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ABSTRACT

In this paper, we first demonstrated the effectiveness of imaging in a tissue phantom with iso-

tropic scattering by using polarization discrimination combined with the time gating method. In this
situation with lean pork as targets and diluted milk as tissue phantom, the reduced scattering coeffi-
cient mapping manifests clear images. However, such an imaging technique became less effective in
filamentous tissues, such as chicken breast tissues, because filamentous tissue had a deterministically
anisotropic property. It led to coherent coupling between the two linear polarization components. In
this situation, we employed the time-gated degree of polarization (DOP) imaging technique that
based on the Stokes formalism. The results showed that the DOP measurement was quite effective in
high-quality imaging of objects in filamentous tissues. The improvement of this method was attributed
to the unchanged polarization part under the coupling processes of various polarization components.
Because the Stokes vector provides complete polarization information of transmitted light, this tech-

nique is quite effective for imaging and characterization in filamentous tissues.
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1. INTRODUCTION

Recently, biomedical imaging based on optical
techniques has become an active area of research for
developing medical diagnosis techniques. For thick
biological tissues of several cm, ultrafast-optics tech-
niques have been considered for optical imaging based
on time-gated transmitted signals. In such a technique,
psec or fsec pulses are applied to tissues and the
transmitted quasi-coherent photons (snake photons) are
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extracted with various time-gating methods, including
Kerr gating [1], stimulated Raman scattering gating [2],
sum-frequency generation gating [3], optical paramet-
ric amplification gating [4], and the use of a streak
camera [5]. Because there is no clear boundary be-
tween weakly scattered snake photons and strongly
scattered or multiply scattered diffuse photons in the
transmitted time-resolved signals, careful design and
implementation of the aforementioned time gating
techniques are required.

While time-gating methods have been proved
useful for biomedical imaging, other optical gating
techniques were developed to improve the resolution
and contrast of images [6-11]. Among them, the po-
larization discrimination method is an important one
[7-11]. This method is based on the depolarization ef-
fect in random scattering of tissues. In this effect, the
input polarization state is partially preserved in weakly
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scattered photons. Thus, the quasi-coherent part can be
extracted by transmitted co-polarized photons.

However, the measurement of the depolarization
effect by discriminating coherent from incoherent pho-
tons becomes less effective when there exists coherent
coupling between two perpendicular polarization com-
ponents. Such coherent coupling phenomena can par-
ticularly occur in filamentous tissues with anisotropic
structures. In this situation, the conventional polariza-
tion gating method becomes ineffective in optical im-
aging. In our study, we have found that by using the
Stokes formalism, images of higher contrast and reso-
lution in filamentous tissues could be achieved. In
other words, images of the degree of polarization
(DOP), based on the measurement of the Stokes vec-
tors, manifest quite high quality in filamentous tissues.

In this paper, we report the developments of the
aforementioned imaging techniques based on polariza-
tion manipulations of the transmitted signal through
tissue samples in our laboratory. We will first show the
advantages of time-gating and polarization discrimina-
tion in imaging objects in an isotropic turbid medium.
Diluted milkk was used as the medium for isotropic
scattering. Then, we used chicken breast tissues, con-
sisting of filaments with optically isotropic 1 bands
(thin filament — containing actin) and anisotropic A
bands (thick filament — containing myosin) [e.g., 12],
as samples for demonstrating the failure of imaging in
filamentous tissues when the aforementioned tech-
nique of combining time gating and polarization dis-
crimination is used. Finally, the DOP was calibrated
based on the measurements of the Stokes vectors for
effective imaging in a filamentous tissue structure.

The results of isotropic tissue phantom image and
optical characterization are shown in Sec. 2. Then, the
imaging results of the conventional polarization gating
approach based on snake photons in filamentous tis-
sues are given in Sec. 3. Next, the time-resolved
Stokes vector and DOP imaging method were shown
in Sec. 4. Finally, conclusions are drawn in Sec. 5.
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2. TIME-GATED IMAGE
CHARACTERISTICSIN A
PHANTOM OF ISOTROPIC
SCATTERING

Figure 1(a) demonstrates the idea of an ultrafast
optical imaging method with an input short pulse. The
snake photons, i.e., the leading edge of the transmitted
temporal profile, which pass through a turbid medium
with fewer scattering events, carry more information
of image. However, by including diffuse photons in
imaging, strong random scattering blurs the image.
The images shown in Fig. 1 were obtained by scanning
a sample of diluted milk with 10 cm in transmission
length. The pieces of lean pork were suspended in the
diluted milk as scanning objects. The experimental de-
tails will be described later. In Fig. 1(b), with linearly
polarized input signals, the transmitted co-polarized
photons are more coherent and carry more information
of tissue structures. The subtraction of the cross-
polarized component from the co-polarized component,
i.e., removal of the incoherent part, has been shown to
be a useful procedure for effective optical imaging. In
this imaging process, the depolarization factor was
usually calibrated from measured data for image con-
struction.

In the experimental setup for optical imaging with
polarization-gated snake photons, as shown in Fig. 2,
an Argon laser pumped mode-locked Ti:sapphire laser
was used to provide 76 MHz, around 100 fsec laser
pulses at 800 nm. The laser beam was split into three
branches, one for triggering the used streak camera,
the second for propagating through samples, and the
third for temporal reference. About 200 mW average
power was applied to the samples. Two polarizers, one
before and the other after the samples, were used to
control the input and output polarization for polariza-
tion discrimination. After the recombination of the
sample and reference beams, signals were directed to

‘}r\m -polarized component

Ej \;qn polarized component

linear polarization input

%

time-gating polarization-discrimmation image

®)

Fig. 1 Illustrations of (a) time-gating and (b) polarization-discrimination, time-gating techniques.
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Fig. 2 Experimental setup. BP: beam splitter; P: po-
larizer; M: mirror; D: detector.

the streak camera with a fiber bundle. The temporal
resolution of the operation mode of the streak camera
was about 20 psec. This resolution limitation may
partly be due to the group-velocity dispersion effect in
the fiber bundle. The scanning mode was used in
measurements, i.e., the fiber bundle end was always
aligned with the incident laser beam while the samples
were moved with a two-dimensional translation stage
for image scanning.

In Fig. 3, two pieces of lean pork (2 and | mm in
thickness, respectively) as objects were placed within
diluted milk for imaging. The diluted milk was con-
tained in a plastic vessel with the transmission length
of 10 cm as tissue phantom. The scanning pixel size
was 1 mm X ] mm and the scanning area was 2 cm X 2
cm. Figure 3(a) shows the image of integrated intensity
with appropriate time gating of /,. Figure 3(b) shows
the image of time-gated /, — I, where I, and I, are co-
and cross-polarized components of incident light, re-
spectively. Although /, can show the locations (red
spots) of the two pieces of pork, I, — /. does provide a
clearer image, particularly for the smaller and thinner
piece on the right.

To further understand the characteristics of the
imaging mechanism with light transmission through a
biological tissue with random scattering, the diffusion
equation of total transmitted photons is adopted as fol-
lows:

1 o¢ 1
~ Ve(——— VP ug=1
e '(3(#a+#3,) H+ud=1, o

In Eq. (1), v is the speed of light in the medium, ¢
is the fluence rate of diffuse photon, and I is the
source term of illumination photon. The absorption co-
efficient and reduced scattering coefficient are repre-
sented by u, and ’, respectively. We divided the flu-
ence rate into two parts: an incident field that was ex-
cited by the original illumination source and a scatter-
ing field that was produced by the inhomogeneities. In
an image reconstruction procedure [13], we solved Eq.
(1) for absorption coefficient and reduced scattering
coefficient with the time-resolved experimental data.
Figure 4 shows the mapping images of absorption co-
efficient and reduced scattering coefficient based on
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Fig. 3 Time-gated images of two pieces of lean pork
in diluted milk with (a) I, and (b) I, - I..

the reconstruction procedure. One can see that the dis-
tribution of absorption coefficient does not reveal any
significant information of the targets. On the contrary,
the reduced scattering coefficient mapping provides a
clear image. Therefore, the contrast of optical imaging
with transmission measurement was furnished almost
by the difference of scattering coefficient between tar-
gets (pork) and turbid background (diluted milk).
Because diluted milk represents a turbid medium
of statistically isotropic scattering, the depolarization
effect of transmitted signals is a good indicator of scat-
tering strength. Therefore, the results of polarization
discrimination manifest good images in this case. Par-
ticularly, the mapping of reduced scattering coefficient
clearly indicates the locations and shapes of the targets.

3. POLARIZATION-DEPENDENT
CHARACTERISTICS IN
FILAMENTOUS TISSUE

The image results in the last section indicate that
the combination of polarization-discrimination with
the time-gating method improves image contrast in an
isotropic tissue phantom. For the study in filamentous
tissues, we used chicken breast tissues as samples in
our experiments. The chicken breast tissue sample has

-3



Vol. 14 No. 6 December 2002

240
p Max
L
| B
- &
- IMin
‘ L
3
Max

(b)

Fig. 4 Optical coefficients images. of two pieces of
lean pork in diluted milk with (a) 4, and (b) 4.

the thickness varying from 1.3 to 1.5 cm within the
transverse scanning area. The imaging results with a
thin chicken bone of diameter 1-2 mm (as the object)
sticking into the breast tissue sample with the input
linear polarization along the tissue filament direction
are shown in Fig. 5(a) and (b). Parts (a8) and (b) show
the images of /, and IP — I, respectively. The result of
I, provides a rough picture of the chicken bone; how-
ever, I, — /. leads to no feature at all. The imaging re-
sults confirm the coherent polarization evolution be-
sides random scattering in skeletal muscle tissues. This
indicates that besides possible random scattering in
such a medium, coherent coupling between the two po-
larization components occurs due to the organized
structure of the filamentous tissue. Due to certain co-
herent cross-polarized interactions, signal polarization
seemed to rotate such that /. became higher than /, at
the output. In this situation, both /, and /. were quite
coherent, particularly before and near their peaks.
Hence, the conventional polarization gating technique,
i.e., imaging with I, — I, became difficult.

4. TIME-RESOLVED STOKES
VECTOR AND DOP IMAGE IN
FILAMENTOUS TISSUES

As discussed in Sec. 3, deterministic optical bire-
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Fig. 5 Time-gated images of a chicken bone in
chicken breast tissue with (a) I, and (b) I, - I

fringence results in coherent polarization evolution,
leading to coherent polarization coupling and hence
invalid coherent photon extraction through polarization
discrimination. In this situation, all the elements of po-
larization state must be considered for understanding
the polarization evolution and hence improving image
quality in such a medium. In this section, we intent to
apply the Stokes formalism for improving image con-
trast in the filamentous tissue.

The experimental setup is similar to Fig. 2, except
that a quarter-wave plate was employed after samples
for circularly polarized component measurements. Ac-
cording to the Stokes formalism, we need to measure
four different polarization states of transmitted photons,
including horizontal linear polarization component H,
vertical linear polarization component ¥, 45° linear po-
larization component P, and right-hand circular polari-
zation component R. In the experiments, such polariza-
tion control was accomplished through adjusting a po-
larizer and a quarter-wave plate. Here, the horizontal
and vertical polarization directions are referred to the
coordinate of the laboratory. The quasi-coherent pho-
ton data were obtained by gating the time-resolved in-
tensity profiles with duration of 50 psec from the Jead-
ing edges of the temporal curves.

The Stokes components, generally denoted by Sy,
S;, S; and S;, form a sufficient set for describing the
amplitude, phase and polarization of a light wave. To
express the Stokes vector S in term of our experimen-
tal data, the following relation is established:

—4-
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Here, Sy, S;, S» and S; are proportional to the total
intensity, the difference between the horizontal and
vertical polarization components, the difference be-
tween the linearly polarized components oriented at
45° and -45°, and the subtraction of the lefi-handed
from the right-handed circularly polarized components,
respectively. Subsequently, we can calculate the DOP
as follow:

VS 8.7 48

DOP = ) _ 3)

Again, we used chicken breast tissues of 1.5 cm
in thickness as filamentous tissue samples in the ex-
periments.

Figure 6 shows the time-resoived Stokes parame-
ters of chicken breast tissue with the filaments along
the horizontal polarization direction. The results were
obtained with horizontally polarized incident pulses.
The Sy profile represents the total intensity of transmit-
ted signal that contains quasi-coherent and diffuse pho-
tons. The S; profile is featureless because the mixed
effects of coherent polarization coupling and random
de-polarization process just result in almost cancella-
tion between the H and ¥ components in this case.
Such featureless S; was the major reason for ineffec-
tive imaging operation based on polarization discrimi-
nation. On the contrary, the S, and S; profiles furnish
the information of coupled polarization components of
quasi-coherent photons. The depression features of S;
and Sj; near the leading edges of the time-resolved pro-
files should result in more image information if the
time-gated Stokes vector is calibrated.

To demonstrate the improvement of image con-
trast based on the time-gated Stokes vector, we stuck a

Relative Intensity
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Time (ps)

Fig. 6 Time-resolved Stokes element profiles of
chicken breast tissue.

thin chicken bone (its shape and size are shown in Fig.
7) into the chicken breast tissue, with bone elongation
in the vertical polarization direction for optical imag-
ing. Line scan images were obtained by linear scan-
ning in the direction perpendicular to the bone elonga-
tion, i.e., scanning across the bone. The spatial range
in the abscissa is 1.1 cm with the step size of 1 mm.
The gray level represents the relative intensity distribu-
tion. In Fig. 7, we compare various gating schemes, in-
cluding (a) time gated integrated intensity (Sy), (b)
time-gated S, component, i.e., the conventional ap-
proach of combining polarization discrimination with
time gating, (c) DOP distribution with time gating, and
(d) DOP distribution without time gating. As shown in
part (d), even a rough image cannot be obtained with-
out time gating. The comparison between parts (a)-(c)
shows that although images of the chicken bone were
obtained with time gating and/or polarization discrimi-
nation, an image of higher resolution and contrast was
achieved with DOP evaluation. This result implies that
the time-gated DOP measurement can substitute the
conventional polarization-discrimination method in
filamentous tissues for optical imaging,.

5. CONCLUSIONS

In this paper, we first demonstrated the effective-
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Fig. 7 1-D images of the chicken bone in chicken
breast tissue with filament orientation in the hori-
zontal direction: (a) time-gated integrated intensity
(So), (b) time-gated S; component, (¢) DOP with
time gating, and (d) DOP without time gating.

—5—



242

Vol. 14 No. 6 December 2002

ness of imaging in a tissue phantom with isotropic
scattering by using polarization discrimination com-
bined with time gating. In this situation with pork as
target and diluted milk as tissue phantom, the reduced
scattering coefficient mapping manifests clear images.
However, such an imaging method became less effec-
tive in filamentous tissues, such as chicken breast tis-
sues because filamentous tissue had a deterministically
anisotropic property. It led to coherent coupling be-
tween the two linear polarization components. The co-
herent coupling resulted in difficulty of using the con-
ventional polarization gating method for optical imag-
ing of filamentous tissues. In this situation, we em-
ployed the time-gated DOP imaging technique that
based on the Stokes formalism. The results showed
that the DOP measurement was quite effective in high-
quality imaging of objects in filamentous tissues. The
improvement of this method was attributed to the un-
changed polarization part under the coupling processes
of various polarization components. Because the
Stokes vector provides complete polarization informa-
tion of transmitted light, this technique can be applied
to imaging and characterization of other kinds of fila-
mentous tissues.
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