| %49 % 224 89/2022 % 12 B/ ERE

FT AR P RE IR 1) 9 e e JE Bl R 52

ERA MBS, RAWET BAES, R, wEET, BT, R
B R KRR P R R - A 230027
A BB IR R 215123

FE JOUNUR R B G RE M T 52 o S B0 P R A I R 7 A 1l 2 2 HLAT 3 B 358 S0, B B P BB 4 14 A o
A BE— Tl AT LIRS 8 A 40 5 S i A K BRSO RE A SR R . AP BAAR 1 T — R 9t RO R 5 % R
T LAASE UL 9 S i A9 A A L 9 01t R S R M R 4 S 2 1) 43 A R T LR AR S Y 16 TR A7 A x5 1%
FAL RS PEAT WAL RAE . 7% FR 5K AR L T LR U Ot i A& (B s RGOy 1 o AR B AR B3 T —Fh ik
PERY B/ TGS S R BA T L A ST B e A S . I R SRR T AT £0 A0 9 't T R 5 ma Wk
£k (ICG) 1 5 e L I X AN [/ 9 56 AR AR B AR R B HEAT T K. SCa 4 R R T, BT it 9t RO BN &

G AT LLRG A G 1 AL R i B R OB

KR OLIGY; PORKOURRL S G s LA AR MR AR TN K oIk £k

FESHES R318 XERFRER A

1 51 7

PENCAT T WARAE Fy — Ff 10 1] J8 1% 2 AR AE A W B 2
SUEASE) T MOk BT Z R Y RRIZEOE R &R
GURE A AR RS TR BE T 5 80T AR 1) vk e Y
Z S0 ORI TR AR 56 R R A R
R Xt B AR A 7 P R 0 A G 00 %) BT AN b oAES L AR i
SRR K L [ PR T 2R B 2 (TEC) 138 [ L A
& (NEAM) B LR T — &5 5 i 45 6 F 0 O
W HAE A IR BRI B ALK 2 H /B T
B HHTE L2 3 (MRI/CT/PET) A% A #% 1 B
K 5 P24, B BRUME . 2006 4, W AE R LA E T AT
W R T (B G IR BUIR (MRD % #5245 5 18 K
D55 VAN FLAE ) I K FLAE S MRT A% A 35 P Al A4S
PP AR AES L DR SRR v AR B i A Y
T H R T E 2R s g ffd ey st R
6] F AR LY {5 (A T A TR A0t HE B L AT A 3
RERURR A AL NS 80, ik S R M 45 0 1 mT LA 30
PP AR A AR A RS B bR

w5 e 2 (1CG) S H T — B 55 [ 2 & 24 5 B
B HE R (FDA) A UE A T T I IR 0 3 214 56 Ol 1 5%
F s PRI XoF 3 21 A1 9 5 0 A 19 BF 9 3 E R BT 48 1CG
AR SETIT Y, fe o FH B9 3 204 A% v BE T T 1k 2okt
ICG 3 BUfE A" Bl 2501 A 5 v 1 %€ 6 300 R

DOI: 10.3788/CJL202249.2407204

rhEE TN R, B ICG AR U R 52 900 19 0 2
AT LK o b 00 3 AR AN 25 08 63 e 1, (HOE i T ICG
TE 7K 23 it 25 I ) S K T 38 A R AT B Y
58 JBE RO 3% 4 k2 Bt 2 s i L ICG 98
FEAE G FRBE T B K i R 2 PR R ST i R
Ko XERRPEMAG ICG (iR A fasE , Tk K f
. Sevick-Muraca B A" & F 55 Qdots800 {1t %
ICG il % T ARES T1% 48 19 965, 1 mi i 9%
e R HHEIE T IE 9O A K Bk E Y R E
AR R TR PO RE Y BT R P T
PAK 300l L o T AR 5 O R AR b i R B ST
Sevick-Muraca F A" 38 75 B F 5 BF 57 (0 S i - 42 1
T —Fh om0 VR 2 PR AR v (SD B BY UL 2T A A% 5 A
Ak e 7 85 . Ntziachristos B BN &3 T — Fh
T 96 BUR PR RE K 9 25 5 D5 AR IR E R B I Rk 1y
Bah AR T A 2D A SO0 R AR M B 1 A B v Ak
JrEt L B AR T S B B R AT AT B KN T
YW A 10 nm (9 B G IR AR AT LUK & 1 20 T
ICG 9 4E oo 0 7 B AR /N WIS A A S iGA & L
- T AR TV R R A0 9 ' T B 6 i R L T BUNR
18 F GEoxt B A7 AR 1 JSCAG e 19 55 X8 L SIS AT Y i
G i 7 22 TA) A7 i 22 e T A P 1 5 0 A DN S 1) 45
SRTC W LS O R BOR . BE X X — R
Pogue HIBA"* 65 IR-125 FE 5671 L il 4E T #E4L 1CG

KRB 2022-07-15; f€E HH. 2022-08-10; A BHI . 2022-08-18

E&WAE.: HEEAVAITRIE (2021YFC2401402)
BE1EE . "xux@ustc. edu. cn; “lpeng01 @ ustc. edu. cn

2407204-1



R

£ 49% 524 H1/2022 £ 12 A/ EEE

WCFRER . IR-125 B4 5 1CG & B AR L E %
Wi 5 kB3 R I A e 1CG B8 58 P T 4 19 96Ok
FEY S H R IR-125 AR _E & —Fh a6 H L 986 A Fn it
T R ETE S O e K i L BE 2 A A
I FH YR B T L 5 ' T B 706 D' 3 3 2 3 T R AX L ) 1
P4 I 3k 5 SR b o R A A

HL - R JE A AR T MR & B &G RRE AR
B, UL i T RS R AT AT DUARAS K AR E
N8, AT S B RN R Y R P AR,
Salter P A" fifi FH 380 471 4 A Bl — 4 Fn = 4 58 56 K
WO A I e R G mT LI R 4 R | B 1
SIVE G BT AR A, Xu S50 R R R A O
RUZ AL (HIP) 5 8 T — B F 4 85 R (DTP) F
G127 6 AT DU g 20 21 6T BUR B i G R 5 TR
f, Xu 80 3E T4 ] DTP #E47 6385 AR % %5 & B 1
HE AN ROC AR B v AT . 78 2 1R 2 8 A o 1L
PR T, H TS B — FhnT LSS 24 0K T 5 AR 98 A
B0l 29 Y ik A KM RS I R 4

KNI T —EZ ORI RS Z RG]
DI S R i 0 98 K 0% L 5 0 R S s R 1 DA R
b iR SR NI N - Y AR DS 1 KR L O
JER AR AL AR AT AL RAR . 1% 2 GEAR I A6 0 21 49 38 %
i B 3 ) HE SRS O B B R L ARS8 5 G R 1) BE
FE KRR s R BF i% R G T R ER G4 A O ik
TR P28 Y 25 [ 43 A . AR HBRGR 2 10 T — b 3t
T UE G B (LVE) FIE A /s 5 (LCD) 19 O i A5
P BT T — Rl i f/N SR LA B
ZREIETT L A sh BT B O . SEg5O6RM
Eb o 28 6 & G0l 2R 48 AT LA AR 8 R o bR 00 58 0 1)
e . B AR R AR A IR 25 SR R TR
TN K RN FR GEAE g b AL I T LA W A
2 Rkt

PG RV R G810 & T H bR 286 g R
40 %6 Ho A% 5 BE A 2 5 6 9 % A B A% AR [ 8 A i
IV A ) R S DA I R S SR O O3
B S oA B R . L 9 5 b B R ROR R R
JERE S B ARAE S50, RAE T 96 RE M R E G 0L T &
PENCHIRETT o K — MRV T K S A T, &
G T R 6 BB TS & A U 22 ) B2 Ot AT IR
R 2 BT R BB R R A L 2t
Jo AL 23 A IO L BRI L 5 Ol e 2 23 1) A 45 T 1)
WG R TG AR & 5 DG TG IR HL B i & 2 TE
— R, TEOGIY  AE AR JE BE — R R S Y AR
WRSNBEHIT IR BT AT — A B G, —
AR T o 2458 BUR 3 5o 28 7 AR ) L 28
PR BORPE T 980 & 6 T80, 58 61 23 8] o A
P T HNAES A I ] LT3, 2O e e
TP kTR, T AAHILE — 2

7 L R A B & — o 25 (AL A 9 H SR O O R B
AG A8 TRt X5 A TR K B D AT S [ % i g, BT DA TR 98
I BRGS0 1) 26 D6 3 & B50% L 25 (8] 43 A R 1
P SR 5 TR 2 D' A5 M B Y SRR R
2.1 PWHREHFE
2.1.1 RAEZR AL F&T

WAL R G Z B RIS E a2k, X T HE
SR 2GR I 5 5 R 6 YRR RN 26 5t Y S R B
KAETEDEICHRE b FR T, 28 6 FRE 5 19 Bk 6 A S R aE
I S R AR [ — A Xk, R A, 2 R R R R T
LS RN R ' B R B DAL 2 Ol i e AR L T
T2 — N HA WO T ORI O B
A BB B I MR I 28 A A 8] v 2 5 4y A i Ol A
gERY, A Sk BT R BR Y 3 3 ok SE Bz O 2
5.,
2.1.2  FRBE K FEEI G R

R g BYOLH S FIARIES B, B X H—
Fh e et fib o HL92 6 o B A A B 3 & G0 B Y LA R
s Hor ke Ji P A JEE AR WAL R YRR R
T it v o O R0 B e B e ) R R TR — R
FIRE b 5 g —FERARIESEL, by A FE 5 I 9EO0
KRB, PRI FR GE 1Y 25 G ROR BB, )y
g AR e R I 2 56 56 A R D B R & GO IF
P 1l ¢ 0 BRI K OG5 BE Y LU AR k.
2.1.3 RAREEMF HXH

T K A FR 45 R B AT 5 2 DG AR 1 1Y
Z G BT OB R R Sk S BT R 6 YR DL SE B 1 AR
U AR ST AR DL FH O 15 i e A ] A 3k B .
X1 B SE R HEAT 430 L AF A [ A Y 0 3R AR A s
B 347 88 5 AR 4l B b o 15 XA R 9 K A S 2 AT I R
VKR

D 435k it

A SCHE B PG RO R e 32 TR 41
0 Sl A g | o 2 A A = O o o
LRI AR D8 R R D SR AR b B )R & R R e i —
Pl ALY 3 o . 2R AR 8O i 2 B LR FR R
LR R R Sk HOAS [R) A2 1) 0 O R PR O (] L i L g
TR Bl 25 TR LB R AR, Ut AR R A
B A S L BB B A T AR SRR R A I £
)2 R B AR AR R R R AT B, PR HOG 1 R 1 e R AR 4k
AH P TR i FOGME S5 43 6 oe 1k . &k g Ot i AR
AN BT GE T 2 A O BT DR BRI AR AN
[F] B 5 T 2R M AR U8 Ot B i 436 T U s AR e bk
o S B T 1 43 B R AR R AN A TR L O 41 AR 5O
1ot .

2) ST R B R ki T

G306 225 Tt R T AR B CRP O S S TR
X ) HEAT W LRI E bR oA . FEXT
P53 65 - AN [ 1Y G 0 AT 78 25 8] v 1) AN W) A

2407204-2



R

£ 49 % 524 H1/2022 &£ 12 B/ R E B

TEAN [A) K1 A 1 4 B 2 1 42 1 Ol B9 28 3 3, gt ] LA
X T HEAT O R P

PO E R ITEARZE U s A 55
e ICIF I Tk o A B 23 06 22 I B8 I i s [ A7
A TR) T 728 A ) D' BEAT T8 U, 30 20 el #EAT eI 1l
AR A [a] e 4 08 7 B 7 A5 A [ B9 S DR 1 o T LR
PG 20 45 5 1 1 2 3 0 o {ELI b 5 3k A5 B B 5 00T
HRBRIL A R AR e % . LCDM™ 2 — i i Bl
VLIS R A I 8 B9 A RO B SR A% . LCD B BN R
R T TP B WA 18] B — S o )2 DL
GO T A i 41 75 16 R 2 LAY D 4R . 3 e A
HL T T LA A 9t 0 HES B A AR L SE B LCD AN
[F) K JEE F) 2 i) o DA T 3 AN ) 9 D6 i i ¢ . LCD Al LU
2B e AR T G

ARSCHR T — B R T LR AR 98O A LCD 1Y
JETERLAUTTIE o JCIE L IR i 2 Pk 28 B8O B i Bl I8
KA A (R B 25 6] 20 A 2 )5 FHLCD 38 il Ot o, i i
LCD AN [} {57 5 A9 4% 38 I 4 AN ) I 1 D A9 388 ko
AT BRAT H ARG o A
2.2 RHEAREM

HRE DL B SR I 5 BT A AT A i T — Fif
BT R BRI PO RO BN R B % ZR 58 nT UK I3
JETF Bl A S T o A A A B R SO L BT PO
PR R SRR . 1B 1 BT R N R GBI AS A A
RE/R LI . BRAMER B 4 s 0, b 3 10 1 O OR
JERYA T AN TG B 1, = HA SO dh RO R TE

port 1: optical

integratin,
guiing entrance and exit

excitation light
entrance & fluorescence exit

s s ey ifilter 2

1 1 1 !
1 N " . ' ! I
i excitation light| . 1 J . E fluorescence i
1| detector E 1 1 | detector ||
; P - :

LVF & LCD
spectral
simulation
module

1

1

1

1

1

I

1

]

E broad spectrum
! light source
1

1

___________________

B 1 ORI R G L5 Ko ag s E I
Fig. 1 Schematic of structure and function of fluorescence

emission simulation system
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Fig. 2 Fluorescence emission simulation system. (a) Schematic of fluorescence emission simulation system; (b) schematic of

light source >

()

spectral simulation method. The collimated broad-spectrum light source is first spatially filtered by a LVF, and then

amplitude-modulated with linear polarizers and LCD to simulate target spectrum. The light source is incident into

integrating sphere through port 3
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Fig. 3 Schematic of spectral simulation algorithm based on least squares curve fitting
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Fig. 5 Linear additivity of system sub-spectra. (a) Example of system pixel column transmittance spectrum sampling result;

(b) verification of spectral linear additivity of the system, where “additive spectrum” is the result of adding sub-spectra

of each column, “fully-open spectrum” is transmission spectrum measured when pixel columns are all turned on, and

“error” is the deviation between spectra obtained by the above two methods
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Fig. 6 System gray-transmittance characteristics. (a) Results of sampling at different wavelengths on transmittance spectrum of
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Fig. 7 ICG fluorescence simulation. (a) Simulation of ICG fluorescence spectrum, where “ICG spectrum” is measured spectrum

of ICG aqueous solution by F7100 spectrophotometer, “fitting spectrum” is simulated fluorescence spectrum output by

fluorescence emission simulation system, and “fitting error” shows deviation between the two spectra; (b) fluorescence

excitation efficiency simulation of 20 nmol/L ICG fluorescence solution sample, the upper row is ROI image of

fluorescence under different excitation light intensities, and the lower row is simulated fluorescence image of fluorescence

emission simulation system; (c) relationship between output light intensity of fluorescence emission simulation system

and gray value of fluorescence image; (d) fluorescence excitation efficiency simulation of different concentrations of

fluorescent agents, left axis is the relationship between gray value of fluorescence image and excitation light intensity, and

right axis is the relationship between output fluorescence intensity of fluorescence emission simulation system and

excitation light intensity
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Fig. 8 Fluorescence imaging sensitivity test results and comparison of different imaging systems. (a) Fluorescence imaging
results of ICG solution samples with different concentrations by imaging systems; (b) fluorescence imaging results of
fluorescence emission simulation system simulated ICG solution samples with different concentrations by imaging
systems; (c) logarithmic relationship between f{luorescence image grayscale and sample concentration for different imaging

systems; (d) analysis of logarithmic output results
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Abstract

Objective

Fluorescence molecular imaging is widely used in clinical practice. Different hardware and software designs in

different fluorescence imaging systems lead to differences in imaging performance between instruments. However, unlike
radiographic imaging, fluorescence imaging currently has no mature specifications or standards to test the performance of
imaging instruments. Phantoms are tools used in standardized imaging performance testing and are commonly used in
radiography. Unlike human tissues, phantoms have preset shapes and contrasts that simulate specific tissue parameters

over time. These properties allow phantoms to be used to measure, evaluate, and confirm the performance of imaging

instruments. In research on near-infrared fluorescent phantoms, fluorescent agents and quantum dots are used as samples

for fluorescence imaging performance testing. However, owing to the different materials and preparation methods used in

the samples, as well as the stability of the materials themselves, there is still no stable sample for accurately simulating
the fluorescence spectrum as a standardized test tool. In this study, a fluorescence emission simulation system for
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simulating fluorescent samples is proposed. Imaging instruments can exhibit the same response as real fluorophores when
imaging a fluorescence simulation system. Compared with traditional fluorescent agents, the fluorescence emission
simulation (FES) system can more accurately simulate fluorescence emission characteristics in a stable manner.

Methods In this study, we propose a fluorescent light-emitting system that uses an optical system to simulate
fluorophores. First, according to the characteristics of the fluorescent agent, a simulation method for fluorescence
excitation efficiency, spatial distribution, and fluorescence emission spectrum characteristics is designed such that the
fluorescence imaging instrument has the same response as the real fluorescent agent when imaging the FES system. The
system controls the intensity of the outgoing fluorescence according to the intensity of the detected excitation light,
thereby simulating the fluorescence excitation efficiency of the fluorescent agent sample. The design of the optical
entrance and exit based on the integrating sphere can simulate the spatial distribution of outgoing fluorescence. In this
study, a spectral simulation method based on a linear filter LVF and liquid crystal display (LCD) is used, and based on this
method, an improved least squares spectral fitting algorithm is designed to automatically simulate arbitrary fluorescence
spectra.

Results and Discussions The performance verification shows that the subspectra of the FEM system have linear
additivity (Fig. 5), and the subspectrum satisfies a certain gray-transmittance relationship [ Fig. 6 (a)]. A grayscale
transmittance curve of the sub-spectrum was obtained [ Fig. 6(b)]. Functional verification of the system is realized by
fluorescence emission simulation of ICG. The simulation of the fluorescence emission spectrum characteristics [ Fig. 7(a) ]
and fluorescence excitation efficiency [ Figs. 7(b)—(d) ] of the ICG aqueous solution samples with different concentrations
is performed using the FES system. The simulation system obtains the same test results as the fluorescent samples
(Fig. 8), and compared with traditional fluorescent agents, the FES system more accurately simulates the fluorescence
emission characteristics in a stable manner, which verifies the feasibility of the system as a standardized test tool.

Conclusions In this study, a method for simulating fluorescent samples with an optical system is proposed. A
programmable FES system is built and an optical system is used to simulate fluorescent agents for the standardization test
of near-infrared fluorescence imaging performance. The FES system can simulate the fluorescence excitation efficiency,
spatial distribution, and fluorescence emission spectrum characteristics of the fluorescent sample such that the
fluorescence imaging instrument has the same response as the real fluorescent agent when imaging the FES system. A
spectral simulation method based on a linear filter and liquid crystal display is also proposed and an improved least squares
spectral fitting algorithm is designed, which can automatically simulate any fluorescence spectrum. Finally, based on the
FES system, the fluorescence imaging sensitivities of different near-infrared fluorescence imaging instruments are tested
and the test results of different instruments are compared. The test results show that compared with traditional
fluorescent agents, the FES system can more accurately simulate the fluorescence emission characteristics in a stable
manner, which verifies the feasibility of the system as a standardized test tool.

Key words spectroscopy; fluorescence emission simulation; spectral fitting; near-infrared fluorescence imaging;
imaging performance test; indocyanine green
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