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1 Introduction

Abstract. Linearly polarized light that illuminates skin is backscat-
tered by superficial layers and rapidly depolarized by birefringent col-
lagen fibers. It is possible to distinguish such superficially backscat-
tered light from the total diffusely reflected light that is dominated by
light penetrating deeply into the dermis. The method involves acqui-
sition of two images through an analyzing linear polarizer in front of
the camera, one image (/,,,,) acquired with the analyzer oriented par-
allel to the polarization of illumination and one image (/) acquired
with the analyzer oriented perpendicular to the illumination. An im-
age based on the polarization ratio, Pol= (/3= Iel)/(part ler), is cre-
ated. This paper compares normal light images, represented by /..,
and Pol images of various skin pathologies in a pilot clinical study
using incoherent visible-spectrum light. Images include pigmented
skin sites (freckle, tattoo, pigmented nevi) and unpigmented skin sites
[nonpigmented intradermal nevus, neurofibroma, actinic keratosis,
malignant basal cell carcinoma, squamous cell carcinoma, vascular
abnormality (venous lake), burn scar]. Images of a shadow cast from a
razor blade onto a forearm skin site illustrate the behavior of Pol
values near the shadow edge. Near the shadow edge, Pol approxi-
mately doubles in value because no I, photons are superficially scat-
tered into the shadow-edge pixels by the shadow region while I,
photons are directly backscattered from the superficial layer of these
pixels. This result suggests that the point spread function in skin for
cross-talk between Pol pixels has a half-width-half-max of about 390
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the degrees of linear and circular polarization as linearly and

As polarized light propagates through light-scattering media circularly polarized light propagates in light scattering media.

such as biological tissues, microsphere solutions, or an atmo-
sphere with particulates, the polarization status of the lig
changes. Hence, a medium can be characterized by the degre
to which polarized light is altered during propagation. The

propagation of polarized light through a biological tissue

causes the polarization status of photons to change due to
tissue birefringence and tissue scattering. Imaging with polar-
ized light can select light that backscatters from the superficial
tissues, in contrast to light that reflects from the air/tissue
surface or light that propagates deep into the tissue before
eventual escape as diffuse reflectance and whose polarizatio
status has been fully randomized. Hence, images can charac-
terize the superficial region of a tissue which is often the

region where cancer develops.

The ability of polarized light to aid imaging of tissues has
a long history not fully summarized here. AnderSoeported
on the dermatologic practice of illuminating with linearly po-
larized light and observing through a linear polarizer oriented

Jacques et dl.reported on the point-spread function of re-
ht flected polarized light in turbid media and proposed the use of
Bolarized light for reflectance video imaging of superficial
tissues. Ostermeyer et ‘atonsidered a two-scatter model that
explained the cross-shaped point-spread function of reflected
linearly polarized light in microsphere solutions when ob-
served through a linear polarizing filter. They demonstrated
that the point-spread function in skin was minimal which sug-
gested that reflected polarized light imaging in skin would not
suffer significant blurring and therefore imaging of superficial
skin was feasible. Demos et%keported on time-resolved
Measurements of polarized light transport and demonstrated
charge coupled devicéCCD) imaging with reflected polar-
ized light similar to Ref. 3. Jacques and Eetescribed polar-
ized light imaging of the superficial layers of skin using the
method described in this paper.

Hielscher et al.pursued CCD camera imaging of reflected
polarized light in microsphere solutions and reported on how
particle size influences the cross-shaped pattern. They also

perpendicular to the orientatic_m of the illumination light so as gnowed that cell solutions could replace microsphere solu-
to avoid surface glare. Schmitt et’afeported on the loss of  tions and provide a cross-shaped pattern for analysis. Mourant

et al® continued the CCD camera imaging on cell suspensions
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and reported on the wavelength dependence of polarized lightPerpendicular orientation of the analyzer suppresses the skin
in solutions of normal and cancerous cells. surface and emphasizes the subsurface skin structures by re-
Jarry et af studied the randomization of linearly polarized jecting the surface glare and accepting half of the diffusely
light as it propagated through tissues and microsphere solu-reflected light. The diffusely reflected light consists of pho-
tions, observing a surprising persistence of polarization when tons that have penetrated deeply into the skin and have been
propagating through liver tissues despite multiple scattering depolarized by the birefringent dermal collagen fibers. The
of photons. Sankaran et Rlalso studied the rates of depolar- term “deep” here refers to penetration into the reticular der-
ization. Jacques et al. reportédsimilar findings and ex- mis perhaps to a depth of 3Q@m or more below the skin
panded the observation to three tissue types, skin liver, andsurface. Such light acts as a back-illumination that returns
muscle. They proposed a heuristic model that described howthrough the overlying superficial skin layejsapillary dermis
the angle of orientation of linearly polarized light diffuses in and epidermisto reach the eye. Absorption by hemoglobin in
angle space as the light propagates through tissue, and thisuperficial blood vessels attenuates the returning light. There-
diffusion process is characterized by an angular diffusivity, fore, much of the enhancement by viewing through a perpen-
(rad/mean free path that characterizes each tissue type and dicular polarizer is due to better contrast for superficial blood
appears to scale with the birefringence of the tisgskin vessels. Demos and Alfano also reported on this use of
>muscle>liver). Sankaral*!® studied the influence of crossed linear polarizers to enhance imaging of blood
densely packed microsphere solution on the transmitted poIar-VeSSG|§-
ized beam, demonstrating that the behavior of polarized light ~ This paper describes an imaging method introduced by
in tissues is similar to the behavior in densely packed micro- Jacques et &f which differs from both the earlier situations.
sphere solutions, a situation that does not conform to the pre-A glass plate contacts the skin and is optically coupled to the
dictions of Mie theory for isolated microspheres. Studinski skin by a drop of water or other index matching medium.
and Vitkin'* proposed a method to examine polarized light lllumination by linearly polarized light is delivered from an
interaction with tissues in the exact backscattered direction. angle such that glare from the air/glass/skin interfaces is di-
They found that in the backscattered direction a significant rected away from the viewing camera. The camera only col-
fraction of the incident polarization is preserved, even for lects light that has entered the skin and been backscattered
highly concentrated media and for biological tissues this con- toward the camera. Image acquisition with an analyzing po-
firms theoretical finding of other authors as cited by larizer oriented parallel to the illumination accepts “subsur-
Brossead?® face glare” due to still polarized light that is scattered in the
Consideration of the wavelength spectrum for backscat- superficial tissue regions. Acquisition of a second image with
tered polarized light is a means of characterizing the size of the analyzer oriented perpendicular to the illumination accepts
cellular particles such as the nuclei of cells. Backman &t al. primarily deeply scattered photons. Algebraic combination of
used polarized light scattering spectroscopy to quantitatively these two images yields an image that suppresses the diffusely

measure epithelial cellular structuriessitu. Perelman et &’ reflected photons that deeply penetrated the skin. The result is
measured nuclear size distribution of mucosal tissue using anan image of subsurface glare which constitutes usually about
optical fiber probe and polarized light. Sokolov et%ke- 5%-10% of the total subsurface reflectance. The image em-

ported a simple model that simulated the wavelength depen-phasizes the viewing of superficial skin structures that scatter
dence of polarized light scattering from monolayers of micro- light rather than structures that absorb light. Such images are

spheres and cells. sensitive to the texture of the superficial skin structures, in
The use of polarized light with optical coherence tomog- Particular the papillary and superficial reticular dermis.
raphy (OCT) was introduced by de Boer et Hlillustrating In this report, some preliminary clinical images from vari-

the birefringence of collagen in skin and the loss of such ous skin pathologies are shown. The importance of imaging
birefringence when skin is thermally damaged. Wang éf al. with a glass plate optically coupled by a drop of water or
introduced Mueller matrix OCT which could create an image other index-matching liquid to the skin is illustrated. The
based on each of the 16 elements of the Mueller matrix that point spread function for crosstalk between pixels in a Pol
describes how an optical medium alters the polarization stateimage of skin is demonstrated.
of incident light as the light transports through the medium.
Smith! has reported on Mueller matrix imaging and measure- 9 pMaterials and Methods
ments of the diattenuation and retardance of laser light re-
flected from skin as a function of incident angle and scattered 2-1 Camera System
angle. The camera system is schematically depicted in Figure 1. An
This paper focuses on the use of polarized light for imag- incoherent white light sourcéxenon lamp source, Oriel,
ing of the skin. In dermatology, illumination with linearly  Stratford, CT was passed through a long-pass transmission
polarized light and viewing of the skin with an analyzing filter (=500 nm wavelengthand a linear polarizefEaling
linear polarizer allows a dermatologist to either emphasize or Electrooptics, plc., Watford, UKto yield linearly polarized
suppress the glare from the air/skin surface so as to betterlight. The wavelength of illumination does not strongly influ-
view the tissue surface or the subsurface tissue structuresence the depth of imaging which is governed by the rates of
respectively, as described by Andersofrientation of the depolarization by birefringent tissue structures such as col-
analyzer parallel to the orientation of polarization of the illu- lagen or actin-myosin fibers and depolarization by scattering.
mination light emphasizes the skin surface by accepting pho- Laser light was avoided because laser speckle interfered with
tons reflected from the air/skin surfa¢glare and rejecting the polarization images. The light was collimated by a 20 cm
half of the diffusely reflected lightfsubsurface scattering focal length lens and delivered to the skin at an angle of 15°
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light (Ry). The term “deeply penetrating” refers to light pen-
etration into the reticular dermis perhaps to a depth of about
300 um or more. Any epidermal melanin acted as an absorp-
tion filter on the skin surface with a roundtrip in/out transmis-

Razor blade
/ Source sion of Te. Thelp, image is described:
Color

(optional)\
Filter |par: loTme(Rs+ %Rd)- 1

Sample
12 bit Then the analyzer was oriented perpendicular to the illumina-
camera tion to acquire an image calldg,. The |, image rejected
the superficially polarized light but accepted half of the
\ deeply penetrating light. Thi,., image is described

Analyzing
Glass slide polarizer lper=| 0TmeizRa - 2
The polarization ratidPol) was calculated
Specular
reflection . .
I par I per I OTmeI( Rs+ iRd) =1 OTmeIERd Rs

Fig. 1 Schematic of camera system. Collimated white light source is Pol= 1 = 1 Py RIR.
filtered by a bandpass filter and passed through a linear polarizer part tper  oT el Rs+ 3Rg) +10TmezRy S d
oriented parallel to source/sample/camera plane. Sample is coupled 3)

to glass plate by drop of water. Specular reflectance from air/glass/skin

surface is reflected away from the camera. Light that enters the tissue The Pol image was based on the ratio of a numerator that

and backscatters toward the camera passes through an analyzing lin- emphasized superficial subsurface reflectance and a denomi-

ear polarizer oriented either parallel or perpendicular to the orienta- nator that represented the total subsurface reflectance. Any

tion of the source polarization, yielding two images called /., and spatial variation in the illumination light, was canceled

Iper , respectively. when calculating Pol. The effects of any spatial variation in
epidermal melanin pigmentation such as freckles or age marks
were canceled. The final Pol image was insensitive to varia-

to the normal to the skin surface. The choice of angle is not tions in illumination light intensity and variations in surface

critical and oblique angles of illumination beside 15° also pigmentation and was sensitive to the superficially scattered

work. A glass plate contacted the skin and was optically polarized illumination light.

coupled to the skin by a drop of water. Glare from the air/

glass/skin interfaces was directed away from the viewing 2.3 Illustrating Optical Coupling

camera. Because poIarize_d light imaging is based on s_catter—rWO subjectgCaucasianwere imaged at the Oregon Medical
ing rather than on absorption, there are no problems with the | 55 Center, Providence St. Vincent Medical Center. One
contact pressure of the skin against the glass plate blanchingyas 4 normal adult skin site. The second was a burn site on an

the cutaneous blood vessels. The cam@mnceton Instru- 54yt who was burned as a youth. These images are shown in
ments, Trenton, NJ; 16-bit CCD camgwith macro lengNi- Figure 2.

kon, Melville, NY; f 105 mm, 1:2.8 D only collected light

that had entered the skin and been backscattered toward theg 4
camera. For some of the experiments reported here, a razor, . . . . .
blade was placed in the illumination beam to cast a shadow on” third subject(Caucasianwas imaged a'.[ the.Oregorll Medi-
the skin surface. A second analyzing linear polarizer in front cal Laser Centefsame system as earliewhile casting a

of the camera was manually aligned either parallel or perpen- shadow from the edge of a razor bIane onto the skigure .
dicular to the orientation of the polarization of the illumina- ) The razor blade cast a sharply defined shadow on the skin.

tion light which was parallel to the plane defined by the The light that entered the skin in the illuminated skin area was

source-skin-camera triangle. Two images were acquired, oneMultiply scatter_ed and migrated through the skin into the
called| ,,, when the analyzer was parallel to the illumination shaded area. Light collected g, and | from the shaded
and the second calldge, when the analyzer was perpendicu- area had experienced multiple scattering events within the tis-
lar to the illumination. The camera integration time for each SU€: The Pol image was calculated and the distance to which

image was 1 s, although shorter times are possible with stron-thg Igarl l'per, .and PO; sri]gnals. extendeg Lnto t'he sfhadow prcH(
ger illumination. Images were acquired @80X 600 images vided an estimate of the point spread function for crossta

with 34x 34 um? pixelsusing a library of C programing code between pixels in Pol images of skin. A white paper card was

and a custom program written with MATLAB™ software to im_age_d to specify the po_sition of the shadoyv_edge as the
control the camera midpoint between the maximum values and minimum values.

For each image, thk,,, andl ¢, values along a singlg-axis

line perpendicular to the edge of the shadow was acquired
using MATLAB™. The average of 300 such line traces was
The analyzing linear polarizer in front of the camera was ori- determined. This average was plotted versts indicate the
ented parallel to the illumination light ) to acquire an im- I ar @and | e, behavior relative to the edge of the shadow. The
age called ... The I, image consisted of the superficially Pol values versug were calculated using these averdgg
reflected light(Rs) plus one half of the deeply penetrating andl,, traces.

lllustrating the Point Spread Function

2.2 Signal Processing
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normal

Par x10° Per x 10°

Par + Per
0.2

X [1n(1Jm]

Fig. 2 Images of (left) normal skin site, and (right) skin burn scar. (a) /,,, image. (b) /e image. (c) /o I image. (d) Pol image. Notice I,,,, image

par
is slightly brighter than /., image due to reflectance of incident light by superficial layers. Pol image isolates this superficial scattering and reveals

the structural details of the superficial layer. Note the boundary between areas coupled and not coupled by a drop of water, illustrating the
importance of water coupling of the glass plate to the skin in order to reject the glare specularly reflected from the air/tissue surface. In the normal
skin site (left), notice the dermal structure revealed in the Pol image. In the burn skin site (right), notice that the burn appears whiter than normal
skin in the /e, and I, images but appears darker than normal skin in the Pol images.

2.5 Pilot Clinical Study 3 Results and Discussion
In a pilot clinical study of human patienfigures 4a)—4(0)], 3.1 Normal Skin and Skin Burn Scar

the color filter was omitted and the images used a full- Figure 2 shows four images each for a normal skin site and a

spectrum of white light sourcé€Dolan-Jenner Industries, - . . .
Woburn, MA). Images were acquired a885x 548 images skin burn site that was acq_uwed by the a(_jult subject as a youth
and had undergone scarring. The four imageslgge | per

with 39X 39 um? pixelsusing IPLab™ to control the camera. . .
pm P 9 I'oart Iper, @nd Pol. There was a slight increase of reflected

Analysis used IPLab™ software. ioht in 1 lai L4 h ficial ; f
The CCD camera was mounted on a universal joint on a g Lin lpq relative tol e due to the superficial scattering o

balanced photographic boom afRed Wing so that the cam- incident polarized light. The .+ 1 ,e, was equivalent to the
era could be positioned normal to any skin surface of a pa- total reflectance that one would observe by eye. Ithe | per,
tient. Ten patients in the dermatology clinic of the Veterans’ @nd (Ipart Ipe) images were all very similar. The Pol was
Administration Hospital, Oregon Health and Science Univer- Very different and emphasized the scattering of incident po-
sity, who presented various skin pathologies were imaged. larized light by superficial tissues.

The camera was coupled to the skin by a drop of water. Two ~ The tissue was coupled to the glass plate by a drop of
images were acquired in a few seconds while the skin site waswater and the water-line margin between coupled and un-
held stationary against the glass plate in the image plane ofcoupled areas is visible in the figures. The Pol image shows
the camera. Image processing was accomplished at a latehow the specular reflectance from the air/tissue surface domi-
time. nated the image when there was no optical coupling between
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burn scar
Par 10 Par

3

25

X [}r?m]

Par + Per

Fig. 2 (Continued.)

the glass plate and the skin. The skin area not coupled bysuggesting that Pol images may prove useful in evaluating the

water to the glass plate presented a large amount of specularlytopography of scarring.

reflected light. Since the skin surface was rough, there was

surface glare despite the illumination light being delivered L. . .

from an angle. The signal contributed by such glare was stron-3-2  Estimating the Point Spread Function

ger than the Pol image of interest. Without the optical cou- Figure 3 shows the experiment where a razor blade cast a

pling, the desired Pol image was masked by this surface glareshadow onto the skin surface. The experiment illustrates how

signal. light diffuses from an illuminated area into a shaded area on a
Figure 2(left) shows the images for the normal skin with ~ forearm skin site. Figure(d) showsl ., andl ¢, as functions

two pigmented nevi. The texture of the dermis is revealed in of position relative to the edge of the shadow. Also shown is

the Pol image as striations. The pigmentation of the two su- the intensity reflected from a white paper card which identi-

perficial nevi are largely canceled in the Pol image. fied the shadow edge. The intensities begin to fall within the
Figure 2(right) shows the images for the skin burn scar. illuminated area near the shadow edge due to the effect of the

Thel e andl . images show the burn scar as a white region boundary condition on diffusion of light. Since the shadow

due to the strong backscatter from the collagen fibers induceddoes not contribute to light diffusion, the concentration of

by the burn trauma. However, the Pol image shows this region photons in the tissue drops in the illuminated region near the

as a darker signal relative to normal skin. The collagen fibers edge of the shadow.

in the burn scar are randomizing the polarized illumination Figure 3b) shows the calculated Pol values as a function

faster than they are backscattering the polarized illumination. of position. The Pol values are about 0.08 in the illuminated

The balance between the rate of randomization and the rate ofarea but increase significantly at positions closer to the

backscattering may be influenced by the size of collagen fiber shadow edge. The Pol values drop to zero within the shadow

bundles in the scar. While thig,, and I, images show a  distant from the shadow edge. The peak of Pol at the edge

white scar, the Pol image reveals some structure in the scar,drops off with a 390um half-width-half-max extending into
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7%10* superficiall ,e, photons that normally might have been scat-
shadow illuminated A tered from tissue site B into tissue site A and escaped from
6t white card tissue site A. Depletion of e, photons causes the Pol value

for pixel A to increase. The extent of the Pol peak into the

we illuminated regions characterizes this depletion of superfi-
5 cially scattered ., photons due to the shadow. Some incident
§4 photons can also scatter into neighboring pixels and escape as
gs I var Photons. The extent of the Pol peak into the shaded region
2 characterizes this scattered contribution of superflgiapho-

%2 tons into neighboring pixels.

-

3.3 Pilot Clinical Study

— 57 55 5 : s Figure 4 shows a series of images that compare normal light
‘ ' X [cm? ‘ images with polarized light images. On the left of each pair of
images is the normal light image, representedly. The
choice of I, provides an optimal diffuse light image by

o.18l | shaldow | & illﬁminatéd | B avoiding specular glare. As evident in Figure 2, thg and

’ £ (Ipart 1 pen) iMmages are essentially equivalent. On the right of
0-16r each pair of images is the polarized light image, Pol.

0.141 Figure 4a) shows a ruler to specify the field of view. Fig-

0.12} ure 4b) shows a freckle. The Pol images successfully re-
— oAt moved the superficial epidermal pigmentation of the freckle to
& 0.08L reveal normal skin underneath.

0.06L Figure 4c) shows a benign pigmented nevus. The Pol im-

' age did not cancel the melanin pigmentation of the nevus but
0.04r rather showed an enhanced Pol signal. One possible explana-
0.02+ tion was that the melanosomes of the nevus backscatter the

O incident polarized light, as they do during confocal reflectance
0002, . . . , microscopy? although the superficial melanosomes of freck-

0.2 0.4 0 1.2 1.4

6 X [an? les did not behave this way. A second possible explanation is
that when melanin pigmentation is located below the surface
Fif- 3.t5had0‘fN Oi'faZOFfbbd,et.O” humaln skin in vivo. (ad). A‘/Iefae‘;’e the melanin no longer acts as a surface filter and the cancela-
intensity as function ol position, X, ajong axis perpencicular to tion of T in Eq. (2) is incomplete and an apparent Pol
shadow of razor blade for I, I, and intensity from a white card. . . mel . - . .
(b) Pol values of skin as funpg{ionpof x. Dashed vz;rtical line indicates signal is generated. A third possible explangtlon_ IS that '_[he
edge of shadow. nevus had structure that backscattered polarized illumination.
The Pol image showed a dark area corresponding to the epi-
dermal infolding around each hair follicle, which was not seen
with normal light. A possible explanation is that the polarized
the shadow and the same half-width extending into the illu- illumination light is not strongly reflected by the epidermis
minated area. The Pol values do not fall exactly to zero deeprelative to the dermis and so the Pol signal is decreased
within the shadow. Far into the shadow distant from the around the hair follicles. In the skin areas between hair fol-
shadow edge thig,e,was 1.6% highe(76 countg than thel . licles, the Pol signal is stronger and may originate from the
rather than being equal as expected for light that has beeninitial backscatter from the collagen fibers of the dermis be-
randomized by diffusion. This difference was thought to be an fore the collagen fibers can depolarize the illumination. In the
artifact of the optical system. Pol figure, the texture of the dermis seems evident as if the
The point spread function for Pol in Figuréb3 showed a Pol image is faithfully imaging the papillary and upper reticu-
peak value near the shadow edge. Of course the deeply pentar dermis. Figures @)—4(f) show compound pigmented nevi
etrating photons that contribute kg, andl ,, will cancel due illustrating the variation in images that can be encountered
to the subtraction in the numerator during calculation of Pol clinically.
[see EQ.(2)]. Consider the role of early scattered photons Figure 4g) shows a black tattoo. The tattoo particles re-
from superficial layers that contribute to bath,, and |, flect a strong Pol signal which presents as a white coloration
Let there be two neighboring tissue sites A and B associatedin the Pol image. Apparently polarized light is penetrating
with camera pixels A and B, respectively. The Pol value for sufficiently deep to encounter these particles and be reflected
pixel A depends on the superficigl, that reflects from tissue  as still polarized ,,,. A working hypothesis is that the tattoo
site A and on the superficially scattergg, that has scattered  particles present a strong refractive index difference that
from tissue site B into tissue site A and escaped from tissue causes strong backscattered reflectance of the polarized illu-
site A to also contribute to pixel A. If tissue site A is at the mination light.
shadow edge and tissue site B is in the shadow, there are no Figures 4h)—4(o) are nonpigmented lesions: a nonpig-
I ver Photons contributed from tissue site B to tissue site A and mented intradermal nevus, neurofibroma, actinic keratosis,
pixel A. Therefore, pixel A at the shadow edge is depleted of malignant basal cell carcinoma, squamous cell carcinoma, and
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A. ruler (1-mm spacings)

.

Pol image

Norm image

C. pigmented nevus

RS

ormal image Pol image

Fig. 4 Images of skin sites representing various skin pathologies. For each pair of images: (Left) normal light image represented by /,,,, image; (Right)
polarized light image represented by Pol image.

vascular abnormalityvenous lake In all cases, the Pol im-  hairs, especially thicker hairs that can behave like little
age provides an image that captures the texture and structuresprings and move while the underlying skin remains fixed by
of the lesion as it invades or modifies the surrounding normal the surface contact with the glass plate. A new camera system,
skin. now being completed, overcomes this problem by automating
During acquisition of thd ,,, and |, images, any move-  the rotation of the analyzing polarizer to provide rapid image
ment by the patient resulted in the misregistration of the two acquisition that minimizes movement artifacts.
images. One common example is that hairs sometimes Another common artifact in these pilot study images oc-
showed as a pair of black and white lines. Such misalignment curs when the water droplet used for optically coupling the
was clearly evident in the tattoo of Figurégd However, the skin to the glass plate captures some air bubbles and traps a
skin pressed against the glass was more stationary than theglass/air/skin interface within the field of view. The air/water
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336

D. compound nevus

Normal image Pol image

E. compound nevus

%9

Norhil image - k ~ Pol iage

F. compound nevus with atypical features

Normal image " Pol iage

Fig. 4 (Continued.)
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G. black tattoo

Normal image Pol image

H. nonpigmented intradermal nevus

ik <

Normal imge | Pol image

1. neurofibroma

~ Normal imagE Pol image

Fig. 4 (Continued.)
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J. actinic keratosis

K. actinic keratosis

o Al 8l
S
A

B

Normal image ' -' Pol image

L. malignant basal cell carcinoma

Normal image Pol iage

Fig. 4 (Continued.)
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M. malignant basal cell carcinoma

Normal image ‘( Pol image

N. squamous cell carcinoma

Normal image Pol imge

O. vascular abnormality (venous lake)

Normal image o Pol image

Fig. 4 (Continued.)
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or air/skin interfaces strongly reflect polarized illumination

light yielding a high Pol value that is not representative of the

tissue. For example, Figuresbd, 4(h), 4(j), 4(1), and 4o) all

show such air bubbles which appear as bright white spots in

8.

the image. A more viscous coupling agent is needed to ensure

more reliable wetting of the tissue surface and coupling to the

glass plate.

4 Conclusion
In summary, the Pol image is dominated by thg photons

that directly scatter from a pixel and there is less contribution

due tol o, andl ¢, photons that scatter into the pixel of inter-

est from neighboring pixels. The contribution of such photons
scattered from neighboring pixels appears to fall to half-max

at a distance of about 390m. The Pol images are therefore

able to emphasize image contrast on the basis of light scatter-13.
ing in the superficial layers of the skin. The Pol images can
visualize the disruption of the normal texture of the papillary
and upper reticular dermis by skin pathology. This project is
currently being translated into the Mohs surgery clinic where
Pol images may identify skin cancer margins and guide sur- 15.

gical excision of skin cancer.
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