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Anisotropy and multiple scattering in thick
mammalian tissues
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A dual-channel Mach–Zehnder interferometer using heterodyne detection allowed us to measure simulta-
neously parallel and perpendicular polarization components through various mammalian tissues at a wave-
length of l 5 633 nm. By contrast with liver tissue, squeletic muscles of a few millimeters thickness exhibit
strong anisotropic properties that change the direction of the linear polarization of the light. This rotation of
the initial plane of polarization is to be distinguished from the depolarization that is due to the multiple light
scattering that goes along with large temporal fluctuations. Complementary photos under linearly polarized
light illustrate the behavior difference between liver (isotropic medium) and muscle (anisotropic medium).
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1. INTRODUCTION
For medical applications such as optical tomography or in
situ spectroscopic measurements, it is necessary to know
how light propagates in tissues. In optical coherence to-
mography based on the detection of ballistic (straightfor-
ward) photons, the best images of the tissue structure up
to a 1-mm depth have been obtained by combining spatial
collimation and low-coherence interferometry.1–3 In this
domain, the use of the polarization state is awaited as a
potential means to improve the contrast of fibrous struc-
tures in biological tissue,4 to characterize the birefrin-
gence of the myocardium muscle,5 or to image the bire-
fringence of bovine tendon.6

For investigations in tissue thicker than 1 mm, in
which pure ballistic photons can no longer be detected,
one must extract information from scattered light. For-
tunately, coherent methods using a long-length coherence
source remain efficient to detect diffuse light for imaging
purposes.7 Considered as a possible means to improve
the selection of forward-transmitted light through dense
scattering media, polarimetry has been combined with
lock-in detection8–10 or time-resolved detection
schemes.11,12 Besides, in mammalian tissue, even more
than in latex suspensions, the preservation of the incident
polarization has been observed in the multiple-scattering
regime over distances much larger than those in the bal-
listic regime,12,13 but little is known about this phenom-
enon. Finally, temporal fluctuations of the light inten-
sity due to the Brownian motion are an additional
difficulty in imaging biological tissues that contain a large
amount of water.14

In a recent study on the multiple-scattering regime, we
observed that the polarization contrast in thick liver
samples decreases progressively as the thickness of the
0740-3232/2000/010149-05$15.00 ©
sample increases from 1 to 6 mm, while large temporal
fluctuations of the polarization are observed.13 In the
present paper we report on a more complete description of
light passing through liver as an example of isotropic tis-
sue, in comparison with the case of muscle tissue; the two
tissues are studied in identical experimental conditions.
The original part of the work reported here deals with the
influence of the strong anisotropy of thick muscles in po-
larized incident light, which dominates the multiple-
scattering effect at the millimeter scale. This anisotropy
in polarized light in vertebrate striated muscles has long
been observed on a thin slice by light microscopy.15

In the contractile unit, known as sarcomere, light I bands
(actin-containing) are isotropic to polarized light
(I 5 isotropy). Anisotropy in polarized light is located in
the dark A band (A 5 anisotropy), which contains myosin
molecules. The striation pattern of a sarcomere is re-
peated regularly with a periodicity of ;2.6 mm over the
entire muscular cell length.15 One could imagine that
such a regular structure might be taken into account for
diffuse tomography or in-depth spectroscopic applica-
tions.

For the sake of simplicity, we will measure only the di-
agonal components ryy and rxx of the coherence matrix16

r 5 S ryy rxy

ryx rxx
D

to describe the polarization P of the transmitted light for
a linear incident polarization. In practice, it is often con-
sidered that the polarization contrast, computed directly
from ryy and rxx only, can completely describe the state of
polarization of the scattered light.11,12 For tissue
samples in which scattering particles are not spherical,
however, a more precise description using the four Stokes
2000 Optical Society of America
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parameters of the polarization matrix should be consid-
ered when the nondiagonal components ryx and rxy are
nonzero.16 Because of the time fluctuations observed in
our tissue samples it was not possible to measure accu-
rately the four Stokes parameters by mechanically
switching a quarter-wave plate, a half-wave plate, and a
polarizing filter in sequence.13 Therefore we used a dual-
channel setup that can measure simultaneously parallel
and perpendicular components with good accuracy and
high sensitivity. In any case, these components will be
sufficient to identify qualitatively an optical anisotropy by
distinguishing a rotation of the polarization plane (when
ryy , rxx) from a progressive depolarization.5

2. MATERIALS AND METHOD
To analyze the polarization of the transmitted light, we
measured only the contrast of the linear polarization, us-
ing the dual-channel interferometer diagrammed in Fig.
1. The long-coherence laser source was a CW, linearly
polarized, 7-mW, He–Ne laser. In the measuring arm of
the interferometer, two acousto-optical modulators,
AOM’s, introduced a frequency shift of 1.3 kHz. On the
detector, such a frequency shift yielded an oscillating sig-
nal that was easy to amplify. The polarized beam-
splitting cube, set after the sample, separated linear par-
allel Iyy and linear perpendicular Ixx intensities of the
light emerging from the sample. Similarly, the reference
beam, circularly polarized by a quarter-wave plate, was
split into its linear components in order to produce with
the signal waves a heterodyne beat on both detectors.
We achieved the calibration by inserting a half-wave
plate at 45° and replacing the sample with a series of cali-
brated neutral densities. The detected voltage enabled
us to obtain the extinction in terms of optical thickness
(as OT 5 Ln(10).OD) corresponding to 2Ln(I/I0). We
measured the contrast of polarization P given by the for-
mula

P 5
Iyy 2 Ixx

Iyy 1 Ixx

.

Fig. 1. Schematic diagram of the dual-channel interferometer
for in-time polarization-contrast measurement. QW, quarter-
wave plate; AOM, acousto-optic modulator; D, PIN photodiode; L,
adjustable path length; PC, personal computer; BS, beam split-
ter; PBS, polarization beam-splitting cube; Py, linear polarizer
oriented vertically; Px, linear polarizer oriented horizontally.
Carefully cut after being frozen, liver and muscle slices
of beef and calf were mounted between two parallel flat
glass sheets at checked thicknesses ranging from 1 to 5
mm. Muscle samples were cut perpendicular to the main
fiber direction. The incident laser beam width of ;1 mm
integrated the properties of a great number of muscle
cells over the whole sample thickness. To study the spa-
tial distribution of the polarization, we measured both
parallel OTyy and perpendicular OTxx polarized compo-
nents at 18 different places on each sample. For each
place, we computed the contrast of polarization P during
50 s. Thus, at a sampling rate of 2 Hz, we measured 100
P values at each place, giving 1800 P values for the total
data acquisition on each sample.

In the photo created for macroscopic comparison (Fig. 5
below), muscle and liver samples were set into the same
holder. Linearly polarized illumination was provided by
combining a white-light source with a large polarizing
sheet (HN22; Polaroid). To analyze both parallel and
perpendicular polarized components of the light passing
through the sample, we juxtaposed two polarizing sheets
(HN22) against the holder side in front of the camera.

3. RESULTS
Figure 2 shows the average of all polarization contrast P
values obtained at 18 places through calf muscle and beef
liver samples, with L ranging from 1 to 5 mm. On each
sample, standard deviations were measured over all 1800
P values. Data concerning muscle and liver samples are
given on the same figure to facilitate comparison. From
this precise point of view, light should be rapidly depolar-
ized in muscle even for the 1-mm-thick sample, whereas
depolarization is progressive through liver, leading to a
polarization transport length close to or slightly above 5
mm.

A thick muscle sample is not perfectly homogeneous;
the direction of muscle fibers can change over a few mil-
limeters. Therefore the anisotropy due to myosin mol-
ecules should be partially degraded through thick
samples. Actually, at a given place through 1 mm of
muscle, the intensities of both parallel and perpendicular
transmitted components were perfectly steady for a few
minutes. This steady state leads to very steady P values.
However, from one place to another, P values appeared
very different, as shown in the right column in Fig. 3. In
this figure the vertical dashed lines positioned every 50 s
indicate the moment when measurement places have
been changed. For more clarity, we selected here only
ten random places on each slice. When the place of the
measuring beam on the sample was changed, P values
ranged between 11 and 21 because the direction of the
emerging linear polarization plane varied between the in-
cident direction (angle 5 0 for Iyy . 0 and Ixx 5 0) and
the crossed direction (angle 5 p/2 for Iyy 5 0 and Ixx
. 0). Even if we could not determine a complete coher-
ence matrix, negative values for P (i.e., Ixx . Iyy) corre-
sponded necessarily to a rotation of the polarization plane
between p/4 and p2. Figure 4 shows the recording of
both parallel (OTyy) and crossed (OTxx) components of
the intensity extinction on 18 different places on the
1-mm-thick muscle sample. In this example, the corre-
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sponding intensity in the crossed direction can be close
(see the first and fourteenth places in this example) or
identical (the fourth place in this example) to the maxi-
mum intensity measured in the direction parallel to the
incident polarization. Consequently, our experiments al-
lowed us to retrieve a clear and strong birefringence in
polarized light in the striated muscle on the millimeter
scale. The rotation of the polarization plane, different
from one place to another, is probably linked to the direc-
tion of its striated structure. In any case, we understand
better now that the large standard deviation given in Fig.
2 for the 1-mm-thick muscle sample corresponds to a
large data dispersion depending on the places and not on
time fluctuations. Furthermore, when the muscle thick-
ness increases, the multiple scattering dominates the bi-
refringence, and light becomes depolarized with increased
fluctuations. Depolarization seems almost complete
when L 5 5 mm. The same phenomenon was observed
in chicken breast and beef muscle.

To compare the maintenance of the polarization after
propagation through muscle with propagation through
homogeneous and isotropic tissue, we show in each plot
on the left side of Fig. 3 ten different polarization mea-
surements observed through beef liver samples during 50
s for each place. When L 5 1 mm, most of the P values
were close to 1 and none below 0. Moreover, time fluc-
tuations recorded between the dashed lines in Fig. 3 ap-
peared larger in liver (on the left) than in muscle (on the
right). For all studied thicknesses of liver, we checked
that fluctuations observed during 15 min at 18 different
places were similar to fluctuations observed during 15
min at the same place. When L 5 5 mm, P values are
distributed symmetrically around 0 (but are not perfectly
random) while the signal fluctuations are as large as in
the case of thin samples (see also Fig. 2). Consequently,
on the millimeter scale, liver appeared as an optically iso-
tropic tissue, in which the light behavior (dominated by
scattering) was almost identical from one place to an-
other. Results were similar for pork and beef liver
samples.

For a direct macroscopic comparison between muscle
and liver samples juxtaposed into the same holder (L
5 1 mm), an additional experiment was carried out by
combining a white-light source with parallel and crossed
polarizing sheets. In the photo (Fig. 5), the calf muscle

Fig. 2. Polarization contrast P for muscle and liver slices from 1
to 5 mm in thickness. Negative values corresponded to a rota-
tion of the polarization plane between 45° and 90°. Standard
deviations were calculated from the average values obtained at
18 places.
appears highly granular with an average extinction that
is almost identical for the two polarization channels. On
the contrary, extinction in liver is rather homogeneous

Fig. 3. For tissue thicknesses from 1 to 5 mm, polarization con-
trast P values were measured during 50 s at ten different places
on the same sample. Dashed vertical lines indicate when the
measurement place in the sample was shifted. On the left, re-
sults of experiments performed on liver slices as example of iso-
tropic tissue: Signal fluctuations increase with the thickness.
On the right, results of the same experiment performed in calf
muscle: The dispersion of P values as a result of the birefrin-
gence is clear for the thinner samples.
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(except in blood vessels, which are distinguishable on the
photo), but is far more obvious for the crossed polarization
(left side) than for the parallel one (right side).

4. DISCUSSION
Applied to thick tissue that contains quite a lot of cells,
the present method did not permit us to check the direc-
tion of the muscular fibers in comparison with the beam
direction accurately. The muscle samples selected for ex-
periments were to have visible longitudinal fibers (beef-
steak and veal escalope). The cutting was done perpen-
dicularly to the fiber direction as much as possible.
Nevertheless, once in the sample holder, muscular fibers
always bent in various directions that could be checked.
Therefore the fiber direction could change from one place
to another. For the time being, we are unable to observe
precisely the fiber direction at the measurement places
across the whole volume investigated by the laser beam.
Since striated muscle fibers are 10–100 mm in diameter,15

the incident laser beam with a width of ;1 mm integrates
the properties of a great number of muscular cells over
the whole sample thickness. However, additional more

Fig. 4. To illustrate the origin of the anisotropy, upper curves
show the extinction of parallel (OTyy) and perpendicular (OTxx)
polarized components for the 1-mm-thick calf muscle sample.
Measurements were recorded during 50 s at 18 different places
on the muscle.

Fig. 5. Under polarized white light, extinction is stronger in
liver than in muscle when the analyzer is oriented perpendicular
to the polarizer. In contrast, the analyzer’s orientation has al-
most no influence on the muscle brightness, which presents a
granular aspect (L 5 1 mm).
accurate experiments on muscle cut perpendicular to and
along the fiber direction might be useful to determine
which fiber structure and which fiber orientation influ-
ence the rotation of the polarization plane. Finally, we
are planning experiments to observe in vivo whether the
muscle birefringence changes during the contraction.

5. CONCLUSION
Muscle and liver tissues offer different optical character-
istics within a range of thicknesses lower than the polar-
ization transport length (i.e., from 1 to 5 mm) as observed
with a long-coherence interferometer based on a
polarization-sensitive heterodyne detection method. On
the other hand, these new data could be useful for tissue
diagnostics in reflectometry, as mentioned previously.4–6

On the one hand, consequences of the muscle birefrin-
gence in polarized light should be taken into account for
optical diffuse tomography or in-depth spectroscopic ap-
plications since muscles are numerous in different parts
of the human body. Elsewhere, tissues other than
muscle that have a very regular structure, such as the
white matter in nervous tissue, could be investigated to
verify how they influence light behavior. Thus future re-
alistic models applied to light propagation should take
into consideration the diversity of tissues, which will re-
sult in an improvement in the use of diffuse tomography.
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