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Fig. 1 Light attenuation coefficient in mouse skull bone, skin,

and brain cortex (fresh tissues)!"”
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Fig. 2 Implantable fluorescence endoscopic  microscopy.

(a) Imaging depth of the microscopy used in in vivo
mouse brain imaging; (b) the fluorescence endoscopic
microscopy using a GRIN lens (left) or single multimode

fiber (right) as implantation medium
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Fig. 3

In vivo long term endoscopic brain imaging after GRIN lens implantation. (a) GRIN lens cannula design and imaging of neurons

in the lateral hypothalamus and striatum™”, scale bar: 20 pm; (b) GRIN lens cannula design for brain injury model and neurons

imaging results™”, scale bar: 10 um

0107001-3



®E514% F1H8/2024 1 B/ E#:

3T GRIN & BT p9 #2008 B 0 BB AR T LAAE AR
T3 NV U &5 ¥4 1 5 58 A9 5 $2 T BA% , IR 9% 38 R
J3Z 7 A A A I Bl g 2 e A R ML
W5 . Jung 85 R 980 2 A0t il 3K SE AT AR e, OF 7S
43 F 56 B 5 A0 A5 o R ) P B, 3 o S s A i ik
T /N BRI SRR T R P B 20 40 it o B 40 0 A P A R
Bt . 850 WoR I B AE 30~350 pm/s Z [ AF
Ak o B B B A e o I S R R U A A 2R
PP A 57, Tung Ko H: A BA B BIF 5 0 76 PR G 0 7%
J2 0 DXL 3 B AF AR T R R ) i, LR
132 78 1 R 24 e %) B G TR, — R A BR B T 1
fiEZ —" L HE S BT HEZ XY ARG SAENE &
FILF 03K 1009, SET- R M i 0 o T 5T R A IR
JoJRE /0N BB TR e e A i A A 3 S R = T A
K Z , Barretto 25 HEAT T[] — il 40 T 594 0 2 Y
BRI 9T o &5 AW - Bl 25 U6 2 A v il e 4 i A 6
Z |, H R BB A0 A4S 0 AR R #T P (B B X ) 1E
o O RE T NI 17 3 0 2 A 3 1 T o = 9 2
FIVHE 1 22 e 25 M FE AR K I — BER 0 ¥ e e, X — &
B AATT B Gyt 2L i M PG S5 R o B 45 o O LA R
1 3E Sh AR T, IF R T K 01 9l P9 8 4 A 7 i o A5 7
W P EEANE . AR, AR T T X T A
Ivi] i X 44 22 o 8 45 2h 4 47 R AL A0 BF 5% 4910 an EE 451 12
JER T B B BTN A R A 2T
R Wl i R ) W& (1 K 1 N LR 2T E 24 (ORI
1 R TRE VAR I

BARGE A /N BRI YA A GRIN 3% 8% 0] DL SE
BT NVU K 240 45 149 19 B8, 55 WA B GRIN i
B — i EL AT A S v R L 3 O il R B A R 1%
25 (H H 2B M 28 0 3T 5 R o A o) L ik & S BUR R
2G50 A 3 TN 2 (8] 4 BRI . N T il Dk A ) T
A LA GRIN 35 B8 5 Ho A 24 o0 14 45 & 47 R 1k ik
TE B s S o B B A A Bk 25 1 3
R ek 3 am At 3D 4T B 35 B R b T Ak Bk i flE
Brlanfe Aa) fros ]V 5 S 5y —Fh i RGO A R
FH E IE BTG (AO) BAR W45 22 HEAT B IE , T 32 55
WY |25 8] 43 SRR X L B 2 iR v e . 2020
A K A 1 Ji #0  BAORE Hilo B i R 51 A
e N B R G, R 45 A O BRI S BT O R
BT BCA5, DT A0 ) 55 45 3 5, SR U5 SR AO K IE B B
X GRIN 375 58 )6 Bl Fi i S5 22 1 47 B2 I 3F i DA
ML g5 R R fE R SE N 515 pm X515 pm A P BT
W 37 341 2 A7) 8 T B Hbu 0 2% B B 28 00 1 il 2 R A L
El 4(b) s o

ROG T AR F A A KRB 62 E 0 i fe
H 5 GRIN BB A 45 &, v] LU JC RS 338 55 09 1 0
TR PR A . R K b E GRIN 5 B2
HR Y IO B A/ (R AR TR 2R ) X (i 15 28 4t TG 20 it
Jin e B B8 1 . 2004 4F , Webb HT A B8 IE T 7E AL

TSR R b 51 A GRIN i B3 B 47 1% 4 P4 B ki
AR AT e TR T — A 16 mm K E A
GRIN 8 Hi 45, HAp 4k 358 50 19 NA b 0.1, A 5ty &8 43 1)
NA N 0.6, X FE M BT BEREAR T bk vhoe 78 48 3k b
RSB 2OLT =M @A B, R T AR
2343 e, 3 94T GRIN 5 45 76 R 5 i i T 46 R
BT LSEEL 0~95 um A = B . AT oR A% Sk
X 3% AN BRI B )2V R SR CAT Mg et iT T
WA M A B RS . B E RO B AR KRR,
I JLAFRGE T 2 RE ik I8 4506 3 ok 32 i SOE F GRIN
75 58 N B AR P RE B9 ik T L3 2 T 1 7R TS AR /N R
Jiki ) A% P A5 2] T W . Moretti 2R H 4 1] 5% 9
2 (SLM) KRR o AT I, A2 T 22 4 e R %
JEHR B . B GRIN % 55 4l A S R 5, A 7] 56 4 FH 9%
BEHEAT A XOEF HA AR SR 5 AR YE L h &
TC B A3 A5 e A SO X I8, I8 3 4% SLM 4
4 AFAE Pl 8 1 ) ' 4, o Ja % i DX 3 0 47 3 4% 42 O R
IFIE SR Ca’ (5 5 A4k, SEEL T X Th RE T o 48 00 W) 4%
P AR T R, 1 5 () TR . X —SLIRIESE T
P T GRIN 325 5% 10 1 14 106 ok 15 v 458 1 T 28 0 R 1y
AT

N TR R RO6 T A BRI 1] 43 3R, Meng 261
W B £ T GRIN 32 B3 A i 14 75 397 6 SR il 1l DL 2 7R o
TR, 3R AT A 4 2% fioh 3 B A () s, o Vi I A 2800
4 R 2 5 A B 2% AR RS 52 B 370 pum X 370 pm X 45 pm FY
fen Al A%, A0 5(b) B o AR T v 0T I8 B AR 4
SRR VR R R ST T = 114 R AL
FEIR O IR 5T il 1) 1) SEE el AT LR RGN il
] 32 3 Oh 52 15 B A B2 o 36 T 3 i PRl R 1% 0 i
Meng 25 8F 58 7 B ALK A0 0 i A SRAC IR S TR
R/ EUR AN GABA fig #2876 (i F I 2% 1 LA
55 mm) 1 FEARTE 215 O o

FZIEF GRIN BH M TR @ ML+ EILE
TR, R T e ORE P R HG 1 BB AT T ROR S
PR AR G , 7 U BR B K 0 B AR 5 20 A B R
T —Fh AO K% 1E 3R W& < 75 JE X GRIN % 55 76 A 7] ¥ 4
I B B [ A 1R 25 AT TR HE  OF R HAF iR T A R R
(LUT) 5 547 3 A i i A5 B, #E LUT A PR st i 48 %
WA B AME AR AL, [ SO0 AF 515 LA 5 I 0O E 5
YE R NAE S| 5 &, H] Shack-Hartman 1% 8 & 5% 43 1%
25, 2 05 i 3 AR T8 B R I 3 R ' AR iR 2 25 S 1)
RAECHEIE . A HC T LATE A9 15 20 B P8 88 I AR F 9
ZOT AN BB T A W AR T, SEEL T 50 pm X
50 pm X 300 pm 5 ] A ¥ S i C AT 44 Bl 28 70 28 firh 9
S0 B 5 A AR, IR 5 (o) BT o e Ah, AT R A Rk
HL B BE (ETL) T SE 8 T 24 F il Ca™ /7 5
B4 [R) ERE R AGR 8 78 T A ol 8 e R4 AR 28 35 3 2 []
By O& & o LAY R kL RT fl  E E E OE
(TAG) S,

0107001-4



i 38 4= 3k E51%5 £ 181/2024 55 1 B/FEHA

Uncorrected

Microfabricated lens

__4-_+_ _______ "_:::T____,_, -
coverty ‘ 200 pym ~ Corrected
GRIN
rod _'H ‘

[

(b) .7
HiLo GRIN Module /MM HiLo SI @GRlN lens

H— | 4@ oy Aot
; HiLo camera QODM """
AO Module —
SH sensor — 0.5 NA
- - / J
' r = . Wavefront sensing
'SLM 'Di
R %
488 nm laser OBJ . Wavefront correction

f?; Y& &

WF Lateral profile

o

WFAO

0.0 + v v v .
0 20 40

HiLo Lateral profile

10
a
£ No AO
S AO
Zos
HiLo AO =
00 S
0 20 40

Axial profile
o p et aan. b

Z
2
g
Z05/ HiLo No AO
g‘ HiLo AO
z
0.0 + r - r =
0 10 20
Distance (um)

4 AME GRIN 75 58 9 81 UR 5 G152 (0 7 ik BSR4 3R - (a) £ 55 3% R b T AEBR 1 65 555 (b) 56T HiLo-AO MY A AL IE
Fig. 4 Compensation methods of aberration in GRIN lens-based endoscopic imaging systems and their imaging results. (a) Processing

an aspheric microlens on a coverslip™; (b) HiLo-AO-based wavefront correction'"”

0107001-5



ESTHE £ 1H/2024 1 B/ E#:

(@)
Camera G \ LWP
! L1
Le IRF
B

(b)

Galvos Gaussian (MIP) Bessel
FM1 FM2 Opum au
L3 :
o L4 V 4 - ;
Gaussian o Bessel .. &2 /5
> . e
- - L5 W ¢ . /// : 5
A e /‘ N A p
/ g0 F L /
Mask ’ J
*——— »
L. Obj o
M1 | .‘ ',
y /MZ &
SLM
© SHWS

----- EMCCD

Microlens
array

Fs laser

Dichroic
mirror

GRIN lens On axis

o4

FI5  XOEF 96 M S GRIN B S 45 4 1 76 1K P8 810 BRI 72 - (a) SLM #5163 52 30 2 5 5 s ] 28 BT b RO 100 pm
(b) % T D1 28 IR e ok A b 1 28 0 385 20 AR BAR T A5 ROl 20 pms (o) 26 T 2 48 236 R L 102 0 G P48 T A O 458 T A 4% b 428 0 Al
1% B R 5 pm

In vivo endoscopic brain imaging with a two-photon fluorescence microscope and a GRIN lens. (a) SLM regulates the light field
to achieve multi focus or pattern illumination™’, scale bar: 100 pm; (b) fast volume imaging of neurons with high resolution
!, scale bar: 20 um; (c¢) cone neuron imaging based on lookup table and direct wavefront detection for AO

Fig. 5

based on Bessel beam'"
correction””, scale bar: 5 pm

0107001-6



ESTHE £ 1H/2024 1 B/ E#:

B 5 S04 T RN ORI R R PR kR R Ak
IR R W2 B AN B G o X R e O Y R
W H AR L 3E 2 1L yE 2 8], BE 0% 3 1 o' 27 15 i ik kOt
HELTAE T, H 0 e H = T R LED A
CCD. ft 74 5 S B35 1 )t 45 25 35 76 I I i 12 2 &
AN PR B F 7 A% A R R /N 3 g v L, RS
2] LATE /NS A RS Bl Y TR B S B S 3R BNV U
AR B 3 Sk BIF 5 106 Ty B 40 4] 5% i sl AT R R T
AHTHEY, Z3l 20 Z4E0) K R 8 BB 240k
% 52 BTG VA I A%, A 45 O B RO
=075k S AR 76 A T3/ B Rl
P2 R OUL B 2 T 20 DR CAL IR 2 B P& T T
s, MR K GRIN 5 5% kA B 78 5 £l % T LA S 3
PR BT M B A%, -t al i 408 L 25 1) IR ) R G X3, B
M TG 3 B /N 3h W B S iR K e T g A e

Trial 5 - Plane 1 (+0 um)

miniScope body (#1)

Imaging lens (#7)
Emission filter (#5)
Dichroic mirror (#6)

Trial 5 - Cell map
— Plane 1 only
— Plane 2 only
Plane 1 (matched in plane 2)
— Plane 2 (matched in plane 1)

31

S
25 O 29
26 <>57()
58 ga > <30
41
‘. 68
&l 27 20 49 *
64 __ 39 :1 O s P
S0 Gk, 7 0* 3
B A “0 62 i
6<1>Q 56 ® 63<§>
1 53 a5 54
s %10 o 0015
e 18 P8 O
0°Q s
59 38
i 3 - 6 - 35
O 3 3360@ 5 50 uwm
510\ @34 4
44 52

Flusberg %" & it 7 —F AL R 3.9 g TH A
GRIN i G i i R X0 N 88 30BE &R DG+
A O £F A% i 0 ok vh G, JF R R H K B0 O 2F i AT
Lissajous 4 , AT DL SZ B E5 K LR 29 80 pm (14 1fiL 5
A% . Grewe %57 — A~ H AR A 600 pm [ GRIN %52
HEA A HTE 3070 BB R i 2 i R AR A {4 (BLA)
IF7E M T b 223 T Inscopix 28 &l IF & HY ol 8 5 ok
nVista HD, LUE UM BLA #2250 89 Ca® Wi i, A
T fiff BT 1 28 76 A0 ART 4 5 2% 47 A 2% 40 300 38022 [R) Y OC
F . Barbera %" FE AL N BT SO TS i T AT AR AR
WA S 55, R TE AT 15 5 W) 20 I e A8 7E g il R 2
] D) 4 £5 8 o FE X AR E 5 N WESE A RS 3/ BUR
rh AN [) TR B Ah b 22 TC AT 5 I A% S 001 FH AR o T
A IE T AT R TP A R A I R R R TR R
fb 22 ot Z 6] Ca” {7 5 By LR 45 R (an &1 6 firow | 78

El
Trial 5 - Plane 2 (+58.3 um)

oijel esio

A6 BET 8L i OB A GRIN G B2 3% 1A A A 22 T D e i A% ™

Fig. 6 In vivo endoscopic neuron functional imaging using a miniaturized head-mounted microscope combined a GRIN lens™”

0107001-7



ESTHE £ 1H/2024 1 B/ E#:

LR IA

0 pm 1 58.3 pm £V 17 b UG A0 28 0 4 8 4 S s
0 FZL (5 7, T 7E W6 4> - T 8 58 WL 4¢ 3] i pf 22 7T
SRR ) o A MBI FE T LU B 1 A AN [6] 4557
11 b B A 2 T E AT R bR IE , DA S BT R 28 T I LR
e IE A% -

T 5% 1855 i X 28 50 22 (] Y Ca®' {5 55 QB , X T
B AR E AT ERE T FRR N IE
Bt 1= P B T & 1 S BB R 5 o B R RO B
SR HIE 5 /0N B4 i R 2 e o e BRI T A O T
B, 3% & 0 H FR ] R L AR W B8 A 35 4 sCMOS
AR AL G0 S0 A5 W B, 1 R0 R] ™ A B1ACAR R B
AT DL S B AN [R) i B )23 DX I 28 o0 46 B 1Y) e 3 1 1)
A AR, EATY T G 25 T 23 i DX AR . Bl %5 GRIN
75 5 P I RS R, AT R T T — SR A B X
5 i XA 22 JC LR O v . XTI R 24 BT
H A5 B X L 9 GRIN 25 %5 5C 80P i 1% . Yang

AU T — R 2 X B N0O6 T 2 N B 1R R
(MATRIEX) : 78 & HLBOG 3 #5308 b, R R A%
Y B K e A 2= [H K X B9 GRIN i 85, i 2835 55 1Y
KRR, UG S E RS, i
I 3 R A 2 R A 0 O i AT o SR BT
X% R /N BRI B Bz 2 (V) w1 9s 3 i J2 (M)
RN Th R CAT = AN AS [a) i X 4 48 0 46 B 76 R 9 5 3
BRSS9 D) BE AR, B B AR R 200 pm, (8]
PEAS AL T 2 mm, WE 7R . S8 B,
B4R 5 GRIN 3 Bt 2% B 76 — & 2F 17 P B i 1%
3% BT A H S B9/ s B . Pochechuey %5
W =00 B e R (R ROLLF HE B & — 4 GRIN iE
BE ) HE A i 20 U TR G R R ) — i S B8 1
6 W BE AR A B TR TR IR B A 26 0T 1 ] 5 AR
Toader 2" i F 3 Ff J7 1k %F ¥ D4R R o M o A
(AM) FIFT 048 B2 2 (ACC) IX 18 i 28 7T 46 B 1 56 ¢

CA1

Vi

Anesthetized

(o

L

: i Awake

29 =

1
18 st s Nttt At N et e St

-.;-J _*MWWMI

R T T

45

Cell index
(examples)

e xw_i_Mmew.

76

77

79

85

108

150

151

153

159

182 -

Bl 7 BT MATRIEX $ AR 2 i X b 2800 P9 81 A%
Fig. 7 MATRIEX technology used for in wivo multiarea endoscopic brain imaging™’!

0107001-8



#5145 F18/2024 1 B/ E#:

PESEAT T 34 d B AR T o 25 9 BRI SRS T
Z A e, AM AR JE i 15 8 3 iR A2, IF B W8 i 5
ACC I AH e, DUAR i Bz T )2 38 A R 88 A [R) 25 . X
— S5 R R TR WNCAC UL 2 B B - B 2 B 9
¥ LA B T H D R IC A2 R a0 AT A R 2 K i
7.
3 T RR Z A AR A A 2 BT

LN

2O LF BEUE AL 36 BT A S i e X, A —
M S A FEE G LR, LA WKW B G
B o TETE U B AR R B AR Z B EFE A
M RIEILE R BERN —F . 5 GRIN
BB L, 2RO RS T H AR, — B
50~125 pm( 5 — MR 3k & 0 B AR AH ) |, 4 AN 20 2Lt
AE e b M B8 = A, e/ X A 0 ki 28 0T 1 1 5
S PR AR B P B AR o AR, RN R R R S 2
B £F v A% i B A7 A A X 1 A T U R R
B, B B 6 B R AR 4 A A 18] L B AL A, B
B HOBE B T A 5 o B R AR AL R R
B

SR A B B SR AR R T 2 B AT 0 4
PR N F A 0T DL I A% i AR B (R 6 £F B A RN i
H 3 22 T8 B X6 B2 6 28 ) IO R m R AR
P, WA SLM FUECF U5 3 B (DMD) 55t 22 3
G CR N R R W AN B SN S E A S o ]
63 B D B RAR 52 3 A, RE TR YT 2 B £F 9O
4 A 2 PR RN, 0 A7 R 2 I L O TR S il
KL ZAECET 5 RETE A2 3 6 2 A7 S A PR 1 38 £
JEBE T TR SEBR 0 R BUNAR L AL AR
R ) i 1) 22 A G T AR H R B )2 T . %
D5V 38 o bR 5 22 B £ 1 A% i A B O 90 a4 AN TR] Y
S, AT LA S I BE A O 2R AR g ) PR . 5
JEAT 538 1 A [ A 6 £ 1% [l A A o, S8 i 0 B LA
PRLIE | AR 22 45 HP B0 37 18 ) N ¢ 6 AR A B4 | i
23 38 A ML AN 2 25 56 10 A IE B H , T 1 s BB 1Y)
50 5 A IR R A5 B o

A ZROGLE gy R AR E A il Y R
TE P9 B H 08 2 9 R R A 3 5 1R R bR & 2 B
LN T T LR, T AR B8 0 B 8l £ B35 i
RS R o S SO R & R R, e i R 10
AT B N BOF R TR 2 7 ORI T 2 BB A R
B Z S PEfE . 2010 4F , Popoff 2™ fdi ] SLM A1 A
MLEAT T 8t 2k JE M HLEC B &L G &3 T8
W, ) ) 96 0E T 28 5k B ALY 5 e ' R B R AR A AT AT
P, b 3T 286 2R 0 o WE SR R T R i
(18 8), 2012 4F , Bianchi & i I KR 1 m. . HEH
60 pm NA 2k 0.27 i Z BLC LR 14 5 SLM 7= A4 1) 4 B
B, FE G 2F R v T i T 2F W 4 58 (FWHM) 28 1.6 pm

7~ —><— Reference

B8 L L B B2 5 i R AR R T

Fig. 8 The beam was refocused after passing through the
]

scattering medium'™

B3R AR PR SURT 33 URE, JF 8 o AR SR T Ak
g A T SLM R 4 (72 Hz) BYBR ) , 4R 1 60 X
60 15 FK 19 2 M Bk G K 240 75 %2 3 min, JC & 1 2 1 14K
WAG SR . A AR, Cizmar 557 1 T — Fl T Bk
B R T s o AEIZ R O R R O e B A
2 )5 S B RE A B4 B 8 5 SLM #E AT
IR T R 7T B 1 s 2247 50 AT LA 34 66 pixel X
66 pixel 2 JE R K& . B AR % 7 A 4R % 3 SLM
il 7 2 (100 Hz) (4 BR ], {5 1 42 AR ] fiff 5 43 98 2
JEEF ik N AR AE I AR T R s R AT e . O T v iR
AR R EE R B A5 A ST 6 2 45O S A% i R B Y
FZ A, DR 5 5 BE E ' £F 3 v 1) A A R AR AR, AT
T R AR v AR OB AR S DA T S5 IR A% AR A
YHE A T 3 I 9) 4 dn o ' g v B mh fin 288 L 56 4 37 T2
B B BR DL AR 2 A5 £ dze v A R 4 S
LA BT TR R AT S N T K ST 3
BRRESRERC a8 2N H T EYE St
SN, TE BT I A 4 B A A R AR
BB 45 (CNIND AR 6 BT 0 26 (GAND) Al
N TA 2 W 25 (ANN) S5 4558 (0 A Ak F g | A1 2
BEG AT WAR A B S B Bl A A U

0107001-9



158 LE IR ESTE S 18/2024 5 1 A/hEHA

(@ Objective  Virtual . . ©
Beaco Multi-mode Fiber Distal Reflector Imaging
Source facet plane facet plane plane
o
) ,;' , Ar(‘ﬂ
|- yY—>y
S Optical
Photosensitive Single-mode Fiber fibre
polymer Ttarget
(b) |y SRV
HWPE= Reflector
Mirror ’/ Mirror sy
' x' € —x

£ pes AT
,; I refl
- S - Mirror N
PM SMF ! d

LA, L1 NPBS Opt. S1
. Regector D |I|

~._ Distal Proximal Isolator \
~< HEDN
C}Q K) - [ A~ QI h \_ |NPBS
_- 50-um Step ¥

]
" Sf4 i Object |ndex MMF L2 NPBS | & L3 S2
$4 s [y s—] ¥
S3
e - Y o
PBD NPBS NPBS

Input fields Output fields

(@

’
I

Multimode TS 4
Optical Fibre d ¢

Focus onto

\
guide-star I
S 1
/

Cladding

e N

N

17 Azimuthal \
I translation of

O

)
\E . .
v (i.e. rotation) ¢
\ /

: \ /
Distal So g

o
facet

)
. 1
focus ]
I

Proximal
facet 4 Guide-star
location

\
Radial “
\ (o——»- translation ,‘

of focus 1
el

l0 Phase (rad.) 2z

0

(e) Input speckle images
96x96 Outputs Reshaped
1296 training labels
- 1296

0]3]¢€]

Deep CNN
= under = & .
il
Training labels
Network’s DMD patterns
parameters 36x36
optimization Minimize loss

function

P9 JLFN I T 25 45556 £F B AR 3l A5 45 ok fi 0 19 05 3 o () B AR BUE AR5 (b) 78 6 £F 328 5 0 T3 43 B A 9% 7775 (o) in T ¢ 1 &%
T () BTG F BT (o) ad #2510 2% CNIN 50 7 13 5 BB B £ 10

Fig. 9 Several methods for providing dynamic calibration capabilities to multimode fiber-based fluorescence microscopy.

(a) Introducing a virtual beacon™; (b) processing a part reflector on the fiber’s distal end"™: (c) machining metasurface structures'™;

(d) introducing a guide star”; (e) using a CNN model to help extract speckle information"
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Fig. 10 Single multimode fiber endoscopic brain imaging using SLM“”. (a) Schematic diagram of imaging device; (b) imaging brain

regions and scanning diagrams; (¢) in vivo imaging results of neurons in the dorsal striatum , scale bar: 10 pm; (d) implantation path

of fiber in the cerebral cortex is shown by the white dashed line; (e) dynamic characterization of Ca®" signals in neurons of isolated

brain slices; (1) fluctuations in Ca®" signals of auditory neurons in the thalamic region when stimulated by sound (single pixel)
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Fig. 11 DMD-based endoscopic brain imaging with single multimode fiber"™".

(a) Schematic diagram of the imaging device, the lower

right corner is the optical microscopy image of the experimental fiber. (b) Upper: primary visual cortex neuron soma; middle:

inhibitory neuronal synaptic nodes in the dentate gyrus; down: blood cells flow after vascular rupture. The time interval from
left to right 1s 0.57 s
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Fig. 12 Application of sideview multimode fiber for in wivo brain imaging™’. (a) Schematic diagram of imaging device and sideview

multimode fiber; (b) mouse brain imaging results in vivo, green represents the GFP labeled neurons, red represents the blood

vessels marked with dye, scale bar: 20 pm; (¢c) dynamic characterization results of Ca’" signals in neurons and hemodynamics
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Fig. 13 Application of endoscopic brain imaging technology in clinical brain tumor diagnosis. (a) Wide-field and confocal endoscopic

imaging of ICG-labeled meningioma tissues and H&.E staining result of postoperative tissue section™”; (b) label-free FLIM

endoscopic imaging in the identification of necrotic brain tissue
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Abstract

Significance

The neurovascular unit (NVU), a critical component of the brain, regulates almost all physiological process. The

precision of the morphology and function presentation regarding the NVU provides hope for advancing research on basic neuroscience,

as well as diagnosing brain diseases, which are common desires of the “Brain Project” worldwide. Accordingly, high temporal and

spatial resolution visualization techniques are required. Fluorescence microscopic imaging technology has significant advantages in

terms of specificity, diversity, image contrast, and spatio-temporal resolution; however, due to the limited penetration depth of light

in tissue, use of noninvasive fluorescence imaging to obtain high-resolution structural and functional information of NV U is difficult in
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deep brain regions in vivo. As a result, fluorescence endoscopic microscopy imaging technologies based on micro probes are

becoming more popular among brain science researchers.

Progress Over the last two decades, a series of neurobehavioral studies in vivo have been conducted using fluorescence endoscopic
microscopy. With endoscopic probes implanted into the brain, the NVU in most deep regions can be observed clearly in living mice,
including the hippocampus, dorsal striatum, amygdaloid nucleus, and epithalamus. Incorporating an upright microscope or a head-
mounted mini microscope, gradient refractive index (GRIN) lenses have been widely employed as an implantable probe, with the
advantage of excellent stability, high resolution, and low cost. In addition, a potential strategy for implantable imaging of the brain in
vivo involves using a single multimode fiber, based on modulation of the light field, to focus and scan spot at the end of multimode
fiber. This reduces tissue damage, with resolution at the cellular level. Herein, the recent progression of implantable fluorescence
endoscopic microscopy is reviewed based on both GRIN lens and a single multimode fiber, besides application research in vivo
including blood velocity, neurons growth, calcium 1on conduction, and so on. Finally, fluorescence endoscopic microscopy imaging
technologies for clinical diagnosis of brain tumors are also introduced, demonstrating that these advanced optical imaging methods

expand the toolbox for brain science research and disease diagnosis.

Conclusions and Prospects Endoscopic probes have been miniaturized, providing greater flexibility while maintaining high
performance; thus, probes can be implanted at different depths in the living brain to carry out functional modulation studies in specific
deep brain regions. With micromachining or adaptive optics technologies, GRIN lens provides an effective method to obtain high
resolution images. Although the nonmechanical scan imaging through a single multimode fiber is a relatively new exploration for brain
research in wvivo, it has already exhibited the unique advantages of minimally invasive and flexibility. In future, the following
considerations are worth exploring: (1) development of a high-performance multimode fiber with enhanced anti-interference ability to
external disturbances; (2) processing of a microlens on the face of multimode fiber with precise 3D printing technology, to optimize
imaging resolution, depth of field, and field of view; (3) introduction of fluorescence polarization and fluorescence lifetime imaging

modes to analyze neuronal physiological information, such as protein dipoles and cellular microenvironment.

Key words microscopy; fluorescence endoscopic microscopy; in vivo brain imaging; graded refractive index lens; multimode fiber
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