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Abstract. Tissue images obtained at deeper depths lack significant
contrast. To enhance the contrast of these images and to increase the
visibility of subsurface tissues, a method is proposed. This technique is
based on the principle that photons at longer wavelengths penetrate
deeper than photons at shorter wavelengths. In this technique, images
in the original and orthogonal polarized states are recorded with the
source illumination in linear polarized state at two different wave-
lengths. Image subtraction of a fraction of the copolarized image from
the perpendicular polarized state is done on these images. The images
obtained after the first processing are subjected to the next image
subtraction where the shorter wavelength image is subtracted from the
longer wavelength image. Monte Carlo simulations show that the re-
sultant image has marked contrast up to 2.5 cm. © 2005 Society of Photo-

Optical Instrumentation Engineers. [DOI: 10.1117/1.2060714]
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1 Introduction

The requirement of noninvasive techniques to study tissues
has led to the development of several methods. Optical tech-
niques show lot of potential and hence many medical diag-
nostic tools have been developed with them. In the field of
optical imaging, techniques like optical coherence tomogra-
phy, birefringence imaging, and confocal microscopy are un-
der development.'™ All these techniques provide images of
subsurface tissues but with poor contrast as depth increases.
Polarization discrimination techniques have been proposed.®™®
The results show that the visibility depth could be extended,
by observing in the orthogonal or opposite polarized state
when the illumination is linearly or circularly polarized. Spec-
tral polarization difference imaging” was proposed as an im-
aging method to image subsurface tissues at larger depths but
has its drawbacks since it requires ultrafast lasers and com-
plex procedures. The effectiveness of the spectral and polar-
ization filtering technique10 to image tissues at a depth on the
order of 1 cm was demonstrated recently. This method pro-
posed that if the illumination of different wavelengths was
used the number of photons reaching a specified depth with-
out scattering increased as wavelength increased. But still the
images obtained lacked significant contrast. In this paper, im-
aging depths of 2.5 cm are demonstrated by introducing an
improvement to the spectral and polarization filtering
technique.

The polarization discrimination technique is based on the
assumption that weakly scattered light retains its initial polar-
ization whereas highly scattered light does not. Consider a
tissue illuminated by a linearly polarized source. A linear po-
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larizer positioned after the light source ensures linear polar-
ized illumination. As polarized photons penetrate the tissue,
they interact with various tissue structures and some of the
injected photons emerge from the tissue in the backscattering
direction. Light that reflects from the surface (known as a
spectral reflection) retains its polarization but the light that
backscatters from somewhere below the surface of the tissue
is depolarized. If a second polarizer is positioned in front of
the camera lens with its polarization orientation perpendicular
to that of the first polarizer, it will record only the perpendicu-
lar or orthogonal polarization image components. Therefore,
the light viewed in the orthogonal state contains a large pro-
portion of the light that interacted with the object than the
copolarized light.

However, even for this orthogonal state the loss of contrast
is still the light backscattered by the medium. So contrast
could be enhanced if this backscattered contribution from the
surrounding medium is removed." Hence if the copolarized
image, i.e., the image taken by positioning the second polar-
izer in front of the camera lens in the same orientation as the
polarizer placed after the light source, is also recorded and a
suitable fraction is subtracted from the orthogonal polarized
image, significant contrast could be achieved. Now if spectral
filtering, or subtraction of the contrast enhanced images
(longer wavelength image from the shorter wavelength one),
is done, significant improvement in the contrast of objects at
deeper depths is observed.

Figure 1 illustrates the schematic of the proposed imaging
system. A white light source along with an optical filter is
used to obtain illumination at 632 nm and 990 nm. This is
linearly polarized and irradiates the tissue sample. A target
object whose image is to be taken is placed below the surface
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Fig. 1 Schematic of the imaging system.

of the tissue sample. By changing the position of the second
polarizer fitted to a CCD camera, copolarized and orthogonal
polarized images can be taken. These images are subjected to
polarization subtraction and wavelength subtraction and the
resultant image is obtained.

2 Monte Carlo Simulation

The essential characteristic of Monte Carlo code is to study
the propagation of light in biological tissue. The basic idea is
that photons are launched from an isotropic point source of
unit power P=1 W within an infinite homogeneous medium
with no boundaries. The medium has optical properties of
absorption, scattering, and anisotropy. N photons are
launched, each with a “photon weight” initially set to 1. The
photon takes steps between interactions with the tissue. The
steps are based on the probability of photon movement before
interaction by absorption and scattering. During each step as
the photon propagates, the photon deposits a fraction of its
weight into the local bin at its position. The photon is as-
sumed to be dead if the weight of the photon falls below a
fixed threshold. Now a new alive photon is launched.

In this paper this code is slightly modified taking into ac-
count the wavelength of the light transmitted and also its po-
larization state. The model used for the simulation is shown in
Fig. 2.

Photons are launched as a beam from the origin that ini-
tially propagates parallel to the z axis. The illumination is
assumed to be linearly polarized. In polarimetry, the Stokes
vector / of a light beam is given by

—

I= S =[IQU V]’ (

—_
~

\Y%

where [ ]T denotes transpose.
Each element of the Stokes matrix can be written in terms
of the light intensities as

I=Ig+1y
Q=Iy-ly
U=Ip-1Iy
V=L-1I (2)

where Iy, Iv,Ip,Iy,Ig, 1. are the light intensities measured
with a horizontal linear polarizer, a vertical linear polarizer, a
+45-deg linear polarizer, a —45-deg linear polarizer, a right
circular analyzer, and a left circular analyzer, respectively, in
front of the detector.'? The Stokes elements of a single simple
wave are related by I>=Q%+U?+V?. Natural sunlight is an
example of completely unpolarized light and so it is repre-
sented as I=[1,0,0,0]”. In general, however, light is partially
polarized and so it consists of both polarized and unpolarized
components.

The radiance components parallel to the reference plane,
i.e., copolarized and perpendicular to the reference plane, i.e.,
cross polarized components, can be expressed in terms of the
Stokes parameters as

E=(I+Q)/2 and H=(I- Q)/2. 3)

The Mueller matrix M of a sample transforms an incident
Stokes vector into the corresponding output Stokes vector as

Sout =M Sin (4)

where S}, and S, are the incident and the output Stokes
vector, respectively.
Hence the output Stokes vector varies as the polarization

Scattering state of the incident beam and the Mueller matrix of the
medium, e, 1., &, sample.
Linearly 0 The Stokes vector for the four incident polarization states
Polarized is
thin beam v
— Sgi=[1100]", S,=[1-1001",
X&,¥d
‘._._.._—
Spi=[1010]%, and Sg;=[100 1]7 (5)
Object where H,V,P, and R correspond to horizontal linear polar-
Image Plane 2t Plane ization, vertical linear polarization, +45-deg linear polariza-
> 2 tion, and right circular polarization. The Mueller matrix can
be obtained experimentally by measurements with different
Fig. 2 Simulation model. combination of source polarizer and detection analyzers. It is
Journal of Biomedical Optics 054014-2 September/October 2005 < Vol. 10(5)
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a 4 X4 matrix having 16 independent elements. Hence the
four output Stokes vectors will be

Stou = MSy;
Svou=MSvy;
Spour = MSp;
Srout = MSg; (6)

From the Stokes vector, the degree of polarization (DOP) and
the degree of linear polarization (DOLP) can be calculated as

2 2 2\1/2
DOP= M (7)
I
2 2\1/2
DOLP = w (8)

In the simulation model, the biological tissue is modeled as a
slab infinite in the x-y plane containing randomly positioned
nonabsorbing spherical scatterers. Mie scattering is assumed,
as it is equally applicable to spheres of all sizes, refractive
indices, and for radiation at all wavelengths.

The far-field solution of Maxwell’s equations is expressed
in terms of the two scattering functions"’

$,(6) = 21 nz(: 1) [a, 7. (cos 6) + b, 7.(cos6)
" 2n+1
S0 =2 [bymy(cos 6) +a,7,(cosf)]  (9)
nn+1)

where 6 is the scattering angle. The functions 7, and 7, are
given by

ar,(cos 0) =[1/sin(6) ]P,' (cos 6)

7,(cos ) = (d/d6)P,' (cos 6) (10)

where P,! are the associated Legendre polynomials of the
first kind.
Also,

a = ‘ﬁé(ma)lﬂn(a) _mlﬁn(ma)lﬁt:(a)
" g(ma)é () - mp(ma)€ ()

L mh(ma) (@) - a(ma) ()
"7 my(maé, (@) - dy(ma)E (@)

where a=ka=2malN\ is called the size parameter, m is the
index of refraction, a is the particle radii, and ¢, and &, are
spherical Bessel functions.

The Mie scattering matrix is given by

(11)
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Py1(6) Py(6) 0 0
P5(6) Pyi(6) 0 0
P(6) = 0 0 P33(6)  Psu(6) (12)
0 0  —Py(6) Pi(6)

where the four independent Mie scattering matrix elements
are

P1(0) =27/K*a [[S,(0)|* + [S2(6)|] (13)
P12(0) =27/k*a[[S2(6)|* - [S1(6)|] (14)
P33(6) = 277/1(20'5[52(‘9)51*(0) + 51('9)52*(9)] (15)

P34(0) = 277/1(20'5[52(‘9)51*(0) - 51(9)52*(9)] (16)

and

o =27k, (2n + 1)(|a 2 +|b,?) (17)

n=1

Therefore the Stokes vector carries the full polarization infor-
mation of the wave under simulation and the Mueller matrix
is used to transform the Stokes vector on each scattering event
within the tissue. The scattering medium is assumed to be
homogenous; hence the probability density for the distance
traveled by the ray before it encounters a particle is deter-
mined by a negative exponential distribution with mean equal
to the mean free path (mfp).14 Hence, in the simulation model
the distance between two successive scattering points is a ran-
dom number chosen from this distribution.

After every scattering event in the tissue, the polarization
state and the direction of propagation of the ray change. The
scattering angle is chosen randomly according to a probability
law depending on the phase function.'*"” The scattering angle
6 is generated by inversion and rejection methods.'® At each
scattering position, the code randomly chooses the azimuthal
angle i for the rotation of the plane xy. Under the assumption
that the number of effective scattering events were larger, ¢/
was assumed to be equiprobable.15 Finally performing the lo-
cal coordinate transformation using the rotation matrix T,14
the modified Stokes vector after scattering by the particle is

St ou = T(= X)M(O)T () Sy (18)

where M(6) is the Mie scattering matrix and y is the rotation
angle with respect to the ray direction.

Next it is assumed that an object is placed at the boundary
of the tissue, i.e., at a distance z1 in the z direction. The object
is modeled as a depolarizing diffuse reflector. The depolariza-
tion caused by the surface is modeled by the Mueller matrix'’

M—(1 05 ) (19)
- 03 R(au&?’)

where R(«, 3, y) is a Buler matrix of dimension 3 X 3,05 is a
zero three-column vector, and a, 3, y are Euler angles.

The photons after scattering by the tissue medium hit the
object and exit the tissue. For each photon backscattered and
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Fig. 3 Scattering function versus scattering angle for different
wavelengths.

returning to the top surface, the coordinates (x,,y,) at which
it intersected the detector plane were computed from

Xq=—X+ ay(f—h) (20)

Yd:_y+ay(f_h) (21)

where a, and «, are the exit angles onto the xz and yz plane,
respectively, and can be computed from the directional
cosines

ay = MX/‘/LZ| (22)

ay =yl || (23)

and f and & are the height of the lens and the focal length of
the lens.

A photon is counted as detected if its position falls within
the area of the imaging lens, which is assumed to be circular
and is determined by
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Fig. 4 Normalized output power after scattering through varying
thickness of phantom.
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Fig. 5 Images from the simulation of diffuse reflector object illumi-
nated with a linear polarized source: (a) orthogonal state at 632 nm,
(b) copolarized state at 632 nm, (c) orthogonal state at 990 nm, and
(d) copolarized state at 990 nm.
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Fig. 6 Images after processing: (a) polarization filtering at 632 nm, (b)
polarization filtering at 990 nm, (c) after the proposed method, and
(d) image after wavelength filtering alone.
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(xZ+yH)'*<d,2 (24)

where d), is the lens diameter.

The first two rows of the Stokes vector of these photons
impinging on the lens yield the copolarized and the cross-
polarized components and these are transformed to the image
plane. The image plane was modeled as a grid and yields an
image of size 60 X 60 pixels.

3 Results

Simulations were run to investigate the effects of wavelength
on the scattering of a photon in a tissue medium. Figure 3
illustrates the effect on the Mie scattering function by the
wavelength of the photons for the wavelengths 632 and
990 nm. The scattering function was computed as a function
of the scattering angle () for the wavelengths and the results
are shown. Comparison of the scattering function shows that
longer wavelength photons are scattered less than shorter
wavelength photons for most scattering angles. This also
means that a photon at a longer wavelength, being less scat-
tered, will reach a greater depth than a photon launched from
a shorter wavelength source.

To demonstrate that scattering is less for longer wave-
length photons, an experiment was conducted. Polarized light
at the wavelengths 632 and 990 nm was sent to varying thick-
nesses of tissue phantom. A white light fitted with 632 nm and
990 nm bandpass filters and a linear polarizer acted as the
source. Linearly polarized light at the wavelengths 632 nm
and 990 nm was sent to a tissue phantom whose thickness
varied from 0.5 to 2.5 cm. The phantom used for the experi-
ment was 2.02 um polystyrene spheres (Polysciences
Inc. 19814) suspended in water. The phantom was created by
dilution with distilled water to 0.001 spheres per cubic mi-
cron. The power of the emanating light was measured using
an optical detector and power meter (Advantest, TO8215).
Figure 4 illustrates the depth-dependent intensity decay for
the wavelengths under investigation. The curves indicate that
as thickness of tissue was increased, at 632 nm the power
drops considerably, indicating more scatter. But at 990 nm,
even for phantom thickness of 2.5 cm the power of the re-
ceived light is considerable, indicating less scatter and there-
fore deeper penetration at 990 nm compared to 632 nm. The
experiment therefore follows the theoretical conclusion.

The simulation for the model illustrated in Fig. 2 was run.
The photons were assumed to be launched as a point source at
the origin. They were assumed to be horizontally linear polar-
ized. Random values were taken for the scattering distance,
scattering, and azimuth angles as described in the previous
section. The refractive index for the outside medium (air) was
assumed to be 1.0. The scattering medium was considered to
be a homogenous suspension of 2.02 um diameter polysty-
rene spheres in water. The density of scatterers is assumed to
be 0.001 per cubic micron. The complex index of refraction of
the spheres was 1.558 —i0.0006 and the refractive index of the
medium (water) was assumed to be 1.33. The sample had a
scattering coefficient (u,) of 93.2 cm™!, a reduced scattering
coefficient (u,’) of 5.68 cm™!, an anisotropy factor (g) of
0.89, and an absorption coefficient (u,) of 0.43 cm™! at a
wavelength of 990 nm. At 632 nm, for the same concentration
of scatterers, the complex index of refraction of the spheres
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Fig. 7 Intensity profile along the line containing the object at 2.5 cm
for the orthogonal polarized images at 632 and 990 nm; image ob-
tained by wavelength subtraction and by the proposed method.

was 1.5892-i0.00113 and the sample’s scattering coefficient,
reduced scattering coefficient, anisotropy, and absorption co-
efficient were 100 cm™, 8.9 cm™!, 0.911, and 1.33 cm™, re-
spectively. These values have been chosen so as to set to
values obtained from real muscle tissue.'®

The lens diameter, focal length, and height of the imaging
lens were all taken to be 0.1 cm. The depth of the object was
incremented in steps of 0.5 cm, and copolarized and cross-
polarized images were recorded at wavelengths of 632 nm
and 990 nm. The simulation was run for a launch of 1 X 107
photons.

Figure 5 shows the images from the simulation with a
linearly polarized source and depolarizing diffuse reflector ob-
ject. In each subfigure, each row represents the images ob-
tained at a depth of 1, 1.5, 2, 2.5, 3, 3.5, 4, and 4.5 cm. In each
row, from the left to the right are (a) orthogonal state at
632 nm, (b) copolarized state at 632 nm, (c) orthogonal state
at 990 nm, and (d) copolarized state at 990 nm.
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Fig. 8 Intensity profile along the line containing the object for the
image obtained by the proposed method at depths of 1, 2.5, and 3.5
cm.
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Fig. 9 Percentage of photons reaching a particular depth at 632 and
990 nm.

Figure 6 shows the images after being processed: (a) image
after subtraction'”?” of orthogonal state and fraction of copo-
larized state at 632 nm, (b) image after subtraction of orthogo-
nal state and fraction of copolarized state at 990 nm, and (c)
the image obtained after subtraction of (a) and (b), i.e., after
the proposed method. Images (d) are the images obtained if
only subtraction of the cross-polarized images at 990 and
632 nm (wavelength subtraction alone) is performed.

The improvement in contrast of the images in Fig. 6(c)
over Fig. 6(d) is clearly visible, proving the merit of this
model. The optimum fraction chosen for obtaining the images
in Figs. 6(a) and 6(b) was found to be 0.5. As can be seen, as
the depth of the object increases, there is an increase in tur-
bidity. The images formed after subtraction of the copolarized
image from the opposite polarized state show better visibility
of the object compared to the cross-polarized images. Once
again if the wavelengths are compared, the images obtained at
990 nm show better contrast compared to the 632 nm images.
This is because at 990 nm more photons have reached this
depth without scattering than at 632 nm. Hence, choosing
longer wavelengths for imaging gives better contrast images
than shorter wavelengths. Still, the cross-polarized images at

contrast

L . " N " . .
[} 0.5 1 1.5 2 25 3 3.5 4
objectdepth

Fig. 10 Graph showing how contrast decreases as depth increases for
images obtained by the proposed method.
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Table 1 Contrast for the images of the object obtained at depths of 1.5, 2.5, and 3.5 c¢m in the tissue.

Depth Cross- Cross- Polarization Polarization Wavelength

of polarized polarized subtracted subtracted subtracted Proposed
object 990 nm 632 nm at 990 nm at 632nm image method
1.5 0.6001 0.5710 0.7649 0.7042 0.7076 0.8841
2.5 0.4921 0.4176 0.6900 0.5649 0.5940 0.7840
3.5 0.4801 0.3810 0.6570 0.4968 0.5734 0.6800

longer wavelengths have scattered components because the
light backscattered from the medium reduces the contrast.
Hence, subtraction of a fraction of the copolarized image from
the orthogonal state removes this contribution.

Comparing the images Figs. 6(a) and 6(b), as depth of the
object increases, the visibility of the object decreases. The 632
nm images in Fig. 6(a) are due to photons backscattered from
layers above the object layer and carry less of the object in-
formation. Hence, if this segment of image information due to
photons that have not reached the object is removed, then the
object information can be extracted. This is done in the im-
ages in Fig. 6(c) where a fraction of the 632 nm images in
Fig. 6(a) is subtracted from the 990 nm images in Fig. 6(b).
This final image subtraction process enhances the relative in-
tensity of the object located at a deeper depth in the tissue.

This is best demonstrated by the intensity profile plots in
Fig. 7 along the line containing the object for the cross-
polarized images at 632 and 990 nm, the 990-632 nm image,
and the image after the proposed method. If the wavelengths
are compared, the images obtained at 990 nm show better
contrast compared to the 632 nm images. Next, in comparison
to the cross-polarized images, the images formed after wave-
length subtraction (cross-polarized image at 990 nm— cross
polarized image at 632 nm) show better visibility of the ob-
ject. But still these images have scattered components from
the medium. Hence, subtraction of a fraction of the copolar-
ized image from the orthogonal state removes this, and the
intensity profile of the image obtained through the proposed
method shows only the object.

Comparing the images obtained at different depths, as
depth of the object increases, the visibility of the object de-
creases. Figure 8 shows the digitized intensity profiles of the
images obtained at different depths by the proposed method.
The intensity profiles demonstrate the ability of the proposed
method to image deep subsurface images in tissues. At lower
depths of the target the profile is narrow and as the depth of
the target is increased the intensity profile widens. This hap-
pens because at lower depths, a majority of the photons
launched reach the target and the image is clearer. At higher
values of the depths, the number of photons reaching the tar-
get is considerably reduced and hence the object is invisible in
the light backscattered from tissue at layers above the target.

To demonstrate the effectiveness of the proposed method,
during each simulation run, the number of photons actually
hitting the target was counted. Figure 9 shows the plot be-
tween the percentages of photons reaching the object at dif-
ferent depths at the two wavelengths at which the images
were recorded. It can be seen that for a launch of 100,000
photons the number hitting the object at each depth is higher

Journal of Biomedical Optics

054014-7

at 990 nm compared to 632 nm. The object is more visible to
photons at longer wavelength than photons at shorter wave-
length. After a depth of 2.5 cm the number reaching the target
was much less and not sufficient to provide the image of the
object. Hence, the proposed method works effectively up to
2.5 cm in the tissue. And for depths greater than this, the
object is no longer visible even by this method.

To validate the model of the object assumed, the DOLP
was calculated from the Stokes vector of the photon after
backscattering from the target. The DOLP was found to be
approximately 0.8, a value less than unity meaning that the
backscattered light is depolarized, justifying the model. It was
also observed that the DOLP was the same throughout the
range of optical depth since the target has been assumed to be
a solid sample.

To further validate the combined polarization and wave-
length subtraction technique, image contrast as a function of
depth for the images obtained was computed. The contrast is
defined as (A;—Ap)/(A;+Ap) where A, is the average inten-
sity from light returning from the object and Ap is that from
light returning from the background. The computation for A;
was done in the central nine (3 X 3) pixels and for Az from
the central 21 X 21 pixels. The computation was done on im-
ages at different depths and Fig. 10 illustrates how the con-
trast decays as target depth is increased.

The image contrasts are listed in Table 1 for three different
depths. On comparison of columns 2 and 3, the orthogonal
images at 990 nm show better contrast values over their coun-
terparts at 632 nm. Further examination reveals that between
columns 4 and 5, polarization subtraction at 990 nm is better
than at 632 nm. Values in columns 4 and 5 are larger than in
columns 2 and 3, respectively, indicating improvement due to
polarization subtraction. Column 6 indicates that if only
wavelength subtraction was performed, the contrast is im-
proved compared to the other images in columns 2, 3, and 5.
The last column clearly demonstrates the superiority of the
proposed method where the contrast is the highest among all
other methods.

4 Conclusion

A method to enhance the contrast of tissue images at deeper
depths has been proposed. Computer simulations based on a
Monte Carlo model have been demonstrated for polarized
photons launched from a point source at two different wave-
lengths. The resulting images indicate the effectiveness of
combining the polarization subtraction along with wavelength
subtraction. The employment of the different wavelengths as
well as subtraction of a fraction of the copolarized image
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component allows for imaging at deeper depths of the tissue.
This therefore promises to be a low-cost and effective method
to diagnose abnormalities below the surface of the skin.
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