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We present experimental results that show the spatial variations of the diffuse-backscattered intensity
when linearly polarized light is incident upon highly scattering media. Experiments on polystyrene-
sphere and Intralipid suspensions demonstrate that the radial and azimuthal variations of the observed
pattern depend on the concentration, size, and anisotropy factor g of the particles that constitute the
scattering medium. Measurements performed on biological-cell suspensions show the potential of this
method for cell characterization. © 1997 Optical Society of America
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1. Introduction

That polarization effects in scattered light can yield
useful information about biological material was
shown as early as 1976, when Bickel et al. announced
a “new biophysical tool.”1 They investigated how
suspensions of Bacillus Subtilis affect the angular
distribution of polarized light by measuring various
components of the scattering matrix2 for scattering
angles between 3° and 165°. Similar studies on
other bacterial suspensions were later performed by
van de Merwe et al.3 and Bronk et al.4,5 The use of
polarized light scattering for biological-cell differen-
tiation was again first demonstrated by Bickel et al.6
deGrooth et al.7 showed that depolarization of lin-
early polarized light can be used in flow cytometers to
distinguish among a number of leukocyte types.8
Furthermore, polarized light has been employed to
study polynucleosome superstructures9 and other
biomolecular structures.10
All the above-mentioned applications of polarized

light require measurement of polarized irradiance
over a broad range of forward-scattering angles.
However, there are many biomedical applications in
which the properties of backward-scattered light are
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of interest. For example, only backscattered light is
available in endoscopic procedures that are used to
diagnose tissues. A few studies exist that approach
this problem. Recently Mishchenko and Hovenier11
described theoretically the depolarization of light
backscattered from a randomly oriented nonspherical
particle. In another theoretical study, McCormick12
suggested a method to retrieve the particle-size dis-
tribution in an optically thick plane-parallel aerosol.
His proposed procedure requires a time-dependent
measurement of the backscattered polarized irradi-
ance and could potentially also be applied to biologi-
cal samples. Time-resolved measurements of the
depolarization of multiple backscattered light from
turbid media were performed by Yoo and Alfano.13
In their experiments, 5-fs laser pulses, which were
linearly polarized and collimated to a diameter of 5
mm, were directed onto latex-bead suspensions.
The backscattered light within the beam area was
collected and recorded as a function of time. Yoo
and Alfano observed that the depolarization varies
with particle size and concentration, and they esti-
mated that approximately 20 scattering events are
necessary to depolarize the light completely. Ander-
son14 used linearly polarized light to illuminate the
skin of his patients broadly. Viewing the skin
through another linear polarizer, he could distin-
guish the reflectance from the skin surface, which
preserves the plane of polarization, and the light
backscattered from within the tissue, which is more
likely to change the plane of polarization or become
depolarized.
In this paper we investigate the behavior of diffuse-
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backscattered, linearly polarized, continuous light
from turbid tissue phantoms and biological suspen-
sions. The difference between diffuse-backscattered
polarized light and backscattered polarized light as
described in the paragraph above is best illustrated
in Fig. 1. Instead of using a broad beam for sample
illumination, we focused the linearly polarized laser
beam to a small spot with a diameter of typically
,500 mm on the surface of the sample. This geom-
etry is more likely in endoscopic procedures in which
light is guided through an optical fiber to the area of
interest. We define as diffuse-backscattered light
the light that has been scattered multiple times in-
side themedium and escapes themedium at a surface
point that is given by a lateral distance r from the
laser input point and an angle a measured from the
x axis ~Fig. 1!. Recently, Wang et al.15 and Jacques
et al.16 reported on azimuthal variations of intensity
in the diffuse-backscattered linearly polarized light
around the light input point when viewed through a
polarizing filter. They found that these azimuthal
variations vanished at approximately two transport
mean free paths ~mfp’s! $mfp9 5 1y@ms~1 2 g!#% from
the initial laser spot. For larger distances r, an ex-
ponential decay in the light intensity is observed that
is comparable with the case in which no polarizers
are used.17 Dogariu and Asakura18 used the azi-
muthal intensity variations in the polarized back-
scattered light for the determination of the average
photon path length in a scattering medium. In the
work presented here, we experimentally study in de-
tail the effects of particle size, concentration, and
scattering-anisotropy factor g on the diffuse backscat-
tering of linearly polarized light. We demonstrate
that differences in particle size, concentration, and g
value lead to differences in the spatial pattern of
backscattered light when viewed through a polarizer.
First we describe the experimental setup and dis-

cuss the data processing and analysis. We then
show results from polystyrene-sphere suspensions
that contain just one size of particle, which have all
the same refractive index. The particle sizes and
concentrations are varied, and the variations in
the observed intensity patterns of the diffuse-
backscattered light are reported. This is followed by
measurements on Intralipid suspensions that contain
particles of varying sizes. Finally, we report on mea-
surements made on yeast and fibroblast suspensions.

Fig. 1. Illustration of the sample geometry for measurement of
diffuse-backscattered polarized light.
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These measurements demonstrate that diffuse-
backscattered linearly polarized light yields informa-
tion about the scattering centers in these types of
suspension and can be useful in characterizing biolog-
ical cells.

2. Methods

A. Experimental Setup

The experimental setup for studying the diffuse back-
reflectance of polarized light is depicted in Fig. 2. A
He–Ne laser with an output power of 5 mW at a
wavelength of l 5 632.8 nm was used as a light
source. Linear polarizer LP1 was placed in front of
the He–Ne laser. The polarized light was focused by
lens L1 ~ f 5 15 cm! and mirror M1 onto the surface
of the turbid medium through a hole in the center of
mirror M2. Lens L2 ~ f 5 15 cm! was used to gen-
erate an image of the surface area around the input
point in image plane IP1. This intermediate image
plane allows us to place an optical mask in the center
of this image and in this way reject the strong spec-
ular reflection from the surface at the laser input
point. The mask had, typically, a diameter of 1 mm;
however, it could be varied up to 5 mm. The image
at IP1 including the optical mask was viewed with a
55-mm Nikon camera lens L3 ~Micro-Nikkor, 55 mm,
fy2.8!, which was mounted on a cooled, intensified
CCD camera ~Princeton Instrument, Inc., 3660
Quakerbridge Rd., Trenton, N.J. 08619!. The CCD
chip had 575 3 384 pixels with a pixel size of 20 3 20
mm. The surface area under observation around the
laser entrance point could be varied from 0.5 cm3 0.5
cm to 4 cm 3 4 cm, depending on the position of L2
and L3. Polarizer LP2 was placed in front of L3 to
serve as an analyzer. The CCD camera was con-
trolled and operated with IPLab software ~Signal
Analytics Cooperation, 374 Maple Ave. East, Suite
#204, Vienna, Va. 22180-4718! running on aMac-IIci.
The dynamic range of the CCD camera was 12 bits.
Below we refer to images obtained with this setup as
polarized-diffuse-backscattering ~PDB! images.

B. Phantom and Cell Preparation

1. Polystyrene-Sphere and Intralipid Suspensions
We used aqueous polystyrene-sphere suspensions as
tissue phantoms that contain only one type of scat-

Fig. 2. Experimental setup for measuring diffuse-backscattered
polarized light.



tering center. For this study we used spheres with
eight different diameters ~0.096, 0.204, 0.304, 0.497,
0.966, 2.04, 2.92, and 10.2 mm!, which were sus-
pended in deionized H2O with trace amounts of sur-
factants ~Duke Scientific Corporation, 2463 Faber
Place, P.O. Box 50005, Palo Alto, Calif. 94303!. We
varied the concentrations of solids by weight from
0.003% to 3.0%. The index of refraction of the
spheres was 1.59 at 632.8 nm and the density was
1.05 gyml.
We also used Intralipid ~Kabi Pharmacia Inc.,

Clayton, N.C. 27520, Lot NR17230! in various con-
centrations as a tissue phantom with scattering
centers of a known size distribution. Intralipid is
a fat emulsion consisting of phospholipid micelles
and water, which is used clinically as an intrave-
nously administered nutrient. Because Intralipid
has no strong absorption bands in the visible region
of the electromagnetic spectrum and because it is
readily available and inexpensive, it is often used as
a tissue-simulating phantom medium. Its optical
properties have been studied in detail by several
authors.19–22 Van Staveren et al.21 determined the
particle-size distribution and calculated the mean
particle diameter to be 97 nm. They found parti-
cles as large as 675 nm and smaller than 25 nm in
their Intralipid suspension. From their data the
standard deviation ~SD! can be estimated to be ap-
proximately 101 nm ~104%!. For the SD, in this
paper we follow the definition given by Press et al.23

2. Yeast-Cell Suspensions
Yeast-cell suspensions were investigated as an exam-
ple for biological cells. Wild-type yeast cells ~Sac-
charomyces cerevisiae! were aerobically grown in a
liquid medium containing 1% yeast extract ~Difco
Lab., Detroit, Mich.!, 0.12% ~NH4!2SO4, and 0.1%
KPO4 ~pH 7.0! supplemented with either 2% ethanol
or 5.6% glucose as a C source.
Cells were harvested at the midexponential

growth phase, centrifuged, and washed twice in
cold H2O. The cells were then suspended at differ-
ent concentrations @~20–50 mg dry wt!yml# in a so-
lution containing 2-mM KPO4, 2-mM MgSO4,
1.7-mM NaCl, and 50-mM mes-NaOH, pH 6.1.
The optical properties of these cell suspensions for
concentrations of 15–46 ~mg dry weight!yml were
recently reported to lie in the range of m9s 5 3–8.5
cm21 and ma 5 0.045–0.065 cm21.24 For several
different suspensions, the mean cell diameter was
between 4.7 and 5.5 mm, with standard deviations
ranging from 3.5% to 6.3%.

3. Rat Fibroblast Suspensions
As an example for mammalian cells, measurements
were also performed on rat fibroblast M1 cell suspen-
sions. The fibroblast is the cell most commonly
found in connective tissue. It is responsible for the
synthesis of fibers and amorphous intercellular sub-
stances. Fibroblasts are rich in mitochondria, lipid
droplets, Golgi complexes, and rough endoplasmic re-
ticulum.25
Rat fibroblast M1 cells were cultured in an

a-minimal essential medium containing 10% bovine
calf serum, penicillin, and streptomycin in a humid-
ified incubator at 37 °C equilibrated with 5% CO2 in
95% air ~pH 7.4!. Monolayer cultures were propa-
gated in tissue culture flasks, as described in detail
elsewhere,26 to maintain cell growth and viability.
Cell suspensions for optical measurements were
prepared by the dissociation of cells from the cul-
ture surface by treatment with 0.25% Trypsin in a
Ca- andMg-free buffer at pH 7.4 for 10 min at 37 °C.
An excess ice-cold complete medium was then
added, the mixture was mixed by repeated passage
through a pipet, a sample was removed for count-
ing, and the cell suspension was centrifuged at 1500
rpm for 10 min. The cell pellet was then resus-
pended in an ice-cold phosphate-buffered saline at a
concentration of approximately 5.0 3 107 cellsyml
and stored on ice until the optical measurements.
Cells were counted with an electronic particle
counter equipped with a system for recording the
volume distribution of the particles. Only those
particles within the cell volume distribution were
counted, and the mean volume of the cell population
was estimated as the mean of the volume distribu-
tion of .104 cells.26 The mean cell diameter for
various samples was between 13 and 16 mm, with
standard deviations ranging from 6.5% to 11%. Fi-
broblast and yeast cells in suspension tend to as-
sume a spherical shape, which was confirmed with
microscopic observation.

C. Data Processing and Analysis

1. Data Processing
To quantify the surface images taken from the var-
ious scattering media, a spatial calibration was per-
formed by the placement of a millimeter-resolution
standard ~Edmund Scientific, Barrington, N.J.
08007-1380; U.S. Air Force Optical Test Pattern
38710! on the surface of the sample. Under white-
light illumination an image was acquired with the
CCD camera and stored as reference. Further-
more, dark measurements with a closed shutter in
front of the CCD camera were taken to determine
the background signal, which was to be subtracted
from all images before further data processing.
We determined the response function of the CCD
camera by shining light into the camera and suc-
cessively placing neutral-density filters in front of
the camera until the signal level reached the dark
level. This procedure was repeated for several val-
ues of the internal camera amplification, and the
images were corrected accordingly.
Three types of image of the surface of the scat-

tering medium around the light input point were
taken: ~1! linear polarizers LP1 and LP2 removed
~It!, ~2! LP1 and LP2 crossed with respect to each
other ~Ix!, and ~3! LP1 and LP2 parallel with respect
to each other ~Ip!. The images taken with polariz-
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ers were divided point by point by the images taken
without polarizers to yield the intensity ratios:

Ip, t~r, a! 5
Ip~r, a!

It~r, a!
, (1a)

Ix, t~r, a! 5
Ix~r, a!

It~r, a!
. (1b)

By normalizing against It, we eliminate effects that
are caused by the r-dependent exponential intensity
decay. This decay is typical in multiple-scattering
media for point illumination by a continuous light
source.17 Therefore the chosen normalization en-
sures that only effects that are due to the linear po-
larization of the light are observed.
In order to eliminate so-called salt-and-pepper

noise, a 3 3 3 median filter27 was applied to the
calculated images of the intensity ratios. Salt-and-
pepper noise arises from noisy sensor or electrical
transmission errors and usually appears as discrete,
isolated, strong pixel variations that are not spatially
correlated. The median filter used in this work as-
signs the median value of the nine pixels of a 3 3 3
square to the center pixel and effectively eliminates
discrete, isolated strong pixel variations. A spatial
low-pass filter, which assigns the mean value of the
nine pixels of a 3 3 3 square to the center pixel, was
used to smooth the data further. Finally, the con-
trast of the displayed images was enhanced by the
application of a histogram equalization28 and amulti-
banded gray scale.

2. Example
To illustrate the image processing, two examples of
our measurements are shown in Figs. 3~a! and 3~b!.
The PDB images display intensities of diffuse-
backscattered light for a surface area of 1.75 cm 3
1.75 cm, which images to 320 3 320 pixels on the
CCD. The light is linearly polarized along the x axis
and enters the medium in the center of all figures.
As can be seen, this center is obscured by a circular
mask, which rejects the specular reflection of the la-
ser spot from the surface of the medium. The line-
like disturbance that enters the pictures from the left
is caused by a 0.5-mm-diameter needle used to hold
the mask. Figure 3~a! is the result of a measure-
ment on a yeast-cell suspension with polarizers LP1
and LP2 crossed. Figure 3~b! shows the same sus-
pension, however, with LP1 and LP2 removed.
With no polarizers present @Fig. 3~b!# the intensity

is highest in the center around the mask and decays
exponentially with distance from the center.17
There is no azimuthal dependence of the intensity.
With crossed polarizers @Fig. 3~a!# a strong azimuthal
dependence appears with maxima at 6 45° and 6
135°. This azimuthal dependence disappears at
some distance from the center, after which the simple
exponential radial dependence dominates. The re-
sult of a point-by-point division of Fig. 3~a! by Fig.
3~b!, the intensity ratio Ix,t~r, a! is shown in Fig. 3~c!.
Instead of four maxima at 6 45° and 6 135°, minima
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with values smaller than 1 appear at 0° and 90°.
Toward the edges of the image the ratio becomes 1.
It can be seen that, in Fig. 3~a!, the azimuthal depen-
dence seems to disappear at r 5 0.5 cm from the
center, whereas in Fig. 3~c! the azimuthal depen-
dence is clearly still visible at r 5 0.8 cm.

3. Data Analysis
The question arises: How can these images be used
to gain information about the scattering medium?
Below we investigate how the azimuthal and radial
dependences of patterns like those in Fig. 3~c! are
influenced by the size, the anisotropy factor g, and the
concentration of the particles responsible for the scat-
tering.
To quantify these influences we turn to

polystyrene-sphere suspensions with spheres of
known diameter d and concentration or number den-
sity Ns. We have used Mie theory29 to calculate the
scattering phase function p~V, V9!, which describes
the probability that during a scattering event a pho-
ton with initial direction V9 is scattered in the direc-

Fig. 3. ~a! Image of the diffuse-backscattered intensity from a
yeast cell suspension taken with crossed polarizers LP1 and LP2,
~b! image of the diffuse-backscattered intensity from a yeast-cell
suspension taken without polarizers, ~c! point-by-point division of
the image in ~a! by image in ~b!. This image was additionally
rendered by filter operations and contrast enhancement.



tion V. Subsequently the anisotropy factor g was
determined, which is defined as

g ; *
4p

V z V9 p~V, V9! dV9. (2)

Furthermore, Mie theory was used to calculate the
scattering cross section Cs of the individual particles.
Given the number density Ns, the scattering coeffi-
cient can be determined as ms 5 NsCs. The inverse
of ms gives the average distance between two scatter-
ing events, also called the mfp. Finally, we also cal-
culate the reduced scattering coefficient m9s 5 ~1 2
g!ms. The transport mfp ~mfp9! is defined as the in-
verse of m9s.
We determined the pattern size by looking at the

azimuthal variations ~angle a in Fig. 1! of the back-
scattered intensity ratio Ix,t or Ip,t at a radius r from
the light input spot. In Fig. 4 this ratio is shown
for a circle with radius r 5 0.25 cm centered in the
middle of Fig. 3~c!. The spike at 270° is caused by
the holder of the optical mask and may be ignored.
For this example the azimuthal variations are stron-
ger than 30%. We define the radius at which these
azimuthal variations become smaller than 5% as the
pattern size rp. This definition was chosen because
the noise level in our images is approximately 5%.
Other definitions ~e.g., 2%, 10%! are possible and will
not change the basic results of this study, as dis-
cussed below.

3. Results

A. Polystyrene-Sphere Suspensions

1. Influence of Sphere Size
We first investigated how the diffuse-backscattered
light is influenced by the particle size. Figure 5
shows intensity ratio images from three suspensions
that contain polystyrene spheres with different diam-
eters. Instead of the whole images as in Fig. 3, only
the right halves of the figures are shown because all
the images are symmetric with respect to the x axes.

Fig. 4. Values of the intensity ratio @Fig. 3~a!yFig. 3~b!# on a circle
with radius r 5 0.25 cm, centered around the light input point in
the middle of Fig. 3~c!.
The images Ix,t~r, a! in Figs. 5~a!–5~c! were obtained
with crossed polarizers, whereas the images Ip,t~r, a!
in Figs. 5~d!–5~f ! were obtained with parallel polar-
izers. Compared with the wavelength of the He–Ne
laser that was used in these experiments, the diam-
eters d of the spheres are several times smaller @Figs.
5~a! and 5~d!: d 5 0.096 mm with SD 5 0.0053 mm#,
similar @Figs. 5~b! and 5~e!: d 5 0.497 mm, SD 5
0.0056 mm#, and several times larger @Figs. 5~c! and
5~f !: d 5 2.92 mm, SD 5 0.04 mm#. Moreover, it
should be noted that the suspensions of Figs. 5~b!,
5~e! and 5~c!, 5~f ! have almost the same scattering
coefficient ms, 25.0 cm

21 and 24.9 cm21, respectively,
and similar anisotropy factors g, 0.821 and 0.823,
respectively, at the He–Ne wavelength l 5 632.8 nm.
The azimuthal structure in the case of crossed po-

larizers @Figs. 5~a!–5~c!# does not have a strong de-
pendence on the particle size. Although the shapes
of the minima lobes differ slightly, the angles at
which they occur are, in all three cases, the same at
0° and 90°. In the case of parallel polarizers @Figs.

Fig. 5. Two-dimensional intensity ratios Ix,t~r, a! and Ip,t~r, a!
calculated from PDB images of polystyrene-sphere solutions with
~a!, ~b!, ~c! crossed polarizers, ~d!, ~e!, ~f ! parallel polarizers. The
column pairs @~a!, ~d!#, @~b!, ~e!#, and @~c!, ~f !# have the same sphere
diameter d, scattering coefficient ms, and anisotropy factor g, re-
spectively.
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5~d!–5~f !# more pronounced differences in the azi-
muthal distributions can be observed. For the larg-
est spheres @Fig. 5~f !#, two minima can be found at
45° and 135° with respect to the polarization of the
incoming light ~Fig. 3!. The cross pattern appears to
have been rotated by 45° when compared with the
pattern in Fig. 5~c!. The sphere suspension with
almost the same ms and g but different particle size
@Fig. 5~e!# displays a different pattern. Minima still
occur at 45° and 135°; however, the minima are much
broader and for small r extend also in the 90° direc-
tion to form a butterflylike pattern. For the suspen-
sion with even smaller particles @Fig. 5~d!# this
extension at 90° has become so strong that only one
minimum is visible, and the cross structure disap-
pears.
Rather than a two-dimensional ~2D! image of the

sample surface around the light input point, Fig. 6
shows the intensity ratios for various fractions of the
radius of the pattern size rp as a function of the
azimuthal angle a. Here the results of a
polystyrene-sphere suspension with sphere diameter
d5 0.966 mm ~SD5 0.6%! are shown. It can be seen
that the difference in the intensity between 0° and 90°
increases as the fraction decreases. This was ob-
served for all particle sizes.
Figure 7 displays the intensity ratios of Figs. 5~d!–

Fig. 6. Intensity ratios Ip,t~r, a! as functions of azimuthal angle a
for various radii r # rp. Here the results of a polystyrene-sphere
suspension with sphere diameter d 5 0.966 mm are shown.

Fig. 7. Intensity ratios Ip,t~r, a! of Figs. 5~d!–5~f ! and 6 for a fixed
radius of r 5 rpy3 as functions of the azimuthal angle a.
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5~f ! and 6 for the fixed radius of r 5 rpy3 as functions
of the azimuthal angle a. The radius rpy3 was cho-
sen because we found that for smaller radii the dis-
tortions caused by the optical mask increase, whereas
for larger radii, as shown in Fig. 6, the variations in
the intensity ratios as functions of angle decrease.
Figure 7 shows that for an increasing particle size the
minimum at 90° becomes a local maxima and two
newminima at 45° and 135° appear. This holds true
not only for r 5 rpy3 but for all radii r , rp.
In general it can be concluded that the ratio of the

intensities at 0° and 90°, for any given radius r , rp,
is related to the size of scattering particles in the
suspension. In Fig. 8 the ratios of the intensities at
0° and 90° for seven polystyrene-sphere suspensions
with different particle diameters are displayed. For
particle sizes larger than 3 mm this ratio was 1. As
radius we chose here again r 5 rpy3. If a larger
radius is chosen, the curve is shifted up toward 1,
whereas for smaller radii the curve shifts to lower
values. Similarly, the curve will shift if the defini-
tion of the pattern size rp is changed.

2. Influence of Concentration and g-Value
In all our experiments we observed that changing the
concentration of the sphere suspensions, or in other
words, changing the macroscopic scattering coeffi-
cient ms, does not change the azimuthal dependence.
However, the particle concentrations affect the pat-
tern size rp. Increasing the concentration of parti-
cles in the solution by a factor of n led to a decrease
of the pattern radius rp by a factor of n. An example
is shown in Fig. 9. Here the pattern radius for
the case of crossed polarizers was determined for
polystyrene-sphere suspensions with a particle diam-
eter of d 5 0.497 mm. The concentration was varied
from 0.075% to 0.186% solid weight of polystyrene
spheres. The corresponding scattering coefficients
ms were calculated from Mie theory and are provided
in the scale on the top of the graph. It can be seen,
for example, that doubling the concentration from
0.093% to 0.186% approximately halves the radius rp
from 0.61 to 0.31 cm.
Furthermore we found that rp also depends on the

Fig. 8. Dependence of the ratio of Ip,t~r 5 rpy3, a 5 90°!yIp,t~r 5
rpy3, a 5 0°! on the particle diameter in polystyrene-sphere sus-
pensions.



anisotropy factor g of the particles in the suspen-
sions. Results of measurements with crossed po-
larizers on three suspensions with similar
scattering coefficients ms but different g values are
displayed in Fig. 10. The anisotropy factor g in-
creases from g 5 0.329 @Fig. 10~a!# to g 5 0.663 @Fig.
10~b!# to g 5 0.821 @Fig. 10~c!#. A comparison of the
three figures shows that with increasing g the ra-
dius of the pattern increases.
In Fig. 11 the radii of the patterns for crossed and

parallel polarizers are displayed as functions of the g
value. As units for rp we chose the transport mfp,
mfp9 5 @~1 2 g!ms#

21. Given these units, rp depends
weakly on g for the case of crossed polarizers. A
much stronger dependence on g can be observed for
the case of parallel polarizers. For decreasing g val-
ues the parallel pattern increasingly exceeds the size
of the crossed pattern, whereas for increasing g val-
ues the pattern sizes approach each other. If g 5 1,

Fig. 9. Pattern radius rx,p for the case of crossed polarizers for
polystyrene-sphere suspensions with a particle diameter of d 5
0.497 mm as a function of particle concentration.

Fig. 10. 2D intensity ratios Ix,t~r, a! as calculated from images of
a polystyrene-sphere suspension with crossed polarizers: ~a! g 5
0.329, ms 5 27.9 cm21, d5 0.204 mm; ~b! g5 0.663, ms 5 26.2 cm21,
d 5 0.304 mm; ~c! g 5 0.821, ms 5 24.9 cm21, d 5 0.497 mm.
the unit mfp9 becomes infinite, and therefore rp
should become 0 for both the parallel and the crossed
polarizer cases. Furthermore it should be noted
that using a different definition for the pattern radius
rpwill shift these curves slightly; however, it does not
change the overall dependence of rp on g.
We conclude that, by measuring the radius of the

polarization pattern for crossed and parallel polariz-
ers, we can estimate ms and g of a turbid suspension
for a given index of refraction and wavelength. The
ratio of the radii of the images taken with parallel
and crossed polarizers yields a value for g. From
Fig. 11 and the measurement of the radius of the
crossed or parallel pattern, we can then determine ms.
Furthermore, as discussed in the section on azi-
muthal dependence ~Subsection 3.A.1., Fig. 8!, the
image with the parallel polarizer yields information
about the diameter d of the particle responsible for
the scattering. In Subsection 3.B below, an example
illustrates these methods for the estimation of d, g,
and ms.

B. Intralipid Suspensions

To see if these patterns are still observable in sus-
pensions with a range of particle sizes, we studied

Fig. 11. Radius of the polarization pattern and its dependence on
the anisotropy factor g for the cases of crossed polarizers ~open
squares, solid curve! and parallel polarizers ~filled circles, dashed
curve!.

Fig. 12. Intensity ratio Ip,t~r, a! obtained from a 0.8% Intralipid
solution with parallel polarizers: ~a! 2D image, ~b! one-
dimensional graph with radius fixed at r 5 rpy3 5 0.15 cm. In
both cases 0 # a # 180°.
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Intralipid solutions. In Fig. 12~a! the intensity ra-
tio Ip,t~r, a! is shown for a 0.8% Intralipid suspen-
sion. Figure 12~b! shows the azimuthal variation
of Ip,t for r 5 rpy3 5 0.15 cm. When Figs. 12~a! and
12~b! are compared with Figs. 5~d! and 7, it can be
seen that the polarization intensity pattern from
the Intralipid suspension is similar to that observed
with the polystyrene-sphere suspension with a par-
ticle diameter of 96 nm. As mentioned above the
mean particle diameter in the Intralipid suspension
is 97 nm. The ratio between the intensities at 90°
and 0° of the Intralipid suspension yields 0.53 @Fig.
12~b!#; using the polystyrene-sphere calibration
curve ~Fig. 8!, we find that this corresponds to a
particle diameter of 110 nm ~620 nm!. It appears
that the pattern structure observed with mixed-size
suspensions is approximated by the pattern ob-
served with a single-size suspension, in which the
particles have a diameter similar to the mean di-
ameter of the mixed-size suspensions.
Other optical parameters of the suspension can be

estimated as follows: The ratio Rx,p of the crossed
pattern radius rp,x divided by the parallel pattern
radius rp,p isRx,p 5 ~rp,x!y~rp,p! 5 0.75. From Fig. 11
we find that if Rx,p 5 0.75, the anisotropy factor
g is ;0.76. Furthermore, Fig. 11 shows that if g 5
0.76, the radius of the parallel pattern is approxi-
mately rp,p 5 3.2 mfp9. From Fig. 12~a! we measure
the radius of the parallel pattern as rp,p 5 0.45 cm
and get

rp,p 5 0.45 cm 5 3.2 mfp9

5 3.2 @~1 2 g!ms#
21f ms 5 29.6 cm21.

These values for g and ms for a 0.8% Intralipid sus-
pension, measured at a wavelength of l 5 632.8 nm,
lie well within the range of values previously found in
other studies ~Flock et al.22: g 5 0.825, ms 5 27.2;
Moes et al.20: g 5 0.71, ms 5 30.88; van Staveren et
al.21: g 5 0.768 ~experimental!, g 5 0.731 ~theoret-
ical!, ms 5 38.08; Star et al.19: g 5 0.83, ms 5 44.0!.

Fig. 13. Intensity ratio Ip,t~r, a! obtained from a wild-type yeast
cell-suspension @~50 mg dry weight!yml# with parallel polarizers:
~a! 2D image, ~b! one-dimensional graph with radius fixed at r 5
rpy3 5 0.38. In both cases 0 # a # 180°.
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C. Biological-Cell Suspensions

1. Yeast Cells
As the first example of biological material we studied
wild-type yeast-cell suspensions. In Subsection
2.C.2. we already showed the images for the crossed
polarizer case. In Fig. 13~a! the related intensity
ratio for parallel polarizers is shown, and Fig. 13~b!
displays the azimuthal variations for r 5 rpy3 5 0.38
cm. When Figs. 13~a! and 13~b! are compared with
Figs. 5~e! and 7, it can be seen that the polarization
intensity pattern from the yeast-cell suspension is
similar to that observed with the polystyrene-sphere
suspension with a particle diameter of 497 nm. The
ratio between the intensities at 90° and 0° of the
yeast-cell suspension yields 0.70; using the
polystyrene-sphere calibration curve ~Fig. 8!, we find
that this corresponds to a particle diameter of 600 nm
~670 nm!. An analysis similar to that in Subsection
3.B reveals for this yeast suspension @~50 mg dry
weight!yml# an anisotropy factor of approximately
g 5 0.8 and a scattering coefficient of ms 5 23.0 cm21.
It is interesting to note that the yeast cells them-

selves had diameters in the range of approximately
3–8 mm @mean diameter 5.2 mm, SD 5 0.3 mm
~5.8%!#. Thus it appears that the cell volume cannot
be responsible for most of the scattering. Smaller
cell compartments like the nucleus, with a diameter
of;1 mm, or yeast-cell mitochondria, with a diameter
of 0.2–0.5 mm,30,31 appear to cause most of the light
scattering.

2. Rat Fibroblast Cells
As an example for mammalian cells we investigated
the diffuse backscattering of polarized light from M1
rat fibroblast-cell suspensions. In Fig. 14~a! the in-
tensity ratio Ip,t~r, a! for parallel polarizers is shown.
Figure 14~b! displays the azimuthal variations for
r 5 rpy3 5 0.68 cm. The ratio between the intensi-
ties at 90° and 0° of the fibroblast-cell suspension
yields 0.555; using the polystyrene-sphere calibration
curve ~Fig. 8!, we find that this corresponds to a par-
ticle diameter of 200 nm ~640 nm!. The mean di-

Fig. 14. Intensity ratio Ip,t~r, a! obtained from an M1 rat
fibroblast-cell suspension with parallel polarizers: ~a! 2D image,
~b! one-dimensional graph with radius fixed at r 5 rpy3 5 0.68 cm.
In both cases 0 # a # 180°.



ameter of the cells in this particular suspension is
15.2 mm @SD 1.2 mm ~7.9%!#. The largest cell ob-
served had a diameter of d 5 22.3 mm, whereas the
smallest cell had a diameter of d 5 8.4 mm. There-
fore it appears that the scattering must be caused by
much smaller structures. Fibroblast mitochondria
with diameters of25 0.05–0.3 mm seem to be the most
likely candidates. This would support the findings
of a recent study on another mammalian cell by
Beauvoit et al.32 Using near-infrared time-resolved
spectroscopy to probe rat liver mitochondria and
liver-cell suspensions, they conclude that the light
scattering from liver cells lies totally in its mitochon-
dria content.

4. Discussion

The experiments on diffuse backreflectance of polar-
ized light reveal distinct differences for three cases:
~a! The scattering particle is much smaller, ~b! much
larger, or ~c! similar in size to the wavelength of the
probing beam. These differences occur predomi-
nately for the case of parallel polarizers @Figs. 5~d!–
5~f !#, whereas for crossed polarizers, similar
azimuthal and radial patterns are observed indepen-

Fig. 15. Mie calculations of the scattering phase function for
spherical particles with a refractive index of n 5 1.59 in H2O ~nw
5 1.33! at a wavelength of l 5 632.8 nm. Diameters d of the
particles are ~a! 0.096 nm, ~b! 497 nm, ~c! 2920 nm.
dently of the ratio of particle size to wavelength @Figs.
5~a!–5~c!#. For crossed polarizers four lobes are al-
ways visible, with minima at azimuthal angles of 0°
and 90° with respect to the plane of polarization of the
incoming beam. In the case of parallel polarizers, a
similar pattern is observed for particles much larger
than the wavelength; however, the pattern is rotated
by 45° @Fig. 5~c!#. If the particles are much smaller
than the wavelength, the four-lobe pattern is re-
placed by a two-lobe pattern, if viewed with a parallel
polarizer. Also, small particles have a small g value,
and for this case the differences in the size of the
pattern are observed depending on whether the po-
larizers are parallel or crossed. For large g values
the diameters of the crossed and the parallel patterns
become comparable. The question arises as to why
these differences occur.
Differences in the phase functions for different par-

ticle sizes account for some of the observed phenom-
ena. Figure 15 displays the three phase functions
for the particles in Fig. 5 as calculated by Mie theo-
ry.29 The y axis displays the scattered irradiance
per unit of incident irradiance for incident light that
is either polarized parallel ~p! or orthogonal ~s! to the
scattering plane. For easier comparison, the scat-

Fig. 16. Same as Fig. 13, except that the spherical particles have
a smaller refractive index of n 5 1.4, which is typical for biological
cells and their compartments.
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tered irradiance was normalized in all figures to 1 for
the scattering angle g 5 0. The scattering angle g
depicted on the x axis is defined as the angle between
the direction of the incident and the scattered wave
for a single scattering event. The angle g is not to be
confused with the azimuthal angle a, which was used
in the above discussions and figures and, together
with r, described a position on the surface of the
scattering suspension.
It can be seen that for the small particles with d 5

96 nm, a distinct difference for the p and the s com-
ponents exist. For p scattering there is a sharp min-
imum at scattering angles close to 90°, which is
absent for s scattering. Because the phase functions
for the two polarizations are so different, one can
expect the diffuse-backscattered signals to be differ-
ent for crossed and parallel polarizer positions.
With increasing particle size this difference becomes
less pronounced. For large particles @Fig. 15~c!#
there are variations in the high-frequency oscilla-
tions of p~u!, but the overall shapes are similar. Pat-
terns with four lobes are found for both the parallel
and the crossed polarizer cases. For a more detailed
analysis of the causes for the observed patterns, nu-
merical methods, like Monte Carlo simulations, will
be necessary, and we expect to make this the subject
of a future paper.
That the pattern for the parallel polarizer case is

larger than the pattern with crossed polarizers, if the
suspension consists of particles smaller than the
wavelength, is in agreement with findings of Yoo and
Alfano13 and MacKintosh et al.33 These groups
found that the parallel polarization component for
backscattered light is stronger and decays slower
than the perpendicular component if suspensions of
small spheres are used.
The interpretation of the images from biological-

cell suspensions when they are related to findings for
polystyrene-sphere suspensions is only approximate.
Polystyrene spheres have an index of refraction n 5
1.59 at l 5 632.8 nm. The refractive indices of bio-
logical cells and their cell compartments have not yet
been studied in detail; however, a couple of studies on
various tissues and cell components suggest a range
of ncell ; 1.35–1.51.34–38 The differences in the re-
fractive indices between polystyrene spheres and bi-
ological cells will result in somewhat different
scattering phase functions. To illustrate the effects
of a lower index of refraction, Fig. 16 shows the phase
functions for the same sphere sizes as in Fig. 15 but
with n5 1.4. The backgroundmedium in both cases
is H2O with n 5 1.33. When Figs. 15 and 16 are
compared, it can be seen that for an increasing par-
ticle size the differences in the phase functions in-
creases. However, the general conclusion of the
previous paragraph remains. For small particles
there is a pronounced difference between the p and
the s polarizations, whereas for large particles the p
and the s phase functions are similar in shape.
Therefore one can expect qualitatively similar results
for polystyrene-sphere and biological-cell suspen-
sions.
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5. Summary

We have shown that, by probing a turbid medium
with a narrow beam of linearly polarized light and
viewing the diffuse-backscattered light with crossed
and parallel polarizers, we observe azimuthal and
radial variations in the intensity around the light
input point. Studies with polystyrene-sphere sus-
pensions reveal that, for a given wavelength and
refractive index, the structures of these spatially
varying intensity patterns depend on particle size,
the anisotropy factor g, and the scattering coeffi-
cient ms. The particle diameter can be deduced
from the azimuthal variations of the pattern, and ms
and g can be determined from the radial extent of
the pattern. Experiments with Intralipid, yeast-
cell, and fibroblast suspensions demonstrate that
these patterns can also be observed in media that
contain scattering centers with a range of sizes.
The measurements on yeast cells and mammalian
fibroblast cells suggest that particles much smaller
than the cell volume, possibly mitochondria, cause
most of the light scattering. Differences in mito-
chondria size and concentration are often observed
between healthy and diseased cells and tissues.31
Therefore the method of PDB imaging has the po-
tential of becoming a new diagnostic tool.

The authors thank D. Zerkle for the supply of the
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preparation of the fibroblast suspensions. This
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of Energy.
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