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Abstract

diseases. Confocal scanning laser ophthalmoscope has superior imaging quality, wide applicability, and unique axial

Fundus imaging plays a vital role in research on the ophthalmology, diagnosis, and treatment of fundus

resolution, making it dominant in fundus imaging. We present a review of the principle and technical developments of
confocal scanning laser ophthalmoscopy in ultra-widefield and high-resolution fundus imaging and analyze the challenges of
confocal scanning laser ophthalmoscopy. Finally, we discuss the future development prospects based on existing
challenges.
Key words ophthalmic optics and devices; ultra-widefield fundus imaging; high-resolution fundus imaging; confocal

scanning laser ophthalmoscope
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Table 1 Definition of field of view of fundus imaging"™”

Region Field of view

Anatomic location

0°-50°(normal field)
60°-100"(wide field)
110°-220°(ultra-wide field)
360°(whole field)

Normal field of view
Wide angular field
Ultra wide angular field
Full field of view

Within retinal vascular arcades

Edge of retinal vascular arcades to posterior edge of vortex vein ampulla

Anterior edge of vortex vein ampulla and beyond to pars plana

Entire retina
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Fig. 1 Schematic diagram of field of view range for fundus imaging. (a) Lateral image of human eye from e-anatomy; (b) indocyanine

green angiography image collected with Optos, in which four vortex veins can be seen
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Fig. 2 Integrated corneal contact lens for ultra-widefield

fundus imaging"*

T B — 7 R BRAE N B AR AR DR R O HE AR
JIE 2 ok 4, LR R BB, X ER AR ON BLAY EOR H
2.3 FEmABr ALBERXAERRE

TE 42 fioh =8 T A IR B DR & J 1 TR i, B
BRI A A TR AR 2 58 i R B el =R T
SEELHR I A ) ML ST ARG R TR . T
B R85 BT R R PR R AN AR R A R ) A
K IR B3 T BN 0, ELE AR, FRRCH UL i AR B
fink =X ) A AR AR A 8 ] 2% W AR 1Y Clarus . H A& @
i v 4E B Y Mirante , {8 [® Vi £ 8 B )7 £ H 0
Spectralis | % [ BR £2 B£ 57 5 F1 19 Optos Al i [ Gl i B2
J7T M 1) CRO-PLUS %5 . 45 25wy R AR #2 f X8 ) £
CLSO Wy Z#nk 2 i .

AR AR S 5 /N BT ORI RS AT AL S5 - T
AT e R R R AR YK IR S A BE
BT AR T, T BTG R G E A AT, A RE
R B AR B L IR 5 8 00 g s A, S R R JES K R 45 95 i
A% . DL EE 97 SE A CRO-PLUS AR R
CSLO, B X M 11627 R 40, 4 T4 BE B3 DA 34
FOEHR B, LR R Y KRG B . CRO-
PLUS & B JC 75 BLiE , 76 1. 5 mm i FL & 42 F B af 52
PR A5 K B aK 160793 14 IR JRS B A%, 38 o G PF 4 £ R

WA R i — 2 K E 2407, HAGE o A4 —
PR AE (B 0T D4 AN [6] 9 AR A 4 L 5 1 75 2% Spectralis
F G038 2ok T 4 AR S ot S AN [) R 3 AR A ik A
FC B0 B 9T 4 A1 9 CRO-PLUS 76 #8245 b 45 5 4 fif
AHREE

e [ WK B2 7 4 A 8 Optos S H AT T AL | Bk il
G e K ) MR EREE . Optos # f J5 B0
3 Fr s, R A H T ER B s T, &k &
IR — A SO R R S, U S
ERAY 53 4h— A 05 . B CSLO R ER BEAH &5 & 8 A
AR R L A1 2 70 A BR 5 0 — S R R FL AL O TS
— SR, 5 ) e R B A, 48 O R Bk B R AT 1R &
2o ad WAL i AR . XA TS KT CSLO i H
T B2 R JC O 1Y 1 O T BB 98 55 B IR 20071
AR L7 o 7E BB 3 BC A RN EC i 1 175 00 F 38 o IR A2 5
FAEME A P AR, AT DU IR S AR R 5 K2
220°, RIBES ,ZHE Optos RAC &M & T 24
WO B, B 98 52 IR IS 09 PR 8 1R IR IS A R 9Ok
(Fundus autofluorescence, FAF) lif% , LA F ¢ 6 E 40
1% ¥ (Fluorescein angiography, FA) 1% | 5] Wk 75 4 1
# (Indocyanine green angiography, ICGA) iif% 55 . 1L
Hb, CSLO FMf Bk 0 45 & BA B % R Rl H e
i e R 2 1) R A R AR

Optos AL H AL T ER B, B, WM
FBE SR — A =GB ST AR BRI, 78 AR B e 4y — 41
TET V1 % 2 i ) 300+ AR T B ) 2 L7 R,
Ay BB P AR PG % 6 b BE AN 3250, R il 2 A T
B DL R Y5 R L R AR TR 4 i L BE Bl IR
S0 IR AL R A SOk B B sl it e,
AR SR A R . O T 5 IR 2L B AL, Optos
3 Ao TE G R T — b ST RS S I T RIR
30 O L, 3 5 T R IR PR S R A RN S 32 6 X6
FURE , (i LB 4 50, W) i iR g T O s

1000003-3



F 6155 108/2024 £5 B/BAEXBEFZHE
%2 WHAEEZMAE) M CSLO

Table 2 Commercial non-contact ultra-widefield CSLO

Product Maximum field of view /(°)  Imaging mode Device photo Display of imaging effect

Color,red,
Clarus 133 green,blue,
FAF,IR

Color,FA,
Mirante 163 FAF,ICGA,

retro

FAL,ICGA,IR,

Spectralis 102
FAF

Pseudo color,
Optos 200 RF,FAF,FA,
ICGA , choroid

. Color, RF,
CRO-
160 FAF,FA,
PLUS .
ICGA,IR
Not RF: red free; IR: infrared ray. Order of imaging effect images arranged from left to right corresponds one-to-one with
ote

order of imaging modes. All images are referenced from respective product online pages.

[§13  Optos ) ff CSLO Jii Al
Fig. 3 Principle of Optos ultra-widefield CSLLO
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Technical improvement and achievement of AOSLO by major institute

Table 3

Institute Improvement

Achievement

1) Replaced confocal pinhole with annular pupils™™".

2) Developed split-detection mode ™’ and dark field

University of
Rochester (USA)

mode"™.
3) Developed close-loop optical stabilization ' and

fast registration'™"!

4) Designed reflective afocal broadband AOSLO"™

1) Designed compact AOSLO based on
microelectromechanical DM,
2) Developed synchronous laser modulation
technology and retinal stability tracking
technology ™.

University of
California, Berkeley

(USA) 3) Developed motion contrast imaging technology"".

4) Designed scheme of versatile multi-detector ™ and
multi-wavelength imaging"™, and further design wide

convergence, multi-spectral AOSLO""

1) Combined wide field SO with AOSLO and
further integrate’ ™.
2) Developed off-set aperture mode'™"”,

3) Developed spatiotemporal scanning mode with
University of

vertical scanning stopped """,
Indiana (USA)

4) Developed high speed polarimeter based on
AOSLO" ™,
5) Developed dual-channel scanning mode""”,
6) Replaced dot scanning mode with line scanning

mode™

1) Replaced confocal pinhole with specially designed
pupil filter™".
2) Introduced KLT-SIFT algorithm in image
tracking" ™

Chinese Academy of
Sciences Institute of
Optics and

"and develop image auto-montage
Electronics (China)

technology based on algorithm'*".

3) Designed bimorph DM based compact AOSLO" ™"

1) Improved resolution.
2) Imaged human cone photoreceptor inner segment
and retinal pigment epithelium without label.
3) Solved problem of high-resolution retinal image
blurring caused by nystagmus.
4) Reduced astigmatism of pupil and retinal conjugate
surfaces simultaneously.
5) First obtained human rod cell image"*’and single

neuron image in ganglion cell layer' ™

1) Reduced device volume.

2) Delivered a highly stable and aberration corrected
stimulation to a single retinal cone cell, and
simultaneously reduce influence of nystagmus so that
expanded high-resolution imaging field.

3) Achieved non-invasive capillary imaging and flow
velocity measurements without any contrast media”™’.
4) Expanded imaging channel, and achieve multi-
channels aberration corrected simultaneously.
5) Studied effects of fixational tremor on retinal

. [69-70]
image

1) Reduced influence of nystagmus, and location of
high-resolution imaging can be obtained, so it is
possible to achieve repeated imaging of the same area.
2) Achieved fine structural imaging of vascular wall.
3) Achieved fast measurement of retinal blood flow.
4) Reduced calculation error of polarization caused by
nystagmus, and use polarization characteristics to
improve the contrast of retinal structure.

5) Improved frame rate without increasing system
complexity.

6) Extremely reduced influence of nystagmus and
improve frame rate.

7) Template free eye motion correction” ™’

1) Improved resolution.
2) Reduced image distortion caused by nystagmus and
seam artifacts.
3) Improved correction stroke and accuracy.
4) First achieved measurement of blood oxygen

saturation for small blood vessels below 50 pm"*”

A PRSP AR 0 O ik

Table 4 Method for increasing field of view of high-resolution fundus imaging

Method Disadvantage

Field of view Author/Product

Dual-conjugate adaptive optics

As field of view increase, complexity of system will

o ) 4°%X4° Laslandes ™'
definitely increase
Reduce pupil diameter Reducing pupil size will decrease lateral resolution 47X 4° Imagine Eyes-rtx1 (AOFIO)
Correct aberrations in multiple . L . . . . ol o . . . 81]
) As field of view increase, imaging time also increase 3"X5 Physic Science Inc-CAORI”
fields separately
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12T
Confocal AOSLO

10°T
Confocal AOSLO

10°T
Spilt-detection AOSLO

B9 AOSLO ZRHUAY ARG SZ 25 1 o (a) v IR 10RO A, Pl v 5 S LA 48 B (b)) v IMTEBEON 10° 00 Ak, PR o Ji 7 T 58
R (1 O AR D (2 M), T v e 14 o s SR R AR5 (o) vl IS0 1O Ak, P vl S 705 18 2 400 S 240 M 149 P94 B, T
o AR AT 48 L P 1 B B RS AN T TS T 4

Fig.9 Human eye photoreceptor image obtained from AOSLO. (a) At 1° eccentricity of temporal side of fovea, bright spot in image is

cone cells™; (b) at 10° eccentricity of fovea shows intact cones (large cells) with rod cells embedded in space™; (c) at inner

segment of cone cells is shown at 10° eccentricity of temporal side of fovea, image shows inner segment of cone cells, inner

segment of rod cells in gap cannot be distinguished due to its small size'”'

AOSLO 1) £ BRI N BB AL 15 B 32 45 45 44 1) 4 35
5 8 SE B o — 1 1% Ty =X 7T 8 4 % 40 0 I ) 285 4
FE A AR D R I T A B At Ay S AT A T
FRAE . P 9(c) R4 Z4HRIM AOSLO JIF 48 45 1Y 40 4 20 Jifd
AT BERG, Herp 20 243 AOSLO R 1) J2 P 15 BE 1Y)
2 F AU L AR X I AT B T BE RS AL 1 A
BRIV AE IR S A R OR A 24 R b A
R AT R A AR N T B — — X R R
AN T Bk R B At PR 2R 5 SO0 A0 RN P S
Jei 7 S £ G B A L A7 B 2 R — A 25 TR i 4 24
PRI PG T LA Sk At s A0 440 D 1 PN B R A A SR A7
P o JGIRREZ AR 0 AT AL A5 & i HOB A S5 4 15 L
SEHL 3 e YRR S B R R AT LI A
JEAZ RS TR R /IN ) B R D 2 A
4.1.2 h'EFE%

P BE 20 20 i AR 7 R A L HE B, 3 A AE R
JE 1 = B I A I 45 R % i AR SR R e
Do) B g ikt S RN ) R AR T — S fa B O MG R e . X
I A8 AR 0 A% G2 A 1 I IR J7 1k 0 FA B, il 2 i 4
e F AN & S 9 0 DA T R X B . FA R
AOSLO B 25 & 48 35 T =5 % o A= 2 R A48 1
DL = T A% 58 5 6 AR O ik 1R AR T H S T A
I B B X 35K 149 ol UL 7 R A AR, A 10 (a) TR o
SR FA LRI IR b — F k8 A 200 18 g F B,
B HIE AR APE 2 %8 AR s il %, B A% BT 75 22
A9 AR ) 5 4, BT e X A ASCRN T vz N .

AOSLO EA & 4y #%  nl 5L o0 25 A% i 45 1
fefi FL AT X B A0 0045 P A8 B G L 40 gk AT R . fR

]

oA JEE i 8 R 3 A 2 A G AR R R R AR T I 4
M E =4 T — N EHET R TS GEY WK
BN . AOSLO AN Z AR AT H1 Y5 3 52 57, 4l
3 Ab FZ Bl b A AT DL AR AR A A A R
e [UT ¢ ot A R R A A T A I A DX 4 1 R A
R G A E 10(h) fr s o 3% Fh 7 1k 10 Bl S T
T W i iz B O 5 2 S B0 A U T TR A R LA
XoF ML YR8 A T8 M ) I A A% b A TR

—SegE St £ AOSLO £ J7 2 W & /N FL K5 3
o3 4 A5 A B8 SE AR RO M A i A 1R . LR
AOSLO H Ff 48 451 19 22 8 B0 G 2833 1 0 I 15 ik 4%
JES T s 92 B35 A 5 R A A B A0 ) 5 5 4 {5
B U 2 Em LG , dE I AOSLO MU g i
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LA RE A AT UL ™ S T IS RE RS A 25 4 R N R A
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PR S S 5 10 2R S 50 Br T
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10 B0 B I 4 1% . (a) sl 916 I 4 X AOSLO FA M5 (b) v e MG I 4% X 32 3 6 b I 45 3 1 5 (o) M B8/ fL
AOSLO 345 19 10 9 Bt 4ok 2 2L S 191 0 626 400 10048 18175 (d) S 3% AOSLO 3145 (1% v e (97 8] 5° .0 Ak 6 20 1048 1875 (e) 43
ZUHR AOSLO 3458 19 (d) i [ X dak, 2 240 1 725 1)

Fig. 10 Retinal vascular imaging. (a) AOSLO FA map of central foveal avascular area”; (b) contrast vascular perfusion map of central

foveal avascular area movement™; (c) capillary diagram around retinal nerve papillary fossa obtained by offset pinhole

AOSLO"™; (d) capillary map at 5° eccentricity on nasal side of fovea obtained by dark field AOSLO™; (e) capillary map of same
region in (d) obtained by split-detector AOSLO"™

SEFY Z A1 AL e 1R At 21 280 45 0 R 4l R 5
L AOSLO #F 47 s 1% o MW B 8 R b 2 (Retinal
pigment epithelium, RPE) 4ff ffl 4b T # (4 JiE fe 51 )25, H:
YA RT BRSO A B R G JRRSZ 4 1 S5
JEIE F A3 3 RPE 4001 [ 3%, B AAE — s Bl F
AOSLO (1 3 £ 580 9 AN 58 %t RPE 40 i #F 47 s %, i
R AOSLO HE L (R S My ik . W& &7 4 )2
(Nerve fiber layer, NFL) H1 5 — i £ 5 40 g 1) %l 28 21
JIG, 2R O I e B A 2 ) A O T G R SO R
KA AR B Xl AOSLO 1] LLYE i & I
NFL ) AR G54, SR i 41 248 00 12 A5 1) 5 5 36 7T LA
I LR Y, 5 ONFL JE L, 35 X % 22 25 41 il
) il 5 KU 41 A4 2 S L 7K S 400 A AR 28 A B 4
FE T = R LR 4 J2 (0 = R £F 2 2 09 56 1 A, AN 5
146 R B A L, R — B 0 AN AT L R R G
Ap 2y S B HOE 1 & AR e Ar T R 08 A

AOSLO #F 47 B4 . #2295 40 g (Ganglion cells,
GCs) I RUSF AR 6 3 K AH HL R S 38 ARAIG , R A Ok
Bt Hopid% . B ET6EH AOSLO X GCs iR K £ K4k
G T HEAR i H A 1 HAAR X S AR T /N R
TR, M & B T AR . B A (Lamina cribrosa,
LOM T8, J2 JZ IR FL 25 48, 400 Do RS 1t 7 R0 400 o 22 2F
Ak 28 1oL 25 A AE R BR AR AP A 2 ek AR AT RE R L
g o O R R, N R ECE CIR e . R
AOSLO 7N RE i W Hb 53 5% i A 19 37 44 25 4, {5 3 1F T
G AT LABE TS M43 3. 5 GCs 28, XU 40 Jfd it )R
R DO 2 N (£ W e | o N i D AT = 247 QA E P S i)
PN, FEOLAME LI WL, e H A7 28 1% A AH ¢
) 2 0 FR S BT ORORR 40 B Y AOSLO Hif% -
4.2 MM PEI)BE M AR

T TR BB 285 A0 1) 15 53 38 I A5 S A 40 L R T4 A
TG YT LI R L 30 ) OGS — 20 R, 2R THT 1Y 25
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FI11 AOSLO X 4% 2 W0 R 5 25 2145 4 A AR 45 1 - (a) fE 3 R (4 RPE B 575 (b) B Ak IR 45 44 S B0 A4 NF LY 5 (o) 3 E 40 5k
SEAE Ry R 4T 4, 35 5 KA R 1 80 A8 TR AR 5 4 S NFLY ;5 (d) /NEL GCs 9 G-CaMP3 #RiC 58 G LMY 5 (e) R GCs (1 G-
CaMP5ARiEZe GG s () AR T & 59 HRA SLO 3K BUAY R0 48 4%, e BB T AOSLO $ B LC KM%, 57 3k bl F 0L

I LC &t

Fig. 11 AOSLO imaging results of various retinal tissue structures. (a) RPE image of healthy human eyes™; (b) tilted bundle structure
is temporal NFL""; (c) vertical fine bundle structure is Henry fibers, while larger transverse inclined bundle structure with
larger background is NFEL"; (d) G-CaMP3 labeled fluorescence images of mouse GCs': (e) G-CaMP5 labeled fluorescence

images of GCs in macaques"'”; (f) HRA SLO video disc image developed by Heidelberg is overlaid with LC image obtained by

AOSLO, and clear LL.C structure can be seen at arrow

IR filg 52 B Hi s e A 0 S 4 Th BE A L, A EETAE R
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B A BETR B .
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B, AXCA 7N 43 RE 77 A 7 €8 P B B I KRR 43 Tk 4
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FEA BT AT O S S R A AR O, 5 R
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[113]

110 fE 1, A HERE 0% IR B 1 40 0, AS AT AR F A= ik
LA FA) 3z B % Bl 3 IR, 3 AT LA SE i o AT Al L 48 Y
B4 ML 7 3 BB, I 4k IR B R AR i R Y i A
B T i e AT AR 3 1 9 52 R VTEAN o AT AOSLO MR
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