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Rotating orthogonal polarization imaging provides images of the polarization properties of
scattering media which are free from surface reflections. Previously the technique has been
demonstrated using manually rotated Glan-Thompson polarizers to control and analyze the
polarization state of the light entering and emerging from the tissue. This paper describes a
system that performs these functions using liquid crystal retarders. The system is tested using
a polarizing target embedded within a scattering medium and is compared with Monte Carlo
simulations. The results compare well with those obtained with manual rotation of polarizers.
The liquid crystal based approach has advantages over the previous system in terms of ease of
use, speed, and repeatability and is therefore an important step towards taking the technique

into routine clinical use.
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1. Introduction

Recently a technique termed rotating orthogonal
polarization imaging (ROPI) has been proposed.’:?
This technique enables imaging of the polariza-
tion properties of tissue that are free from surface
reflections. As the name suggests, this is achieved
through always maintaining orthogonal polarization
illumination and detection. Polarization sensitivity
is obtained through rotating the illumination and
detection polarization states.

There are several potential applications of such
an approach. Many tissues have polarization prop-
erties that affect the polarization state of light such
as linear dichroism in sickled red blood cells: when
they become deoxygenated, it has been observed?®*
that there is different absorption depending on
the polarization state of the illumination. Other
polarization effects that have been observed in tis-
sue include linear birefringence in collagen® and
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chiral rotation in glucose.® Applications also exist
in monitoring tissue growth in bioreactors in tissue
engineering.’

The difficulty in performing polarization differ-
ence imaging (i.e., polarized light illumination and
subtraction of the co- and cross-polarized detec-
tions) of tissue is that the co-polar channel is often
dominated by surface reflections. Several methods
have been proposed to overcome this problem,”
however, ROPI has advantages in terms of not
involving the use of matching fluid, being noncon-
tact, and comparatively simple to implement.

Previously!? the technique has been demon-
strated in manual rotation of Glan—Thompson
polarizers for illumination of the sample and analy-
sis of the detected light. This has disadvantages in
terms of ease of use and displacement of the image
as the polarizers are rotated. Although motorized
rotation stages could be used, this is not an ideal
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solution for a simple device that could be easily used
in clinical practice. In the research described here a
liquid crystal based approach has been implemented
for providing illumination of the sample and anal-
ysis of the backscattered light. The liquid crystal
based system has advantages in terms of ease of use,
speed, and repeatability and is an important step
towards taking the technique into routine clinical
use. The incorporation of liquid crystals into polar-
ization microscopy has been an important develop-
ment in the field of microscopy. For example, the
LC Polscope'® has been demonstrated to provide
results that compare well with conventional polar-
ization microscopy and has resulted in a commercial
device that has found widespread application. This
paper aims to evaluate the use of liquid crystals in
a ROPI system which should allow the method to
become more robust and widely used.

Section 2 describes the liquid crystal based sys-
tem and briefly describes the Monte Carlo model of
image formation. Section 3 presents measurement
results from phantom experiments and simulations.
Discussions and conclusions follow in Sec. 4.

2. Experimental Setup and Monte
Carlo Model

The experimental setup is shown in Fig. 1. Polar-
ized light from a HeNe laser (power = 20mW,
A = 632.8nm) is focused onto a rotating ground
glass diffuser and a collection lens. A liquid crys-
tal retarder (Meadowlark Optics) and a fixed
Glan—Thompson polarizer are used to control the

polarization state of the illumination. Collimated
light is focused via a cube beam splitter to the
back focal plane of a x 4, NA =0.1 infinite conju-
gate microscope objective which provides nominally
uniform illumination at the sample. An image of the
sample is formed on the CCD camera (Hamamatsu
ORCA ERII) via the objective, beam splitter, a
liquid crystal linear retarder, a Glan—Thompson
polarizer and a relay lens. The system has no
moving parts.

The scattering sample is a cuvette (illuminated
face dimensions 45 x 50 mm, depth 10mm) filled
with a suspension of polystyrene microspheres of
diameter 1.4 pum and refractive index n, = 1.57.
The scattering medium has the following proper-
ties: scattering coefficient s = 20mm™!, absorp-
tion coefficient s, = 3 x 10~* mm™', mean cosine of
the scattering angle g = 0.94, and refractive index
of the medium n,, = 1.33. The optical properties
of the medium have been obtained by following a
recipe defined by Ref. 11. Briefly, this consists of
obtaining the scattering cross-section o of the scat-
tering particle from Mie theory.!! The scattering
coefficient can then be obtained using the relation-
ship pus = Nogs where N is the number of particles
per unit volume. N can be set by diluting the par-
ticles by an appropriate amount.

The method of forming images is shown in
Fig. 2. The illumination and detection polariza-
tion states are always maintained orthogonal to
one another. Rotating the polarization state pro-
vides sensitivity to the polarization properties of the
medium. A dichroism image is formed by taking the

ilumination
“““““ detection

Fig. 1. ROPI experiment setup. (1) Ground glass rotating diffuser, (2) positive achromatic doublet lens, focal length = 60 mm,
(3) Glan—Thompson polarizer, (4) x4 microscope infinite conjugate objective, NA=0.1, (5) cube beam splitter, (6) aperture,

(7) liquid crystal retarder, and (8) scattering sample.
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Fig. 2. Formation of images through illumination and detec-
tion in orthogonal polarization states, followed by polariza-
tion rotation and taking the difference image.

difference between two images and normalizing by
the total intensity.

To evaluate the performance of the system,
a 0.75mm thick piece of sheet polarizer (8.5 x
0.85mm) is embedded at different depths within
the medium with its polarization axis vertical. As
the polarization axis of the target is known (verti-
cal), only two pairs of orthogonal polarization states
((i) vertical illumination and horizontal detection;
(ii) horizontal illumination and vertical detection)
are needed to measure the polarization property of
the target. At least three measurements are required
when the polarization axis of the target is unknown.
Nonuniform illumination intensity is calibrated out
by first obtaining an image of a mirror in place
of the scattering medium. We have repeated the
images taken in a previous publication? so that the
performance of the new system can be compared
with that of a system with conventional polarizers.

The Monte Carlo model for the full system
is obtained by modifying a single point illumina-
tion, polarized light Monte Carlo model described
previously.'? The single point illumination Monte
Carlo involves propagating each photon on a ran-
dom walk through a scattering medium. At each
scattering event, each photon has its direction mod-
ified and its Stokes vector modified by the Mueller
matrix of the scattering particle. The propagation
of photons continues until the photon exits the
medium or exceeds a predefined distance within the
medium. Different polarization states can then be
resolved by the liquid crystal device upon detection
by multiplying the Stokes vector of the emerging
photon by the Mueller matrix of an analyzer.'3

Three main modifications are made to the con-
ventional single point Monte Carlo model to allow
imaging to be performed (i) full field illumination,
(ii) embedding a polarizing target within the scat-
tering medium, and (iii) imaging the target plane
onto a detector array. (i) is achieved through record-
ing the coordinates when a photon crosses the
target plane relative to the source. In this way dif-
ferent source positions can be modeled relative to
the target which enables full field illumination to
be built up. When applying the full field illumi-
nation method (i) we need to move the polariza-
tion target relative to the illumination source. This
means that, depending on the relative position of
the source and target, some photons will have inter-
acted with the target and some will not. To be
able to achieve (ii), we therefore need to record
two photon paths when a photon crosses the tar-
get plane; one when the target is present at that
position and the polarization state is modified and
another when the target is absent and the photon
polarization state is unaffected. This is a novel addi-
tion to Monte Carlo simulations of polarizing tar-
gets in scattering media. (iii) uses the position and
angle when a photon emerges from the medium to
calculate the position it appears to have originated
from at the target plane. It is then assumed that the
position at the target plane maps onto the detector
plane to form an image. For the simulations shown
in the next section 512 x 512 points in = and y
directions are used for full field illumination, repre-
senting an area of 128 mfps x 128 mfps (mean free
paths, where the mean free path is the mean dis-
tance between scattering events, 1 mfp=1/us). The
images are formed with 5 million photons launched
into the medium with an overall detection area of
200 mfps x 200 mfps.

3. Results

Experimental images of a polarizing target embed-
ded in a scattering medium at depths of 2, 5, 10,
and 12mfps are shown in Figs. 3 and 4. Figure 3
shows the case where the polarization axes of both
illumination and target are vertical. Figure 4 shows
the case where the polarization axis of the illumina-
tion is horizontal and that of the target is vertical.
As described in Sec. 2, the polarization axis of the
detection is always orthogonal to that of the illu-
mination. The contrast is greater in Fig. 3 than in
Fig. 4 because the target and detection polarization
axes are orthogonal. Figure 5 shows the dichroism
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(c) (d)
Fig. 3. Liquid crystal based experimental images of a lin-
ear polarizer located at depths of (a) 2, (b) 5, (¢) 10, and
(d) 12 mfps within a scattering medium. The polarization axis
of the target is aligned vertically, the illumination is vertically
linearly polarized with horizontal detection. Each image is
8mm X 8§ mm.

which is obtained from the normalized difference
images of those in Figs. 3 and 4. The ring that can
be observed in all images is due to the illumination
used and the finite aperture sizes in the system.
All images demonstrate a decrease in contrast with
increasing object depth due to scattering occurring
between the target and the surface of the scattering
medium.

The experimental results have been simulated
using Monte Carlo simulations. Using the medium
parameters described previously, a target of width
20 mfps is embedded within the medium at depths
of 2, 5, 10, and 12 mfps. The target is assumed to be
infinitely long in the vertical direction and infinites-
imally thin in the depth direction. The simulated
images shown in Figs. 6-8 can be compared with
the experimental images shown in Figs. 3-5.

Qualitatively the results of Figs. 6-8 compare
well to those obtained experimentally (Figs. 3-5).
All cases show that the image contrast and res-
olution degrades with increasing depth due to
scattering. Greater contrast is observed when the
polarization axis of the target is orthogonal to that
of the detection (Figs. 3 and 6). Experiment and
simulation are quantitatively compared over a range

Fig. 4. Liquid crystal based experimental images of a lin-
ear polarizer located at depths of (a) 2, (b) 5, (c¢) 10, and
(d) 12 mfps within a scattering medium. The polarization axis
of the target is aligned vertically, the illumination is horizon-
tally linearly polarized with vertical detection. Each image is
8mm X 8 mm.

(c) (d)

Fig. 5. Liquid crystal based experimental images of the lin-
ear dichroism of a linear polarizer located at depths of (a) 2,
(b) 5, (c¢) 10, and (d) 12mfps within a scattering medium.
The images are obtained by combining Figs. 3 and 4. Each
image is 8mm X 8 mm.
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(a) (b)
(c) (d)

Fig. 6. Monte Carlo simulations of ROPI images of a lin-
ear polarizer located at depths of (a) 2, (b) 5, (¢) 10, and
(d) 12 mfps within a scattering medium. The polarization axis
of the target is aligned vertically, the illumination is vertically
linearly polarized with horizontal detection. Each image is
200 mfps x 200 mfps.

of target depths (Fig. 9). The error bars in the
experimental results represent the spread (standard
deviation) of results from repetition of the experi-
ment and the Monte Carlo error bars are obtained
from the spread of results from running indepen-
dent simulations. The increase in size of the error
bars with increasing depth is due to a poorer sig-
nal to noise ratio. Figure 9(a) shows the calculated
dichroism along a central band of 200 pixels in the
image. The dichroism values obtained in the Monte
Carlo simulation are higher than those obtained
with the experiment across the entire depth range.
Resolution is defined as the distance that the inten-
sity takes to change from 10 to 90% of the differ-
ence between the maximum and minimum values,
a low value corresponding to better resolution. The
10-90% distances are lower in the simulation than
in the experiment indicating a worse imaging per-
formance in the experiments. Reasons for these dis-
crepancies are discussed in the next section.

4. Discussion and Conclusions

The liquid crystal based system has provided a
performance that compares well to that obtained
with a previous Glan—-Thompson polarizer based

(a) (b)
(c) (d)

Fig. 7. Monte Carlo simulations of ROPI images of a lin-
ear polarizer located at depths of (a) 2, (b) 5, (c¢) 10, and
(d) 12 mfps within a scattering medium. The polarization axis
of the target is aligned vertically, the illumination is horizon-
tally linearly polarized with vertical detection. Each image is
200 mfps x 200 mfps.

(a) (b)
(c) (d)

Fig. 8. Monte Carlo simulations of the linear dichroism of
a linear polarizer located at depths of (a) 2, (b) 5, (c) 10,
and (d) 12mfps within a scattering medium. The images
are obtained by combining Figs. 6 and 7. Each image is
200 mfps x 200 mfps.
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Fig. 9. Comparison of liquid crystal based experimental and simulated polarization difference measurements of a polarizer
embedded at different depths within a scattering medium (a) linear dichroism, and (b) resolution defined as the distance taken
for the dichroism value to change from 10 to 90% of its maximum value.

system with manual rotation of the polarizers.!»?

The technique is useful as the presence of lin-
ear dichroism can be detected in the presence of
significant scattering due to the system utilizing
a detection channel that is always orthogonal to
the illumination polarization state. Furthermore,
the approach rejects reflections from surfaces of
the optical components within the system, mean-
ing that co-axial detection can be used. A draw-
back to the ROPI approach is that the dichroism
measurement is depth dependent due to the effects
of scattering between the target and detector. It is
therefore an important part of future work to inves-
tigate whether dichroism and target depth can be

decoupled as part of an inversion algorithm. It is
likely that multiple wavelengths or utilizing the spa-
tial distribution of the emerging light may be useful
additional measurements in making the inversion
better conditioned.

The imaging results obtained provide confi-
dence that the liquid crystal based system can
replace the system based on manual rotation of
the polarizers. The liquid crystal based system is
a significant step forward in the development of
a robust device that can be taken into the clinic
or biology laboratory. This has been demonstrated
in microscopy to be an important step forward to
the widespread use of a technique. For example,
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introducing liquid crystals into a polarized light
microscope has resulted in a robust commercial
microscope, the LC Polscope.!?

The Monte Carlo simulation provides results
that qualitatively compare well with those obtained
in the experiment in terms of dichroism against
depth and resolution against depth. There are sev-
eral assumptions made in the model that cannot be
accurately achieved in the experiment such as ideal
polarizers, precise depth location of the target, pre-
cise alignment of optical components, a refractive
index match between the target and surrounding
medium, an infinitely long and thin target, and uni-
form illumination. For the dichroism measurements
(Fig. 9(a)) the most likely source of the difference
between the experiment and simulation is due to
reflections from the surface of the cuvette intro-
ducing a contribution into the orthogonal detec-
tion channels. This should be completely removed
by the analyzer but a small contribution is still
detected due to the finite rejection of the polariza-
tion optics. For the resolution against depth plot
(Fig. 9(b)) the modeling results follow the same
trend as the experiment. The main source of the
difference between them is the finite thickness of
the target which results in the target occupying a
range of depths. To better simulate the phantom
study further refinements of the model could be
performed such as making the polarizers nonideal,
the target of finite thickness or introducing surface
reflections at the medium-target boundary. At this
stage, however, this would greatly increase the com-
plexity of the model and is unlikely to provide any
additional insight into the tissue imaging problem.

In conclusion, ROPI has previously been imple-
mented using a Glan—Thompson based system with
manual rotation of the polarizers to obtain illu-
mination and analysis of the light. Although the
system could be implemented using motorized rota-
tion stages, there are disadvantages in terms of
image alignment and ease of use of the system
in practical applications. The liquid crystal based
system demonstrated in this paper provides an
important step forward in making this technique
clinically applicable. Moving parts are removed and
the imaging performance is comparable to that
obtained with previous systems and Monte Carlo
simulations.
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