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Measurement of particle size distribution in multilayered skin phantoms using polarized
light spectroscopy
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We report on the ability to use polarized light to measure the particle size distribution of thin layers of
polystyrene microspheres on top of a solid Intralipid phantom. The optical properties of each layer were
adjusted to match the absorption and scattering properties of the epid@ahistyrene layerand dermis
(Intralipid layep. Polarized light was used to discriminate between light scattered from the top layer of
polystyrene and the lower layer of Intralipid. In this paper we also study the effect of the thickness of the top
layer on the ability to reconstruct the polystyrene size distribution.
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[. INTRODUCTION be particularly difficult to diagnose because of its similarity
to dysplastic nevi often referred to as moles. Patients with
The in vivo measurement of the cell or nuclear size dis-dysplastic nevi present a challenge to health professionals
tribution of thin tissue layers is important for the early diag- because these patients are not only at high risk of developing
nosis of skin cancer and dysplasia. Currently over half of almelanoma, but the early visual indications of cancer are of-
cancers are skin cancers and as many as 10000 people & masked by the mole. Because cancer cells undergo rapid
every year from some form of skin canddi. Early diagno-  C€ll division, there is often a significant shift in the nuclear
sis remains crucial for effective treatment of skin cancer. Theébize and cell size that is not present in noncancerous(&lls
current method for detecting skin cancer involves repeatef] the cell size distribution could be monitoréuvivo, a shift
visual screenings followed by biopsy of any suspected aread] the mean or s.tandalrd deviation could indicate thg presence
This method suffers from dependence upon subjective visu f cancer. Polarized light measurements may provide a way

observations and painful biopsies. An estimated 51 4060 monitor the subsurface condition of moles, giving early

. . . .~warning of abnormal cellular activity. Repeated checkup
S_eoplle yrvrlll_l dgzvetlﬁp Tel_ano_ma t_rlusdyea:, of ?Nh;fhfmoo Vf{"”dwould provide a base line cell size distribution that could be
ie[1]. This death rate is primarily due to a lack of repeate monitored for abnormal shifts.

screening. Improved diagnostic methods, which are noninva- Recent studies have shoh5] that thein vivo measure-
sive and, therefore, nonpainful, could significantly improve nent of particle size distribution using continuous-wave light
the screening level of people at heightened risk of skin cangg possible for semi-infinite, homogeneous samples. These
cer. conditions are not remotely met with skin that is thin, mul-
The skin consists of two primary layers that include thetjjayered, and relatively complex. The need for a semi-
epidermis, top layer, and dermis, bottom layer. Under thenfinite sample can be overcome by changing from a multi-
dermis is subcutaneous tissue, or hypodermis, which consistgattering, diffusion based model to a single scattering model
of connective tissue, fibroblasts, and fat cells among otheased on polarized light. There has been recent interest in
components. The epidermis primarily consists of cells calledising polarized light to monitor thin layers of tissue. These
keratinocytes. These cells develop in the basal layer of themethods have varied from enhancing video images using po-
skin at the bottom of the epidermis. As they migrate to thelarized light to using scattered light to directly measure the
surface, they flatten and cornify—harden—sealing the skimparticle size distributiofPSD of a sample.
[2]. The epidermis also includes melanocytes located near As early as 1997 Demos and Alfaf6] showed that po-
the base of the epidermis. These cells secrete the pigmelarized light combined with time resolved techniques could
melanin that protects the skin from ultraviolet radiation. Thebe used to obtain enhanced images of different layers of the
dermis can vary in thickness from 1 to 4 mm. It is primarily skin. These researchers were able to discriminate between
made up of fibrous connective tissue such as collagen. Thigght scattered from the very top layer of the skin and light
dermis also contains the hair follicles, sweat glands, bloodcattered from deeper layers. They shined parallel polarized
vessels, and nerves making it a very complex optical tissudight onto a sample and used an analyzer to measure both
There are three basic types of skin cancer that includ@arallel and perpendicular light. Light from the top layer
basal carcinoma, squamous carcinoma, and malignant melgends to maintain its polarization while light from deeper
noma. All three of these skin cancers originate in the epiderlayers looses its polarization. They also used the wavelength
mal layer with malignant melanoma being the most dangereependence of the absorption of light to selectively image
ous due to its tendency to metastasize, spread. Melanoma cdseper layers of tissua vivo.
Jacques, Roman, and LE#] used the differences in par-
allel and perpendicular light to enhance video images of tis-
*Corresponding author. FAX: 865-656-0805. Email addresssue effected by cancer. They were able to significantly en-
hjiang@clemson.edu hance the diagnosis of cancerous skin tissue by subtracting
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light scattered from deeper tissues, represented by perper__
dicular polarized light. b
Hielscher, Maurant, and Bigi¢8] directed an incident |
beam of linear polarized light onto a sample and collected™=
the diffuse backscattered light with parallel and perpendicu-
lar analyzers. They collected an image of the backscattere:

Lens

light and found distinctive spatially dependent patterns in the Poﬁ.r,;::ze,
scattered light that were unique for both parallel and perpen- Rotator
dicular light. The pattern of the light was related to the par- Polystyrene_
ticle size and optical properties of the sample. This study Phanto

found a correlation between the angular dependence of th

scattering and the particle’s size. A Data
P ; ; g w cquisition
The above studies image the area of interest but do no Solid Intralipid & Control Unit

give extensive information about the size distributions of the Phantom

sample. A recent study performed by Backnedral.[9] used
perpendicular and parallel light to reconstruct the PSD of a
thin layer of colon cells. Their method used polarization £ 1. The entire experimental setup including light source,
properties to isolate light scattered from the top layer. Bypolarizer, analyzer, sample, CCD/Triax spectrometer, and compuiter.
comparing the measured single scattered light to the intensity
spectrum predicted by Mie theory, the size distribution of the Il. EXPERIMENT
cg!ls was_determingd. The reSl_JIts of th_is sFudy show the sig- Experiments were conducted with a charge-coupled-
nificant difference in cellular size distribution between nor-deyice- (CCD)- based continuous-wave system shown in
mal and tumor colon cells. Fig. 1. In this system light produced by 100-W tungsten
In this paper we use polarized light to measure the PSD imalogen lamp was focused onto a 206+ fiber optic cable
a thin top layer of tissue phantoms. An analyzer is used tehat delivered the light to the sample. The light was directed
discriminate between light scattered from the top layer andhrough a collimating lens, a polarizer connected to a rota-
light that has been multiply scattered from the deeper, secontibnal device, and then through a focusing lens. The incident
layer. In this study we use polystyrene spheres to represetight focused to a 1.5-mm-diameter circular spot on the sur-
the epidermal layer and a solid Intralipid phantom as theface of the sample. The center of the incident beam was
dermal layer. Mie theory provides a powerful theoretical tooldirected at the sample from an angle of 30° from the normal.
for predicting the wavelength dependent intensity of polar-After impinging on the sample, the light that scattered nor-
ized light scattered from a particle. The theory is particularlymal to the surface was collected by an analyzer. The analyzer
simple when the particle is a sphere such as polystyrendvas kept stationary and transmitted light polarized parallel to
Cells are seldom entirely spherical, particularly skin cellsthe scattering plan@efined by the direction of incident light

that flatten and stiffen as they move to the surface. Howevend the collected light—normal to the sample surface

cells deeper in the epidermal layer tend to be more sphericaﬂ:.O"":‘C,tion lens .then fogused the light onto the tip of a 200-
m-diameter fiber optic cable connected to an ISA 3200

Since this area is where most skin cancers begin, we belie cD i ter interfaced with ter. Th t
Mie scattering from spheres should be a reasonable approxi: spectrometer nterfaced with a computer. The system
mation measured the light intensity vs wavelength over a wave-

. - length range from 540—810 nm.
Although our method is most similar to that proposed by The incident polarizer was connected to a hand operated
Backmanet al, we use a simpler model to reconstruct the

rotational device that allowed us to rotate the polarizer by

PSD. By removing the roequiremem that the light be scatteregge the collection polarizer was kept stationary throughout
directly backward, 180° from the incident, we simplify the 5| the experiments. For each sample, we collected two sets

experimental setup and the theoretical model. In our experipf data, one with the incident polarizer set parallel to the
ments we place a 30° angle between the incident and collecypjlection polarizer) (\), and the second with the incident
ing fibers. Using our method we demonstrate the ability toyolarizer set perpendicular to the collection polarize¢\).
reconstruct the PSD of three different diameter pOlyStyrene The Samp|es consisted of three sets of po|ystyrene latex
samples mixed with water and India ink as an absorberspheres with mean diameters of 0.75, 5.83, and grh0For
Since skin is very thin and can vary in thickness, we alsdyoth the 0.75- and 5.88m spheres, deionized water was
show the effect that different thicknesses of the top layemdded to adjust the reduced scattering coefficiggt to
have on the reconstructed size distribution. For each diammatch the scattering of skin. For the 9.461 spheres, the
eter sphere we placed three different thicknesses of polystysample was allowed to settle and excess water was decanted
rene phantoms on top of an Intralipid phantom. These threeff. India ink was also added to the latex phantoms to make
thicknesses were chosen to match possible epidermal depthibe absorption coefficient, match that of the epidermis.
To make the study more realistic we adjusted the opticallhe optical properties of the polystyrene phantoms were set
properties of the phantoms to match the absorption and scasuch thatu.=2.0/mm andu,=2.46/mm. The polystyrene
tering of skin. phantoms were placed on top of an Intralipid solid phantom
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<«4— Polystyrene Phantom

Solid Intralipid Phantom

FIG. 2. Linear polarized light is incident from the left onto the polystyrene phantom. Some of the light undergoes specular reflectance
from the surfacédashed ling Some of the incident light scatters from the top layer and maintains its polariZatitich black arrows Some
of the light travels deep into the sample and is either absorbed or scattered back to the surface as unpolafideteldytihes.

made from agara stiffening agent distilled water, India its polarization[13,14]. Because of this, light that scatters
ink, and 10% Intralipid. The optical properties of this phan-from a thin layer maintains a significant percentage of its
tom were adjusted such thau.=2.0/mm and w, polarization. However, light that travels deeper into the
=0.03/mm. These optical properties approximate the scattesample tends to loose all its initial polarization before being
ing and absorption of the epidermal and dermal layer of thecattered back to the surface.
skin at 650 nn{10,11]. In our method we use a polarizer connected to a rotational
For each diameter of polystyrene spheres, a 4-cm cube @fage to divide the incident white light into two equal com-
Intralipid solid phantom was placed below the incident light. ponents of parallel, & and perpendicular, &—defined ac-

To simulate a thin layer of skin, a 12-drop of polystyrene o ging to the scattering plane. Hefemeans incident par-

phantgm was .placed onto the Cef“er of .the SOI.id phantométllel intensity,& indicates the direction of the incident beam,
see Fig. 1. This drop spread out in a uniform circle with a,;

. . . . |' means incident perpendicular intensity, aidindicates
diameter that could be easily measured using a vernier cal;{—h direction f th teri tto ih llector. Wh
per. Knowing the original volume and the area this drop € direction from the scattering event to the coflector. Yvhen

covered allowed us to calculate the approximate polystyren@e parallel light strikes the sample, some of the light under-
thickness. After waiting a few seconds for the drop area tJJoes specular reﬂe.cta}nce,_ but most of the I.|ght ‘?”ters the
become stable, a parallel and polarized measurement Wergmple. Some of this I|ght_ IS scattgred afew times |n.the. top
taken. A second 124 drop was then added to the first to ayer O,f the sampl'e "?m.d. IS re—e_mltt'ed to the air. This light

increase the sample depth, and the procedure repeated. Ust mta_ms_ most_of its initial polarlzafuon. A larger percentage

this method we were able to obtain an average top Iaye? the |n_C|dent I'ght_ travels deeper Into th_e sample undergo-
thickness of between 50 and 17Z®n. This thickness is com- ing muItlp!e scatterlng before being re—9m|tted at the surface.
parable to the thickness of the epidermal layer of the skinf NiS multiple scattering causes the light to become com-

that can very from 70 to 15@m for thin skin and up to 600 pletely un.polarlzed, see Fig. 2. - N

um for the hands and soles of the fd@2]. In order to In the first measurement when the incident polarizer is set
remove the wavelength dependence of the polarizers, parallg Parallell}, the collected light consists of two components.
and perpendicular measurements were taken on a standal€S€ two components include a parallel component scat-

diffuser and used to normalize the experimental measurdered from the top layer of the sampl€, , and 50% of the

ments. light that traveled deeper into the sample and lost all its
poIarization,Iﬁbonom. In the second measurement when the
IIl. THEORY incident polarizer is set to perpendiculdr, the light that

Since most types of skin cancers begin in the epiderma?catters from the top layer maintains _its polgrization and is
layer and result in a significant shift in the nuclear size dis-l0cked by the analyzer. The perpendicular light that travels
tribution of the cell, a method for monitoring the nuclear sized€€per into the sample also becomes unpolarized and 50% of
distribution of this thin layein vivo would be a useful diag- "€ re-emitted light passes through the analyzer as parallel
nostic tool. Polarized light provides the means to monitofight, [’ . Thus the first set of collected data includes a
this thin top layer. Linear polarized light can be scatteredsmall percentage of light from the top layer and a majority of
multiple times in an optically dense medium before loosinglight from the deeper layer, see Fig. 2. The second measure-
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FIG. 3. (a) The measured parallélop line) and perpendicula¢bottom ling intensities collected from the two layer phantom with the

5.8-um spheres on the top layer with a thickness equal tpu84 (b) The same set of data normalized by the diffuser measurententshe
parallel measurement minus the perpendicy@rThe Mie fit (dotted ling to the normalized, subtracted ddtolid line).

ment contains no light from the top layer and only multiply where I7(\) is the scattered intensitys,(6,\,n, ,x) is an

scattered light from the bottom layer. By subtracting the secelement of the amplitude scattering matrik,is the angle

ond wavelength dependent intensity measurement from thigetween the incident lighe; and the collected lighk;, \ is

first gives the wavelength of lightn, is the relative refractive index
between the sample medium and a scattering pariidtethe

(1) diameter of the particle, arlgi(\) is the intensity of incident
light. It is worth noting that we only use the parallel scatter-

wherelf is the parallel light scattered from the top layer, ing amplitudeS,(6,A,n; ,X) because we are only fitting light

c . 0 : scattered from the top layer. Other components of the light
Ibottom > 50% of the parallel light scattered from the deeDscattered from deeper layers have been removed by subtrac-

layer,1;* is 50% of the perpendicular light scattered from tion. The incident light is emitted over a solid angle given by
the deep layer. This equation holds true as long as the inciAd and has the possibility to be scattered by many different
dent parallel and perpendicular light have equal intensity angized particles. Summing these combined effects gives the
the light scattered from the second layer is totally unpolarfollowing integral equation:
ized. These conditions were approximately met for our ex-
periment as indicated by the good agreement between ex-  If(N)=(I}_+If )—1}°
periment and theory. °

Mie theory provides an exact equation for calculating the i 2
intensity of single scattered polarized light from a sphere _I”()\)deaf [S 00 0 FH0dx, - (3)
[15]. This equation is given by

(IC +|C ) /1C ~

— |1¢
”top I bottom I bottom Htop !

. o wherel }(\) is equal to the light single scattered from the top
V) =[S(6.M,n ) 7 (N), (2) layer andf(x) is the PSD. In order to measurg\) a sepa-
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FIG. 4. The measured data from three different thicknéssThe 0.75um spheres with thickness of solid ligé63 um, dotted line
=164 um, and line with circless 170 um. (b) The 5.83um spheres with thickness of solid lis60 wm, dotted line=84 xm, and line with
circles=179um. (c) The 9.10um spheres with thicknesses of solid in60 um, dotted line=86 um, and line with circles 121 um.

rate set of measurements is made on a standard diffuser. Finghere qﬁmp+Iﬁbomn)/lﬁdiﬁuseris the sample’s parallel light nor-
parallel poIarlz_ed light is quem onto thg dn‘fgser and aqjized by the diffuser's parallel light;® /1/° s the
measurement is taken. The incident polarizer is rotated so bottom "diffuser

that perpendicular light is incident onto the diffuser and gParallel component of the sample’s perpendicular light nor-

measurement is taken. Since the diffuser rapidly depolarizegalilzedl_b% theTr?_aralleI col_mp(_)nent of thehdiﬁuser's perpen-
the light and has a very low absorption, the collected diffuse 'iu ar fig ht. d.ﬁls normalization using tle mﬁzzsuremdents
measurements are proportional to the incident intensitytda e? cmt ed _usertrtlemovtes any wavelength dependence
Cli(N)=IF(N)=1,%(\), whereC is a constant. The diffuser ueS_o € egq;\enmen a syts) em.l lated using Mie th
measurements also contain the wavelength dependence dur?d ince S(6, ’nrr"X)r' an e.cg (él.J ?r'% tysr:nfgf N theory
to the lenses and polarizers. Thus the wavelength deper?— We use am prion Laussian distribution 1o (), the
dence caused by the hardware can be normalized out by ori'-.ght hand side O.f Eq4) can be fit to th? T“e.aswed left h_and
viding 150) by 1/(\) side of Eq.(4) using a least squared minimization technique.
gt YA, The size distribution of the scattering particles can be deter-
mined by fitting the calculated data to the measured data.

|ﬁ(7\) i [l\?()\)top"'l\(\:()\)bottom]_ |H’c()\)bottom

I\I\()\) B l\(lj()\)diﬁuser I\\,C()\)diffuser IV. RESULTS
%C—lf daJ [S,(O,,n, ) ]2F(x)dx,  (4) Us_ing the fit between our data and the intensity predicted
A6 by Mie theory, we were able to extract the PSD of three
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FIG. 5. The measureolid line) and fitted(dotted ling spectroscopic data for three samples of polystyrene sphejeEhe measured

and fitted data for 0.7p4m spheres with a top layer thickness of 14&. (b) The measured and fitted data for 5,86 spheres with a top
layer thickness of 8.um. (c) The measured and fitted data for Qufir spheres with a top layer thickness of g861.

different particle mean sizes 0.75, 5.83, and 9uifd. For For each of the three particle sizes the thickness of the
each particle size we took measurements on three differeqthantom appeared not to affect the measured data. Figures
thickness of the sample. We were able to obtain a very read(a)—-4(c) shows the three data measurements for each
sonable fit between the measured and calculated data for tlsample. There is a significant change in the wavelength de-
0.75 and 5.83+m particles with the 9.1Qsm particle being pendence of the three diameter spheres, but there is no ap-
the most difficult data to match. preciable difference due to the thickness of the top phantom.
In Fig. 3(@ we show the measured intensity collected The thinnest top layer for the 0.7&n spheres has a slightly
from the parallel and perpendicular measurements for thdifferent shape than the thicker measurements. This same
5.83.um particles. As can be seen in pl@), the parallel trend is not seen for the larger particles where sample thick-
component of the light is significantly higher than the per-ness should be more critical. Using Mie theory, we were able
pendicular component. Both measurements also contain sige fit the measured data to obtain the size distribution of the
nificant wavelength dependence caused by the light sourcgpheres. Figures(8—5(c) show the measured and fitted data
and the polarizers. By normalizing the parallel and perpenfor one of each polystyrene sample.
dicular data by the respective diffuser measurements, the in- The reconstructed size distributions are shown in Figs.
herent wavelength distortions can be removed, refer to Ecs(a)—6(c). In Fig. 6 the normalized size distribution obtained
(4). After normalizing[Fig. 3(b)], the parallel intensity and from the polarized measurements is compared to the size
perpendicular intensity are subtracfég. 3(c)], and then a distribution obtained by electron microscopy or provided by
Mie theory fit of the data is performed, see Figd3 The the manufacturer. The manufacturer’s given size distribution,
oscillations apparent in Fig. 3 are due to the wavelengttdetermined by disc centrifuge measurements, was used as the
dependent scattering of the polystyrene spheres in the togtandard for the 0.7 latex spheres. However, for the
layer of the phantom. larger samples the manufacturer’s size distribution differed
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FIG. 6. The normalized size distribution of the three samglsThe PSD of the 0.7%m diameter spheres. The dashed line is the PSD
provided by the company compared to the dotted line PSD obtained from our polarizetbylatee PSD of the 5.@um diameter spheres.
(c) The PSD of the 9.Jum diameter spheres. Iib) and(c), the dotted line is the PSD obtained from our polarized data, and the solid line

is the PSD obtained from electron microscopy.

Significantly from the PSD obtained from the polarized data.be accurate SinCd‘mﬂi , we believe that keeping the inci-
We measured the particle sizes of the 5.83- and/@2- dent polarizer fixed while rotating the collection analyzer
spheres directly using electron microscopy. A small drop Ofspoyid be slightly more accurate. The calibration of the sys-
each sample was imaged and the number of particles with @, ingicated that the incident parallel light was 6% smaller
particular size counted. The probability size distribution wa han the perpendicular light. This discrepancy was overcome
calculated and nprmalized for comparison With the_po!arize y normalization.
measurement. Figuredl and Gc) show the size distribu- 1o iher significant difference between this study and
tion meas.ured. usflng.electron microscopy, and th(.a reConsiher published results is our theory simplification. This sim-
structed size distribution from the polarized data. Since th lification is possible since we do not collect directly back-
disc centrifuge measurement used by the manufacturer caliereq Jight, 180° from the incident. We used a 30° angle
culated the PSD of a large batch of particles, we believe thgleyeen our incident and collection fibers. At this angle there
the electrf)n microscopy measurements provided more aCClfjas still a significant percentage of polarized light scattered
rate PSD's for our small sample size. from the polystyrene spheres for all three samples. The scat-
tering amplitudeS,(84,A,n, ,x) was highly dependent upon
the angle, and even a 1° shift in the theoretical calculations
caused a shift in the reconstructed size distribution. The solid
Our experimental setup differed from others because wangle range\ of the incident light also affected the overall
kept the collection analyzer fixed and rotated the incidenfit of the measured data.
polarizer. We used this arrangement because our setup was Although the standard deviation provided by the manu-
adapted from a separate study. Although our method shoultécturers is statistically correct, over 95% of the particles are

V. DISCUSSION AND CONCLUSIONS
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very near the mean. The large standard deviation arises frostyrene samples placed at different thickness on top of a
a very small number of relatively large particles present inthick bottom layer. Parallel and perpendicular components of
the sample. Apparently, light scattered from these large patinearly polarized light were used to discriminate between
ticles is swamped by light scattered from the much moreight scattered from the top, thin layer of polystyrene and the
numerous small particles. This tendency may bode well fopottom layer of Intralipid. Mie theory was used to recon-

using this polarized method on skin where relatively fewstryct the PSD of the top layer by performing a fit of the

large scatters such as hairs could potentially affect measurgravelength dependent scattering intensity. Although the top
ment results. layer of polystyrene phantom was varied from 50 to L8,

The sample thickness did not appear to have any quantthe measured data showed almost no dependence on the
fiable effect on the intensity spectra or on the reconstructedample thickness. The reconstructed size distribution pro-
PSDs. This is a significant result since the epidermal layegyced from this method is in excellent agreement with the
also varies in thickness over the body. The ability to reconyistribution obtained from other measurement methods. Our
struct the PSD of a top layer of polystyrene with thickness ofhext step will be to improve our experimental setup and mea-
50 um without large influence from the Intralipid layer may syre the cell size distribution of cultured cell samples. Our
be due to the strong scattering and absorption of the Incyrrent study is an important first step toward our ultimate

tralipid layer. A majority of the light penetrating into the goal to measure the nuclear cell size distribution of skin
lower layer appears to either be absorbed or loose its polag;yg,

ization because of the high scattering. The dermal layer also

has these strong scattering and absorption characteristics due

the high concen_tratlon of collagen f|ber§ and hemoglobin. ACKNOWLEDGMENTS
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