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[ ABSTRACT] Atherosclerosis ( As) is one of the important factors leading to high mortality and disability rate of cardi-
ovascular and cerebrovascular diseases.  Since its pathogenesis and heterogeneity distribution are still not clear, the “early
detection, diagnosis and treatment” of As in vivo remains a great challenge.  Fluorescence imaging is widely used in basic
and clinical medical fields such as disease pathogenesis research, drug efficacy evaluation, and surgical navigation,
because of its unique advantages such as sensitivity, noninvasive, high spatial and temporal resolution and real-time in
situ, especially near-infrared fluorescence imaging with lower background interference and deeper tissue penetration, and it
provides a new opportunity for the detection and treatment of the development and progression of As.  Fluorescence
imaging has attracted more and more attention in the research of As.  This paper reviews the new progress of fluorescence

imaging technology in the study of As.
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SO IR I 67 9 4 BRI L BOE T 32
JER Z— o O I I 0 ) AT 1 A e, 7 AR
Yl ) 1 N = S B W S T 2R S E
B kbR 4L (atherosclerosis , As ) F2& U il 1L 5 < IR
(195 DL R R 30 A R, As R —Fh I M 4 B
PESRAEPESG , FE R AR BBk NI, Bl
WFFEAE R A W me s P i g o AU 2K L L 2
ME R K LA RS 25 As £ L
il PR W As AH S B T AR 2R
W BE BT 2 A8 Ak R O As AL A R 45 | 90 T
Bii B2 ORGP AR L H

SR As AHICHILHI BRI 77 2 ML O
LoRllING SR L3N R P AN 3SR 1o Rl RF AN R e o
T VEBIRRSE BRI, 3R RIS Tk S R
A0 A L A rh R DG M 43 R B B B S AR A
Bl S b TR AR R A 1 T A 2 TE I IR
B AR AR PTG R BR T Z T As 72
HI2YT , L an i EA LT Z 494 ( computer tomography ,
CT) ., 1E W ¥ & 5 B 3 53 AL 8 2 & 8 ( positron
emission tomography, PET ). ff H£ #& ( magnetic
resonanc , MR) . Y2240+ Wi JZ #9148 (optical coherent
tomography , OCT) 67 Bi4% ( photoacoustic imaging,
PAD) %500 S0 R AE Sl —FhBi 24 il 4= AT
ATARAR ) AR FE AR | 4556 ST AL (fluorescence
reflection imaging, FRI) | G 2 5 ek il A% (optical fre-
quency domain imaging, OFDI) | %% Y643 Wi )2 B 1%
(fluorescence molecular tomography imaging, FMTI) |
K F 9¢ 6 144 (two-photon fluorescence imaging,
TPFI) 55, DR B AE AR AR 23 2 B
SN U SRR B R ) ELA BRI TR
TR ZUZEE RE 1 W IT L 41 9¢ 5 ( near-infrared fluo-
rescence , NIRF) iR , 7E 5 R AL A BFFE ST ROT-A
AR TR 5 i 45 A 15 25 AR DA B 25 401 3l T 32 Wk
ML B UG A A A A BURHAR 1 A
FOEHE T2 I I e 200 K THE 118 R 22 285 J A A
T3 ORI As 1 A R R K RS W RINR T 7 ok
BB

FOCAREAE 76 UG I 03803, B Ry
A PERE, IR S/ UR WA 5O TR R
RO PR A5 TR A R ) ROCRFORS HETE . R
B E 2 G P R R 531 e AT T A i S A3 2L,
AT BEC A B ) 5 141 AT DA H 3 R B s 4
HeLas A Bl 20 2, 190 AR AT 5 B AR IR L e
(target-to-background ratio, TBR) ., H &I, Bl T./E
TG T REZVOCHE T As UGN, ek

BEEE /Ny F A ALZOC Y RE H T As #RE
HTAZ 1, LTGRO A R Ykl P 2R
WY BB AR ISR Alexa 64777 %R
FHIK S gL E 4T A W) UG AR AT B R A5 151 5 BE R4
Ve 0D Y == B BB IR AN AN o= S R 4SRN 7
e ARG ZUEMOS R | 55 4 YL SR A,
FEF NIRF 3B} Hb 40 mg| W 3 2§ (indocyanine green,
ICG) & N5 SE I HREE AT LUAE 16 (R b 47 B A
T AsEH SR I BRI RS A S, 5/
FAPICYRH LE, 9K L 8 762 1 AR
FEME AT KR KA T
(0T 012 A VA N e o S V1 R o 7 S A v W L BN A
BCELHER FH 90 K 5 AR 1) 9 K D G IR BT 9k
PR HT As BARAG I ) gk A HA ARG
F B AP 3, SRS As 28 64T, B 4n OCT-
NIRF'##-42470 "FMT-NIRF™ | OFD-NIRF"*' | FMT-
CT™ FMT-MR™Y % | W G435 FH T & 24 PR 55 F ke
BRI, FRAG Z ARG S, ARk, RZ IR
FLZH I 9 G 240 i S35 AR T 5 As S A
KWl TGRS AR BT AR A RYEAR
DAE ) HARSEAT 7328, A SORA I Ak As BEHRTEE
AR ) I R T 25k

1 HYiEs

AV HEE B (cathepsin B, CB) & —Fh i B I
AL A R I R R UG, As BEHR PP K 5 R AR
WS E IR CB RIS T E VI JF
KT As BEHE AN CB BYAR R AR ML AL
R T E TR 5 0 WIUREZE AR OC 1Y S AE | 5 A8 95 72
BA T E2Z MRS, A BT As A GBS 1Y Ik R
BFFE A YT 7 8 PG . 2008 45 Jaffer 2515 JF & T
— il B T NIRF 345 I CB #0619 NIRF 45 4
( Prosense750 , i %/ &5 K : 750 nm/770 nm) , F
THLI CB A (& 1) o 78 A BG4, 6
BT BRI AT B FRI SE50 L 3, NIRF {55 &
B HT As BEBL, BEBL TBR 7535 (10.3+1.8) 0
FEFERI L P LT- WEEARF) NIRF {55 [ TBR (1. 8+
0.3) o Bk UAR AL IE S5 HE 1 Bl ) 20 3
B2 6 H W 5E T 2, A Prosense750 1] LA IX.
g3 As RS MV FIIE T L . BEJS xRS i )
Prosense750 T #1647 14 356 486 P A 0 48 oA 1 55 18 ef
AR KBRS0 T i e bR 20 Ik 98 95 4 Bt 25 4 A
RHE A BEHRAF O ILAE B8 1) XU L B et 4R 3 Jik
As BEYSAE I 25 W0 A BA FUAE I
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Figure 1. Paired white light and NIRF reflectance

imaging of As artery ex vivo

2011 4, Jaffer S5 R ¥ % T % —F CB
G B9 NIRF 8 %1 ( Prosense VM110, i %/ % 51k
;750 nm/780 nm) Al F oh [El14 2D W8 34, T
360° WEL M4 P NIRF J84% ; TEE S VM110 /9 As 3]

As+VM110

As+Saline

YR BEAT 3 Ik 2D NIRF S48 ifg & BB X A
SRFVNHEGE S, W] CB WEMETE (B 2) . ik
Sk A FRI WUESE NIRF {55 8k 0 T As 5
H(TBR HeEHI4H 5 140% ) o eAh, SHHE A 4@ #1
TR ARSIk (FEAJG S 7 K) #547 2D NIRF A
18, Je BRAE A MR 2R S B0 G A 1 1 45 96 615 5
JIEA R, A AR B CB 6 Pk, X AR T
SE S SR SRR SR A S ) 25 S (B AL ) A
SRAET A, VMI10 AV R A 2851 1 e
RBIK As RAEAYA BRI T, H Wil 5 R Rl
143 B SRR S SR LR By, B S, i A BN T
T 0T IR AT A 9 RS # o R OFDI Al
NIRF AL BRUBEAS 3 ik P 5485 ( 4% 800 pum) 7
A As WS B SC 5 S i K I Prosense750 24 h
J5 AT AU OFD-NIRF i{f% , OFDI i 345+ 1 1%
YRGS Sh kAT f A B S Y R R P B i
NIRF W5 g8 2] iz B He X A 3 94 655 . RAM-
11 HURDECARIE AR & BLBES PN & 4 K i E g 4n
JiL, S Lk 2 e A E SO B P Y CB (R 5
R o IXRROBURE S B AS PT AR L OFDI $2E 1) As 3
H N TS M T AS AT NIRF 55 31 A9 46 S BREBR 25 1
it M B AME S, T A RO AR S 2 WK

Normal+VM110

2. A As CB iBEME 9 #52 NIRF 4 FR&
A D A G M4SN NIRF S45 (0149 5% B E 1 H 4 800 nm Ab BHASESE I 4% 5 C F 1 T B IKIE LT 808 - 1 bm & 14

Figure 2. High-resolution NIRF molecular imaging of As CB activity in vivo

2016 4£, Abd-Elrahman 2% I % — Fh a] e i
Kl As BEBHRE WEAN A CB 2 EHRER (GB123 F1
GB137,# %/ & B K :649 nm/666 nm) , F: 5 ] £
As /NERARHS R (B 3) , 45/NERTEST GB123 (4 h) 1

GB137(2 h) Ja , W E5FLE B ik 47 1% & FMTL, DL &
Maestro™ W5 F Goxt 20 8 ik i A T A AR, 45 2R 1
TN PR AR T v AR AT LA B G O 2% B AR S v e A T
B LI A ) 3 2 KO A AL B 5RO AE S (H
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GB137 fE M P F1 SN i s 2 AE S s o 28 b, shlikBE B BB D H] T ICG %)t Uil P-

BB S 7 AR S St ik W B Bk BT b R 4R
FHES FE AT As BT E AN, W —4,
Z P BN K 5 GB123 FH T 2 A ) B e 4 2L i
i I 441 B I 760 T i CB R 45 B e B R & e 1 A\ 30
Bk BEH T CB FAIZUE 1 S ( cathepsin S,CS) Y
TEPERIN , AR R R 1Y) 300 8 K B e v X2 21 45
= [ CB il CS {61 (TCiER B E R 0. 65 F10. 77,47
SER RN 0.99 Fl1.17;P=0.008 Fl P=0.005),
AR, M2 [ I 240 it e 2R AR 9 ' i A S 3 446 SR 3R W
AFETELAY CB 16 AR e BEE s 5 4% (25. 52 L
5.22;P=0.008), LiRWF5E3RIH CB #4F GB123 Al
GB137 A B W Sl Ik s fa B 2 i T A
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Figure 3. Non-invasive imaging of mouse As plaques

As Gy BEHR AT e S B Ik ZE R OCHE =,
KM BE B 5 51 P 5T T As B2 W B A I IR 2 X
Narita 255 & 50 7 — R CB BE 1996 6T 58 R 4T
Peptide-1CG2 (¥ &/ &5 : 750 nm/845 nm) , If
BB O W AR Bk 22 2% 1 A8 JBL 44 ( P-1CG2-PS-Lip)
Hh AT DL AN B B 0 D 4 i B R
RAW264 1 2H11 20 15 52 5 45 53 s 2 BELE T
HOMEL R W] W AR PO, K W] P-1CG2-PS-Lip #
TEPEPEM S B A L b, 4% P-1CG2-PS-Lip ik
HS R E I E HEH @R (apolipoprotein E gene
knocked-out , ApoE™") Y As =71/ B ik 35 4% 750 iy IE
] 2 00 A TR e vy, I X 3 Bl kAT 9 R, 7R

ICG2-PS-Lip 1J LG As BEH

F R 4 )& B H B ( matrix metalloproteinase ,
MMP ) F5 B TH 555 As BEH b Y 40 iy &0 ik B o 9
2 i # TE B T & RE B R A P 2006 4R,
Deguchi %1 (i AT B35 A9 NIRF 4541 ( Cy5. 5Upa,
BRI 675 nm/694 nm) HEAT G4 T
AT IR As BEHer MMP A9 BEAEAE % HR 4T 5
T MMP-2 Fl MMP-9 B2 H K i . VE& 735
R T A = I E R 12 Y ApoE ™ /INERUAIAR
BEVCHLHY ApoE™ " /INEAE g As BRI ARG JRZ /]y
U SR ET 24 h JE AT AR FRI AL, ApoE ™ /N
B TSk R FU A NIRF {55, X HRZH ApoE™* /)]s
U = Bk A 5 155, A MMP-2 Fil MMP-
9 kI FI AT LI BR ApoE™ ™ /INEL 3 Ik i NIRF 15
5o HEAT FMTI WAEAS BIAH BRI 286 B %, e
SEPEEEME s MMP-2 Fl MMP-9 F 2247 T E W21
MIP, SEEGEE LI AT L@ ik MMP 286 4k A6
W As g RAELE

— kU, 32 B I 25 (exercise training, ET) A Bl
TYRIT As, Kim % AORFFE A B FH 440K NIRF
PREF (AuNP) (/RSB : 670 nm/700 nm) £
D MMP 35 4 728 £k R WF 5832 sl I 2R 6T As 1 5% M)
(1 4), 1EFLL 18 JEIE R ApoE™ /INERAE A BF 9T X
5,57 IHEAT 6 JEH RS SR (ETS+1) (IlZk 5 JH]
IR 1 A (ETS+0) IIZkdR)E 1 A (ETO+1)
6 JEH N 5E 4 TEIZk (ET0+0) , R bk 4 AuNp
PREF 24 h 5 6B AR B ik F 3 B ki AT NIRF B
B 5% 2T (ET0O+0) M H, # Bl 25241
(ET5+1) /NE &k MMP 36 PEFEAK (5 MMP 357
P IR (ET5+0) ga I 25 (ETO+1 ) 1 f 2%
PETb, SEuh gk H R W ORI 25 B 3 A 452 1k YN 2 4
A As FIBRVER

15 % HR 25 1 (high density lipoprotein , HDL) X}
As POVEAE 2R AR UA PR 1 H: 3R AR 1 0 N 40 3 2R A
A I (apolipoprotein A 1 , ApoA 1 ), Il 45 BEH YK
ZH0 ApoA 1 AbTFRRIRAT Z MBS, &9 T As BE
B (8 R, S 2O L As (R I RE S A T
MY 2017 4E Maafi 89 1 BAAR 45 7 AT 30 B9
NIRF 8%l ApoA 1 -Cy5.5 (¥ / &5 K 1630 nm/
650 ~750 nm) JH T IFAE As BEHeH ApoA 1 2 Y
IR i e (K5), #T ApoA 1 FEHEW Cy5.5
PN I3 T ARIF DI K, ApoA T 24 T8 NIRF
HEGE AR TSR FMT-MRI XU 285 B A% b, 5 5 A 7
(wild type, WT) /NEAH EL , VRS IOEREFFE N ApoB %
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LB LDLR 7™ As /INERL ( ATX) 19 = 30 ik b @ s o o
SRDEE RS, 8 IR A T B KOS ARIE S, X I
/NERAHEE , ATX /N R GRS T 10 5 (P <

ET5+1 ET5+0

0.05), BFFE4s Ul B Z R £ v] GEA BY T 974l As
B AL, 158 ApoA T Zhfek ek H A
LT HDL HIG97 7

ETO+1 ETO0+0

B 4. BN EIEZEERE ApoE” /NRFF K MMP-2/9 &A%
EHER ISR AR S T HEA AR NIRF &G EIE
Figure 4. Effects of exercise training and detraining on carotid MMP-2/9 activity in high-fat diet ApoE™ ™ mice
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Figure 5. Activation of the ApoA I -Cy5. 5 probe assessed by FMT-MRI imaging system in vivo

2 FE 4Kt

T JIELIT A i A% 0 BRE SR B 75 B R, i
O R 0L B SRR L, IO AR P AT OCT AR
SR S BRERAE I3 T TR A R, Sl £ A0l ik
] DUAR B L [ Pt 5 30 2 A DI 3 R A XA )

FNS A BES 7 A As FRA T ICG SRR
WA RS S A7 e e A 2014 4F | Lee
ST ICG 144 A % OCT-NIRF J 1% A
KA AR N & S B R IEBEER (E 6) , A T R
BUMNGEER BRI /INILAS & S R ) As BEHL DF 5T 34
KH B IR IR E BIER BRI R FVER As BRI 25
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Jikid 5+ 1CG 20 min J5 #E4T OCT-NIRF XU ZS A 15
(CFAF IR <20 mm/s, B0%/ KSR 805 nm/
830 nm) , Wi 6 s, 5xFRLA A HE, As 2H T 3h ik
BEHE TBR 15 3.9 5[ (6.28+1.10) F (1.60 +
0.15) ], B zh kBt He TBR &5 3.6 5[ (6.35+1.41)
P (1.77+0.07) 1, X Bk kit 4T FRI 4387, As
o bk % sh ik TBR 2 3 HE X BE 41 5 3.9 £
[(8.38+0.94) 1 (2.16+0.41)].3.2 £ (6.30=
0.87) H(2.210.12) ], SLEMKRES 40 B S AR G
(r=0.85,P<0.01) , 2 Jifd 52 56 F1 2 20955 B 2 56Uk
TN RAR LR . BEJS , Kim FIDATE As FERE R AR
kb n3E 1F OCT-NIRF XU 25 A4 v i BEAS 48 50
TEEAR BHK F 19 5 & B B 98 i 24 10 0 I S 2R A O
RAE 2016 4E | Verjans 257 71 N 5 ) ik Bt B
HEAT OCT-NIRF BUBL A G KT I, 78 8 44 T4 £ 33
KBTI AR B L 45T 5 B E R R 25 min
kT 5 1CG (0. 25 mg/kg) ,3 11 56 28 B3R KA
X IS N OCT-NIRF B4 5086 R 1CG {55
R/ K5I 805 nm/830 nm) & 4E T BEH 1M
R RPN B S5 B A2 43 DX 3k, U B3 A P S e B st
1T FRI RSV F2A A W A 2] — B2 5 . Lkt
FERLHE UL OCT-NIRF XSS 25 45 #4)- 43 1 W A5 5 s
AT LA gt tR: 2 Jok ok A 68 A 7 15 9 B4 A= 40 2 Ty T
PEATIFFE , BB I AR X AG 0 e DRSS 7o IR 20 ok B e 7y
AEJT.

FRI(Ex 769/Em 832 nm)

Exposure time 500 ms Cranial ——— Caudal

Cranial

| ex vivo NIRF

in vivo NIRF

ex vivo NIRF

in vivo NIRF

Caudal

& 6. 7£{& NIRF F0E{k FRI LLig
A F1B 4350 F 850k A& Sh K AOLER NIRF {55 RIS R FRI %,

Figure 6. Comparison of in vivo NIRF and ex vivo FRI

%% B BB 25 11 (low density lipoprotein, LDL) 4
AT P g 32 22 A LDL s A S Ik N IR S, 3
FPE G T 48 (reactive oxygen species, ROS) & AL,
EIE WA AL BUIL 2% 1 IR 25 1 (oxidized low density

lipoprotein, ox-LDL ) , fi& i ik A& N J 4 iE & A= ; ox-
LDL BB v K AT ml LAT Bl G IT AsP' L ox-
LDL AIYE R P-4l As BEH R EE MR Z —, Lu
SR PT/INRL ox-LDL £ 5 BEHLIA S NIR797 Yk
MBS K T ox-LDL ¥ [i] NIRF 441 (anti-ox-LDL-
NIR797 , 38 %/ % 5 9 K . 684 nm/745 nm) , 7 = H
B 5 & B ApoE ™ /INER As FRAEi#E4T NIRF AY,
B(E 7)., BT RE KSR 24 h 5, Bk
NIRF B2 B/~ ApoE ™ /NFUA &4~ F gl ik ( F= sl ik
S5 X) & Hi58 NIRF {55 (47.41+7.94) | It
REHRE (10. 66+5. 96) B TEST PBS(6. 75+1. 28)
(%) ApoE ™" /N BRI VE S ¥R 51 B9 WT /NER (2.76 =
1.92) B FEBIKAL F25OCAF S A E A 5% . SREsddt
WFFEUESE T ox-LDL/ W 2 it Al NIR797 %6 ekt
R, BEAR, 45 T BIHERMTTIRYT IS ApoE™ /)
FLE I KAY anti-ox-LDL-NIR797 15 5 . Z FRA%, 52
IS5 RULIH ox-LDL S8 m#REN 7] T As BEHL A%
1%, 34 BT 5 BBEE (32 W Ry e e A

ApoE--+probe ApoE~-+block

WL NIRF WL NIRF

ApoE--+PBS WT+probe
WL NIRF WL NIRF

7. EFBKRARBIE K NIRF B 5
WL BH3% ( white light)

Figure 7. Ex vivo NIRF imaging of aortic specimens

2016 4, Khamis A1 BARE RS 45 G ox-LDL [
/NERBATERE YR LO1 ] NIRF 44 RHRic 15 5] LO1-
750 (¥ &/ K EHIEK: 1750 nm/800 nm) , F TG A
IR BN ok A AL 72 H Y ox-LDL, 45 5Pk 48 08
RFEAZ 0, 3 3 18] 22 G %8 21 414k 24 Y 8 UF S
LO1-750 7] DUgE 5 1 56 e 4 A 28 5e2 R 2 o 22 vh
HISRFEAZ L o HF LO1-750 VEA S IEMEFERY LDLR ™~
AN S FMT 5 CT RGN 31 3= 8 ik 5 B =y 57
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PR AE AR 28 R kPR AR o A I 2R AR I TR A
AUESE T LO1-750 3B 6 T B WA M B 1) As
FRAL, eAh VRl T E Y 3 kY NIRF A5 I -5
ETE G G 3 B Do 22 v iy ek A P 5 Y LO1 -
750 EAALHEAT VRSN 2D iR, BRG] LO1-
750 A] LIRS P ROM S TR 2h DK S B IR A% O 1Y
ox-LDL, N As BE 5t ox-LDL 1Y 5 5 46 ) 42 fit 50 16
2%,

3 £HMEBS

JI2 SRR X e R IE LA K As I A5 BE il 58 4
MR EE B EE, As AR & &30, IR & A
RBEHE F 60% , 8RR 1Y 7 5 S A2 M As
(%A %2 e D R VAR HR o7 SR I dR 2 — 7
Megens DRI T IR RAR R OO T B AR
| CNA35-0G488 ( # K/ k& ¥ + . 488 nm/510
nm) , A/ UG B S KRN As 3l bk b Y R R bR
ic, il 2 TPLSF SRl As, %5 /)N B ok o
CNA35-0G488 4 h J& , B35 gl ki 47 WU+ 9 6 il
1%, ApoE_/_ /N As BRE B RIS A1 BE B )RR
CNA35-0G488 % A 5 55 ity LA I 380 B e X358 11
J U A S R 20 A, WT /N BRI ApoE ™™ /I LB
BN A MR R 7 e SR B L, 3R M A
) CNA35-0G488 R4 Toi it A STk As 5
PKHIRBEIRZ . SEEG 25 R UEH] CNA35-0G488 1] fE
IR AR R ARSI WG T PRAL As B
B i SRR R R AE R )3 M

LR AR UURR R P B R R R R A A S BRI R
I, 3 57 A0 ELA 558 1 1 S AR AR TR XU . OCT
TR i 22 b FH - VEAG S R 2 20 3 5538 L A Dyl i
YRR A TR RR B ICE MER R ) A A SR AR
FAEBMEB AR, Hara 45 368 T —FheF 4k 5 A
NIRF 431 W45 FTP11-CyAm7 (34 %/ % 55 % K .
744 nm/769 nm) HATRA DU, 455 R OCT
SR S VRS T L T 4 R R 2R (bare metal
stent, BMS ) #1245 ¥ ¥ i 32 22 ( drug-eluting stent,
DES) LWL 4R HUTRUAER AbE, SR T
FZh k4 B A —A BMS Fl—> DES, # ik i3 5
FTP11-CyAm7 AY%8 7 K A% 28 K k4T NIRF-OCT
WD ERUE , 5 BMS A H, DES 7258 7 KA
28 R ios i Z W 2F 48 L DU 2T 48 3R 4 F A
PR, (EARTERERE N TIES 7 K OCT Ul h &
TSN G TR A, (92.8% +£9.5% ) BY DES Fl
(55. 8% +23. 6% ) B BMS ZAEJ& NIRF £ 445 11 BH

PETESS 28 K, (18. 6% +10. 6% ) ) DES F#1(5. 1%
+8.7% ) I) BMS XM RFF AR E L HME (P<
0.001) . FFEHAfH ] NIRF 437 2445 FTP11-CyAm7
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Figure 8. Colocalization images of As aorta lesions and ROS in ApoE™"~ mice
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