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Polarized light propagation in biologic tissue and tissue phantoms
Vanitha Sankaran* “b, Joseph T. Walsh, Jr.a, Duncan J. Maitlartdb

‘Northwestern University, Evattston, IL 60208

blawrence L1verrnore National Laboratory, Llverrnore, CA 94551

ABSTRACT

Imaging through biologic tissue relies on the discrimination of weakly scattered from multiply scattered photons. ‘f’he degree
of polarization can be used as the discrimination criterion by which to reject multiply scattered photons. Polarized light
propagation through biologic tissue is typically studied using tissue phantoms consisting of dilute aqueous smpemions of
microsphere. We show that, although such phantoms are designed to match the macroscopic scattering properties of [issue

(i.e.. the scattering coeficien~ k. and scattering aniso~op:{, g), they do not accurately represent biOI%ic tiss.e for
polarization-sensitive studies. In common tissue phantoms, such as dilute Intralipid and dilute 1-pm-diameter polystyrene
microsphere suspensions, we find that linearly pola’ized light is depolarized more quickty than circularly pol~ized light. In
dense tissue, however, where scatterers are often located ir, close proxitrtity to one another, circularly polarized light is

depolarized similar to or more quickly than linearly polarized light. We also demonsuate that pol~ized light props.gaks
differently in dilute versus densely packed microsphere su:;pensions, which may account for the differences seen between
polarized Iigbt propagation in common dilute tissue phantc,ms versus dense biologic tissue.
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1. INTRODUCTION

Optical imaging through bigbly scattering media is a problzm that has been studied extensively in a number of fields,
including atmospheric (1) and ocean optics (2), and more recently, biomedical optics (3-6). As photons travel throl~gh a
turbid material, they can be unscattered or weakly scattered and provide information about the sample structure, or they can

be highly scattered and contribute to the signal noise. Opt.cal imaging can be enhanced through the discrimination and
rejection of multiply scattered from weakly scattered photons. There are many such discrimination methods, including time-
and frequency-domain techniques (3,4), trans-illumination laser computed tomography (5), and con focal detection (6).
Polarimetry, in which the polarization state of light incident on a sample is compared with dre polarization state of light
exiting the sample, has recentty been under much study as another method of dkcrimination (7- 10). Polarization-based
discrittrination is based on the premise that ballistic photons retain their initial polarization state whereas diffuse photons do
not; thus, multiply scattered photons can be gated out based on their low degree of polarization.

Various studies have been conducted on how polarized light propagates in different tissue phantoms, often using aqueous

suspensions of polys~ene microsphere (7-10). Based on the results from these investigations, it has been predicted that
circulady polarized light may survive through more scattering events than tinearly polarized light in an anisotropic:dly
scattering med]um such as tissue (7,8). However, we have previously shown that this is not necessarily the case (9}.
Typically, phantoms are chosen because their absorption and scattering properties match those of tissue; thk does not
necessarily imply dtat the polarization properties of the phantom match those of tissue. We have shown that simply matching
the gross scattering coefficient of a phantom to a given tissue does not imply that polarized light will propagate similarly in
the two samples (9). In this study, we present further evidmce that light depolarization by a sample is heavily dependent on
the microsaucture of the sample, rather than on its macrosmcture alone. We begin with a comparison of how linearly and
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circularly polarized light propagate in two different tissues, blood, which contains dilute spherical md q“a.si.spherical
scatterers and adipose tissue, which contains dense quasi-spherical scatterers. We then expiai” these results using tissue
phantoms consisting of polystyrene microsphere suspended in water. The effects of scatterer size and density on polarimetric
mes.surements are presented.

2.THEORY

2.1 DEGRRE OF POLARIZATION

Degree of polarization is a term used to quantify the fraction of light that has retained its initial polarization after Eaveli”g
through a turbid material. Ade~eeofpoltization oflcomesponds tocompletely poltized light wheremade~ee. of
polarization of Ocmrespcmdsto completelyun polarizedlight. Inthisstudy, thepmpagation oflinearly andcircubwly
poltized ligbttiough asmpleis described using Stokes vector measurement. The Stokes vector, S,oflightexitinga
sample isa4xl vector that describes completely tiepolmintion smteofthe collected lighc

where I is the total intensity, Q is tbe difference between hlxizontal and vertical linearly polarized components, U ii the

difference between +45” and 45” linearly polarized components, and V is the difference between right and left circularly
polarized components.

Values for the degree of poltization are calculated from each Stokes vector as:

JjT7
PL(Q,LJ) = Degree of linear polarization . —

I’

J@
PC(V) = Degree of circular polarization:= ‘, and

I

P(Q,U,V) = Total degree of polarization =
~~

I“

(la)

(lb)

(1.)

2.2 RAYLEIGH AND MIf? SCATTERERS

In order to compare studies conducted on different samples with different incident wavelengths, it is often useful to speak in
terms of Rayleigh and Mie scatterers. Mle scattering applies to pmicles that are large compared to the incident wavelength
whereas the Rayieigh approximation to Mie theory applies to particles that are small compared to the incident wavelength.

The relative size parameter, usually notnted as a or k,, can be used to relate the diameter of a scatterer, d, to the incident

wavelen@t, k (10):

id
a.—,

k
(2)
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Since the scattering of elecmmagnetic radiation scales linearly to the relative size p~am.eter, a can be used to compare

studies with different scatterer sizes and incident wavelen@s. For small scatterers (CX< IT/10), the amplitude of ti,: scatter~
wavelets is small; thus the infinite series solutions giving tbe scattered amplitude and phase can be approximated by a sum of

only tie first few terms in the series. Scattering by these small particles is usually called Rayleigh scattering and is a subset of

Mie tieory, which is used to describe lager scatterers (a:> w1O).

3. METHODS

3.1 EXPERIMENTAL SETUP

A He-Ne laser (Melles Griot Inc., 05 LHP925) emitting a collimated 1.5-MM l/e2 diameter beam of 632.8 -mn-radi,ation was
passed through a chopper operating at 2.78 !&z (Stanford Research Systems, SR540), a linear polarizer (LP Melles Griot
Inc., 03FPGO09), and into the sample. For circularly polarized Iigbt incident on the sample, a quarter-wave plate (QWP;
Meadowlark Optics, NQM-lIX-633) was inserted between the polarizer and tie sample. Light emerging from the sample was
collected with a 55-mm-focal length, F/2.8 camera lens and passed through subsequent polarizing optics. An iris in the
camera lens rejected Iigbt scattered beyond a full angle of 22.6”; this ensured that the collected light [bat was pzssed through
the subsequent polarization optics fell within the acceptance angle of each element. The collected Iigbt was first passed

through a variable-wave plate (VWP; Meadowlark Optics, LRC-100) oriented at 45” to the horizontal, whose retardance, A,
was controlled by a voltage input. Tbe light exiting the VWP was passed through a photoelastic modtda[or (PEM; Hinds

Instmments, PEM-90) oriented at 0° followed by a linear pokuizer (LP; Melles Grio[ Inc., 03 FPGO09) oriented at 45”. The

PEM is a wave plate whose retardance, 8 = c5.cos(tM), moiulated between *6O at to = 2x(5O kHz), thus providing the reference

signal for lock-in detection. The collection optics, VWP, PEM and LP constituted the analysis section of the system. All
signal components were measured with a +15 V photoconductive detector (Hinds Instruments, DET-90-002) and a lock-in

amplifier (Stanford Research Systems, SR8 IO). To simplify the signal analysis, & was set to 138°; thus, Jo(5.J = 0. To isolate

U-P,. and V_P,., A was set to OO;U-P,, was then measured at 2@andVWI. w- measuredat 10. Similarly, when A Wa m

‘0 90”. fJ-PI. was measured at 2aI a“d Q,~~i. was me~u~~d at 10. L+l. W= me~ured at the chopper fieq uency. The
measurement technique used here is similar to that described by Schmitt et al. (7).

HeNe Laser C Polarizing S Lens VWP PEM LP Detector Lock-In Amplifier

Elements

F@rel. ~eexperimenti setup consisK ofa He-Ne Ia$er, achopper(C) operating at2.78Wz, poltizingelem(ents for tie
light incident on the sample (S), a vtiable-wave plate (VWP), a photcelastic modulator (PEM) operating at 50 kl!!z, a linear

polarizer (LP), aphotodetector andalock-in amplifier. Themmimumdegree ofpoiarization witbnosample present was
1.0001.

3.2 SAMPLES

Depolwization by biologic scaflerers wmstudied using p{>rcine blood mdporcine adipose tissue. Eachtissue was taken from

freshly sacrificed 12-monti-nld slaughterhouse pigsand stored at50Cprior toexperimenmtion. llesamples werewarnted
toroomkmperamre 2hbefore eachexperiment andwere used witiin48h postmofiem. Whole blood washeparinized
witbin I h postmortem. ,%nplesof wbole blood were placed inaglass cuvette witbapatblength r?.ngingfrom O.l to5mm
foreachexperiment. Fatwastaken fromthe abdorninalcavity. Sections of fatwhba naveraget ilcknessr angingfromO.l5to
2.9 mm were mounted between glass slides for each experiment.
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Depolarization in the tissue phantoms was stttdied using monodispeme suspensions of 0.102 pm, 0.48 pm, and 0.99 pm.
diameter polystyrene microsphere in water (Poly$ciences Inc., n~phere = 1.59, Dme$lum = 1.33). TWOdifferent exp+ximents

were performed with these suspensions. First, for a given size of spheres, a tixed concentration of scatterers was chosen and
prepared. Each sample was diluted with distilled water to a concermation ranging from 0.25 to 2.5%, where independent,
uncorrelated scattering could be assumed. Samples were placed in cuvenes with patfdengdm ranging from 0.1 to;! cm the
degree of polarization for each sample was measured as a function of cuvette pathlength. Second, for a given size of spheres,
a fixed cuvette pathlengti was used to make degree of polarization measurements as a function of increasing scatterer
concentration. The range of concentrations investigated spanned both dilute, independent scattering and dense, dependent
scattering. Concentrations of spheres greater than 2.5% (the initial concentration obtained from the manufacturer) were
obtained by centrifuging the sample so that the particles would settle and then decanting the excess water. Spheres with a

diameter smaller than 0.48 yrn have a prohMively long settling time and tkus could not be studied here. The deme
suspensions were smticated to prevent clumping of the spheres and stirred before each measurement. Static repulsion
between the anionically charged spheres should ensure a minimal distance between each sphere and its nearest nei,ghhors;
however this could not be verified experimentally. For concentrations of spheres less than 2.5%, the suspension was diluted
with distilled water. Samples were placed in a I-cm-pathlength glass cuvette with flat parallel WSIISfor experimentation.

4. RESULTS& DISCUSSION

4.1 BIOLOGIC TISSUE

Blood was first used to investigate polarized light propagation through the simplest case of dilute, nex-spherical scatterers.
Degree of polarization results as a function of cuvette pafdength are shown in Figure 2. Blood is a fluid tissue that consists of

various cells; one cubic milliliter of blood contains roughly 5,0C+3,0C0biconcave disk-like erythrocytes (7 Urn in diameter),

approximately 7,000 spherical leukocytes (8-1 8 pm in diameter), and between 150,CC0 and 3cs3,000 bicowex disk.-like
platelets (2-4 ym in diameter), floating freely and separated from one another by plasma (11,12). The scatterers in blood
predominately fall into the Mie scattering regime for the incident 633-rim radiation used here. For each sample of whole
blood investigated, linearly polarized light is depolarized more than circularly polaized light.

U.1 E--. -...........------------------.------....-----------------.--j
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Figure2. The degree of linear and circular polatiza!ion in whole porcine blood as a function of cuvette pathlmgth



Adipose tissue was used next to study polarized light scattering by densely packed new-spherical scatterers. Degree of
polarization results as a function of tissue thickness are shown in F@re 3. White aripose tissue consists of closely packed
unilocular fat cells, each containing a single lipid droplet. The lipid droplet nearly fills the entire cell, causing the cytoplasm
and nucleus to become eccentrically placed. Fat cells range in size, with a mature fat cell having the largest diameter of 50-75

pm The dominant scatterers in fat cells are likely to be much smaller, perhaps the individual lipid droplet (0.5 to II.5 D in
diameter) or subcelluku organelles (11, 12). Although the scatterers in adipose tissue span the Rayleigh and Mie regimes, the
structures are predominantly Mie-sized. For each tissue sample investigated, circularly polarized light is depolarized more
than linearly polarized light, in contrast to the results seen in blood,

1
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O.oo,t--l 0 ?1

0.1 1 10
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Figure 3. The degree of lines and circular polarization in sections of porcine adipose tissue as a function of tissue thickness.

4.2 TTSSUE PHANTOMS: SIZE EFFECT

In mying to describe the differential depolarization behavior seen in the two tissues, phantoms consisting of polystyrene
microsphere suspended in water were used. The concentrations of spheres investigated here were dilute enough tc] assume

that the spheres scattered and depolarized light independent of one another. The O.102-pm-diameter spheres fall into the

Rayleigh-Mie transition regime whereas the 0.48 and 0.99 -yin-diameter spheres are both M@sized. Spheres small enough to

fall witbin tie Rayleigh scattering regime were not commercially available. For the O.102-pm-diameter spheres, linearly
polarized light is equally or slightly less depolarized than circularly polarized light. For the larger spheres, the converse is
tm~ circulimly polarized light is less depolarized than linearly pokuized light. These results .we corroborated by other studies
in the literature (13,14).

The differential scattering and depolarization of linear versus circulz polarization states is an impommt factor to cmsider in
describing our degree of polarization results. Three different cases can be identified p~ > PC (typical of scattering by dilute
Rayleigh spheres), p~ < PC (typical of scattering by dilute Mie spheres), and p~ - PC (typical of scattering in the Rayleigh-Mle
mansition regime). Blood consisu of dilute, large scatterers with size parameters that place them into the Mle regime. The
results seen in blood demons=ate a preferential depolarization of linear over circular polarization states, also seen in tie
results for the dilute, Mie-sized tissue phantoms. Thus, the dilute Mle-sized scatterers found in blood can be well modeled by
dilute, Mie-sized polystyrene spheres. Adipose tissue consists of densely packed structures with a distribution of sizes that
span the Rayleigh and Mle scattering regimes but are mosrdy Mie-sized. However, the results seen in the fat tissue exhibit a
preferential depolarization of circula over linear polarizal.ionstates, which is typical of scattering by dilute Rayleigh spheres.
The reasons why Rayleigh-like depolarization is seen for scattering by dense M]e-sized scatterers in tbk tissue are likely a

—..——



combined effect of scatterer size and density. Thus, the effect of scatterer density for dilute and dense concentrations of
spheres wzs studied next.

Cuvene Pathlenglh [mm]

(a)

Cuvette Pathlength [mm]

(b)

F@re 4. The degree of polarization was measured as a function of cuvette pathlengtb for aqueous polys~ene microsphere

suspensions witiadimeter andconcentiation of(a) O.lO2Lm, 1.O’Zo;(b) 0.48pm, 0.25% ;and(c) 0.99 Wn,0.25%.

4.3 TEWUE PHANTOMS: DENSITY EFFECT

The effects of scatterer density was studied using aqueous suspensions of polystyrene microsphere with diameters of 0.48

and 0.99~, both of wbichare Mle-sized spheres. Atiderange ofsphere concentrations wmsmdld sotiatdeI~oltimtion
byindependently anddependentiy scatiring spheres could restudied. Fordilute concenmations ofeacbsuspension, a.stbe
scauerer concen@ation incre=es tiede~ee of finemand circulz poltization botidecrese. Linearly poltized light is
depolarized more quickly than circularly polarized light, a result corroborated both by the results shown in F@re 4 and by
reports intbeliterature (13,14). Above acriticA concenkation ofscatterers, ticde~ee oflinem mdckculx polati=tion
begin toincrea.se witbincreasing scancrer concentration. Tbeconcenbation atwtich tiereis minflection intiede'Weeof
polarization follows trends seen in previous studies that report changes in unpolarized light attenuation tbrougb densely
packed microsphere suspensions (15,16). Fortiese dense suspensions, circulaly poltized fi@tisdepoltizd sitilatoor

more quickly than linearly polarized light, comparable to results seen in both the dilute suspension of smaller (O.102-Luxv
dknter) spheres and the adipose tissue.
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Figure 5. The degee of pokwization was measured as a function of scatterer concentration in suspensions with sphere
diameters of (a] 0.48pm and (b) 0.99 pm.

4. CONCLUSIONS

Polarized light propagation ha-s typically been studied in tissue phantoms consisting of microsphere suspended in water. In

common phantoms, such as dilute aqueous suspensions of l-w-diameter polystyrene spheres and Intralipid, it has been seen
that circularly polarized light survives better than linearly polarized light (9, 14). However, we found in his study that similar

behavior is not afways seen in biologic tissue. In porcine blood, which consists of dilute, Mie scatterers, results similar to that
seen in common phantoms were found; namely, circular polarization is maintained better than linear polarization. In porcine
adipose tissue, however, which consists of densely packed Rayleigh and Mie scatterers, the reverse was nue. Linearly
polarized light was maintained better than circularly polarized light. The reasons behind wby different results wer(: found in
the two tissues may be attributed to tie differences in the microstmcture of the scatterers found in each c%e.

The effect of scatterer size on polzimcmic measurements was tirst studied using aqueous suspensions of microsphere. Dilute
concentrations were used so that independent scattering cmld be assumed. For small spheres that fell into the Rayleigh-Mle
transition region, it was seen that linearly polarized Iigbt was maintained better than circularly polarized light. As the sphere

size increased (i.e. Mie scattering), tie reverse was true, circularly polarized light was maintained better than linearly
polarized light. Thus, depending on the tissue to be modeled, a sphere size should be chosen for the phantom to mimic the
differential depolarization of Iinem versus circular polarization states of the tissue under study. However, even though the
resulting phantom may mimic the depolwization behavior of the tissue under limited conditions, it is unlikely that the
structure of the phantom bears any semblance to [he sticture of the tissue. For example, even though blood and fat exhibit

differential depoltization behavior that is characteristic c,f Mie and Rayleigh scattering respectively, the physical structures in
both tissues are predominantly Mie-sized. Thus, some factor other than sphere size must also be considered if the phantom
material is to approach the nticrosnucture of the tissue scatterers. One such factor is scatterer concentration, in a range
outside of the independent scattering assumption made here.

Many tissues contain structures that are densely packed and thus cannot be well represented by dilute suspensions of spheres.
Thus the next effect that was studied was scatterer conccn@ation for both dilute and dense concentrations of spheres. We
found that for dense suspensions of microspberes, polarized light propagation through a dense suspension of Mie spheres is
similar to polarized light propagation through a dilute suspension of smaller Rayleigh spheres. Specifically, we otmerved that

for dense concentrations of the 0.48 and 0.99-ym-di?xneter particles, each of which fall into the Mle scattering regime for
dilute concentrations, circularly polarized light was depolarized similar to or more quickly than linearly polarized light. This
corresponds to the behavior seen for scattering by dilute suspensions of particles in the Rayleigh-Mk and Rayleigh regions.
Therefore adipose tissue, which could be modeled by a suspension of dilute Rayleigh spheres, could perhaps be modeled
better using a suspension of dense Mie spheres, which mimics the actual microsb’ucttue of the tissue more accurately. In



understanding how polarized light propagates in biologic tissue, md i“ designing a phantom to mimic a particulw tissue, it
thus seems likely that hotb scatterer size and density (in a range outside of independent scattering) should be considered.
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