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Fig. 9 Output of different denoising algorithms”. (a) Original image, where PSNR is 18.5, MSSIM is 0.46, and R is 0.813;
(b) savg-tL.SCT algorithm, where PSNR is 32.8, MSSIM is 0.87, and R is 0.987; (¢) NLM algorithm, PSNR is 31.0, MSSIM
is 0.90, and R is 0.986; (d) BM3D algorithm, PSNR is 35.8, MSSIM is 0.92, and R is 0.993; (e) MD-ABM3D algorithm,

PSNR is 37.8, MSSIM is 0.96, and R is 0.996; () reference image

7 20 2% bk i 9 AR b 2 2 AR S MR R RS T R
32 BHPEERLSCIEAR

AR HERIE LSCI 7 — A HBEH AR S, T
HLSCURBG /T HFR TN EEREZ T LA N LT
JUAS I DB s % . TR [ B AP 0 Bk
SIUKAMBHERZ, MILSHEDEZ = ET
A XF A2 g, AT A B B th s, B R R R
R D | 8 e K 20 o I X & T E A TN DS
W) ) T RO A CCD AHAIL A AE 3 218 #8251 i
TRCBE 5 A U B, A D 4 IO AR R AT AR X 5 R
PR, NI S 806 LB KM B w22 3) Ak
BRI . FESCBRR I, i FAM A A REIFA RS
SR G S RS A 22 5T, DTS BOTE AR A
B R G S TR BRI, AR BT i 1 48 T e AN 7E [
— BV L RA R MG AR B, &L, BE)
PRS2 R 53 A AN B 5T LA T 2k A A0 S5 34 25 )™ B 52 i)
LSCIM AR 53 HE . A T 3k 45 40 P38/ LSCL I i
BIMG  AFsE A B4R T 3 T MR R e B s R

B 19 L3 AR R o
BeOEN R AT g RSO R B R EN U R R
IENTRY LSCLR L LT LSCL& 4y # % . T i
X bR B A B 5 O S AT AN A 4
3.2.1 A FEMGEAEMLSCIES N HEE

PR 15 T A 2 065 AN [) AR BURR (] A [l A5 s S ] 31
BT A — Y s sk R — E A5 i 9 i 583 2 i Rk
FRVCE i A Ehxtis sh b BN AhF E I T
o F EMGEC B AR 0 g P 58 o HLn s Miao %11 4
T ECBE S L B L M VR (fLASCA Bk ), an &l 10
Fin o e a4 B BB AR R AT WAL B e
T a5 — A 56 B A RIS B S 8, B %
ST =K B FE R0 4R A5 d 20 B oE BT R
11 BN A9 SE 06 25 SR R W rLASCA B 3 ARG B %
B /N A5 A T A R I BE A R R INE I A Bk 5
MR L E i % 7 i DR HOBE S YRR AR
ViR 2 2 %, i B G BT A% B0 £ Mt L eI, TR I 3%
77k HEE R B M4 RO R AE 1 0 2 % T S BOZ 7

Fixed Image
S ~

Raw Speckle Images
i(t=1...N)

—(Convolution ___ [Preprocessed Images
Kernel Si(i=1...N)

Registered Raw Speckle
Images I;(i =1...N)

ubic B-spline Rigid Translation Parameters \
nterpolator

—
- Movina Imace etric
~ S 1|

(Ax;, Ay;)(i = 2...N)

10 rLASCA B yLpim -
Fig. .10 Model of r(LASCA algorithm™"

0907106-6



E50% F9HI/2023 £ 5 B/HhE#N

rLASCA B35 1 5256 25 5107 (a) % B #E B B 54T e A
1% 5 (b)rLASCA F 35 Bt fE J5 B9 B 4 L 1155 (o) I (a)
FF R AE DX R R BT () BT () i R A X
WK B (e) AR AE X 3 Y 1 K]
rLASCA

(a) Unregistered laser speckle contrast image; (b) laser

o

11
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low intensity; (d) contrast profile along yellow line marked in figure (a) of corrected contrast map at low intensity

33 BBEELSCIHEA

TEHEAT B R 00045 5 35 I B )2 IO AR B SO
B i H B S Sk SRR A Y, T R AR Y A O
HEAAL 25 5% ) LSCI A7 M Lb 38 23 5% ) I I 2 B2 £k
H B EE . Fredriksson 1B HI Postnov 27 58 B
FER W B R T 10 45 ) S CHIOR R CRREUS/ 28
) Fk iz gh 8= (A7 )7 /T8 7 ) X L 3 B A O R 8
g (o)A R, i 55 WK/ m R OE AR R
BB HA M RGN T p 235 MR L R A A A
WEE . PRI, oA T A4S SRR B A O B AT b I R K
Gas R B T 3 T4 1 2 A LSCIA i (alLsCD™
Hh A 2 A B SR T ST sl A BB AT b A
R S WO OE R E ik T L K RE i LSCT
AR R T R 2% LSCLR A BUSHOER IE Oy 35
FE i LSCIH AR W55 1 J R A7 I 3
3.3.1 LSCI#&#H oA BT ik

2006 4F , Choi %" B 4E T LSCT A I K 49 1M 37
B 5 LS U B A AR AR L O R L X B O
BCBE AR R A% S B0 9 S Sa8 W 0 i A O % 1) L O T

Mo S Fercher %R Choi 45" 4 H 1) #H S A5 Y {1
FH HL 3 25 40 O B Ta) Ay 1 i gt 2 B, I VA 25 T A M
NG I AR AN [EM% 2R X0 R A R v R R R A
) b % A AR Ak, DA 5 304 T 45 R AR A B R iR 2%
2008 4F, Dunn i A5 41 HE H T A HOS O B M A L TIE
BT # S EHE 2w LSCT R i &, 38 i i 3£k 1
W2 AN, BUR R (BT ) 1Y 45 1] S SRR
(ERHIR/ Z2 809 Rk 12 h =X (T /E 0 ) 5 2=
Xif L 3 AR G BR B A R T A AR I 3
FEAG RN R . BRIE, o T R I A THORS B B2, Dunn
TR LK B G 40 i N B 2SO O RN B S U G
FE 3847 25 R A USROG (IR MR OB I (E Al i Ty
AR R I SE T, 4 H] 2 B R R (MESD X H
AH G PRBCIEAT AL IE , 8 57 Bl A BB AT HU AR AR | DL AR A B
= K BE RO AT EE B . 2008 4, Parthasarathy 46 3 F 5l
A HCBE AT L BT R B T 3l A BBE i U R R
(dLSD™ . % Jy y2Adi FH W5 2 AH 4B (1) 7 5] i [ 4% A 3
AEEER 5 R 5 o, SR o A B S HLBE S
PR ARAT H 2% I8 S A B GAE T B e FEAE , DT 7H

0907106-10



E50% F9HI/2023 £ 5 B/HhE#N

[ T B A WO X RS B e B2 A N R S 56 2
WMES IR WTLLEH M FESE LASCA Bk,
dLST A #8719 S 0 4e) L B2 R0 R

Mean intensity

2000
100

200
300
400

1500

1000

500

200 400 600
@

LASCA Contrast

0.6
0.4
0.2

20 40 60 80
®)

20

40

60

Static part / p D ic part
0.6 ! R 0.4
0.4 20 0.3
0.2 40 0.2
60 -
20 40 60 80 20 40 60 80
© (C))

P18 dLSTH kb 34 i i 32 P14
Fig. 18 Blood flow image processed by dLSI algorithm™’
dLSTH vk 2 it g it 19 75 X, R 2 80m 22
Ik iz B R T 3R e A O DG B S e o KT 7 S B

AR AR AR SRR B, Ot AR [
FEHIEREA 2Z 50, WL, B S EUHOEXT LSCT g
YRS R 2% . Rice % EE A SR R YRR 20
I FBCBE B AG RN 253 ] B 3R AR A L PR T A 2 A
J R 6O B A8 Bl R A I R ST OE R R
TR T o3 0 2 TS ' B R T, R R v R I 9 A
AR i

BCIE oA T 3R A5 3 5 i & 1Y LSCL, #5114 4y TF
Tf O T B R 8 B AR 45 ) S 1 A 2 i R R
BE Aol oA Y (4 52 1, I LA 30 25 BB A LE ASE R Ok 3 il F
17 TR IE, HASIE T 2L Ze sh A 0 6 o5 e i3 A Al
K BREL g (o) AT LSCT 4 BRAR R HEAT

1B A BOH O S A IE 7 T, 2017 4F LR
PV T S A EUBE AT LA R AR T — AR ik,
F 5 sh A HUROE 05 e, DA RN G B A BB A
FEAR AR HEAT T ek o iz v Dy vk 3 a4 I O T
SR L, R 45 A X (6) BT Bt ) 4 Lo 7 285 B0 e A 1E
J5 RN (7) F 7 25 [l 4 b 5 2 00 A I R, G
TREH T 2 (8) TR B sh S B 6 & EE o, DOk 4R 5
L7 3 7 A R 0

de}ﬁmx_22;1+ax+4ﬂﬁp)wm_j;_l+x} (6)
KS2ﬂ|:pzexp(_2.2‘12—1+21‘+4{0<1p) EXP(_x‘jz_1+x+<1p>z}, 0
=1 [k K)/J3. (5 BRI H T AT 0 0P (%, R O g

Zheng %5'TE Li VR UL BF 5% 1 S b 1 aE — 2B xf
AW W o MEE— B E . ISP Al
IS 1 B A HOR O L R B A5 TR RO A AL
R, ELRERGY RS EER L M55 AR 0 R
X R A T s 4 R0 S e 08 10 ) it 4 ] T A 2k
RO, 28 17 A 7 % R B O AR TR I U S R AR O R
B 2 AR TR OG5 L, PR DU S BT AR G R ST R R A
AT R EBGEE ahaT AR IR G R A . N T
IO TIE X — A5 A8, A A FH P 19 BT 7R (9 =43 e b 8 kAT

6-plane prism

Images from one frame

K19 5T 2R R BN R

Fig. 19 Schematic of multi-focus imaging setup”'”’

MG . SEER 45 SRR W, R F 24 8 1 AT S R
] IE 14 7 35 AN AR DL 5 4k B AEL A9 T8RS B, 38 mT LA
TH B A2 5 AR, 5 R R IR B

5 #3156 o8 8RS 1F J7 AT, Miao 258V RIFSE T
e 8 FC T A A K o 9 S R A 4 SR e, F R T
B WAL Tk X H b LA OB R o BEAT RS OE L SR R
i FH A TE J5 14 B, 3 2 A0 S IR 8] X 1l i 1 BE R 47 1A .
X AR 7 2 mT LA B ER O A A A AN 5] 5k
FO A D 22, A5 I3 43 A1 B9 G A A 3T . Dunn i
RO AR B A EBE A B SR R A SRR L R AR R
[l S b R 3 s oy S B 0 A B R H 3 A O
BRBCA R, A IE T AT E A ST R A A R T B
FSF -9 16 2% 3 FEE A A B R R 22 0 T - v T R SR B
A FE R Ao FE AR e 1 TR . R N, R R
ABCHE 0 B, RN T A AR 5 e R TE
A5 27 B ' I T8 A0 T A B 6 I 18] Py 00T 181 4% 5 3 8 2
M4 T se i 2 G0l AN L P, BT LA o
I8 AR ok Ak i o R, S B O Y i
W

2021 4F , Boas P A 41 I3 HILBE ISR AS 32 B A5 1
FOEM ARG AT BRI IFAE XA HTHE N AR % 2 o
718 A T S e R 32 3 A 2 FRL S R DG R

0907106-11



®E50% F 9HI/2023 £ 5 B/HhE#N

H 1 S MR W R I

Table 1 Correction model of dynamic speckle contrast™"”

Siig;::g dlvslil(jzll?(;n Speckle visibility expression (x =T/, )
(—22)— 1+2r (—x)—1+x )
Single Lorentzian K (T, u)={ﬂp2 g p(1—p) v}
(—2N,x)— 1+ 2N (—Nyx)—1+N v
Multiple Gaussian K(T,r.)=4p0" exp ot — ot + 430 Pl 412 5 et + ﬂ(l — ,0)1 + Vpoise
2Nga” Ngx
F2 A HUR R OB 738 Sh R d 3 1 A DC R
Table 2 Electric field autocorrelation function g,(z) for different scattering characteristics and particle motion models”
g:(7)form Scattering regime Motion Vessel size Notation
. Small (diameter is about less e
exp( /1T, ) Multiple Unordered than 30 pm n=0.5 for MU
Multiple Ordered Medi
CXp( — z'/z'c> . vedium n=1 for MO or SU
Single Unordered (diameter is about 30-110 pm)
B 2 . Large (diameter is about more o
exp[ (r/z'(> } Single Ordered than 110 jim ) n=2 for SO

Notes: n denotes variable value of motion mode; MU denotes multiple unordered scattered particle model; MO denotes multiple
ordered scattered particle model; SU denotes single unordered scattered particle model.
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Abstract

Significance Blood flow is an important parameter for measuring vital signs, and hemodynamic parameters are functional
indicators of the microcirculatory system of the skin, brain, heart, liver, kidneys, and other organs. Therefore, dynamic blood flow
monitoring has important application value and significance in clinical and basic life science fields, such as clinical diagnosis,
intraoperative guidance, drug research, disease mechanism research, and neuroscience. Laser speckle contrast imaging (LSCI) is a
full-field optical imaging technique that uses the spatial and temporal statistical properties of laser scattering intensity to monitor the
blood flow of tissues in vivo. It uses simple equipment, is non-invasive, and has a fast imaging speed and high spatial resolution.
Additionally, it does not require the injection of a contrast agent and can perform continuous measures for a long time. Consequently,
it is widely used to measure microcirculatory blood flow parameters such as the vessel diameter, blood flow velocity, blood perfusion,
and blood density in tissues and organs. It also can help doctors locate the lesion precisely with clear and accurate blood flow data, and
then analyze the corresponding functional response and pathological mechanisms, which has become one of the most important tools
for the clinical diagnosis of fundus diseases, skin diseases, brain diseases, and so on. In addition, it is also an important tool for basic
life science research in drugs, cardiovascular and cerebrovascular diseases, and brain cognitive and behavioral sciences.
Consequently, in-depth research on novel LSCI techniques with high imaging quality 1s valuable and significant for improving the
quality of medical care and promoting the development of basic research in life science.

Progress In the past decades, many researchers have conducted extensive researches on how to improve the quality of LSCI and
expand the scope of LSCI applications, and they have had positive progress. For example, a few research groups like Luo Qingming
and Li Pengcheng at Huazhong University of Science and Technology, and Tong Shanbao at Shanghai Jiao Tong University have
worked on portable LSCI systems, high signal-to-noise ratio LSCI, and high resolution LSCI, which have promoted the development
of LSCI in China. Researchers abroad like Boas at Boston University, Zakharov at the University of Fribourg, and Dunn at the
University of Texas at Austin have worked on high-precision imaging using LSCI techniques, such as static scattered light correction
and quantitative analysis of LSCI, which has also greatly promoted the development of key techniques and novel LSCI applications.

In this paper, we presented a systematic, comprehensive and integrated analysis, review and summary of the current researches
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about key techniques and applications of novel LSCI at home and abroad emphatically from the aspect of high signal-to-noise ratio
LSCI, high-resolution LSCI, high-precision LSCI, large imaging depth LSCI, and novel LSCI systems based on the investigations
of current literature. In this way, we can help researchers learn more about the frontier technologies of LSCI and understand the
technical challenges we faced, and we can provide ideas with a reference value to promote the development of high-quality, highly
practical, and innovative LSCI systems to meet the needs of clinical diagnosis and basic biomedical research. The review consisted of
the following contents: First, the technical problems of measuring deep blood flow and achieving high resolution, high signal-to-noise
ratio, and high precision have been systematically summarized, and the corresponding solutions are indicated. Subsequently, we
review high signal-to-noise ratio LSCI techniques based on anisotropic filtering, eigenvalue-decomposition, and transformation
domain collaborative filtering methods. Meanwhile, high-resolution LSCI for motion artifact, out-of-focus blur, and non-uniform
light intensity correction are also summarized. Third, we elaborate the high-precision LSCI from the perspective of static scattered
light correction, quantitative analysis, and novel LSCI algorithms. After summarizing the LSCI with a large imaging depth, we
introduce the latest research on the novel LSCI system and its applications in the fields of cortical blood flow imaging, surgical and
therapeutic procedures, and brain and cognitive-behavioral sciences. Finally, we discuss and look forward to the development of
LSCI in the future.

Conclusions and Prospects In conclusion, LSCI has made qualitative leaps and developments in theory, imaging systems,
computational methods, and clinical applications. The imaging quality of LSCI has been developed to have a high signal-to-noise
ratio, high resolution, high accuracy, and large imaging depth. However, as the application scenarios of LSCI become more and
more complex, which introduces greater challenges to the development of key techniques and application of LSCI. In the future,
LSCI will be deeply integrated with emerging interdisciplinary fields such as biomedicine, optoelectronic information, artificial
intelligence, and big data. In addition, new breakthroughs are expected in the following respects. (1) Quantitative analysis capacity.
The capacity is still an important fundamental issue for LSCI in functional applications. (2) Combination of LSCI with new endoscopic
technology (this will enable the noninvasive measurement of blood flow). (3) Miniaturization and integration. The development of
new materials and electronic devices will certainly promote the miniaturization and integration of new L.SCI systems. (4) Combination
of LSCI with artificial intelligence. Artificial intelligence will further promote the development of LSCI technologies and their
applications. (5) Combination with other imaging modalities (this will build a new model for LSCI-based multimodal clinical
diagnostic applications). It is believed that LSCI will show a synergistic development trend in the future. We look forward to seeing
the development of technologies and applications of LSCI.

Key words medical optics; biomedical optical imaging; laser speckle imaging; blood flow imaging; key technologies; application
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