/' Kzta‘sato Unwerszty, School of Science

¥4 f \ "‘

y l(.- 4 \
J’ .‘
\
/ / \
4 - \ ™

ZF—EFE@E?_&._IEJH

bt 752 "4 /) n/u077‘73—

RE WESEE
BRmIEFEE
WR JIL—7




REHL ZZLDH 2

RITOME 17O 2T,
o AIHAKHLEMNTWSZDON fAZLY=VDH
o LDIHITTHILEHSH IR SH
. Z“O)Ji")ti.'.fg'z\_ﬂti‘\,‘\,\mb‘ Y DBBELH D

— ) #5717 7 (%) |
v

o NI TITAHIHI->TVWT A>TV RVDH
. EAEDESNLTHEL LA }9%%:%»\—(%6
o FBAREDLHIEZLD

~ g
vansHfrT7AT 7IdEING W, “ ?
RS TAT 7L IIBEBFRFOBAEHLETH S 5,

BERRBRICE oMV ERTAT 7EVNIEDIIBFEELR,
e AH->TEHLRILZ =2 HARADHENIT TITE A AL LETERBRLTWS,

FAH YT —a—h o G

PRAD D2 2% RIER DR LS ZFNIBEADB D EICIT>TW e 5T g
If I have seen further it is by standing on the shoulders of Giants.



FHENWX O L TDEER

%néa“ib*")"m\b\éémx*&ﬂﬁ?’c“*tw
ENEFTCHROFE T THLEM Y DS

\“ |

W/

MXHOEBTELRWHSEEEIGA L [ ]

B 52 TERLLI LA < -~
OO LRV ZAIIRE N E ICEL '
HLTHRBI HELBETESLTLHWAS

v
m SEMEAAZTHITHNVDT, g

e-37- LU b YICHSEBBD - DRI EECT
HEDER =0 = -

et o Xiiﬁtr‘

RRAT 5 5%

Bonis B U YIZHKZDHFA I ERT A KY]

BRTCESRI R0V IEBEDHLNEEHRTS




WAL -
Al o

BAZERX T .
i3] %/ -—i

HRICE R et
h—-ﬂi—z@w
x--‘7 12 '\ ‘ »




FolgF £ @ IT DX AHNEDH T 5

1. BT —=Ih->-BARENDRE D B | BrOTIL—TBE
> > > > o ° EZ‘S[/_‘I'T\‘ E'—%‘/K\;:E
5 WEFRAEREITANT Treel 20245 45% 22
MEDRIN. SERIERETI-KYERET S © IRTIATIRI2022F8AF

. THZE, 2og§£ﬁ5ﬁ%
EFIEEE XA DI Z T3ROS ENEEL--YTS (WTNLRRERIBER)

COLEILF—T-RURBHEEIIRIRLTELZL

2. BT —VDILTIHRIBYLGS>STWEBREBEBREZHILDIBTESLITRFTDID =R
HEDRINDIETIAILA = B30T RESEA

$F1OBRBRXTLBBINTNBRT, [ e H
Z0@WX (BEH 5B EIRHDLD) €D,/ insii.
e i :_“'-:'-..‘:":7_.'..‘;-_:_:':', « Kunnen et al.,
i f SBC/E TALRR A E (BUR) A°di LT E_¥ﬁ Sl J. Biophotonics 8, 317-323 (2015)
WX NDIL E’%ﬁ H D FJIFO) HD “-'-'..':.';:-T..‘_::-_'-'.'_'~ * N. Nishizawa et al.,
T J. Biophotonics 14, 202000380 (2020)

3. 2E§EA,T°£E%’¥€'}”“&5%J:’(‘E%Z WS EBEITH->THRD
HLLII2.DBIXEESRBLTVWAZINLYLIHLW R EZED

a» -
a
ZO)EHHX%%,#\L LTI?L*@?’(/[/XI\ /uﬁﬂi%n}b ’
(1.0 Iz E->TV 312

BRFIC 2.0 = BIHEINE—O XKD/ L 2D -



=L ETHRA 6

1. TEZKRKOHTW
100%IRMR T 270 A THERIBL D T50% TOK. 60% T Lt sk

2. HSGEUVIIHE SO ERLELXRES
EITEAIZEIDHFSERY BV
B CEATHINTITZINEZD

3. BN LEREZICAN->STES>T TR
BXITNHTIER VDO TERMINSREZICAI>THD S EITR,
SR=YUBRICRTIOORINEF THOLERIIREV LB HINS

4. WX DODABEHREALLG
HEEZTIERVDOT. ST LLELWEIERERS W
(ZLZVARERETIIHEBZEL100%ELWVERTIZEWITY)

5. @XNDABR* B DHRELLEEUDITTEL
BN ELBELE U DO RVWEBRLNEIHEX TH->TE,
BICBDOMARLOBEEXBHE LI ST,

e T7AT 7 (BE) ISR B MR B 0 DR T T RINDIERN B L TDBIFICRSEILE
HEN . ZNIALEICEBRBELAEZER2EEBICEREIESDIRICIIO,

6. HEBERYV—IIME->THVWAFEY T ER\NZL
DeepLX°GoogleBiRAE Y 2 ) ZXITB VX TIdR W KR EIRAS. ORI I & 3BT
TE5HLEDNIGEIIBEBYIE) AL AN E—ELHITICIERTIEIWVW DI TE>TLHED S
SIS W FHFEXF ST KYHRUFHELIES2 Y,




1.

—Aimn/b%‘ﬁ 7

fEH B9 D
EICERBNERTHD . BVHAXNEER IITDOERRB*EEIESLIHIZENTVS,
HUERBAIIXAEZL>TBE. ZNUIODVWTEVWTH S0 FvITS

X (709—F¥—RF) 2EILHI5HD
WERHrS TR/ LTO—Fr— b 2EL,
HEOFEVHOE G, EFEEAER BREFREEL

AICERRIL. B2 T T e 55D

(FAIFE)ABR—ILR%(ES
Important sentence (EZL X E K EITFHA TLRXHAI —ETSX)
Unknown word  (BEFIAZEMNHIBIRLA\WVEEE - B TED)
Authors thoughts (& #& DEEFR. HEA. 4E3R)
My thoughts BN ZEENEZIIFTEB7NER)

EEE OIS
(FRADIHFE) BMOMETARL T T 2IC
70—Fv—hk(4.) xrHilIimportant sentence (3.0 %) |
ZEZNERGOE) B TELEERBCER|(G.OE)
*FrHTEL,
INERIXDRIZIANN TRV FFIATEHTI?PA)>T




B REY

N N
72 SR DA |
d‘ A "N wa et al., J. Biophotonics 14, 202000380 (2020) % F &<

B ek toupome

e E e — pu—

Dot w o S

FULL ARTICLE

Journat of
BiChiotoncs

Angular optimization for cancer identification with

circularly polarized light
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Depolarization of circularly polarized
Tight scattered from biological tissues
depends on structural changes in cell
nuclei, which can provide valuable infor-
mation for differentiating cancer fissucs.
concealed i healthy Gssues. In this

study,
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sibility of cancer identification using scat-
tering of circularly polarized light. We
investigated the polarization of light
scatered from a sliced biological issue with various optical configurations. A
significant difference between circular polarizations of light scattered from
‘cancerous and healthy tissues is observed, which is sufficient to distinguish a

verified the pos-
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Iar polarization comesponding (o the state of tissues, whether cancerous or
nommal, An obliue and perpendicular incidence induces different resolutions

e
Newocotigan | 1F which indicates that the optical arrangement
o100y can'be selected according t the priority of resalution.
cxner dacton, o

1 | INTRODUCTION

The tering phenomenon of polarized light
ol lble formaon g scatcren i &
turbid material, based on the polarization state as wel as
the remnant intensity of the scattered light. When polar-
ized light beams impinge on a biological tisue, they pen-
etrate and propagate ino the tissue and are scattered
multiple times by cell muclei, which are the main

scatterees in biological tissues. Eventually, they are
dinside or mvmgd ouside the tissue. Depolar-

ization of the resultant scatiered I ght mainly depends on

the size and axial rato of scatterers, thats, cell nuclel, as

well a the frequency of scatering events associated with
the density and distribution of cell nuclei

el o s [1) reprted ot o oo e of

entially from suspended. biological

shterers con provde stacural lormation. shout
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biological tissucs. They suggested that this technique is
useful for distinguishing closely related structural bialogi-
ol wams and de iy s, tine-
depenent et chgp. Mot i sex

ve biological st with

side facet and can detest CP light without applying an

extemal magnetic field or a large lectrical field (27-30]

If spin LED devices are integrated 4t the Up of a biopsy

probe apparatus such s an endoscope, the polarimetry
by

U plaiaton ste of the bk eatered ight heve
been performed wsing the lincar polarized (LP) light
[2-5]. In the Mie sattering regime 9, the size of 2 scat-
terer (cell nucleus)is larger than the wavelength of inci-
dent light and the degree of depolarizaton for L lights
sgnificantly large such that the scattered ligh results in
complete depolarization by a small number of scatering.
events 10,11] Therefore, hese studies using the LP light
have sucosssully prov tifc significance specif-
cally for surface observations 12-14]

contrast, the circular polarization of ight Tas more
persitence against mulipl scattring in the Mic regime
The depolarization process is caused by two randomized
processes: rotations o the polarizafion planc and interfer-
ence with the backscatiered light When the size f a sct-
terer is almast equivalent or smaler than the wavelength
ofincident light (Rayleigh regimne), LP light i randomized
mosly by the former process, whereas circularly polarized
(CP) light is disturbed dominantly by the later process.
The strength of the resultant depolarizaion was almost.
equivalent In the Mie regime, in which forward scaering.
is dominant [9], complete of CP light

Meglinski et al can be developed
from ex vivo observation 1o in vivo dbservation, which
4lso enables observation in real time while avoiding the
tisk of adminisiering @ fuorescent agent. However, to
develop this technique for practical use, more intensive
and detailed investigations are required from both theo-
retcal and experimental appr
Previously, we theoretcally investigated the scatiering
process of CP light against cell nuclel in pseudo tissues
using Monte Carlo (MC) methods based on the Mie scat
tering mechanism [31]. MC simulations were performed
for cancerous and healthy pseudo tissues in agueous
et continig dsprsel puscs vih e i
sizes of cell muclf in healthy and cancerous cels, that
and 11, repively. Accordinly,  disinct it
ence in the resuliant polarization values between healthy
d cancerous tissues can be obtzined over a wide range
of detection angles, which suggests tha this technique can
characterize the size of cell nucki in biological tissues.
The difference is estimated to be spproximately 0.2in the

this study, we experimentally demonstrated the

require more scatiering events compared with thase of LP
light owing 1o the reduction in the backward scattering
[10. 11]. Thereiore, scatering of CP light can provide more:
specific informaticn about not only the outemmost surface
but also the inter o of tssues, which suggests the possiil-
ity of identiying carci noma concealed in tissucs.
Meglinski et al [15] pioncered the application of CP
Jght for cancer detction, by oprealy mapping
the scattering properties of tissu
Sphere. Kunnen et (16 epored tht the polaeston
of light scaitered from a tissue of human lung shows dif-
ferent polarization states for healthy and tumor tissues
ex vivo using incident CP light (i = 639 nm). They con-
cluded that the difference in paarization is caused by
the enlargement of the nucleus size due to canceration.
Furthermore, they suggested that this technique would
generate noninvasive diagnostic technology for early
disease detection. Triggered by these reports, the tissue
polarimetry _techniay been widely studied to
develop an optical diagnostic tool that can provide sup-
plementary  information for ~patbologists [17-24]
Recently, the polarimetry technique has been applied
0 demonstrted for raing colon cnce (3] sna
h
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s smalle than that from healchy tissves. However, this
magninde refaion s posie 0 the results shown in re.
[16], which are cbtaned using the incident CP Light with
Light scateing is the second radiatcn from
dipoles excited by the firstimadiaton an the surface of the
scatterer. The degree of depolarization varics accarding to
the disributon of dipoles, and stzangly depends on the
Fato of the wavelength and size of the sauterer. We have
calculated the wavelength dependence of the expected
DOCP value of light scattered by norcancerous and can
cerous peeudo-biological tssue in aqueous medium with
dispersing scaterers having a diameter of .0 ind 110 m,
respectively, by the same caleulation method in ref. [31]
e cled DOCP vils show olaing beaix
derived from spherical hamonics with a variable s
e, = ka.The DOCP vl o pado cancr
e (Poee) e targer hn (b P
hedthy (e (Poeus) 8t 1 <68) whereas
Peer < P at 43> 680 nm. These calculation results
can explain both experimental results
Figure 3shows the results ofthe line scanning experi
ments obtained a the optical configurations with
©.9) =() 0.0 and () (0. p). The data ploted in
Figure 3 were obtained by acquiing one mezsurement at
cach point. The linescanning  experiments  were

Hoalthy : W
s

performed at 15 points dong the red arow shown in
Figure 18, which crosses the boundary between cancer

o1 and healthy tissues mulipke tmes. A micrograph of
the scanning arca is shown in the upper part of the
graphs in which the area delincated by the blue dotted
line s the cancerous parts. Except for (55", ) at which
the DOCP values showed almost no change, a difler

ence of 0.1 or more in the DOCP value was abserved
depending on the state of the biological tissues,
whether healthy or cancerous, which corresponds 10
the results shown in Figure 2. Distinct differences are
observed in each angular configuration; howeser, at
around the boundary beween cancerous and healthy
parts, steeper changes are observed with the perpen

dicular incidence (Figure 35) than with the obligue
incidence (Figure 3A). The different gradients of the
DOCP value at the boundary between the oblique and
perpendicular incidence could be possibly due to the
different sampling (scattering) volumes and the subse-

quent radiation aress of the scattered light. An clon

gated clliptic spot due to the oblique incident beams
induces the expansion of the scattering volume toward
the in-plane directon inside the tissue. Accordingly,
the radiation area of the scattered light s spread in the
direction opposte to the incident direction. Therefore,

Cancor: ¢
©

FIGURE3 Resukof i e
scanning experiments with diforent, A,

respectively. The microgragh of the

part
cormsponds t the probing pirsof the
gmph

3 4
Position (mm)

‘We have studied spm polarizing light-emiting diodes.
(spin-LEDS) that can emit fully CP light directly fom the

biologica isue with the
scattering of CP light. We measured the DOCP values of
scattered ight In various optcal angular arrangements.
with incident and deteston anges. Line-scanning experi
ments were performed (o demonstrate clear discrimina
ton of the cancerous and healthy parts, which was
partially publisned in re. 32 In addition, we zssesed
the in-plane dispersion of the detected values according
0 optical angular configuratios.

2 | EXPERIMENTAL

Figure 1 shows the experimental seup used lo measire
the DOCP values in this snady. The i ncident and detection
angles, @ and ¢, arc defined as angles made by the lines
connecting from 2 measurement point on the sample ©
the light source and the detector with a perpendicular line
at the measurement point, respectively. The unpolarized
laser beam emilied from a diode-pumped solidstate laser
(Sancity Laser Technology Co, Lid., China) with 2 ware-

length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND fl.

tex, a linear polarizer and a quarterwave (114) plate. Sub

sequently, it s focused by a planoconvex lens
(=25 mm) at & measurement point with an incident
angle 0. The DOCP value of the incident CP light vas

*
Samples \
Lens_g N
[a— Lo
) 1/4piate
o Linear
@i
‘L:sev
12
(B)

©) ©

FIGURE 1 A, Schomate llutmatons o experimantal satup
for messuring the degres fcitcular plarization (DOCP) vale in
this stady. B, (1) Micrograph ofsecimen and right)a
corrasponding schemtic map. The Bght-ble area dlinestedby
he blue dortd ine repren he metstass pars. The rd dottad
‘amow shows the aren whee lneccamning eperiments were

pre

the magrifad imagesof the rogon n whie boxss

+1.0. The light scattered from the sample at an angle of
57" is collected by a plano-comvex: lens (f =30 mm)
‘and detected by a polarimeter with a high dynamic range
(PAx: h consists of an opticil
input aperture (¢ 3 mm), a rotating 4/4 plate, a fixed lin-
‘ar polarizer and a photodiode. The polarization sate of
the scattered light is assessed by the DOCP values, which
is defined by the equation, DOCP where S, and
5, are the Stokes polarization parameters that describe the
total intemsity of the scattered light and the preponderance
afherght CPover e I CPrpecve. The i
od aording 1o the difference in. th

BlGm

reflction coeficient and scattering efficiency. However,
we confimed that the changes in circular polarization
S, are considerably larger than the variations In the total
intensity AS,; therefore, the obtained DOCP values are
intrinsically derived from the circular palarization of light
in all of the experiments in this study. The incident angle
dependences were investigated by varying 0 fro
55° and fixing ¢ © . Comversely, the detection angle
by changing g from 35" (0 55

contaning lver metastatic lesions. The livers harvest
from the mice were immediately frozen in a frozen tisue
matrix. The frozen liver was serially seetioned Into speei.
mens with a thickness of approximately 40 m using &
cryostat. One of the serial sections were used to measure
CP scattering and the other were utlized to observe the
stained cell nuclel. Figure 18 shows a micrograph of the
specimen for measurement of CP scattering with neither
staining nor any support, The iver section for the CP scat-
ering measurements is laid on @ ghss plate and then

men with a glass plate was placed upright in the opical
setwp. The right lustzation of Figure 1B is a shematic
map that indicates the charucteristics. The metastasi parts

are shown by the light-blue area surrounded by a dotted
line. The red dotied arrow denotes the lincar area along
which the linescanning measurements were performed.
The fluorescence micrographs of healthy liver and meta-
static area with stained cell nucle in the specimen are
shown in Figure 1C.D, respectively. The liver sections

ctons were stined wih 10 g/, Hoscho 3342 for
5 minutes. The siined sections were sealed with cover
Sips and fluceescently observed with an inverted fucees.
cent microscope (BZ-X800, Keyence . Fluorescent images
wwere acquired with a x40 oljective lens under fixed expo-
sure time of the CMOS camera The cell nuckl in the
healthy part are comparatively small and dispersed,
the average diameter of the nuclel is approimately
64 pm. In the metastasis part, relativly large and aggre.
gated cell nucki are olerved. which indicates that the
enlargement of cell nuxcle is observed in mefastasis parts
due w canceration. The average diameter of the cell nuclel
is approximately 10 ym.

MC simulations for the pseudo biological issue with
2 thickness of 40 ym show that the sumpling volume is

JoutNAL OF ats
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optical configurations with oblique incidence and ver
tical detection have less spatial resolution. From the
resulis of line-scanning experiments, the in-plane res.
olution is roughly estimated to be 0.6 and 0.3 mm for
the configurations with the oblique and perpendicular

The
were performed at each point obtained by dividing the sean
ning area into 6 x 11 lattioes in length and width, which arc
schermatically dravm on the micrograph of the specimens in
Figure 4. The color-coded spatil dkirbutions of the mea.
sured DOCP values at (@ ¢) = (50°,0°) and (0, 50°) are
shown in Figure 4BC, respectively. The upper panels show.
the data in the healihy tissucs, while the lower pancs show
the results in cancerous tissues. Figure 4D.E shows histo-
nding to the daa shown
)

ibution with a peak of 0137 and a standard deviation of
reas the DOCP valus i the cancerous part are

comverged at 0301 with a sandard deviation of o = 17

(Figure 4D} The almost independent dispersions provide

=) (50,0) 30 (0) @, 507,
sribution curves and the

sufficient information 10 ANl identiy the cardnoma
lurking in healthy tissues. AL (0,9) = (0°, 50°, the DOCP
values are disributed with comparatvely large dipersions,
although the identiicaion of cancerous isses s possble
with comparisans of data from mukiple points. The pesks of
the dispersions are ~0.132 and ~0.320, and the deviaions arc
o= 622nd 99 in the

are remarkably diferent, When the CP lght b irradiated ver-
tcally, mst of the penetrata Iight tends 10 progress toward
the deeper layer because the forvard satiring is dominant
in the Mie regime. Therefore, the light experienced a large
number of scattering evens that were hardy distharged out
ward the sampl, and the light scatered by a few times is
dominantly detscted, resuling in less accuracy for disrimmi-
naiing cancer.

4 | CONCLUSION

We eperinenally invsigued the aplcily of
scattered CP light for cancer ideniification in optical

configurations with various angular relations berween
the directions of incidence and detection. An incident
angle larger than the Brewster's angle for the surface of
biological tissues causes a decreased penetration of polar-

ized light ino the tissue, and the small difference
between the angles of incidence and detection increases
surface reflection with less information. At the configura-
tion with angles within the appropriate range, that is,
0553 and (0 -9)230°, the significant differences
between the DOCP values obtained from the cancerous
and healthy parts are observed o be approximately 0.20,
which is sufficient to identify the cancer-affected area.
Based on the good agteement with our previous calcula-
tions [31], here, we concluded that the diference in the
DOCP values results from the different szes of cell nuclel
rather than the different reflectance values, which sug:

gess that this technique could be applied to the identif

cation of not only carcinomas but also other discases
‘accompanied by the enlargement of cell uclei, for exam.

ple, alcoholic hepatitis and ulcerous calitis. In addition ©
the cell nucle, the contribution of cellular walls and
other consituents also contibutes to pol arization scatter

ing These components, which are strongly associated
with the anisotropic cellular shape and birefringence, can
‘greatly contribute 10 polarization scattering in fbrous ts-

:
g
£
1
H
H
g
£
z
3

this study consist of uniform, isotropic cell nuclei in both
cancerous and healthy parts, in which the contributions
of these anisoropic parameters are inconspicuous. Fur
ther research is required to investigate these contribu
tions. Tn the line-scanning measurements, the obtained
DOCP values change in an almost binary manner
depending on the state of ssue, whether healthy or can.
cerous. The optical configurations with obligue incidence
provide larger differences in the DOCP values, which
indicates higher accuracy in identfying cancerous parts.
However, the elongated elliptic spot due (o cblique inc
dence reduces the spatial resolution and enhances the
positional fluctuation. Conversely, the arrangements with
perpendicular incident light have higher spatial resolu
tion due to a narrow sampling volume but slightly less
accuracy due o fewer scattering evenss. The

ments should be selected according 1 the objective dis-
ease, organ, apparatus and environment. Moreover, an

System. This indicates tha this techrique is useful even
in environments where it is difficult to fix the spatial
armangement between the optics and the target, such as
in vivo observations with an endoscope.
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‘approximately 1 mm > 1 s 40 pum, independent of
he anguiar configurations. The sampling depth at
(6,9)=(1°, 30°) s estimated (o be 1.65 mm from the MC
calculations for the Gssue with infinite thickness [31].

Therefore, a significant portion of incident light s rans-

parent through the back of the sample or reflected af the
interface berween the specimen and the ghass plate. The
remaining portion of ight and reflected light at the back
undergo multiple scattering events in the entire sample
with a thickness of 40 um and then arrive at the detector.

‘This sampling volume includes approximaely 750 nuclel
on average.

3 | RESULTS AND DISCUSSION

Figure 24, shows the dependence of the DOCP value of
scattered light on the incident angle @ and detection
angle g, respectively. The blue and red dots and lines rep.

resent the DOCP values measured at the point in the
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healihy and cancerous (metastasis) parts, respectively.
The DOCP values are the average values measured al
four different points in each part. The dependence of the
DOCP value on the incident angle 0 with ¢ = (", shown
Figure 24, indicates that the DOCP values from the
ey s re g than those fron the cancerous
parts with an approximately constant difference of 0.)
except for the case with 0 = 55°, while the DOCP value
increases with increasing ¢ [31]. The dependence of the
DOCPvalue on the detection angle @ with 0 = 0", shown
in Figure 28, indicaes the two characteristcs similar to
those of 0 dependence: the increase in the DOCP value
with increasing 0 or ¢ and a difference of pproximately
0 bkt DOCP ke chaind from bt puts
former characteristies are due 1o the injection
e[ﬁtmnty of CP light and imegular reflections at the
surface. When the incident angle approaches the
Brewsier’s angle between the air and the sampl
(approximately 53, in this study), the p-polarization
componentis dominantly penetrated into the sample, but
the s polarization component is mostly reflected because
of the difference in reflectance ai the surface [9]. There
fore, the CP of light penetrating into the tissue is
deceeased and the scatiered light has less information
et om. The et ot b e 2
values are observed at (6, ). Morers, the
P of wate iesion s
Some of the incident CP light penetrates into tissues i
provides information about the state of the sample. The
remaining part of the incident light is imcgularly
reflected at the rough surface of the tissues. The sign of
the DOCP of the reflected light s opposite to that of the
incident CP light. As the Encident dircction approaches
the detection direction, the component due o the irregu-
lar reflection in the otal detected light becomes larger,
resultng in a decrease (i

detected light is reflected light, which has insufficient
information. The latier characteristc of the difference in
the DI

magnitude of the detected DOCP value can be influenced
by extrinsic factors such as surface reflection, while the
difference in the DOCP value is intrinsic and robust in
the optical configuration with an angle within the appro-
priate range, which provides valusble information about
the state of the biological tissue.

In our experiments using incident light with a wave-
length of 914 nm, the DOCP value from cancerous tissues.
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biological tissucs. They suggested that this technique is
useful for i

side facet and can detect CP light without applying an

cal systems and for identfying subsequent time-
chan

Angular optimization for cancer identification with

circularly polarized light

| Bassam Al-Qad? | Takahiro Kuchimaru®

Abstract |5 e

Centrfor Molecular Madicle, Jihi
Malical Unhersly Tachgh Jpan.

“Comespandence

Depolarization of circularly  polarized

depends on structural changes in cell
nuclei, which can provide valuable infor-
mation for differentiating cancer fissucs.
concealed i healthy Gssues. In this

study,
Il plinary ke arch and
Techndogy, Tokyo st o
Techndlogy, Yokohama 2364503, Jpan
Emait ishioaa nabgn tiachaclp

g information
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sibility of cancer identification using scat-
tering of circularly polarized light. We
investigated the polarization of light
scattered from a sliced biological issue with various optical configurations. A
significant difference between circular polarizations of light scattered from,
‘cancerous and healthy tissues is observed, which is sufficient to distinguish a

The

verified the pos-

ot Gt At Crllngg healthy and

Researh, Organiaton of Funda
Researh, Tokyo lstiue f Technology:
I5PS KAKENHE Grant Avard Nurbers:
L4104, 1HOBT, 19O

Iar polarization comesponding (o the state of tissues, whether cancerous or
nommal, An obliue and perpendicular incidence induces different resolutions|

o st igan | which indicates that the optical arrangement,
Spin R0y ‘canbe selected according to the prierity of resalution.
cancer deocton, o

1 | INTRODUCTION

The multiple scattering phenomenon of polarized light
it ik ‘niommaton regig seaicres n 3

gl tomes. Bty iy
absorbed inside or discharged outside th tiss. D

nation of the resultant satiered light mainly depends on
the size and axial ratio of scatterers, tht s, ell el a5

o the polarization
mmnznumn\nlynimmdmnwhnphp
ot G mpings o ioogal U, ey gy
etrate and propagate ino the tissue and are scatered
multiple tmes by cel nuclei, which are the main

the density and distibution of cell uclei.
Jicks f 1] st ot he ol i s of
scattered different

scatierers can provide stmcural Information about

s, Most of the carlier studies.
with

temal magnetic field or a large electrical field [27-30]
1f spin-LED devices are integrated at the tip of a biopsy
probe apparatus such as an endoscope, the polarimetry

e plarizaion st f the tuckocatired ight have
n performed wsing the linear polarized (LP) light
e g g o i e
terer (cell nucleus) s larger than the wavelength of inci
dent light, and the degree of depolarizaton for L lightis
sgnificantly large such that the scattered light results i
e depolarization by a small nuember of scatiering
events [10, 1], Therefore, these studies using the LP light
have successful 6d slentifc sgnificance specifi-

persistence against multple scatering in the Mie regime.

izaton process is cawsed by two randomized
processes rolaions of the polarizaticn plane and intefer-
ence with the backscatiered light When the size of a sct-

by Meglinski et al can be developed
from ex vivo observation to

and detaled investigations are required from both theo
retical and experimental approaches.

Previously, we heoretically investigated the scaltering
‘process of CP light against cell nuclei in pseudo tissues
‘using Monte Carlo (MC) methods based on the Mie scat-
tering mechanism.[31]. MC simulations. were performed
for cancerous and healthy pseudo tissues in agueous
‘medium containing dispersed partcles with the typical
sizes of cell nuckei in healthy and cancerous cels, that is.
6 and 11 ym, respectively. Accordingly, a distinet differ
ence in the resultant polarization values between healthy

erer e than ath
ofincident light(Rayleigh regim), LP light i randomized

(@) bed dominantly by the s The
The strength of the resulont_depolfization was almos] of c iza
equivlent In the Mie recfhe] Q

is dominant [9], comy

require e

light

B e

Dot e the ko s wilh et i psbl
ity of identiying carci noma concealed in tss

Meglinski et al [15] pioneered the application of CP
lght for cancer detection by experimentally mapping
the scattering properties of tissues on the Poincaré
sphere. Kunnen et al [16] reported that the polarization
of light scaitered from a tissue of human lung shows dif-
ferent polarization states for healthy and tumor tissues
ex i using incident CP light (i = 639 nm). They con-

disease detection. Triggered by these reports, the fissue
polarimetry technique has been widely studied to

plementary
e SR e
and demonsiried for gading colon cancer (5] and

20 e At JlfBophonie ey Wiey B Gt

e —
NSHZAA T JOURNALOF | sats
Bi0

s smaler than that fram healthy tissues. However, this
magnitude reation is opposie (0 the resuls shown n ref.
[16], which are obtained using the incident CP light with
=63 nm. Light scatering is the second radiation from
dipoles excited by the fistirmadiation an the surface of the

scatterer. The degree of depolarization varies aczording

the disuton of apde, and sungy depens on e
saaterer. We have

P
T clcusied DOCP vaues show milhmg e
e

iues from pseudo cancer.

parametr,
e
hedthy tisue (2 3
P <Pt £> 80 1 T calclation e
can explain both experimental reul

o e e TR
ments obtained at the optical configurations with
0.9) =(@) (0.0) and (b) (0. p). The data ploted in
Figure 3 i

performed at 18 points slong the red arrow shown in
Figure 1B, which crosses the boundary between cancer-

DG o e nd

the cancerous parts Except for (55°, 0) at which
o e S Al
ence of 0.1 or more in the DOCP value was obse:

depending onffi sk o i Bllogtal o,

parts, seeper changes are observed with the perpen:
dicular incidence (Figure 38) chan wih the oblique
incidence (Figure 3A). The different gradients of the
oundary berween the oblique and

fo icfence could be possibly due to the
different sampling (sattering) volumes and the subse-
quent radiation areas of the scattered light. An clon-
gated ellptic spot due to the oblique incident beams
induces the expansion of the scattring volume toward
the i plane dircion i the e Acordngh.
adin the

each point. The linescanning experiments were

direction opposite to the incident direction. Therefore,

‘We have studied spin-polarizing light-emitting diodes.
(spin-LEDs) that can emit fully CP light directly from the

s | Joumin o

tissues can be obtained over a wide range
icuion angles, which suggests hat this technique can
sharacierize the size of cell nucle in biological tssucs.
difference i estimated to be ap 0.2in the
I ion (DOCF) valu
ally Gomonstrated the
fological tisue with the
Sattering of CF light. We mezsured the DOCP values of
scattered light in various optical angular arrangements
with incident and detestion angles Line-sanning expert
ments were performed.

spersion of the detccted values according
0 optical angular configuratios.

2 | EXPERIMENTAL

Figure 1 shows the experimental sewp used to measure
the DOCP values in this snady. The i ncident and detection
angles, 0 and g, arc defined as angles made by the lines
connecting from 2 measurement point on the sample ©
the light source and the detector with a perpendicular line
al the measurement point, respectively. The unpolarized
laser beam emilied from a diode-pumped solidstate laser
(Sanciity Laser Technology Co, Lid., China) with 2 wave
length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND fl.
ter, a linear polarizer and a quarterwave (14) plate. Sub
sequently, it s fooused by a planoconvex lens
(=25 mm) at & measurement point with an incident
angle 0. The DOCP value of the incident CP light was.

P

* I
e
£

Lens
Polarimster = Lens

T wranee

@ o

‘L:ser
——

FIGURE1 A, Schemate Hlustatons o expeimental setup,

the magrifad imagesof the rogon i whie boxss

410, The light scattered from the sample at an angle of

816

reflection coefficient and scattering efficiency. However,
e confimed that the changes in circular pokarization
AS, are considerably larger than the variations In the total
intensity AS,; therefore, the obtained DOCP values are
intrinsically derived from the circular polarization of light
inall of the cxperime i inthis sy The ncident angle
dependences were investigated from 35 1o
55 and fising g i (7, Comendy, e detesion argle
dependences were assessed by changing ¢ from 35° (0 55°
and fixing 0 to .

Sliced tissue specimens of liver metastadis were pre.
pared from a murine xenograft model with human pancre
atic cancer SUIT2 cells. To establish liver metastasis in
mice, humen pancreaic canger SUIT2 cells were

cells, the livers were harvested to prepare slced specimens
contaning lver metastatic lesions. The livers harvest
from the mice were immediately frozen in  frozen tisue
matrix. The frozen liver was serially seetioned nto speei.
mens with @ thickness of approximately 40um using a
eryostat. One of the serial sections were used (o measure
CP scattering and the other were utlized to observe the
stained.cell muclel. Figure 1B shows a micrograph of the
specimen for mezsurement of CP scattering with nelther
g pos e Moot 1
ing measurements s laid on a glass plate and then
ngqny adhered to the glass with ifs moisture. The speci-
men with a glass plate was placed upright in the opical
setup. The right illustration of Figure 1B is a schematic
map that indicates the characteristcs. The metastais parts
are shown by the light-blue area surounded by a dotied
line. The red dotted arrow denotes the lincar area along
which the linescanning measurements were performed.
‘The fluorescence micrographs of healthy liver and meta:
static area with stained cell nucki in the specimen are
shown in Figure 1C.D, respectively, The liver sections
were fixed with 4% paraformaldehyde for 10 minuies.
Afier washing with phosphate-buffered saline, th
sections were stained with 10 pg/mL Hoechst 33342 for
5 minutes. The siined sections were sealed with cover
slips and Auorescently cbserved with an inverted flucres.
oot micocape (BZ.Xa Keyeooe) Facrsces =

57" s collect wnsexlens (=30 m®) i wuh ax) n\;gcn\ ens under
Frain e el mucks i e
{EAiom: Tera] %I & e
e e m i is opprimay
ar and a aggre

s e polarization siate of

4 o pm relatively large
P L ey D

e e i & oocpm.ﬁ which
is defined by th shere S and nla{ ment of cell nucll is observed in metastasis parts
5,are the sma pf. nceration. The average diameter of the cell nuclei
total inensityof \m ately 108 pm.

g O ove e TE, rfspgcn\‘elv e,
hanged acording © the difference in the

MC simulations for the pseudo biological issue with
a thickness of 40 ym show that the sampling volume is
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FIGURE3 Resukof i e
‘scaning experimonts with difirent, 4,

respectively. The microgragh of the

part
cormsponds t the probing pirsof the
gmph

3 4
Position (mm)

—
(B) (0.9) = (50°,0°)
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FIGURE 4

dclinestd by Hoe and red

66squars, ) Be.

rspectivaly. D/, Histogeams of the DOCP valuesshoven n, B, and, .
st deiation vabiss

=) (50,0) 30 (0) @, 507,
rspectively,togeher vith the eye-guidad disribution curves and the

optical configurations with oblique incidence and ver-
tical detection have less spatial resolution. From the
resulis of line-scanning experimens, the in-plane res-
olution is roughly estimated to be 06 and 0.3 mm for
the configurations with the oblique and perpendicular
eidesi, mapechv,

0 evalual the distrbutions of the DOCP values, can-

g ara into 6 X 1 Jtiocs in legth and wideh, which are
schematicaly drawn on the micrograph of the specimens in
Figure 4A. The color-caded spatal distributions of the mea-
sured DOCP values at (0, 9) = (507, 0°) and (", 50°) are
shown in Figure 4BC, respetiely. The upper panels show
the data n the healthy tisues, while the lower panels show
the resils in cancerous tissues. Figure 4D.E shows hisio-
grams o the DOCP values camesponding to the data shown
in Figure 4BC, respecively. AL (6, p) = (0°,0°), the disper-
son af the DOCP values in the healny part shows a wide dis-
ibution with a el of 0137 and a stndard deviation of

converged at -0.301 with  standard devation of - = 17
(Figure 4BD) The almost independent dispersicns provide

sufficient information 1o ditinatly identiy the carcinoma
lurking in healthy tissues. AL (9,9) = (0, %0°, the DOCP
values are disribuied with comparatively lage dpersions,
alihough the identifcation of cancerous isues is possble
with comparisons o daa from mukiple poins. The peaks of
the cispersions are ~0.132 and 0320, nd the desiations are

ference of peak in the DOCP values between healthy and
ancerous.parts s almost the same, whereas the dispersions
are remarkably diffrent. When the CP liht s iradiated ver-
tally, mst of the penetratad lght tends (o progress toward
the decper layer because the forward scatiering is dominant
in the Mie regime. Thercfore, the light experienced a hrge
b of st vt wcre by dihareed oot
ward the sample, and the light satered by a few times s
daminantly detected, resuling in less accuracy foe disximi
nating cancer

4 | CONCLUSION

We experimentally investigated the applicability of
scattered CP light for cancer ideniification in optical

configurations with various angular relations berween
the directions of incidence and detection. An incident

ied light inio the tissue, and the small difference
between the angles of incidence and detection increases
surface reflection with less information. At the configura.
tion with angles within the appropriate range, that i,
0553 and (0 -9)230°, the significant differences
between the DOCP values obtained from the cancerous
and healthy parts are observed (0 be approximately 0.20,
which is sufficient to identify the cancer-affected area.
Based on the good agteement with our previous caleula
tions [31], here, we concluded that the diference in the
DOCP values results from the different szes of cell nuclel
rather than the different reflectance valuss, which sag-
gests that this technique could be applied to the identif-
cation of not only carcinomas but also other discases
‘accompanied by the enlargement of cell ruclel, for exam.
ple, alcohalic hepatits and ulcerous calitis. In addiion o
the cell nucle, the contribution of cellular walls and
other consituents also contibutes to polarization scatter
ing These components, which are strongly associated
with the anisotropic cellular shape and bireringerce, can
‘greatly contribute 10 polarization scattering in fbrous ts-

this study consist of uniform, isotropic cell nuclel in both
cancerous and healthy parts, in which the contributions
of these anisotropic parameters are inconspicuous. Fur
ther research is required to investigate these contribu
tiors. In the line scanning meawmmgnu the obtained
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P values changs,

indicates higher accuracy in mmnfymg cancerous pa

However, the clongated elliptic spot due fo d:lu]ug inci

dence reduces the spatial resolution and enhances the
1 fuct i

perpendicular incident light have higher spatial resolu
tion due to a narrow sampling volume but slightly less|
accuracy due o fewer scattering events. These armange.
menis should be selected according o the objective dis-
case, organ, apparatus and environment. Moreover, an
almost constant difference in the DOCP values can be
obtained a the configuration with angles within the
appropriate range, which makes it permissble to incline
the surface of measuring fissues against the fixed optical
System. This indicates tha this techrique is useful even
in environments where it is difficult to fix the spatial
armangement between the oplics and the fargel, such as
in vivo observations with an endoscope.
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approximately 1 mm x 1 mm x 40 um, Endependent of
the angular configurations. The sampling depth at
(6,9)=(1°, 30") s estimated to be 165 mm from the MC
calculations for the dssue with infinite thickness [31].
‘Therefore, a significant portion of incident light is trans.
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interface berween the specimen and the glass plate. The
remaining portion of ight and reflected light at the back
undergo multiple scattering events in the entire sample
with a thickness 0f 40 pm and then arriv at the detector
‘This sampling volume includes approximaely 750 nuclel
on average.

3 | RESULTS AND DISCUSSION

Figure 2A.B shows the dependence of the DOCP value of
scattered light on the incident angle ¢ and detection
angle . espectively. The blue and red dots and lines rep-
resent the DOCP values measured at the point in the

®
7
o2 Healthy i/

DOCP
\"\
ot

®

DocP

healthy and cancerous (metastasis) parts, respectively.
The DOCP values are the average values measured al
four different points i each part. The dependence of the
'DOCP value on the incident angle 0 with = 0, shown
in Figure 24, indicates that the DOCP values from the
bealthy parts are larger than those from the cancerous
parts with an approximately constant difference of 0.20,
except for the case with 0 = 55°, while the DOCP value
increases with increasing ¢ [31]. The dependence of the
'DOCP value on the detection angle  with 0 = 07, shown
in Figure 28, indicates the two characeristcs similar to
those of ¢ dependence: the increase in the DOCP value
with increasing 0 or ¢ and a difference of pproximately
020 between the DOCP values obtained from both parts.
The former characteristies are due 1o the injection
efficiency of CP light and imegular reflecions at the

the incident angle approaches the
Brewsier’s angle between the air and the sample sus
(appron: 53 in this study), the p-polarization
componentis dominantly penetrated into the sample, but
the s-polarization component is mostly reflected because
of the difference in reflectance ai the surface [9]. There-
for

Someof e ncdent CP gt pnet ts ko S and
provides information about the state of the sample. The

the DOCP of the reflected light s opposite to that of the
incident CP light. As the Encident dircction approaches
the detection direction, the component due (o th

lar teflecion in the total detected light becomes larger,

magritude of the detected DOCP value ean be influenced
by h as surface reflection, while the

Detection angle ¢ (%)

FIGURE2 g drlarpobriaton 0O v =
function of, A, inedent angls 8 with B detection
angles

san

difference in the DOCP value is intrnsic and robust in
the optical configuration with an angle within the appro-
priate range, which provides valuable information about
the stae of the biological tsse.

In our experimen's using incident light with a vave-
length of 914 nm, the DOCP vlue from cancerous tissues
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Depolarization of cirulary polarized B
light scattred. from biological isues

depends on structural changes in cel Y
nuclei, which can provide valusbl infor .
‘mation for differentiating cancer tissues - ] L4
concealed in healthy Gsues. In this  |Hadhypan 0

Study, we experimentally erifed the pos-  F—————

Sibiity of cancer identifcaton using sat
tering of cicularly polarized light. We
imesigated the polarizaion of light
scatered fom a slce biologica tissue with various opical configuratons. A
Sigificant diffrence between circular poarizatons of light scattered from
cancerous and healthy tissues is dserved, which i sufficient to distnguish
cancerous region. The line scanning experiments slong  region incorporting
healthy and cancerous parts ndicate sepiike behaiors in th degree ofcrcu
lar polurization comespanding to the sate of tisues, whether cancerous or
nomaal. An obliqus and perpendicular incidens induces diferent resolutions

Network of Jspan
(pin-800)

cancer deocton,

‘canbe selected according to the prierity of resalution.

which indicates that the optical arrangement

1 | INTRODUCTION

The multiple scattering phenomenon of polarized light
provides valuable information regarding scatierers in a
turbid material, based on the polarization state as well as
the remnant intensity of the scattered light. When polar-
ized light beams impinge on a biological issue, they pen-
etrate and propagae inio the tisue and ar scattered
multiple times by cell muclel, which are the main

scatterers in biological tssucs. Eventually, they are
absorbed inside or discharged outside the tssue. Depolae-
ization of the resulant sattered li ght mainly dependson
the size and axial rato of scatteers, thatis, cel nucle, as
well a the frequensy of satering events sssociated with
the densit and disribution ofcel nuclel,

Bickel et 3 (1] reported thal the polarization iz of
light scatiered diffrentially from suspended biological
scaterers can provide  structural information about
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biological tissucs. They sugeested that this techrique is
useful for distinguishing closely related structural bialogi-
cal gstems and for identfying subsequent time-
dependent structural changes. Most of the carlier snadies
that were conducted to observe biological structures with
the polarization state of the back-scatiered light have

been performed using the lincar polarized (LP) light
[2-8]. In the Mie scattering regime [9], the size of a scat-
terer (cell nucleus) is larger than the wavelengih of inci-
dentlight, and the degree of depolarization for LP lightis
significantly large such that the scattered light results in
complete depolarization by & small number of scattering
events 10, 11]. Therefore, these stadies using the LP light
have successfully provided scieniific sign
cally for surface observations [12-14].

In contras, the circular polarizaticn o
persistence against muliple scattering in (
‘The depolarization process is caused by ©
processes rotations of the polarizaticn p
ence with the backscattered light. When (1
terer is almast equivalent or smaller than
of incident light (Rayleigh regime), LP ligh
mostly by the former process, whereas circ
(CP) light is disturbed dominantly by th
The strength of the resultant depolarization was almost
equivalent. In the Mie regime, in which forward scaltering

side facet and can detect CP light without applying an
extemal magnetic field or a large lectrical field (27-30]
1f spin-LED devices are integrated at the tp of 2 biopsy
probe apparatus such as an endoscope, the polarimetry
techrique suggested by Meglinski et al can be developed
from x vivo observation Lo in vivo cbservation, which

and detailed investigations are required from both theo
retcal and experimental approaches.

Previously, we theoretcally investigated the scatiering
process of CP light against cell nuclel in pseudo tissues

Introduction

e of circular polrization (DOCP) values
In ths sy, we eerinenaly demonstated the

is dominant [9], complete
require more scatiering events compared with

ity of identiying carci noma CORCETET I T
eglinski et al [15] pioncered the applic

light for cancer detestion by experimentall
the scattering properties of tissues on
sphere. Kunnen et al [16] reported that the pol arization
of light scaitered from a tissue of human lung shows dif-
ferent polarization states for healthy and tumor tissues
ex vivo using incident CP light (i = 639 nm). They con-
cluded that the difference in paarization is caused by
the enlargement of the nucleus size due to canceration.
Furthermore, they suggested that this technique would
generate noninvasive diagnostic technology for early
disease detection. Triggered by these reports, the tissue
polarimetry technique has been widely studied o
develop an optical diagnostic tool that can provide sup-
plementary  information for ~patbologists [17-24]
Recently, the polarimetry technique has been applied
and demonsirated for grading colon cancer [25] and
Alzheimer's discase [26].

‘We have studied spin-polarizing light-emitting diodes
(spin-LEDS) that can emit fully CP light directy from the

logical tissue with the
scattering of CP light. We measured the DOCP values of
scattered light in various optical angular arrangements
with incident and detection angles. Line-scanning expes
ments were performed o demonstrate clear discrimina
tion of the cancerous and healthy parts, which was
partially published in ref [32]. In addition, we assessed
the in-plane dispersion of the detected values according
10 optical angular configurations.

2 | EXPERIMENTAL

Figure 1 shows the experimental seup used lo measire
the DOCP values in this snady. The i ncident and detection
angles, 0 and g, arc defined as angles made by the lines
connecting from 2 measurement point on the sample ©
the light source and the detector with a perpendicular line
al the measurement point, respectively. The unpolarized
laser beam emilied from a diode-pumped solidstate laser
(Sancity Laser Technology Co, Lid., China) with 2 wave
length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND fl.
ter, a linear polarizer and a quarterwave (14) plate. Sub
sequently, it is focused by a planocomex lens
(=25 mm) at & measurement point with an incident
angle 0. The DOCP value of the incident CP light was
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fgure 44. The color-coded spatal ditributons of the mea.
sured DOCP values at (0, p) ) and (,50) are
shown in Figure 4B.C, respectively. The upper parcls show
the data in the healthy tissues, while the lower panels show
the results in cancerous tissues. Figure 4D.E shows histo-
grams of the DOCP values corresponding to the dag shown
in Figure 4RC, respectively. AL (0, ) = (0", ) .
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cally, mst of the penetalad Light (ends 10 Progrss. tward
the deeper layer because the forvard scatiring s dominant
in the Mie regime. Therefore, the light experienced a Brge
Pumber of scattering events tha were hardy discharged ot
ward the sample, and the lght scatered by a few tmes is
dominantly detscted, resuling in less accuracy for disrimmi-
naiing cancer.

4 | CONCLUSION

We experimentally investigated the applicability of
scattered CP light for can

r identification in optical
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configurations with various angular relations berw
the dire:

angle larger than the Brewsier's ang
biological i ssues causes a des
ied light inio the fissue, and

ons of incider

between the angles of i 3

detection increases

B T A
tion with angles within the appropriate range, thal s
053 and (0 - ¢)>30° the significant dif
between the DOCP values obtained from the cancerous
and healthy parts are observed to be approximately 0.20,
which s sufficient to identify the cancer-affe
Based on the good agteement with our previous caleula
tions [31], here, we concluded that the diference in the
DOCP values resuls from the differentsizes of
rather than the different reflectance valuss, which sug
gests that this technique could be applied to the identif-
cation of not only carcinomas but also other discases
accompanied by the enlargement of cell nucll, for exam
ple, alcoholic hepatitis and ulcerous calitis. In addition ©
the cell nucle, the contribution of cellular walls and
other constituents also contributes Lo polarization scatter
s, which are strongly associated

4 area

grady consiie o polarsaion sateng in Sor o L

sue, asymmetric complex tissue, and a tissue in which

anisotropic mutation is observed. The samples used in
his study consist of uniform, isotzopic cell nuclel in both
‘cancerous and healthy parts, in which the contributions

of these anisoiropic parameters are inconspicuous. Fur

e D e e

tiors. In the line scanning measuremens, the obtained

P values m..m = e
Sheallhy

w,m =
ﬁ h X

curacy in nd"uu!\mg cancerous parts.
e Ll TG e s e

the spatial resolution and enhances the
positional fluctuation. Conversely, the arrangements with
perpendicular incident light have higher spatial resolu
tion due to a narrow sampling volume

but slightly less
e e T e g
case, organ, apparatus and environment. Morcover, an
¢ in the DOCP valuss can be

obtained 4t the configuration with angles within the
appropriate range, which makes it permissible (o incline
the surface of measuring fissues against the fixed optical
system. This indicates that this

e 1o fewer scattering evens. Th

almost constant differen

hnique is useful even
in environments where it is difficult to fix the spatial
armangement between the opiics and the target, such as
in vivo observations with an endoscope.
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partially published in ref. 32]. In addition, we assessed
the in-plane dispersion of the detected values accordine
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ized light beams impinge on a biological tisue, they pen-
etrate and propagate ino the tissue and are scattered
multiple times by cell muclei, which are the main

Bickel et al [1] reported that the polarization state of
light scatiered diffrentially from suspended biological
scaterers can provide  structural information about
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s smaler than that fram healchy Gssues. However, this
magnine refaton is cppesie o theresults shown in et
6], which are chtained using the incident CP Liht with
4263 nm. Lightscatering i the second radiation fram
ipolesexcited by th fstmadiston an the surfae f the
scatterer, The degree of depolrization varies ecaxding o
the distributon of dipeles, and srangly depends on the
atio ofthe wavelength an sze of the scttrer. We have
calulated the winelength dependence of the expacted
DOCP value of light scttred by noncancerous and can
ceraus peeudo-bioogial tisue in aqueous medium with
dispersing scaterers having  diameter of 6.0 and 110 pm,
respectively; by the same caculaton method in et [31]
The caaulzied DOCP valuss show oseilating behavior
derived from spherical hamonics with a varible size
parameter, x = ka. The DOCP values from pseudo cancer.
ous s (Pance) are largr than those from pieudo
hehy it (Pooss) 3 4<60 . wheres
Pecr < P a1 4> 680 nm. These calulation results
can explan both experimental resuls

Figure 3shows the resls ofthe lne scamning expei
menss obtaned st the optical configurstions with
(©,9) = (@) (0.0) and (b) (0 ). The data ploied in
Figure 3 were obtained by acquirng one messurement at
each point. The linescanning experiments  were

QURALOE | surs

performed at 18 points dlong the red amrow shown in
Figure 1B, which crosses the boundary between cancer.
ous and healthy tissues multiple times. A micrograph of
the scanning area s shown in the upper part of the
graphs in which the area delineated by the blue dotted
line s the cancerous parts. Except for (557, 0°) at which
the DOCP values showed almost no change, a differ-
ence of 0.1 or more in the DOCP value was observed
depending on the state of the biological fissues
wWhether healthy or cancerous, which cortesponds to
the results shown in Figure 2. Distinct differences are
observed in cach angular configuration; howeser, at
around the boundary between cancerous and healthy
parts, steeper changes are observed with the perpen.
dicular incidence (Figure 3B) than with the oblique
incidence (Figure 3). The different gradients of the
DOCP value at the boundary between the oblique and
pendicular incidence could be possibly due to the
different sampling (scattering) volumes and the subse
quent radiation areas of the scattered light. An clon.
gated elliptic spot due to the oblique incident beams
induces the expansion of the seatiering volume toward
the in-plane direction inside the tissue. Accordingly.
the radiation area of the scattered light i spread in the
direction opposite to the incident direction. Therefore

plementary  information for patbologists [17-24]
Recently, the polarimetry technique has been applied
and demonsirated for grading colon cancer [25] and
Alzheimer's disease [26]

‘We have studied spin-polarizing light-emitting diodes
(spin-LEDS) that can emit fully CP light directy from the

as | JoumuALOF

length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND fl.
ter, a linear polarizer and a quarterwave (14) plate. Sub
sequently, it is focused by a planocomex lens
(=25 mm) at & measurement point with an incident
angle 0. The DOCP value of the incident CP light was
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FIGURE1 A, Schemate Hlustatons o expeimental setup,
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line represent the meastass par. The i dttad
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optical configurations with oblique incidence and ver
tical detection have less spatial resolution. From the
resulis of line-scanning experiments, the in-plane res.
olution is roughly estimated to be 0.6 and 0.3 mm for
the configurations with the oblique and perpendicular
incidence, respectively.
e the distrbutbrs of the DOCP values, scan.
ing meas urements were perormed in an area that sppeared
as uniformly healthy and cancerous parts. The measurements
were performed at each point obtained by dividing the sean
ning area into 6 x 11 latoes n length and width, which are
schermatcally drawn on the mictograph of the specimens in
Figure 4. The color-coded spatial dbtributions of the mea.
sured DOCP values at 0, p) = (50°,0°) and (%, 50°) are
shown in Figure 4B.C, respectively. The upper parcls show
the data in the healthy tissues, while the lower panels show
the results in cancerous tissues. Figure 4D.E shows histo-
grams of the DOCP values corresponding to the data shown
in Figure 4R, respectively. AL (0,) = (0°, ), the disper
f the DOCP values in the heahy part shows a wide dis
ribution with a peak of ~0.137 and a standard deviation of
5, whereas the DOCP valucs in the cangerous part are
converged a 0301 with a siandard deviation of 7 = 17
(Figure 4D} The almost independent dispersions provide

suflicient information (o dstinaly identiy the crdnoma

lurking in healihy tisses. At (6,¢) = (07, 50°), the DOCP

‘s s sl with gty g oo
ihough

o, Comparing th reihsof bt conBgrtiors. the .
ference of peak in the DOCP values berween healchy
ancerous pars is almost the same, whereas the dispersions
are remarkably different. When the CP lght s imadiaied ver-
tially, most of the penetratad light tends 1o progrss tward

per layer because the forvard scatiring s dominant
in the Mie regime. Therefore, the light experienced a Brge
Pumber of scattering events tha were hardy discharged ot
ward the sample, and the lght scatered by a few tmes is
dominantly detscted, resuling in less accuracy for disrimmi-
naiing cancer.

4 | CONCLUSION

We experimenally investigated the applicability of
scattered CP light for cancer identification in optical

+1.0. The light scattered from the sample at an angle of
57" is collected by 2 plano-convex: Lens (f =30 mm)
and detected by a polarimeter with a high dynamic range
(PAX1000; Therlabs, Inc.), which consists of an optical
input aperture (¢ 3 mm), a rotating /4 plate, a fixed lin
ar polarizer and a photodiode. The polarization site of
the scattered light is assessed by the DOCP values, which
is defined by the equation, DOCP = Ss/S, where S, and
Suare the Stokes polarization parameters that describe the
total intemsity of the scattered light and the preponderance
ofthe right CP over the left CP, respectively. The S, values
can be changed acording fo the difference in. th

ProToNc:

reflection coefficient and scattering efficiency. However,
we confimed that the changes in circular polarization
S, are considerably larger than the variations In the total
intensity AS,; therefore, the obtained DOCP values are
intrinsically derived from the circular polarization of light
in all of the experiments in this study. The incident angle
dependences were investigated by varying 0 from 35 1o
S5 and fiing ¢ 1 0, Comendy. e deeeion snle
dependences were assessed by changing ¢ from 35° t0 55
and fixing 1o .

Sliced tissue specimens of liver metastadis were pre.
pared from a murine senograft model with human pancre
atic cancer SUIT2 cells. To establish liver metastasis in
mice, humen pancreaic caner SUIT2 cells were
intrasplenically injected. After 47 days of injecting cancer
cells, the livers were harvested to prepare sliced specimens
containing liver metastatic lesions. The livers arvest
from the mice were immediately frozen in a frozen tisue
matrix. The frozen liver was serially seetioned Into speei.
mens with a thickness of approximately 40um using a
cryostat. One of the serial sections were used to measure
CP scattering and the other were utlized to observe the
stained.cell muclel. Figure 1B shows a micrograph of the
specimen for mezsurement of CP scattering with neither
staining nor any support The liver section for the CP scat

ing measurements s laid on 4 glass plate and then
tightly adhered to the gass with fs moisture. The speci-
men with a glass plate was placed upright in the opical
setup. The right llustraion of Figure 15 is a schematic
map that indicates the characteristcs. The metastass parts
are shown by the light-blue area surounded by a dotied
line. The red dotied arrow denotes the linar area along
which the linescanning measurements were performed.
‘The fluorescence micrographs of healthy liver and meta:
satic area with stained cell nucki in the specimen are
shown in Figure 1C.D, respectively. The liver sections
were fixed with 4% paraformaldehyde for 10 minuies.
Afier washing with phosphate-buffered saline, the fixed
sections were stained with 10 pg/mL Hoechst 33342 for
5 minutes. The siined sections were sealed with cover
g1 urscly b wihan e e
cent microscope (BZ-X800, Keyence). Fluorescent images
were acquired s objective lens under fixed expo-
sure time of the CMOS camera. The cell nuclel in the
healthy part are comparatively small and dispersed,
the average diameter of the nuclel is approximaiely
64 pm. In the metastasi part, relatively large and agare
gated cell nucki are olerved. which indicates that the
enlargement of cell nucle is observed in melasasis parts

e o canceration. The average diameter of the cell nuclel
is approximately 10 ym.

MC simulations for the pseudo biological issue with
a thickness of 40 ym show that the sampling volume is

san | JouRNALOF
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approximately 1 mm > 1 mm x 40 pm, Endependent of
the anguar configurations. The sampling depth at
(6,9)=(1°, 30°) s estimated (o be 1.65 mm from the MC
calculations for the Gssue with infinite thickness [31].
‘Therefore, a significant portion of incident light is trans.
parent through the back of the sample or reflected af the
interface berween the specimen and the ghass plate. The
remaining portion of ight and reflected light at the back
undergo multiple scattering events in the entire sample
with a thickness 0f 40 pum and then arrive at the detector
‘This sampling volume includes approximaely 750 nuclel
on average.

3 | RESULTS AND DISCUSSION

Figure 2AB shows the dependence of the DOCP value of
scattered light on the incident angle @ and detection
angle ¢, respectively. The blue and red dots and lines rep
resent the DOCP values measured at the point in the
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healihy and cancerous (metastasis) parts, respectively.
P values are the average values measured at
four different points in each part. The dependence of the
CP value on the incident angle 0 with ¢ = 0", shown
in Figure 24, indicates tha the DOCP values from the
healthy parts are larger than those from the cancerous
parts with an approximately constant difference of 0.)
except for the case with 0 = 55°, while the DOCP value
increases with increasing ¢ [31]. The dependence of the
DOCPvalue on the detection angle @ with 0 = 0", shown
in Figure 28, indicaes the two characteristcs similar to
those of 0 dependence: the increase in the DOCP value
with increasing 0 or ¢ and a difference of spproximately
020 between the DOCP values oblained from both parts
former characteristies are due 1o the injection
efficiency of CP light and imegular reflecions a the
surfoce. When the incident angle approaches the
Brewsier’s angle between the air and the sample suface
(approximately 53, in this study), the p-polarization
component is dominantly penetrated into the sample, but
the s polarization component is mostly reflected because
of the difference in reflectance ai the surface [9]. There
fore, the CP of light penetrating into the tissue is
deceeased and the scatiered light has less information
et om. The et o it abmor e G2
values are observed at (6, ). Moreover, the
Pl of waes wfenion ouis"be oo
Some of the incident CP light penetrates inlo tissues and
provides information about the state of the sample. The
remaining part of the incdent light is imcgularly
reflected at the rough surface of the tissues. The sign of
the DOCP of the reflected light s opposite to that of the
incident CP light. As the incident dircction approaches
deteciion direetion, the component due o the irregu-
lar reflection in the total detected light becomes lerger,
resuling in a decrease (negative increase) in the DOCP

detected light is reflected light, which has insufficient
information. The latier characterisic o the difference in
the DOCP value corresponds reasonably well with the
simulation results calculated for almost the same optical
configurations (Figure C inref. [31]), which implies that
the observed difference in the DOCP value s derived
from the difference in particle (cell nucleus) size. Th
magritude of the detected DOCP value can be influenced
by extrinsic factors such as surface reflection, while the
difference in the DOCP value i intrinsic and robust in
the optical configuration with an angle within the appro-
priate range, which provides valuable information about
the sate of the biological tisue.
In our experiments using inddent light with a wave-
length of 914 nm, the DOCP value from cancerous tissues
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Caton of not only carinomas bl also other discases
aczompunied by the enlargement ofcell nuckel, forexam.
ple. slcobalic hepaits and ukerous caliis I addifon to
the cll muclel, the contrbution of cellla wlls and
otherconsituents also conrbutesto polarzaton sater
ing These components, which are strongly assocated
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significant differens

e between circular polarizations of light scattered from
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mresponding (o the state of tissues, whether cancerous or

nommal, An obliue and perpendicular incidence induces different resolutions

st igan | which indicates that the optical arrangement
Spin R0y ‘canbe selected according to the prierity of resalution.
cancer deocton, o

1 | INTRODUCTION

The multiple scattering phenomenon of polarized light
provides valuable information regarding scatterers in a
turbid material, based on the polarization state as wel as
the remnant intensity of the scattered light. When polar-
ized light beams impinge on a biological tisue, they pen-
etrate and propagate ino the tissue and are scattered
multiple times by cell muclei, which are the main

scatierers in biological tssus. Eventually, they are

d inside or discharged outside the tissue. Depolar.
ization of the resulant scattrcd light malrly depends on
the size and axial rato of scatterers thatis, cell nucle, as
well 25 the frequency of satiering events assoclated with

Bkl e 3 (1] epored i the polzion st of
g entally from suspended bilogical
shterers con provde stacural lormation. shout

R=IZ 2@
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suggested that this technique is.
closel related strucural biclogi-
identifying subsequent time-

;ﬂli a—J\ 'ﬁﬁ 'fl_ ity e i

bserve biological structures with
£ the back-scattered light have

& of depolarization for LP light is
ha the scattered light results in
by a small number of scattering
. these studies using the LP light
d scientific significance specifi-
ions [12-14]

‘ar polarization of light has more
ple scattring in the Mic regime.
= i caused by two randomized
& polarizaticn plan and interfer-
ced light. When the size of a scal-
€ or smaller than the waelengih
 regime), LP light is randomized
cess, wheres circulaly polarized

(CP) light is disturbed dominanly by the latter process.

The strength of the resultant depolarization was almost

equivalent. In the Mie regime, inwhich forward scattering

is dominant [9], complete of CP light

side facet and can detest CP light without applying an
extemal magnetic field or a large lectrical field (27-30]
If spin LED devices are integrated 4t the Up of a biopsy
probe apparatus such s an endoscope, the polarimetry
techrique suggested by Meglinski et al can be developed
from ex vivo observation 1o in vivo dbservation, which
4lso enables observation in real time while avoiding the
tisk of adminisiering @ fuorescent agent. However, to
develop this technique for practical use, more intensive
and detailed investigations are required from both theo-
retcal and experimental appr

Previously, we theoretcally investigated the scatiering
process of CP light against cell nuclel in pseudo tissues
using Monte Carlo (MC) methods based on the Mie scat
tering mechanism [31]. MC simulations were performed
for cancerous and healthy pseudo tissues in agueous
et continig dsprsel puscs vih e i

sizes of cell muclf in healthy and cancerous cels, that
and 11, repively. Accordinly,  disinct it
ence in the resuliant polarization values between healthy
d cancerous tissues can be obtzined over a wide range
of detection angles, which suggests tha this technique can
characterize the size of cell nucki in biological tissues.
imately 0.2in the

this study, we experimentally demonstrated the

require more scattering events compared with thase of LP
jght owing 10 the reduction in the backward scatiering
1. Therfore, saneing of CP light can provide more:

sencrte novimasive diagosic echrology for eany
disease detection. Triggered by these reports, the tissue
polarimetry _techniay been widely studied to
develop an optical diagnostic tool that can provide sup-
plementary  information for ~patbologists [17-24]
Recently, the polarimetry technique has been applied
0 demonstrted for raing colon cnce (3] sna
h

20 e At JlfBophonie ey Wiey B Gt

e —
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s smalle than that from healchy tissves. However, this
magninde refaion s posie 0 the results shown in re.
[16], which are cbtaned using the incident CP Light with
Light scateing is the second radiatcn from
dipoles excited by the firstimadiaton an the surface of the
scatterer. The degree of depolarization varics accarding to
the disributon of dipoles, and stzangly depends on the
Fato of the wavelength and size of the sauterer. We have
calculated the wavelength dependence of the expected
DOCP value of light scattered by norcancerous and can
cerous peeudo-biological tssue in aqueous medium with
dispersing scaterers having a diameter of .0 ind 110 m,
respectivly, by the same caleulation method in rf [31]
The calculated DOCP values show oscilating behavior
derived from spherical hamonics with a variable s
parameter, x= ka. The DOCP values fiom pseudo cancer
ous tisue (Pance) are larger than those from pseudo-
hedthy (e (Poeus) 8t 1 <68) whereas
Peer < P at 43> 680 nm. These calculation results
can explain both experimental results
Figure 3shows the results ofthe line scanning experi

ments obtained a the optical configurations with
©.9) =() 0.0 and () (0. p). The data ploted in

Figure 3 were obtained by acquiing one mezsurement at
cach point. The linescanning  experiments  were

Hoalthy : W
s

performed at 15 points dong the red arow shown in
Figure 18, which crosses the boundary between cancer
o1 and healthy tissues mulipke tmes. A micrograph of
the scanning arca is shown in the upper part of the
graphs in which the area delincated by the blue dotted
line s the cancerous parts. Except for (55", ) at which
the DOCP values showed almost no change, a difler
ence of 0.1 or more in the DOCP value was abserved
depending on the state of the biological tissues,
whether healthy or cancerous, which corresponds 10
the results shown in Figure 2. Distinct differences are
observed in each angular configuration; howeser, at
around the boundary beween cancerous and healthy
parts, steeper changes are observed with the perpen

dicular incidence (Figure 35) than with the obligue
incidence (Figure 3A). The different gradients of the
DOCP value at the boundary between the oblique and
perpendicular incidence could be possibly due to the
different sampling (scattering) volumes and the subse-

quent radiation aress of the scattered light. An clon

gated clliptic spot due to the oblique incident beams
induces the expansion of the scattering volume toward
the in-plane directon inside the tissue. Accordingly,
the radiation area of the scattered light s spread in the
direction opposte to the incident direction. Therefore,

Cancor: ¢
©

oo
-

ss°

e, e e e

. o> . 0
e

FIGURE3 Resukof i e
‘scaning experimonts with difirent, 4,

respectively. The microgragh of the

part
cormsponds t the probing pirsof the
gmph

3 4
Position (mm)

‘We have studied spm polarizing light-emiting diodes.
(spin-LEDS) that can emit fully CP light directly fom the

biologica isue with the
scattering of CP light. We measured the DOCP values of
scattered ight In various optcal angular arrangements.
with incident and deteston anges. Line-scanning experi
ments were performed (o demonstrate clear discrimina
ton of the cancerous and healthy parts, which was
partially publisned in re. 32 In addition, we zssesed
the in-plane dispersion of the detected values according
0 optical angular configuratios.

2 | EXPERIMENTAL

Figure 1 shows the experimental seup used lo measire
the DOCP values in this suady. The fncident and detection

angle 0. The DOCP value of thoWiggdent CP light vas

(®) (0.9) = (50°07)

FIGURE 4

(©) 0.9)= (050

dclinestd by Hoe and red

66squars, ) B

rspectivaly. D, Histograms of the DOC valucs shown n, 5, and,C, espectively,ogeher with he eyo-guidad i

st deiation vabiss

optical configurations with oblique incidence and ver
tical detection have less spatial resolution. From the
resulis of line-scanning experiments, the in-plane res.
olution is roughly estimated to be 0.6 and 0.3 mm for
the configurations with the oblique and perpendicular
icitens,respectel,

luate the distrbutions of the DOCP values, scan.

The
were performed at each point obtained by dividing the sean
ning area into 6 x 11 lattioes in length and width, which arc
schermatically dravm on the micrograph of the specimens in
Figure 4. The color-coded spatil dkirbutions of the mea.
sured DOCP values at (@ ¢) = (50°,0°) and (0, 50°) are
shown in Figure 4BC, respectively. The upper panels show.
the data in the healihy tissucs, while the lower pancs show
the results in cancerous tissues. Figure 4D.E shows histo-
nding to the daa shown
)

ibution with a peak of 0137 and a standard deviation of
reas the DOCP valus i the cancerous part are

comverged at 0301 with a sandard deviation of o = 17

(Figure 4D} The almost independent dispersions provide

=) (50,0) 30 (0) @, 507,
sribution curves and the

sufficient information 10 ANl identiy the cardnoma
lurking in healthy tissues. AL (0,9) = (0°, 50°, the DOCP
values are disributed with comparatvely large dipersions,
although the identiicaion of cancerous isses s possble
with comparisans of data from mukiple points. The pesks of
the dispersions are ~0.132 and ~0.320, and the deviaions arc
o= 622nd 99 in the

in the Mie regime. Therefore, the light experienced a large
number of scattering evens that were hardy distharged out

the sample, and the light scattered by a few times is
dominantly detscted, resuling in less accuracy for disrimmi-
naiing cancer.

4 | CONCLUSION

We eperinenally invsigued the aplcily of
scattered CP light for cancer ideniification in optical
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reflection coeficient and scaterig eficieny: However,
e confimmed that the changes in cirular polarization
5, are considerably larger than the vaiatons in the toal
intensity A therfore, the obained DOCP valucs are
intinsicaly deived from the cireular polarization o ight
in all of the experiment i this stdy. The incident angle
dependences were investigated by varying 0 o
55° and fising @ (0 (°. Comersly, the detetion angle
dependences were by changing ¢ from 35" 1055
and ixing 0.0

Sliced tissue specimens of liver metasas's were pre-

contaning lver metastatic lesions. The livers harvest
from the mice were immediately frozen in a frozen tisue
matrix. The frozen liver was serially seetioned Into speei.
mens with a thickness of approximately 40 m using &
cryostat. One of the serial sections were used to measure
CP scattering and the other were utlized to observe the
stained cell nuclel. Figure 18 shows a micrograph of the
specimen for measurement of CP scattering with neither
staining nor any support, The iver section for the CP scat-
ering measurements is laid on @ ghss plate and then
tightly adhered to the gass with fs moisture. The speci-
men with a glass plate was placed upright in the opical
setwp. The right lustzation of Figure 1B is a shematic
map that indicates the charucteristics. The metastasi parts

are shown by the light-blue area surrounded by a dotted
line. The red dotied arrow denotes the lincar area along
which the linescanning measurements were performed.
The fluorescence micrographs of healthy liver and meta-
static area with stained cell nucle in the specimen are
shown in Figure 1C.D, respectively. The liver sections

Sections were stained with 10 pg/ml. Hoechst 33342 for
5 minutes. The siined sections were sealed with cover

Sips and fluceescently observed with an inverted fucees.
et micrsope (BZX0, Keyenc) Faorscet imges

VRS 4S
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‘approximately 1 mm > 1 s 40 pum, independent of
he anguiar configurations. The sampling depth at
(6,9)=(1°, 30°) s estimated (o be 1.65 mm from the MC
calculations for the Gssue with infinite thickness [31].

Therefore, a significant portion of incident light s rans-

parent through the back of the sample or reflected af the
interface berween the specimen and the ghass plate. The
remaining portion of ight and reflected light at the back
undergo multiple scattering events in the entire sample
with a thickness of 40 um and then arrive at the detector.

‘This sampling volume includes approximaely 750 nuclel
on average.

3 | RESULTS AND DISCUSSION
Figure 24, shows the dependence of the DOCP value of
scattered light on the incident angle @ and detection

angle g, respectively. The blue and red dots and lines rep.
resent the DOCP values measured at the point in the

® /i
02
Healthy i/

04 Cancer

DOCP
\"\

9=0°
% 35 40 48 %0 85 %
Incidentangle 0(*)

®
02 Healthy ‘;
g
g 04, T
g | ¥ ¥ concer

ngle ¢ (%)

Hizaton (DOCE) vaus 2 3
 and, B dotecton

AELTEL)

tions with various angular relations between

Based on the good agreement with our previous calc

rather than the different reflectance values, which sug:
gess that this technique could be applied to the identif
cation of not only carcinomas but also other discases
‘accompanied by the enlargement of cell uclei, for exam.
ple, alcoholic hepatitis and ulcerous calitis. In addition ©
the cell nucle, the contribution of cellular walls and
other consituents also contibutes to pol arization scatter
ing These components, which are strongly associated
with the anisotropic cellular shape and birefringence, can
‘greatly contribute 10 polarization scattering in fbrous ts-

5
g
£
g
§
g
£
3
3

this study consist of uniform, isotropic cell nuclei in both
cancerous and healthy parts, in which the contributions
of these anisoropic parameters are inconspicuous. Fur
ther research is required to investigate these contribu
tions. Tn the line-scanning measurements, the obtained
DOCP values change in an almost binary manner
depending on the state of ssue, whether healthy or can.
cerous. The optical configurations with obligue incidence
provide larger differences in the DOCP values, which
indicates higher accuracy in identfying cancerous parts.
However, the elongated elliptic spot due (o cblique inc
dence reduces the spatial resolution and enhances the
positional fluctuation. Conversely, the arrangements with
perpendicular incident light have higher spatial resolu
tion due to a narrow sampling volume but slightly less
accuracy due o fewer scattering evenss. The

ments should be selected according 1 the objective dis-
ease, organ, apparatus and environment. Moreover, an

System. This indicates tha this techrique is useful even
in environments where it is difficult to fix the spatial
armangement between the optics and the target, such as
in vivo observations with an endoscope.
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which indicates that the optical arrangement

‘canbe selected according to the prierity of resalution.

1 | INTRODUCTION

The multiple scattering phenomenon of polarized light
provides valuable information regarding scatterers in a
turbid material, based on the polarization state as wel as
the remnant intensity of the scattered light. When polar-
ized light beams impinge on a biological tisue, they pen-
etrate and propagate ino the tissue and are scattered
multiple times by cell muclei, which are the main

scatierers in biological tssus. Eventually, they are

d inside or discharged outside the tissue. Depolar.
ization of the resulant scattrcd light malrly depends on
the size and axial rato of scatterers thatis, cell nucle, as
well 25 the frequency of satiering events assoclated with

Bkl e 3 (1] epored i the polzion st of
g entally from suspended bilogical
shterers con provde stacural lormation. shout
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biological tissucs. They suggested that this technique is
useful for distinguishing closely related structural bialogi-
ol wams and de iy s, tine-
depenent et chgp. Mot i sex

ve biological st with

side facet and can detest CP light without applying an
extemal magnetic field or a large lectrical field (27-30]
If spin LED devices are integrated 4t the Up of a biopsy

U plaiaton ste of the bk eatered ight heve
been performed wsing the lincar polarized (LP) light
[2-5]. In the Mie sattering regime 9, the size of 2 scat-
terer (cell nucleus)is larger than the wavelength of inci-
dent light and the degree of depolarizaton for L lights
sgnificantly large such that the scattered ligh results in
complete depolarization by a small number of scatering.
events 10,11] Therefore, hese studies using the LP light
have sucosssully prov tifc significance specif-
cally for surface observations 12-14]

contrast, the circular polarization of ight Tas more
persitence against mulipl scattring in the Mic regime
The depolarization process is caused by two randomized
processes: rotations o the polarizafion planc and interfer-
ence with the backscatiered light When the size f a sct-
terer is almast equivalent or smaler than the wavelength
ofincident light (Rayleigh regimne), LP light i randomized
mosly by the former process, whereas circularly polarized
(CP) light is disturbed dominantly by the later process.
The strength of the resultant depolarizaion was almost.
equivalent In the Mie regime, in which forward scaering.
is dominant [9], complete of CP light

probe apparatus such s an endoscope, the polarimetry
by Meglinski et al can be developed
from ex vivo observation 1o in vivo dbservation, which
4lso enables observation in real time while avoiding the
tisk of adminisiering @ fuorescent agent. However, to
develop this technique for practical use, more intensive
and detailed investigations are required from both theo-
retcal and experimental appr
Previously, we theoretcally investigated the scatiering
process of CP light against cell nuclel in pseudo tissues
using Monte Carlo (MC) methods based on the Mie scat
tering mechanism [31]. MC simulations were performed
for cancerous and healthy pseudo tissues in agueous
et continig dsprsel puscs vih e i
sizes of cell muclf in healthy and cancerous cels, that
and 11, repively. Accordinly,  disinct it
ence in the resuliant polarization values between healthy
d cancerous tissues can be obtzined over a wide range
of detection angles, which suggests tha this technique can
characterize the size of cell nucki in biological tissues.
imately 0.2in the

this study, we experimentally demonstrated the

require more scatiering events compared with thase of LP
light owing 1o the reduction in the backward scattering
[10. 11]. Thereiore, scatering of CP light can provide more:
specific informaticn about not only the outemmost surface
but also the inter o of tssues, which suggests the possiil-
ity of identiying carci noma concealed in tissucs.
Meglinski et al [15] pioncered the application of CP
Jght for cancer detction, by oprealy mapping
the scattering properties of tissu
Sphere. Kunnen et (16 epored tht the polaeston
of light scaitered from a tissue of human lung shows dif-
ferent polarization states for healthy and tumor tissues
ex vivo using incident CP light (i = 639 nm). They con-
cluded that the difference in paarization is caused by
the enlargement of the nucleus size due to canceration.
Furthermore, they suggested that this technique would
generate noninvasive diagnostic technology for early
disease detection. Triggered by these reports, the tissue
polarimetry _techniay been widely studied to
develop an optical diagnostic tool that can provide sup-
plementary  information for ~patbologists [17-24]
Recently, the polarimetry technique has been applied
0 demonstrted for raing colon cnce (3] sna
h
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s smalle than that from healchy tissves. However, this
magninde refaion s posie 0 the results shown in re.
[16], which are cbtaned using the incident CP Light with
Light scateing is the second radiatcn from
dipoles excited by the firstimadiaton an the surface of the
scatterer. The degree of depolarization varics accarding to
the disributon of dipoles, and stzangly depends on the
Fato of the wavelength and size of the sauterer. We have
calculated the wavelength dependence of the expected
DOCP value of light scattered by norcancerous and can
cerous peeudo-biological tssue in aqueous medium with
dispersing scaterers having a diameter of .0 ind 110 m,
respectivly, by the same caleulation method in rf [31]
The calculated DOCP values show oscilating behavior
derived from spherical hamonics with a variable s
parameter, x= ka. The DOCP values fiom pseudo cancer
ous tisue (Pance) are larger than those from pseudo-
hedthy (e (Poeus) 8t 1 <68) whereas
Peer < P at 43> 680 nm. These calculation results
can explain both experimental results
Figure 3shows the results ofthe line scanning experi
ments obtained a the optical configurations with
©.9) =() 0.0 and () (0. p). The data ploted in
Figure 3 were obtained by acquiing one mezsurement at
cach point. The linescanning  experiments  were

Hoalthy : W
s

performed at 15 points dong the red arow shown in
Figure 18, which crosses the boundary between cancer

o1 and healthy tissues mulipke tmes. A micrograph of
the scanning arca is shown in the upper part of the
graphs in which the area delincated by the blue dotted
line s the cancerous parts. Except for (55", ) at which
the DOCP values showed almost no change, a difler

ence of 0.1 or more in the DOCP value was abserved
depending on the state of the biological tissues,
whether healthy or cancerous, which corresponds 10
the results shown in Figure 2. Distinct differences are
observed in each angular configuration; howeser, at
around the boundary beween cancerous and healthy
parts, steeper changes are observed with the perpen

dicular incidence (Figure 35) than with the obligue
incidence (Figure 3A). The different gradients of the
DOCP value at the boundary between the oblique and
perpendicular incidence could be possibly due to the
different sampling (scattering) volumes and the subse-

quent radiation aress of the scattered light. An clon

gated clliptic spot due to the oblique incident beams
induces the expansion of the scattering volume toward
the in-plane directon inside the tissue. Accordingly,
the radiation area of the scattered light s spread in the
direction opposte to the incident direction. Therefore,

Cancor: ¢
©

FIGURE3 Resukof i e
‘scaning experimonts with difirent, 4,

respectively. The microgragh of the

part
cormsponds t the probing pirsof the
gmph

3 4
Position (mm)

‘We have studied spm polarizing light-emiting diodes.
(spin-LEDS) that can emit fully CP light directly fom the

biologica isue with the
scattering of CP light. We measured the DOCP values of
scattered ight In various optcal angular arrangements.
with incident and deteston anges. Line-scanning experi
ments were performed (o demonstrate clear discrimina
ton of the cancerous and healthy parts, which was
partially publisned in re. 32 In addition, we zssesed
the in-plane dispersion of the detected values according
0 optical angular configuratios.

2 | EXPERIMENTAL

Figure 1 shows the experimental seup used lo measire
the DOCP values in this snady. The i ncident and detection
angles, @ and ¢, arc defined as angles made by the lines
connecting from 2 measurement point on the sample ©
the light source and the detector with a perpendicular line
at the measurement point, respectively. The unpolarized
laser beam emilied from a diode-pumped solidstate laser
(Sancity Laser Technology Co, Lid., China) with 2 ware-

length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND fl.

tex, a linear polarizer and a quarterwave (114) plate. Sub

sequently, it s focused by a planoconvex lens
(=25 mm) at & measurement point with an incident
angle 0. The DOCP value of the incident CP light vas

*
Samples |
Lens. N
[a— Lo
) 1/4piate
o Linear
@i
‘L:ser
12
(B)

©) ©

FIGURE1 A, Schemate Hlustatons o expeimental setup,

the magrifad imagesof the rogon n whie boxss

+1.0. The light scattered from the sample at an angle of
57" is collected by a plano-comvex: lens (f =30 mm)
‘and detected by a polarimeter with a high dynamic range
(PAx: h consists of an opticil
input aperture (¢ 3 mm), a rotating 4/4 plate, a fixed lin-
‘ar polarizer and a photodiode. The polarization sate of
the scattered light is assessed by the DOCP values, which
is defined by the equation, DOCP = Ss/S, where S, and
5, are the Stokes polarization parameters that describe the
total intemsity of the scattered light and the pre

afherght CPover e I CPrpecve. The i

od aording 1o the difference in. th

P
Sih
reflection coeficient and scaterig eficieny: However,
e confimmed that the changes in cirular polarization
5, are considerably larger than the vaiatons in the toal
intensity A therfore, the obained DOCP valucs are
intinsicaly deived from the cireular polarization o ight
in all of the experiment i this stdy. The incident angle
dependences were investigated by varying 0 o
55° and fising @ (0 (°. Comersly, the detetion angle
by changing ¢ from 35" 1055

contaning lver metastatic lesions. The livers harvest
from the mice were immediately frozen in a frozen tisue
matrix. The frozen liver was serially seetioned Into speei.
mens with a thickness of approximately 40 m using &
cryostat. One of the serial sections were used to measure
CP scattering and the other were utlized to observe the
stained cell nuclel. Figure 18 shows a micrograph of the
specimen for measurement of CP scattering with neither
staining nor any support, The iver section for the CP scat-
ering measurements is laid on @ ghss plate and then
tightly adhered to the gass with fs moisture. The speci-
men with a glass plate was placed upright in the opical
setwp. The right lustzation of Figure 1B is a shematic
map that indicates the charucteristics. The metastasi parts

are shown by the light-blue area surrounded by a dotted
line. The red dotied arrow denotes the lincar area along
which the linescanning measurements were performed.
The fluorescence micrographs of healthy liver and meta-
static area with stained cell nucle in the specimen are
shown in Figure 1C.D, respectively. The liver sections

Sections were stained with 10 pg/ml. Hoechst 33342 for
5 minutes. The siined sections were sealed with cover
Sips and fluceescently observed with an inverted fucees.
cent microscope (BZ-X800, Keyence . Fluorescent images
wwere acquired with a x40 oljective lens under fixed expo-
sure time of the CMOS camera The cell nuckl in the
healthy part are comparatively small and dispersed,
the average diameter of the nuclel is approimately
64 pm. In the metastasis part, relativly large and aggre.
gated cell nucki are olerved. which indicates that the
enlargement of cell nucle is observed in mefastsis.
due w canceration. The average diameter of the cell nuclel
is approximately 10 ym.

MC simulations for the pseudo biological issue with
2 thickness of 40 ym show that the sumpling volume is
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optical configurations with oblique incidence and ver
tical detection have less spatial resolution. From the
resulis of line-scanning experiments, the in-plane res.
olution is roughly estimated to be 0.6 and 0.3 mm for
the configurations with the oblique and perpendicular
icitens,respectel,

luate the distrbutions of the DOCP values, scan.

The
were performed at each point obtained by dividing the sean
ning area into 6 x 11 lattioes in length and width, which arc
schermatically dravm on the micrograph of the specimens in
Figure 4. The color-coded spatil dkirbutions of the mea.
sured DOCP values at (@ ¢) = (50°,0°) and (0, 50°) are
shown in Figure 4BC, respectively. The upper panels show.
the data in the healihy tissucs, while the lower pancs show
the results in cancerous tissues. Figure 4D.E shows histo-

nding to the daa shown
)

ibution with a peak of 0137 and a standard deviation of
reas the DOCP valus i the cancerous part are

comverged at 0301 with a sandard deviation of o = 17

(Figure 4D} The almost independent dispersions provide

=) (50,0) 30 (0) @, 507,
sribution curves and the

sufficient information 10 ANl identiy the cardnoma
lurking in healthy tissues. AL (0,9) = (0°, 50°, the DOCP
values are disributed with comparatvely large dipersions,
although the identiicaion of cancerous isses s possble
with comparisans of data from mukiple points. The pesks of
the dispersions are ~0.132 and ~0.320, and the deviaions arc
o= 622nd 99 in the

in the Mie regime. Therefore, the light experienced a large
number of scattering evens that were hardy distharged out

the sample, and the light scattered by a few times is
dominantly detscted, resuling in less accuracy for disrimmi-
naiing cancer.

4 | CONCLUSION

We eperinenally invsigued the aplcily of
scattered CP light for cancer ideniification in optical

configurations with various angular relations berween
the directions of incidence and detection. An incident
angle larger than the Brewster's angle for the surface of
biological tissues causes a decreased penetration of polar-

ized light ino the tissue, and the small difference
between the angles of incidence and detection increases
surface reflection with less information. At the configura-
tion with angles within the appropriate range, that is,
0553 and (0 -9)230°, the significant differences
between the DOCP values obtained from the cancerous
and healthy parts are observed o be approximately 0.20,
which is sufficient to identify the cancer-affected area.
Based on the good agteement with our previous calcula-
tions [31], here, we concluded that the diference in the
DOCP values results from the different szes of cell nuclel
rather than the different reflectance values, which sug:

gess that this technique could be applied to the identif

cation of not only carcinomas but also other discases
‘accompanied by the enlargement of cell uclei, for exam.

ple, alcoholic hepatitis and ulcerous calitis. In addition ©
the cell nucle, the contribution of cellular walls and
other consituents also contibutes to pol arization scatter

ing These components, which are strongly associated
with the anisotropic cellular shape and birefringence, can
‘greatly contribute 10 polarization scattering in fbrous ts-

:
g
£
1
H
H
g
£
z
3

this study consist of uniform, isotropic cell nuclei in both
cancerous and healthy parts, in which the contributions
of these anisoropic parameters are inconspicuous. Fur
ther research is required to investigate these contribu
tions. Tn the line-scanning measurements, the obtained
DOCP values change in an almost binary manner
depending on the state of ssue, whether healthy or can.
cerous. The optical configurations with obligue incidence
provide larger differences in the DOCP values, which
indicates higher accuracy in identfying cancerous parts.
However, the elongated elliptic spot due (o cblique inc
dence reduces the spatial resolution and enhances the
positional fluctuation. Conversely, the arrangements with
perpendicular incident light have higher spatial resolu
tion due to a narrow sampling volume but slightly less
accuracy due o fewer scattering evenss. The

ments should be selected according 1 the objective dis-
ease, organ, apparatus and environment. Moreover, an

System. This indicates tha this techrique is useful even
in environments where it is difficult to fix the spatial
armangement between the optics and the target, such as
in vivo observations with an endoscope.
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‘approximately 1 mm > 1 s 40 pum, independent of
he anguiar configurations. The sampling depth at
(6,9)=(1°, 30°) s estimated (o be 1.65 mm from the MC
calculations for the Gssue with infinite thickness [31].

Therefore, a significant portion of incident light s rans-

parent through the back of the sample or reflected af the
interface berween the specimen and the ghass plate. The
remaining portion of ight and reflected light at the back
undergo multiple scattering events in the entire sample
with a thickness of 40 um and then arrive at the detector.

‘This sampling volume includes approximaely 750 nuclel
on average.

3 | RESULTS AND DISCUSSION

Figure 24, shows the dependence of the DOCP value of
scattered light on the incident angle @ and detection
angle g, respectively. The blue and red dots and lines rep.
resent the DOCP values measured at the point in the
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healihy and cancerous (metastasis) parts, respectively.
The DOCP values are the average values measured al
four different points in each part. The dependence of the
DOCP value on the incident angle 0 with ¢ = (", shown
Figure 24, indicates that the DOCP values from the
ey s re g than those fron the cancerous
parts with an approximately constant difference of 0.)
except for the case with 0 = 55°, while the DOCP value
increases with increasing ¢ [31]. The dependence of the
DOCPvalue on the detection angle @ with 0 = 0", shown
in Figure 28, indicaes the two characteristcs similar to
those of 0 dependence: the increase in the DOCP value
with increasing 0 or ¢ and a difference of pproximately
0 bkt DOCP ke chaind from bt puts
former characteristies are due 1o the injection
dﬁtmnty of CP light and imegular reflections at the
surface. When the incident angle approaches the
Brewsier’s angle between the air and the sampl
(approximately 53, in this study), the p-polarization
componentis dominantly penetrated into the sample, but
the s polarization component is mostly reflected because
of the difference in reflectance ai the surface [9]. There
fore, the CP of light penetrating into the tissue is
deceeased and the scatiered light has less information
et om. The et ot b e 2
values are observed at (6, ). Morers, the
Pl of wate iesion bt o
Some of the incident CP light penetrates into tissues i
provides information about the state of the sample. The
remaining part of the incident light is imcgularly
reflected at the rough surface of the tissues. The sign of
the DOCP of the reflected light s opposite to that of the
incident CP light. As the Encident dircction approaches
the detection direction, the component due o the irregu-
lar reflection in the otal detected light becomes larger,
resultng in a decrease (i

detected light is reflected light, which has insufficient
information. The latier characteristc of the difference in
the DI

magnitude of the detected DOCP value can be influenced
by extrinsic factors such as surface reflection, while the
difference in the DOCP value is intrinsic and robust in
the optical configuration with an angle within the appro-
priate range, which provides valusble information about
the state of the biological tissue.

In our experiments using incident light with a wave-
length of 914 nm, the DOCP value from cancerous tissues.
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circularly polarized light

Takahiro Kuchimaru®

Abstract
Depolarization of circularly polarized

=

light scattered from biological fissues.
depends on structural changes in cell jols
mation for differentiating cancer fissues.
concealed i healthy Ussues In this
study, we experimentally verified the pos-
sibility of cancer identification using scat- Qu
investigated the polarization of light

scatered from a sliced biological Gssue with various optical configurations. A
significant difference between circular polarizations of light scattered from
cancerous and healihy tissues is cbserved, which s sufficient to distinguish a
healthy and cancerous parts indicate stepike behaviors in the degree of circu.
lar polarization coresponding 1o the state of tissues, whether cancerous or
nomal, An oblique and perpendicular incidence induces different resolutions
for identfying which indicates that the optical arrangement
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scatterers in biological tissues. Eventually, they are
thed inside o discharged ouside the tissue. Depolar-
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turbid material, based on the polarization state as well as
the remnant intensity of the scaitered light When polar-
zed light beams impinge on a biological tissue, they pen-

ination of the resultant satiered light mainly depends on
the size and axial ratio of sattrers, that s ell nucel, a5
well & the frequency of sattering events associated with
the density and distribution of cell nucle,

NHHXENIEEL THINRE
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etrate and propagate inio the tisue
de times by cell nuclel, which are the main

ic o 1] eorad e pletenton ek of
 scattered differentially from. suspended. bio
St can provde stseml mermation. bt

and are scattered
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biological issues. They suggested that this technique is
useful for disinguishing closely related structural biclogi
cal systems and for idenfying subsequent time:
dependent structural changes. Most of the earler studies
that were conducied to observe biological sructures with
the polarization staie of the back-scaitered light have
been performed using the lincar polarized (LP) light
[2-8]. In the Mie scatiering regime [9], the size of a sca-
terer (cell nuclews) is larger than the wavelengih of inc.
dent light, and the degres of depolarization for LP light is
significantly large such that the scatered light results in
complete depolarization by a small number of scattering
events[10, 11]. Therefore, these studies using the LP light
have successfully provided scientifc significance specif
cally for surface observations [12-14]
Tn contrast, the circular polarizaticn of light has more
persistence against. multipl scattering in the Mie regime.
ization process is caused by two randomized
processes: rotations of the polarization plane and interfer
ence with the backscattered light. When the size of a sca-
rer is almost equivalent or smaller than the wavelength
ofincident light (Rayleigh regime), LP lght is andomizad
mostty by the former process, whereas circularly polarized
(CP) light is disturbed dominantly by the latter process.

difference is estimated to
The strength of the resaffont dey mm was al Ma(c\ m mmm
equivalent. In the Mie
is dominant [9], s

require more scatte mmpalm with those of LP
AT Tt e e e
[10, 1. Therefore, scatering of CP lightcan provide more
specific information about not only the outermost surface
but alo the interior of tissues, which suggests the pssibil
ity of identifying carcinoma concealed i tissues.
Meglinski et al [15] pioncered the application of CP
) o s atection b epeimenity mapan
the scattering properties of tismies on the
Sphere. Kennar et o [16] eporad that the plazaion
of light scattered from a tissue of human lung shows dif-
ferent polarization states for healthy and tumor tissues
ex vivo using incident CP light (1= 639 nm). They con.
cluded that the difference in polarization is caused by
the enlargement of the nucieus size due to canceration.

develop an optical diagnostic tool that can provide sup.
plementary  information for ~ pathologists [17-24]
Recenty, the polarimetry technique has been applicd
and demonstrated for grading colon cancer [25] and
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‘We have studied spin-polarizing light-emitting diodes
(spin-LEDS) that can emit fully CP light directly from the

side facet and can detect CP light without applying an
extemal magnetic field or a large clectrical field [27-30),
M i D et e rnganid ot o ey
probe apparatus such as an endoscope, the polarimetry
technique suggested by Meglinski et al can be developed
from ex vivo observation o in vivo cbservation, which

and detalled investigations are required from both theo-
retical and experimental approac}

Previously, we theore cally investigated the scattering
process of CP light against cell nuclel in pseudo tissues
using Monte Carlo (MC) methods based on the Mie scat
tering mechanism [31]. MC simulations were performed
for cancerous and healthy psendo tisues in aqueous
medium coniaining dispersed particles with the fypical
sizes of cell nucll In healthy and cancerous cels, that
6.and 11 ym, respectively. Accordingly, a distinet differ.
ence in the resaliant polarization values between healthy

‘cancerous tissues can be oblained over a wide range
of detection angles, which suggests that this technigue can
el el g

pmxlmmlyo 2in the

values
i e
kgl et whh
leknngnfc?hyx We measured the DOCP vl
e zrmngemenu
with incident and detetion argles. Line scanning experi
ments were performed to demonstrate clear disrimina
tion of the cancerous and healthy parts, which was
partally published in ref. [32]. In addition, we sssesed
the in-plane dispersion of the detected values according
10 optical angular configurations.

2 | EXPERIMENTAL

Figure 1A shows the experimental setup used to measure
the DOCP values in this snudy. The incident and detestion
angles, 0 and g, are defined as angles made by the lines
connecting from a measurement point on the sample to
the light source and the detector with a perpendicular line
al the measurement point, respectivly. The unpdiarized
laser beam emitted from 2 diede-pumped solid-state laser
(Sanctity Laser Technology Co., Lid. China) with a wave
length of 914 nm and a power of 100 mW was converted
1o right-handed CP light with 0.5 mW through an ND -
ter,  linear polarizer and a quarter-wave (4/4) plate. Sub-
sequently, it is focused by a planoconvex lens
(=25 mm) at a measurement paint with an incident
angle 6. The DOCP value of the incident CP light was
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3 | RESULTS AND DISCUSSION

Figure 2AB shows the dependence of the DOCP value of
scatiered light on the incident angle 0 and detection

le p, respectively: The blue and red dots and lines rep
resent the DOCP values measured at the point in the
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FIGURE2 Degee ofcireular polarizaton (DOCP) valus 3
finction of, A, inebnt angls Buith 4 — 0 and, B, dtecion
angles g with 8 ~ 0, resptively
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healthy and cancerous (metastasis) parts, respectively.
The DOCP values are the average values measured at
i bron ot i ok [ ependeres o
DOCP value on the incident angle 0 with ¢= 07, show
in Figure 24, idictc that the DOCE vahcs iom the
healthy parts are larger than those from the cancerous
parts with an approximately constant iffercnce of 0.2)
except for the case with 4 = 55°, while the DOCP value
increases with increasing @ [31]. The dependence of the
DOCP value on the detection angle g with 6 = 07, shown
in Figure 28, indicates the two characterstics similar to
those of @ dependence: the increase in the DOCP value
with increasing 0 or g and a difference of approximately
020 between the DOCP values obtained from both parts.
The former characterstics are due to the injection
effciency of CP light and imcgular reflecions at the
surface. When the incident angle approaches the
Brewsier’s angle between the air and the sample sur
(approximately 53, in_this study), the p-polarization
but

s smaller than that from healthy tssues. However, this
‘magninude relaion is opposite o the results shown i ref
[16], which are obtained using the incident CP light with
=639 nm. Light scatering is the sevond radiation from
dipoles excited by the first rradiation on the surface of the
scatterer. The degree of depolarization varies aczording
the distribution of dipales, and strongly depends on. the
Fatio of the wavelength and size of the scatterer. We have
e i i dpenoncs of e e
DOCP value of g

cerous psendo-biolog
dispersing scatterers
respectively, by the P8
The clcuaied DOCP vlues show oselaing tehavir
derived from spherical hamonics with a varisble size
parameter, x= ka. Jues from pseudo cancer.

healthy tisue

Peaner < Phait 8t ion results

ihe s paaization component s msty efiocia boause
of the difference in reflectance at the surface [9]. There-
fore, the CP of light penetrating into the tisue is
decreased and the scattered light has less information
inside the tissue. The result shows that almost zero CP

Some of the incident CP light penetrates into tissues and
provides information about the state of the sample. The
remaining part of the incident light is irregularly
reflected at the rough surface of the tissucs. The sign of
the DOCP of the reflected lightis opposite t0 that of the
incident CP light. As the incident direction approaches
the detection direction, the component due (o the irregu
lar reflection n the fotal detected light becomes larger,

detected light is relected light, which has insufficient
information. The latier characterisic of the difference in

OCP value corresponds reasonably well with the
simulation results calculated for almost the same optical
configurations (Fgure XC inref. 31]), which implies that

the optical configuration with an angle within the appro-
priste range, which provides valugble fnformaton about
the state of the biologial tisue.

In our experiments using inddent light with a wase-
length of 914 nm, the DOCP value from cancerous tissues

Results = Discussion B#:Lcaitsncns
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Figute 3shows the results of the line scanning exper
ments obtained ai the optical configurations with
(©0.9) = (@) (6.0) and (b) (@, p). The data plotted in
Figure 3 w by acquiring.

sultsand-=
ussion

QURALOE | surs

performed at 18 points dlong the red amow shown in
Figure 1B, which crosses the boundary between cancer.
ous and healthy tissues multiple times. A micrograph of
the scanning area s shown in the upper part of the
graphs in which the area delineated by the blue dotted
line s the cancerous parts. Except for (557, 0°) at which
the DOCP values showed almost no change, a differ-
ence of 0.1 or more in the DOCP value was observed

nding on the state of the biological fissues

aro etween cancerous and healthy
parts, steeper changes are observed with the perpen
dicular incidence (Figure 3B) than with the obligue
incience (Figure 3A). The different gradients of the
oundary berween the oblique and
cfence could be possibly due to the
different Sampling (satiering) volumes and the subsc-
ent radiation aress of the scattered light. An clon
gated ellptic spot due to the oblique incident beams
induces the expansion of the scattring volume toward
the i plane dircion sk the e Acoringl

each point. The linescanning experiments were

Hoalthy : W
[t

of the scattered light i spread in the
direction opposite to the incident direction. Therefore,

Cancar:C
©

FIGURE3 Resukof i e
‘scaning experimonts with difirent, 4,

cormsponds t the probing pirsof the
gmph
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D/E, Histograms of the DOCP valuesshoven n B, nd, .
st deiation vabiss

rspeciv

optical configurations with oblique incidence and ver
tical detection have less spatial resolution. From the
resuls of line-scanning experiments, the in-plane res.
olution is roughly estimated to be 0.6 and 0.3 mm for
the configurations with the oblique and perpendicular
incidence, respectively
ate the cistrbutons of the DOCP values, scan
measurements were performed in an area that appeared
s uniformly healthy and cancerous he measurements
were performed at each point obtained by dividing the scan
ning area into 6 x 11 latoes n length and width, which are
schermatically drawm on the micrograph of the specimens in

shown in Figure 4BC, respectively. The upper pancls show.
the data in the healthy tisues, while the lower panels show
the results in cancerous tissues. Figure 4D.E shows hisio-

in Figure 4R, respectively. AL (0,) = (0°, ), the disper-
Sion ofthe DOCP values in the healthy part shows 2 wide dis
ribution with a peak: of ~0.137 and a standard deviation of
= 58, whereas the DOCP valus i the canceros part are

(Figure 4BD) The almost independent dispersions provide

ROBEIR. ZEHZNEE
XTWEITAEERTS

T CERIRD B, 512D

(5,07 and(0) (0" 50
ey geber i e et bt cumes sl e

ncen kit ity o
lurking in healthy tisues. AL (0 the DOCP
lues are distrbuted with comparavely Lm e
although the identiicaion of cancerous iswes s possble
with comparisons of data from muliple points. The peks of
the ispersions are ~0.132 and ~0.20, and the deviaions are

62 and 99 in the healthy and cancerous pars, respec.
fively. Comparing the resuks of both configurations, the dif-
ference of peak.

e remarkalydiffrnt. When the CP bt mained e
tially, most of the penetratad Iight tends 10 progrss tward
the deeper layer because the forvard scatiring s dominant
in the Mie regime. Therefore, the light experienced a hrge
number of scattering events tha  were hardy discharged ot
ward the sample, and the lght scatered by a few times is
dominantly detected, resuling in less accuracy for disrimi-
naiing cancer.
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