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crystal tunable filter; Cl: monochrome

camera; PC: personal computer.

LS: illuminant; L1, L2, L3, L4: collimator lens,
projection lens, imaging lens, imaging lens;
P1, P2: polarizer; PSG, PSA: polarization
state generator, polarization state analyzer;
LCVER], LCVR2, LCVR3, LCVR4: liquid
crystal phase retarder; F1: filter; DMD: digtial
micromirror devices; M: reflector; SA:
organization; S: dichroic mirror; LCTF: liquid
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Fig. 1 Polarization spatial frequency domain imaging system. (a) Schematic; (b) physical drawing
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Fig. 2 System operation flow chart
S=[S,S,S,S.1, (1)
o+ S, ZFon BB, B K- 9k 0 45t -5 7 B0 3R 20 i
Z 3 S, 2R K i AR o e 5 T LR AR 2 i 2 225 S, K
7 45" P 73 5 5 135" Ak 70 i 2 2% 5 S, 3 A e 19 g
& o3 5 7 e A i i o3 B 2 28 ol aU (D) PRy 44
3] LSS B A 38— SROG A D ROIR 2 6465 750 23 D
PRt BRENRE R AR TG T R RS i J2 o] e 22 3
IR [N DI B 4 /N W)

my o My Mz My
M— Moy Mgy Moz Moy ) (2)

Ms  May  Maz My

My My Mz My
A e Y g — D 0 3R 0 ) AR AE B R o 1 —
il I 5 8, 5 BN RE R BEH B — L2 PR B AR
38 0 3 A X R AL T LA B RS W AR A AT D I 1R
Boo HY A RE S R IR B OGS R B, B AR
MITRIREGTE— &, PR BELNE A . HHH K
RG22 R — G2 P I A
FESS . BRI IZ A6 A9 & Lu M Chipman' ™ $2 H (4 %
P53 9505 o M 5 VR MU i Ak A B i Y = A R
[ i e (5 I A G B0 95 B 8 s 1 Jo ) AH A3 28 IR
(5 D 31 A7 G 8 R A6 ke 728 P B ) RS 5 3R s s B '

A R A D I D' R JBT ) D R 8 6 B il Sl — A R 1Y
Te B, 43 i A5 B A9 1 S 4 A 8 20k ST 1R B A 54 it B

M=M,M.M,, (3)
Ao M, R IRAE B s M M TR SR s M,
I REPSAE B . Lu A1 Chipman 7638 3" W 48 H1 T R
I I i % e A R AA S =, B

AZl—;{i’(mﬂ)i,}, (4)

i=1

D=\mi, + mi+ mb/mh, (5)

tr(MA)_
SHN R

R = arcco{

Ao A KB I R 5 D ol ) R A R VARG IE R
FH 5 me Ry R R R R
2.3 a1

25 () AR Sk A% LA 9 Y T A | e R I S
A8 1% 7 52 B0 4 270 25 245 A0 R I 1) (] s, B 4 2H 41 o
2 EBMSEUEEE LR E g T A A8
AU 0 e, AT Sy I AR A T 4R AR DG R . A IRl A
R AR F T 58 3 6 TRRN 25 8] 56 R 1 4% 45 5 6 A% i
R AL 2L 2E T8 % AT DL g Rk 41 20 4%
ALY B A PR

25 [ A3 38 AR FH — N B 0 e e AN TR 28
[i) A1 3 £, 7 B B A% 0 (1 58 (— o 35K, 245 Bl AR A6z 8]
120°) , &5 406 A5 2 be sk 4 80 I 2 19 DMD J5 9 4% 5%
FERFI AL 2L | S5 M EAERE R 2 AL 20 K AR B, B
SEE IR I AR ML B2 S i AR AT 3k R A (—
WAL SR I Lo L) o 5 K4 96 B B0 A5 BE T4 43 it
LI DC CBE 76 F 1 B8R 9 5 5t 4 ) FAC i AC
(FE 45 78 25 () 00 25T g ] A0 2 558 43 0 ) R 40, 3 1 3
SrBECE A R (Z M) N

II)(‘:(IO+IIZ()+124O)/37 (7)

1

IA(‘ :%[(Io - 1120 )2 +(IIZO - 1240 )2 +(Iz4o o Io )2}20
(8)

SR W], B A (AR £ R S o)
PR Ak BR 11 95 4 DI 7 5 0 2 21 b ) B IR B T LA
I S A ] B S 2% P 5% 11 4 ]R3 R A il SR B R R
A7 SR A R R o L DX . AR IR TR R A AL
RFEREE d A h

2

d:|:3ua(ua+ui)+(27cﬁ.){| , (9)

AT 2 a0, T SRR T 10 WM 2R BOR 2 A O R .
SEH R T A W U R B R BEAT I A DY e
B 5 3R B Z R TR T 2 SOy 25 [ R o dl ad 50
(9) mI 0, m LA FH A ¢ Y 25 18] 4303 2% 2 181 5 Bk AT

=)

=

0907104-3



E50% F9HI/2023 £ 5 B/HhE#N

2.4 R R =S 8 ST A 1R
TE i 41 2 TA) A3 S8l 1l A5 I 3 F 4 2 A, e Bk T A (]
A5 D B AR AR ) 2 2 TR AT R BORT U R
B, AN T 5t 2 AT 2 % Cuccia 557 8 30 R R
ﬁﬁommm@ﬁﬁT ENEES VLR &SI |
RS AT RSN o AR A P, 9 ]
%‘%%ﬂ*ﬁﬂﬁ%"%E‘Wﬁﬁé?‘.&ﬁ%ﬂﬂﬁk%éﬂ%ﬂﬁ}?ﬁ?&(H)\EE
LAm AR (V) A5 L =28 (P) Frg e R R 4 45 (R) o
i 25 FHAS D & PR R 20 G e 16 Rl IR S 4 A L 7
T —FP A XA L HEAT I . B Y A ar i St
A 35K, BV R —Fh 25 D = A2 B 3 5K B, 16 R AL &
et Az e 48 5K B8 o 7E D 41 25 1] A5 3 i 15 i 22
):,XTE Fh i 4k S 40 & R 19 3k R A B — AL B8
2 F AC 43 8 ) SR A5 — 5 52 4% 1 D 4 O %, 4R
5 16 5K 58 8 1 I R 6 IR AR R SR i AE A 4L 2
Ay
my o My, My My
Moy My My Moy (10)
My My My My
My My My My
Hemy=HH+HV+VH+VV,m,=HH+HV —
VH—VV, my;=2PH+ 2PV — my;, mu=2RH +
2RV —my, ma=HH—HV+VH—VV, m,=
HH—HV —VH+ VV, my,;=2PH— 2PV — m,,
moy = 2RH — 2RV — my, my=2HP + 2VP — m,,
ms,=2HP — 2VP — my,, my—4PP— 2PH — 2PV —

ms, My =—4RP — 2RH — 2RV — my, my=—2HR +
ZVRiﬁlll, m42:2HR72VR77n12, m_“:4PR7
2PH — 2PV — my ,my —4RR — 2RH — 2RV — my

VeI AR I H , XF SR A A R B 1Y I A AT 5
HE o SRAS AR W 2 U R AR W T, o R A R I AT A
53 ik (53 ik B3 A8 0 MATLAB % 5 1 B ) L 9 # 4i8
T i ) i I 6 2 R AR 0 B AR W R AIE o 5% TR R R
3 fifp B T P BT T A O SE B HEA T B UE

3 #ZARHIE

3.1 EBEHAEREWIERIE

el FH 8 60 A8 80 S B 0% o AT 0, R DU
5 S BREPEAT HHE, LA UE fs 41 25 (8] 450 35 AR 2R 48 1
HERR A o S UL, fi R B8 I ST AR E AT SE 0 . AR IR R
S M S 5 v T B B S AR ) i R B A 296 5%
10%.20% .40% .60% .80% .99% . A A i J 5 # f4
U — Ak 8y B 1y

1 0 0 0
0000 (11)
0 0 0 O
0 0 0 O

To 12 L BN [R] T8 R G pi 2z A B 22 G, DR O A Ok
I — b B 82 B M AT IR . TR A — i B )

B b ma B9 ORI B R 2 18 RS PR R
K.

TF a4 2Z R, %5 2 R GEEAT R E o il i X
B (BN 100040 18 5z 5t 42 4 18 Sz 5 #) kA7 22 el &,

BRI R — A R E A T — B R G iR
%o HERB IR
1 0.0068 —0.0335 —0.0416
0.0057  0.0446  0.0260 —0.0006 |
—0.0093 —0.0131  0.0258  0.0129
—0.0122 0.01  0.0004  0.0211

A LA Y S50 D0 A 2 2R AT A 18 R AR A A B2 B R TR
o TEZ e R B 18 S S A R 48 o e ) 315 v 2 Ul 25
AL E AR ZE , DU (I 5 45 2R B RS

XA T B S 23 ) 18 B SR B Al AN ] B Ol i
[, DA A 00 f5 PR {5 B AT O o A9 K B fEL . e R T 5
fi, 8 B O I 1) A7 09— Ak, T 5 H [ B St ik ] B
JEE 18 Sz SRS A ) R B R I AR O H R v B o, £ BR
VAR 52 15 DL T FAR Y o, (B, WS, (B 45 RS R Z ]
MR FR o AN 3TN, B A v A o, (EL 55 T8 AR
RS REMEMSC, H REIE 1. S IE 7 REEH)
HEBATE

1.0r R°=0.99988
0.8

0.6

my,

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
Standard diffuse reflectance

3 oy 5 10 B 08 S IR S5 0 0 OG22
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Table 1 Parameter setting in gradient fat emulsion solution

experiment

Volume fraction of fat Glass sheet

No. emulsion solution /% angle /(%) Wave plate
1 0.04 120 /2
2 0.08 120 /2
3 0.12 120 /2
4 0.16 120 n/2
5 0.20 120 n/2
6 0.24 120 n/2
7 0.40 120 /2
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Table 2 Parameter setting in gradient glass sheet angle test

Volume fraction of fat Glass sheet

No. emulsion solution /% angle /(°) Wave plate
1 0.2 60 /2
2 0.2 75 /2
3 0.2 90 /2
4 0.2 105 n/2
5) 0.2 120 n/2
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Polarization decomposition validation test results. (a) Experimental results of gradient fat emulsion solution; (b) experimental

results of gradient glass sheet angle; (c) comparative experimental results of full wave plate and quarter wave plate
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Fig. 6 Experimental results of polarization spatial frequency domain imaging and traditional polarized light imaging. (a) Experimental

results for placing diffuse reflection plate with 0% reflectance at the bottom of fat emulsion solution; (b) experimental results for

placing diffuse reflection plate with 100% reflectance at the bottom of fat emulsion solution
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Fig. 7 Burn test results. (a) Burn photos of pigskin, sorted by heating time; (b) curves of depolarization coefficient and diattenuation

coefficient; (c) phase delay curve
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Abstract

Objective The Muller matrix, as a method for characterizing the polarization properties of samples, contains complete information
about the polarization properties of samples, and it has become an important indicator for characterizing pathological tissues in basic
and preclinical studies. However, in the traditional polarized light imaging method for measuring the Muller matrix, the scattering
depth of polarized light in collagen tissue cannot be controlled. The obtained Muller matrix information is the average of unknown
depths in collagen tissue, and it is impossible to accurately measure the Muller matrix information of the pathological tissue area.
Polarized spatial frequency domain imaging (PSFDI), which combines spatial frequency domain imaging (SFDI) and polarized light

imaging, is applied to measure the optical properties of biological tissues accurately.

Methods SFDI relates the spatial frequency of the projected stripe pattern to the penetration depth of the detected light, and the
imaging depth can be controlled by controlling the spatial frequency of the projected light. We designed and validated a polarization

0907104-8
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SEDI system that uses the SFDI technique to control the imaging depth, projects the streak pattern onto the surface of the measured
tissue, constructs a polarizer and detector to modulate the polarization state of the polarized light, and then acquires the image data

using a CMOS camera and calculates the Mueller matrix information.

Results and Discussions Experimental results showed that the grey-scale plate diffuse reflectance measured by the polarization
SFDI system was linearly correlated with the standard value (R*=0.99988). The depolarization coefficient tends to be proportional to
the fat emulsion volume fraction, the two-way attenuation coefficient increases with the increase of two-way attenuation owing to the
two-way attenuator, and the accurate measurement of the phase delay of the quarter-wave and full-wave plates indicates that the
system can accurately measure the sample polarization parameters. A comparison of uniform light field illumination and polarization-
sensitive SFDI shows that the latter effectively controls the depth and accurately measures the shallow Mueller matrix of the sample.
The results of this study are expected to effectively improve the accuracy of the detection of polarization characteristics of superficial

tissues and promote early tumor detection.

Conclusions In this study, a PSFDI system is developed based on polarized light imaging and SFDI, and the device structure,
measurement method, and data processing method are introduced. By performing the error calibration of the PSFDI device, the
measurement error of the device can be less than 2% . By performing Mueller matrix imaging on tissues, we verified the reliability of
the device to measure tissue polarization Mueller and the accuracy of the Mueller matrix decomposition; hence, PSFDI can be used to
obtain the optical properties of various samples. The PSFDI can accurately image pathological regions, providing accurate

physiological parameters for pathological analysis, and it has a wide range of biomedical applications.

Key words bio-optics; polarization optics imaging; spatial frequency domain imaging; Mueller matrix; tissue phantom
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