (a) Human skin structure™ (Ep:

epidermis, 0.05-1.5 mm; De: dermis; 1-4 mm, up to 6 mm thick; Hy: hypodermis, thicknesses vary from several millimeters

to several centimeters); (b) photoacoustic imaging principle diagram™”; (c) different depths of human palm skin were imaged

using 532 nm and 1064 nm wavelength laser as excitation sources for photoacoustic microimaging™’, where images | —V

corresponding to depths of 0-0.1 mm, 0.1-0.25 mm, 0.25-0.72 mm, 0.72-1.8 mm and 1.8-3 mm, respectively
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Fig. 3 Schematic diagrams of photoacoustic microscopy imaging system, laser illumination mode, and focusing objective lens. (a) OR-

PAM system with optical focusing capability and AR-PAM system with acoustic focusing capability™’, (i) for the OR-PAM

component, (ii) for the AR-PAM component; (b) schematic diagram of laser beam focusing for a bifocal alternately illuminated

42

photoacoustic microscopy system™; (c) overall architecture of fast controlled confocal focus PAM system”; (d) a noninvasive

photoacoustic microbiopsy system based on an adjustable confocal photoacoustic objective lens™,

!, schematic diagram of

photoacoustic signals generated by multilayered skin tissues on the left, structure of the system objective lens on the right
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Fig. 4 Schematic diagrams of the ultrasound transducers in several photoacoustic microscopy imaging systems. (a) Curved ultrasonic

transducer™; (b) ring ultrasound transducer’”; (c¢) hemispherical ultrasonic transducer'”; (d) Fabry-Perot based ultrasonic

transducer™; (e) linear piezoelectric micromachined ultrasonic transducer’™; (f) dual piezo chip transducer™

ultrasonic transducer"™
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Table 1 Performance comparison of existing several photoacoustic skin microscopy systems

Ref. Imaging principle Resolution /pm Imaging depth /mm Dimension Scanning method

[40] OR-PAM 5 =>0.7 2D Mechanical scanning

[66] OR-PAM 2.6 =>0.7 3D Optical and mechanical scanning
[65] OR-PAM 3.6 0.3 3D 2D raster scanning

L67] Xi:iﬁx o84 0-9-2 2b Ml\fcilz\l/rlnsc;;irclzrlli%ng

[32] OR-PAM 1.5-104 0.2-3 2D Mechanical scanning
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Fig. 5 Structural diagram of hand vascular photoacoustic skin tomography system'™
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Fig. 6 Schematic diagrams of laser irradiation modality and ultrasound transducers of several other photoacoustic skin imaging

systems. (a) Manually controlled multi-angle lighting technology'

diagram of adjusting irradiation angle of target area

transducer”™”

80]

, the left side is the probe structure and the right side is the

28

; (b) ring ultrasound transducer™; (c) linear array ultrasound

; (d) hemispherical ultrasonic transducer™; (e) hyperbolic array transducer™; (f) hemispherical rounded top hat for

placement of sparse single crystal probe ultrasound transducer™; (g) optical cage irradiation method™’
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Table 2 Performance comparison of several existing photoacoustic skin imaging systems with other imaging modalities

Ref. Imaging principle Resolution /mm Imaging depth /cm Dimension Scanning method
[92] PACT 5 1.2-5 3D Half-spherical rotation
[68] PACT 3-6 2 3D Fixed scanning
[90] PACT 1 0.75 2D Raster scanning
[93] PACT US 1 2.86 3D Mechanical scanning
[70] AOPA OCT 0.0125 0.2-0.7 3D Mechanical scanning
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Fig. 10 Photoacoustic skin imaging application in skin cancer disease. (a) Melanomas, where image I is 3D image of melanomas'"",
image Il is statistical graph quantifying the number of blood vessels and maximum thickness of melanomas over time of tumor
development™™, image [l is photoacoustic imaging images of melanomas in mice on the seventh day"”’, and image IV is
photoacoustic imaging image of melanomas in mice on the thirtieth day™"’; (b) squamous cell carcinoma of the skin, where
image 1 is photoacoustic spectrum of squamous cell carcinoma of the skin and its surrounding healthy skin (the green line
represents healthy skin and the red line represents squamous cell carcinoma, and the difference between healthy and diseased
tissues can be clearly seen in the wavelength range of 765-960 nm)""", image Il is the comparison of each substance's content

097" and image [I[ is imaging of the diseased area at

in squamous cell carcinoma diseased tissues with that in the healthy tissues
the same location of the ear of the mice on the third and the ninth day, respectively (vascular proliferation can be more clearly
observed)™; (c) basal cell carcinoma, where images 1 and [ show the boundary between diseased and healthy tissues can be
clearly distinguished by photoacoustic spectroscopy”””, and image Il is vascular morphology comparison between healthy

tissue and basal cell carcinoma lesions in the mouse ear””

0907005-16



E 514 F9HI/2024 £ 5 B/ E#N

LR

R AR N A N IR W RS W
WY, 88 2o Bt A5 28 R O Y RS T 0 S A e
1 Xof & JFC 200 i 9 140 S g DX I A7 R S PR TR o ST
SR BRI AN 95 s 72 2H 2R v R I R R I A
el 1 O 1) AR AR RN 5 TE R SURE U AR 2 A
HA B M85 .

1o LA 5T AT B A T A ARDRE O A AR B AR I F B
JOR Jeg B89 AR BT ARG 0 A 23 3992 W L 2B R N AT LA Bl
R A B IIOARS M M R DD B TR, 3w DA AT H R
89 i 73 301, R I o £ 2 SR T o (EUR O B R A
15 T D0 % B2 300 75 L E — AP R T, AR A N B 22 )
AUFE L b, B R AR 9 3D S X iz 2 1
BRI A i PRSI o A e B 1 R A S5 A BRAT g T
e ML A EG > s ah bz Wi/ iz o)
ST L PR B W R R R PR 5 B R A HR
HES
42 HftEKER

B 10 119 22 B 20 22 22 R 19, Al A s i 26
B IR AN 22 A5 B IR — R 8 S 2R i, (A 2 52 )
AATHYIEH TAERUAETG o PR, JCie ol Fh 26 BYfY Ke ik
T, AR AR A 6 N AR/ TR B 28 JL AR R LA AR
TR E 28 B I I A 23 675 B K ISR B AR AR %0 i 12 W
R

R I8 e e — A8 A R B IR L 3R B R A2 ) P X
BRETIMOIF B 6 A O B . T A A R A
P2 7 B8 T RE e A T S B3R 417 25 A E A i B2 A Jo 2 o
2o BB A — > 32 B RE —— 4R B G 48
2R ST PR R K AR o i R 12 I A
W, AR 2 BERS 48 715 1200 A ) 40 28 A0 A A 25 ) B 20 W
A7 5 % B, 0 2ok G 00 5 ) R X el 3 B = 0 I A A
AR LUSE RS 0 A AL SRR L T
o UL R s o B A L A8 R TR 2 0 O T Ol AR
PR FL AT BHAR B 5 D0 I JBE R 25 () 23 R AT LR £
SR B LA A R DR LR 18 v S
T BRI 7 o (A 485 OB 8 OE 7 A L&
G R LARR 5 1 e 2 1A 4 58 38 0 A1 6 R ol A 2 it 2 B
SRR IR E AR M)A T
NP B B R VRS 5 70 2 2 AR oF LU AR & 2R

i 2T B S — UL A I A R B R R L %
SR AR W R B W RIS A N RIZ A SUR I, U
751 S PO 85 A 2R i o Il PR B A A %) LR A
o328 AR YT J7 58 UL KA AR ARG IR 7 5 T T I AR
RRAE S BULRR I O A9 32 A T8 MR B AR
I T0 B R G  b B Ak B i A CELAR K BOKR)
[Fi] BNt G 36 7 A 42 136 7 790 4 MR 7 5 2 ) TR AR
2R EQRIT I S K BSORTFRCR AE. 22U S &
W1 1) FHIE P R AG B AR AT AR A i 21 B8 /9 O 75 1
AR (A1 3R B JREJEE BB JRE I DL e L B v S L A
(O AR B RIOR B 25 ) 0 RE B2 Uk I A5 g A 1 D 7

ORI 5505 SIS A i PR 92 DA 56 38 T T A
SR FRFHRNG 10 25 UL R 2) T LA 3% B
ARSI [F J 0 L 5 50 22 5%, 1 S L4 2
LS VP O 0 P 15 b2t , DA T4 36 58 0 0 10O
RV :3) TR ITI%HOAR T BLRY IO 3 9977 ok 16 7 B 21
BEAE AT A B 2R B U 2 09 6 3 T Ty
[ 2 6 5 B A U A8 R (AR . O 7 B A 9
2 e T A £ BEAE 00 92 0 AL PSR, 36 0 0
FiF 7 9 SE TR A 0 7 SRR RBUR 0% T
A HLR O B B AT A ) TR
FEL 1L () 5t T AR B 58 20 B0 25 11 1 6
X VU4 RS I 2 — o 1 00
WO K HBERT , H L B R TR A S R
Wi A B 2P R . (R, X
7 3T RS 0L AT DB T
TR R 10 0 R W 0 7 % R O
SR 26 0 0 1 XE 7 908 PR 505 1 7 (B
7T AT RGN 2N GR . X RSIE
I R2 8 06074 (5 2 1 WL
B 75 0T 5 o S L A S A A
445 % DL 3 K )RR I PR , B 5 B 4
7 15 B U T 5 FE ) B HIUR 75 155 M
IELHE R 415 05 41 0100 S D47 90 8.2 5 34
5 SR T 7 A AT R RS 5 1 20 P
T A 097 R 9 )

U 5 B — L ) €6 36 DB B o , 30
9 D8 DR 9 R 040, 38 O L A I 3
ST 13 9 FLAT R [/ R G I 6 B 36
TR I 55 B G A e 223, 0 8 3 5 L A
7 ] 43 7 0 0 2 34 T A2 75 269 B4 B P T
[ B T, D 2 S 0 7 k8
2 IR S A 7 B 28 T DS S A s
0 5 5 25 8 O A G 4600 25 8 B
A DI 22 B o9 AR A R 0 38 € 36 v
AU (03 S22 11 BT . JF B %A
T LA L 9P £ T A 63 B ko
O B0 € B 55— B0 L € 3 TR
A e 4R A £ BT T 1
S A 2 B0 S B A 0 I 9 43 2
XTI PRSI 2 34 97 07 2 R U A B A O R
S H M R 7 o T T B0 R A 2 0R
L4 T 95 52 A 7 92 B T 7 2 £
B BLAT BLIG (016 PR IS 0 5 S T 54 B
4 5 R Y K ke BB AR T 5 it D 23 ko
LRI R AR LR IUA BF5T b SRR
{6 He R T LA A9 e T €5 DUBLREE A 7
LI B 5 5 R 8 56 6 2 9 48 2 B ok
£ L8 5 A 2 B MR B A LA L A, T
LA o, AT A B T D 2 8

0907005-17



X T SR FERE 09 40, B A0 5 MR 5 MV
A O Lo 0 34 1 2 O 8 5
B e 5 B B AR T LA B4 B 97 R o
O 35 2 4 38 L DR LR, R T 4 e 0
I PR 4 L5500 5 U s 2 O O T
g

$51% F 9H/2024 £ 5 B/HhEHN
3 B AN 28 S UE T LA OB R EE R
T £ 7E A E P I A8 R 62 2R D RR I R s 1) 12 D
FH EAR BN T2 AT B X g i Bz ks 9 BRRR AR, AH OC
G R B A © BRI T A, I RO 2 T e DR A
ok AT LATUIL B TG R HOR I i R R & B
IR I JR I 5

()

11
Healthy
g A = 0.005
3 :’df‘-¥~' i i
‘."_vv"‘;\%‘_) -
¥ 3 0.004
)
2
@ 0.003 4
3
2
g 0.002
8
S
S 0.001 -
0.000 - = Y
Y\z’s\“ ?\N
(€ 11 v
- Bl Café au lait macules 5 —— Café au lait macules
3 B Healthy skin s 10— Healthy skin
2 .. - Q
§ 1.0 g |
Q TEl i
£ L]
K4
7] 2
©05 S 0.0 1
106.2 pnm .gO.S %
/ s L.
" o~ - € 05 scV s8
- = 0.0 T T T T
Melanin SB thickness 0 100 200 300 400 500
concentration Time, ns

P11 Dl B Ik A5 A7 A B Ik s o 63 107 T o Cao) A felt JE R Jok R i 9 o 2 21 0 A 3o LG A T, vl T Ay i T ek A%
Pl 1 Sy 6 93 2 20 2R ] 5 (b)) A A e R e Ik 0 B8 21 SRE 5 210 2 28 1 X L B A PR, R e T e B Tk A0 6T L 5
S E ), IR EELDBESE I 78 B IR AR P (B TR Bl A s S ) I G B R A0 7 2H A Bl A 8 BE G IR s (o) A
At 2z o T € 5 7 20 28009 Xk B A 0 e TR (el R B TR R R R TR A R 2 IR I A R
R RT3 i R R N R B A TS L CHE € A DR TR A3 gt R R TR L £ e IR P AR SR A B R KD L IV R
Akt 5 S JHR RO €, 3XE S R T 2 R T B T 1] 9 D' 7 AR i 3 A
Fig. 11 Photoacoustic skin imaging application in other dermatologic conditions. (a) Comparative imaging of human healthy skin and
psoriatic lesion tissue™" |, where image [ is healthy skin imaging, image [ is psoriatic lesion tissue imaging; (b) comparative
imaging of human healthy skin and nevus erythematosus lesion tissues'™’ , where image 1 is healthy skin imaged with normal
number of blood vessels, image Il is nevus erythematosus lesion skin imaged with a significant increase in the number of
microvessels in the subcutaneous area, and image [ll is microvessel density statistic for both healthy skin and lesion tissues;

(¢) comparative imaging of human healthy skin and café au lait lesion tissues "

', where image [ shows the basal layer
thickness of healthy skin, image [l shows basal layer thickness of lesion skin, image [ll shows statistical comparison of
melanin content and basal layer thickness between healthy and café au lait skin (blue bars represent healthy skin and red bars
represent café au lait skin) and image [V shows the distribution of photoacoustic amplitude along the direction of epidermal

depth in healthy skin and café au lait skin
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Abstract

Significance Skin diseases are common human conditions, and their detection and diagnosis are necessary. Because of the
influence of doctors’ subjectivity and skin trauma, traditional detection methods are inadequate for accurate and effective diagnosis of
skin diseases. Therefore, skin imaging techniques are gradually being used for diagnosis. The photoacoustic imaging technique is an
emerging imaging method that combines the high contrast of optical imaging with the deep imaging advantages of ultrasound imaging.
Photoacoustic images provide structural and functional information to assist doctors in diagnosing diseases and to improve the accuracy
of assessment and treatment. Photoacoustic skin imaging technology can satisfy imaging requirements of different hardware
configurations, and its variety of hardware forms ensures that the technology can achieve microscopic and macroscopic imaging, with
the potential to respond to diverse clinical needs. By using this technology, melanin and hemoglobin can be detected when capturing
images of melanin particles and microvessels at different depths in the palm of the human hand, which can be used for diagnosing
pigmented and vascular skin diseases. Photoacoustic skin imaging provides high-resolution images of all skin layers, which is crucial
for the early diagnosis and evaluation of skin diseases. Therefore, this paper reviews the systematic classification of existing
photoacoustic skin imaging modalities and the performance enhancement methods of image reconstruction algorithms, describes
several applications of photoacoustic imaging in clinical human research, and analyzes the advantages and clinical potential of
photoacoustic skin imaging as an emerging imaging technology. Thus, readers can gain a detailed and comprehensive understanding

of photoacoustic skin imaging technology.

Progress This paper reviews and summarizes the photoacoustic skin imaging technology. First, photoacoustic skin systems are
classified based on the imaging modality. Existing photoacoustic skin imaging systems are divided into photoacoustic microscopic and
other photoacoustic skin imaging systems. The latter includes photoacoustic tomography and ultrasound/photoacoustic multimodal-
imaging systems. This article summarizes research with superior performance in terms of imaging principles, resolution, imaging
depth, scanning modes, and other hardware specifications. The corresponding system components are outlined. Subsequently, the
research progress in photoacoustic microscopic skin imaging systems and other photoacoustic skin imaging systems is summarized in
terms of comparison of the overall system performance.

In studies on photoacoustic microscopy imaging systems, significant progress has been achieved in improving photoacoustic
dermoscopy systems, in-vivo skin microimaging, and multiscale skin microimaging, resulting in advancements in system performance
(Table 1). Moreover, for other types of photoacoustic skin imaging systems, studies have focused on various aspects, such as
photoacoustic tomography of subcutaneous blood vessels in the extremities, three-dimensional photoacoustic tomography, diode laser-
based skin tomography systems, and ultrasound/photoacoustic multimodal imaging systems. These investigations lead to noteworthy

research outcomes and enhancements in the hardware performance of skin imaging systems (Table 2). In addition, the inclusion of
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commercial skin imaging systems in the listings validates the practical application value of photoacoustic skin imaging systems.

This paper summarizes existing methods and strategies for enhancing the performance of photoacoustic imaging systems, with a
focus on advancements in reconstruction algorithms. The analysis categorizes and discusses these methods based on three main
aspects: imaging resolution enhancement algorithms, imaging depth enhancement algorithms, and noise removal algorithms. Each
category is analyzed chronologically, starting with an overview of conventional and pivotal performance enhancement algorithms.
Subsequently, the discussion encompasses performance enhancement algorithms that integrate deep-learning techniques. Finally,
existing specialized algorithms are discussed.

This paper summarizes research on the clinical application of photoacoustic skin imaging technology, classifies skin diseases into
two categories (skin cancer and other skin diseases), and summarizes the photoacoustic skin imaging methods for detecting typical
diseases. On the one hand, the research teams are currently focusing on detecting melanin and collagen content in the detection and
investigation of skin cancer. On the other hand, the imaging of blood vessel shape and distribution pattern can be used as a criterion to
determine whether the detected area is diseased and to identify the lesion boundary. In this paper, other skin diseases are classified as
inflammatory, vascular, or pigmented according to their causative factors. The pathological features of the diseases and detection
methods based on photoacoustic skin imaging technology are described using typical diseases as examples. A summary of the clinical
applications of this technology for diverse skin diseases demonstrates its unique advantages and potential for clinical applications.

The concluding section of this article highlights the prevailing challenges of photoacoustic skin imaging and outlines the
corresponding research directions aimed at addressing these issues. These challenges include resolving the issue of dynamic changes in
clinical data, advancing multimodal imaging capabilities, developing user-friendly imaging devices, and establishing standardized

imaging protocols and data analysis techniques.

Conclusions and Prospects Photoacoustic skin imaging is an emerging technique with several advantages, such as excellent
imaging quality, cost-effectiveness, tissue safety, and promising clinical potential. Photoacoustic imaging is anticipated to become
widely used in the future for clinical skin examinations. Further exploration and development of photoacoustic skin imaging

technology are required to advance its clinical applications and facilitate its integration into medical practice.

Key words medical optics; biomedical imaging; photoacoustic imaging; skin imaging; skin diseases; skin diagnosis
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