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Abstract—The comparisons of the time-resolved transmitted
intensity profiles and imaging results based on the polarization
gating method between the samples of diluted milk, chicken
breast tissue, and chopped chicken breast tissue revealed that the
anisotropic structure of chicken breast tissue resulted in coherent
coupling between the two inherent polarization directions and dif-
ficulty of using the polarization gating method for optical imaging
through skeletal muscle tissues. To explore the polarization-de-
pendent optical properties of chicken breast tissues, we calibrated
the extinction coefficients of the polarization components parallel
with and perpendicular to tissue filaments and the cross-polarized
intensity-coupling coefficients between the two polarization com-
ponents, based on the measured snake-photon intensity data. The
calibrated values of these coefficients were quite consistent with
previously reported. The extinction coefficient in the polarization
along tissue filaments was significantly higher than that of the
other polarization. Also, the cross-polarized coupling coefficient
of the coupling from the polarization of tissue filaments into the
other was stronger than that of inverse coupling.

Index Terms—Diffuse photon, polarization gating, skeletal
muscle tissue, snake photon, time-resolve imaging.

I. INTRODUCTION

T HERE HAS been an immediate need for developing more
efficient tools for optically imaging human tissues with

the aim at early diagnosis of abnormal cells. For thick tissues of
several centimeters, ultrafast-optics techniques have been con-
sidered for optical imaging based on time gating of transmitted
photons. In such a technique, picosecond or femtosecond
pulses are applied to tissues, and the transmitted ballistic and
snake photons are extracted with various time-gating methods,
including Kerr gating [1], stimulated Raman scattering gating
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[2], sum-frequency generation gating [3], optical parametric
amplification gating [4], and the use of a streak camera [5].
Because there is no clear boundary between 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. Since snake photons are
quite few, particularly in thick tissues, other means have been
developed, besides time gating, for improving signal-to-noise
ratio [6]–[11]. Among them, polarization gating is an important
method in optical imaging [7]–[11]. This method is based on
the depolarization effect in random scattering of tissues. In
other words, the input polarization state is lost in multiply
scattered photons; however, it is partially preserved in weakly
scattered photons. With linearly polarized input signals, the
co-polarized transmitted photons would be more coherent
and carry more information of tissue structures. The subtrac-
tion of the cross-polarized component from the co-polarized
component, i.e., the 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 construction. Never-
theless, such depolarization effect for discriminating between
coherent and incoherent photons becomes less effective when
there exists coherent coupling between two perpendicular po-
larization components. Such coherent coupling phenomena can
particularly occur in tissues with anisotropic structures, such as
skeletal muscle tissues [12]. In this situation, the conventional
polarization gating method may become ineffective in optical
imaging.

In this paper, we report our study results of anisotropic optical
properties of skeletal muscle tissues. In experiments, chicken
breast tissues were used as samples. Such a study is particu-
larly important because phantoms, such as intralipid, milk, and
other microparticle solutions are widely used for imitating the
scattering and absorption of tissue structures. However, recently
the differences of scattering characteristics between real tissues
and phantoms caused much attention [13]. Here, we will re-
port the time-gated imaging results of chicken breast tissues
based on the polarization gating technique. Because such tis-
sues consist of filaments with optically isotropic I bands (thin
filament—containing actin) and anisotropic A bands (thick fil-
ament—containing myosin), e.g., [14], their optical transmis-
sion characteristics are quite different from other kinds of tissue
and widely used phantoms. We compared the time-gated results
between chicken breast tissue, chopped chicken breast tissue,
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Fig. 1. Experimental setup. BP: beam splitter; P: polarizer; M: mirror; D:
detector.

and diluted milk (phantom) for demonstrating the effects of co-
herent polarization coupling in skeletal muscle tissues. Then, in
the second portion of this paper, we introduce a phenomeno-
logical model for describing the polarization-dependent optical
characteristics of such a medium. We define the extinction coef-
ficient of each linear polarization component and the polariza-
tion coupling coefficients for the cross-polarized interactions.
We calibrate these coefficients based on the measurement data.
The calibration results are quite reasonable when compared with
what previously reported [15]. Physical interpretations of the re-
sults are also given.

The time-resolved imaging results with the polarization
gating method are shown and discussed in Section II. Then,
the calibration procedures, results, and their interpretations
based on the phenomenological model are given in Section III.
Finally, conclusions are drawn in Section IV.

II. POLARIZATION-GATED ULTRAFAST-OPTICSIMAGING IN

SKELETAL MUSCLE TISSUES

For optical imaging with polarization-gated snake photons,
as shown in Fig. 1, an Argon laser pumped mode-locked
Ti : sapphire laser was used to provide 76-MHz, around 100-fs
laser pulses at 800 nm. The laser beam was split into three
branches, one for triggering the used streak camera, the second
one for propagating through samples, and the third one 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 polarization gating. After the recombination
of the sample and reference beams, signals were directed to
the streak camera with a fiber bundle. The temporal resolution
of the operation mode of the streak camera was 4.7 ps. 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. The scanning pixel size was 1 mm

1 mm and the scanning area was 2 cm2 cm. For com-
parison, three different samples were prepared. They include
diluted milk (sample 1), chicken breast tissue (sample 2), and
chopped chicken breast tissue (sample 3). The diluted milk
was contained in a plastic vessel with the transmission length
of 10 cm. The chicken breast tissue sample has the thickness
varying from 1.3 to 1.5 cm within the transverse scanning area.
The transmission length of chopped chicken breast tissue was
1.4 cm. It was estimated that the dimension of chopped pieces
was in the millimeter range.

Fig. 2. Normalized and synchronized intensity profiles of the three samples.
I andI represent the intensities of the polarization components parallel with
and perpendicular to the input polarization direction, respectively, for samplei

(i = 1; 2, and 3). Samples 1, 2, and 3 correspond to diluted milk, chicken breast
tissue, and chopped chicken breast tissue, respectively. In the case of sample 2,
the input polarization direction is along tissue filaments.

Fig. 2 shows the time-resolved intensity profiles of three sam-
ples with the input linear polarization along the tissue filament
direction (defined as thedirection) in the case of sample 2. To
well align the polarization direction, we have carefully chosen
the chicken breast tissue sample such that the filaments are al-
most the same along the sample thickness. For each sample,
curves and ( ) represent the output polarization
components parallel with (the-axis) and perpendicular to (the
-axis) the filament orientation, respectively. The results shown

in Fig. 2 were obtained by averaging over five pixels away from
the regions of embedded objects (described below) in all the
sample cases. For sample 2, the results were obtained from the
pixels of the same sample thickness of about 1.5 cm. Also, all
the intensity curves were normalized and synchronized such that
the peaks of the three profiles had unity intensity and were
located at the same time. With this procedure, one can still ob-
serve the relative shorter scattering tail in the sample 2 case,
compared with the other two samples. This difference can be
attributed to the organized tissue structures in skeletal muscle
tissues. Such a structure was destroyed (at least partly) in the
case of chopped chicken tissue. In this case, random scattering
became stronger such that the intensity peak was delayed and
the scattering tail was elongated.

In Fig. 2, the relative intensity and temporal peak position
between and of the same sample provide us important
information. In the case of diluted milk, (filled circles) is
clearly lower than (continuous line). Also, the peak of
profile is delayed with respect to that of profile. These ob-
servations represent the typical results of isotropic scattering, in
which diffuse photons are equally distributed in the two mutu-
ally perpendicular polarization directions after strong scattering.
In this situation, the subtraction of from results in co-
herent photons for effective imaging. Fig. 3(a) and (b) show
such an example. Here, two pieces of lean pork (2 and 1 mm
in thickness, respectively) as objects were placed within the di-
luted milk for imaging. Fig. 3(a) shows the image of integrated
intensity with appropriate time gating of . Fig. 3(b) shows the
image of time-gated – . Although can show the loca-
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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 .

tions (red spots) of the two pieces of pork,– does provide
a clearer image, particularly for the smaller and thinner piece on
the right.

In the case of chicken breast tissue (sample 2), the inten-
sity profiles in Fig. 2 show that (empty circles) is slightly
higher than (dash-dotted line—close to the continuous line).
This indicates that besides possible random scattering in such a
medium, coherent coupling between the two polarization com-
ponents occurs due to the organized structure of the tissue. Due
to certain coherent cross-polarized interactions, signal polariza-
tion 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 – , be-
came difficult. Fig. 4(a) and (b) show the imaging results with a
thin chicken bone of diameter 1–2 mm (as the object) sticking
into the breast tissue sample. Parts (a) and (b) show the images
of and – , respectively. The result of provides a
rough picture of the chicken bone; however,– leads to no
feature at all. The imaging results confirm the coherent polar-
ization evolution besides random scattering in skeletal muscle
tissues.

To further explore the case of chicken tissue sample, we also
conducted the similar measurements with the input linear po-
larization perpendicular to the filament orientation, i.e.,-axis.
The corresponding time-resolved intensity profiles of the two
input polarization directions, i.e., and ( and , rep-
resenting the input polarization along theand axes, respec-
tively), are plotted in Fig. 5. Again, these profiles were obtained
by averaging the measurement results of five pixels in the re-

Fig. 4. Time-gated images of a chicken bone in chicken breast tissue with (a)
I and (b)I –I .

gions of 1.5 cm in sample thickness and away from the stuck
chicken bone. In the case of the-( -) input polarization, the
intensity profiles were normalized and synchronized with re-
spect to the peak of the ( ) profile. Note that and
in Fig. 5 are identical to and in Fig. 2, respectively. In
Fig. 5, one can see the good coincidence of theand pro-
files (continuous and dash-dotted lines, respectively), indicating
the similar scattering characteristics. The difference between the

and profiles (filled symbols and empty symbols, respec-
tively), particularly their different heights, shows different po-
larization coupling effects between the two input polarization
directions. Fig. 6 shows similar results to Fig. 5, except that
the data were taken in the region of the stuck chicken bone.
In this region, the chicken tissue thickness was also 1.5 cm.
Therefore, the comparison between Figs. 5 and 6 reveals the
effect of chicken bone scattering. The comparison shows that
the cross-polarized energy transfer has been reduced in either
input polarization case. This change can be attributed to the
more isotropic scattering of the chicken bone that weakens the
coherent energy transfer between the two polarization compo-
nents. The other observation is that the incoherent scattering,
i.e., energy transfer into diffuse photons, becomes stronger due
to the existence of the chicken bone. The effect of the chicken
bone scattering will be further explored in the next section when
we discuss the results of Table I.

Then, in the case of chopped tissue (sample 3), the chicken
tissue was chopped and stirred to become statistically homoge-
neous. However, because the chopped pieces still had a dimen-
sion in the millimeter range, the basic tissue structures might
still be partly preserved. In this situation, as shown in Fig. 2,
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Fig. 5. Normalized and synchronized intensity profiles of the case of chicken
breast tissue with two different input polarization directions.I (I ) andI
(I ) represent the intensities of the polarization components parallel with and
perpendicular to tissue filaments, respectively, when the input polarization is
parallel with (perpendicular to) tissue filaments. The results were obtained at
lateral positions of 1.5 cm in thickness away from the stuck chicken bone.

Fig. 6. Similar to Fig. 5, except that the results were obtained at lateral
positions of 1.5 cm in thickness right at the location of the stuck chicken bone.

(short-dashed line) is significantly stronger than (filled
triangles) with almost no time difference between their peaks.
The relatively broader intensity profiles, compared to those of
the chicken tissue case ( and ), indicate stronger random
scattering, which transfers energy into diffuse photons. Fig. 7(a)
and (b) show the images of and – , respectively, with
the same chicken bone sticking into the chopped chicken tissue.
The rough picture of the bone can be seen from. The config-
uration of the bone can also be seen from– . The results in
Figs. 2 and 7 reveal the mixed effects of coherent polarization
coupling and enhanced random scattering in chopped chicken
tissue. Note that because the filament structure might not be
completely destroyed in the chopped sample, Fig. 7(b) shows
strong spatial variation in polarization difference imaging.

From the comparisons of the results between the three
different samples, it is reasonable to hypothesize that in chicken
breast tissues or skeletal muscle tissues, there exist coherent
cross-polarized coupling mechanisms to control the relative
intensity evolution of the polarization components. Such mech-
anisms may include the polarization rotation due to medium

TABLE I
FIVE SETS OFEXTINCTION AND COUPLING COEFFICIENTS(UNIT: cm )

Fig. 7. Time-gated images of the chicken bone in chopped chicken breast
tissue with (a)I and (b)I –I .

birefringence, depolarization scattering, and polarization-de-
pendent absorption. These mechanisms are partly destroyed
after the tissues are chopped. With those mechanisms, the
characteristics of snake photons in skeletal muscle tissues are
quite different from those of random-scattering phantoms.
Also, the conventional polarization-gating technique becomes
less effective in skeletal muscle tissues.

III. POLARIZATION DEPENDENTCHARACTERISTICS OF

SKELETAL MUSCLE TISSUES

As discussed in the last section, polarization-dependent
snake-photon intensity in skeletal muscle tissues is controlled
by several possible factors, including the optical birefringence,
depolarization scattering, and polarization-sensitive loss mech-
anisms. The identification of each possible factor requires
quite many efforts in research. In this section, we propose a
phenomenological model to describe the variation of polarized
snake-photon intensity. We collect all the cross-polarized
interactions into lumped polarization coupling parameters.
In this model, we express the evolution of the time-gated
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optical intensities in the two inherent polarization directions,
i.e., polarization along tissue filaments (thedirection) and
the perpendicular component (the direction), and ,
respectively, as

(1a)

(1b)

Here, and stand for the extinction coefficients of the two
inherent polarization components. Also, and represent
the polarization coupling coefficients for power coupling from
-polarization into -polarization and that from-polarization

into -polarization, respectively. Here, signal propagation is as-
sumed to be along the direction. The solution forms of the
coupled equations in (1a) and (1b) with initial conditions
and can be written in a matrix form as shown in (2), at the
bottom of the page. Here, and are the two roots of the
characteristic equation for (1a) and (1b), given by

(3a)

(3b)

Snake photon data were then used for calibrating the two ex-
tinction coefficients and two coupling coefficients. The snake
photon data were obtained by time gating the time-resolved in-
tensity profiles with duration of 50 ps from the leading edges of
the profiles. Because the streak camera provided different gain
factors for different levels of detected signals, calibration fac-
tors were carefully estimated for retrieving the signal optical
intensities. The calibration procedures are as follows. We first
choose five positions in the two-dimensional lateral scan of the
chicken breast tissue. The tissue thickness at these five points
could be different. The three sets of measurements of input po-
larization along the and axes, and 45off either axis are used

to provide six givens for solving the four-unknown problem in
(2). Since we have givens more than unknowns and to obtain
more accurate results, we adopted the method of least squares,
as expressed by (4), shown at the bottom of the page. Here, the
last subscript of means different data from different input po-
larization conditions. After we obtained the values of the four
elements of the matrix on the left-hand side of (4), we solved nu-
merically four nonlinear equations of , , , and . The
set of nonlinear equations resulted in more than one set of solu-
tions. However, only one set of solutions has all positive values
and is in the reasonable ranges when compared with previously
reported [15]. In estimating the aforementioned calibration fac-
tors, there existed certain uncertainties. It was found that with
this factor varied by a factor of five, the calibrated results did
not change significantly, as shown by the ranges in Table I.

Table I listed five sets of calibrated results, corresponding
to five locations. Among them, sets S1 through S4 correspond
to the locations away from the stuck chicken bone and set S5
corresponds to a location in the region of the bone. The tissue
thickness of sets S1 through S5 are about 1.5, 1.5, 1.4, 1.3, and
1.5 cm, respectively. The ranges of values were obtained by
varying the calibration factor within a reasonable range (by a
factor of five). From the results, one can see that without the
chicken bone, the extinction coefficient in the polarization di-
rection of tissue filament ranges from 2.26 through 3.79 cm.
These values are consistent with the reported data of chicken
breast tissues in this wavelength range [15]. It is interesting to
find that the extinction coefficient along the other polarization
direction, which ranges from 1.37 through 2.53 cm, is rela-
tively smaller by a significant amount. Such a difference can be
attributed to the induction of polarization current by the incident
ac electric field along tissue filaments. With the polarization cur-
rent, dipole re-radiation and hence scattering are expected to be
stronger in this polarization direction. It has been well studied in
electromagnetic theories that a thin dielectric cylinder of infinite
length results in a larger scattering cross section with incident
linear polarization along the cylinder length, when compared
with the other incident polarization, e.g., [16]. Although tissue

(2)

...
...

...
... (4)
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filaments cannot be exactly modeled as thin dielectric cylinders
of infinite length, it is reasonable to expect stronger scattering
and hence a larger extinction coefficient with the input polariza-
tion along tissue filaments.

Regarding the cross-polarized coupling coefficients,
(ranging from 1.61 through 2.82 cm) is significantly larger
than (ranging from 0.49 through 1.01 cm). It means
that coupling from tissue filament polarization into the other
polarization direction is significantly stronger than the coupling
of the other way. This may again indicate that scattering in the
polarization direction of tissue filaments is relatively stronger.
The comparisons between the results of set S5 with other sets
show clearly that the scattering in this region is more isotropic
due to the existence of the chicken bone, as supported by the
observation that the values of and in this region are
closer. Note that the scattering includes two parts: scattering
of coherent photons into the incoherent component (diffuse
photons) of either polarization and scattering of coherent
photons in one polarization into the coherent component of
the other polarization. The large contrast betweenand
in set S5, in spite of the small difference betweenand ,
can be attributed to the possibility that the major contribution
of the chicken bone is to transfer energy into incoherent
components (diffuse photons). This hypothesis is consistent
with the comparison between Figs. 5 and 6, which shows that
optical intensities are more intense at the tails in the region of
the stuck chicken bone. The connection between the relative
magnitude of the cross-polarized coupling coefficient and the
relative contribution of coherent and incoherent scattering
deserves further investigation.

IV. CONCLUSIONS

We have compared the time-resolved transmitted optical
intensity profiles and imaging results of diluted milk, chicken
breast tissue, and chopped chicken breast tissue based on
the conventional polarization gating method of time-resolved
imaging. The result in Fig. 3 implied that the polarization gating
method was quite effective in imaging inhomogeneous objects
in an isotropic turbid medium. Because chicken breast tissue
had a deterministically anisotropic property, it led to coherent
coupling between the two linear polarization components. The
coherent coupling resulted in difficulty of using the conven-
tional polarization gating method for optical imaging of skeletal
muscle tissues. To explore the polarization-dependent optical
properties of chicken breast tissues, we defined the extinction
coefficients of the polarization components parallel with
and perpendicular to tissue filaments and the cross-polarized
intensity-coupling coefficients between the two polarization
components. Based on the measured snake-photon intensity
data of three different input polarization conditions, we have
calibrated these coefficients. The values of the extinction coef-
ficients were quite consistent with previously reported. Besides,
we found that the extinction coefficient with polarization along
tissue filaments was significantly higher than that of the other
polarization. Also, the cross-polarized coupling coefficient of
the coupling from the direction of tissue filaments into the
other polarization was stronger than that of inverse coupling.

Preliminary interpretations were given. Further understanding
relies on future investigation.
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