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A newly designed instrument, the static light-scattering �SLS� microscope, which combines light micros-
copy with SLS, enables us to characterize local light-scattering patterns of thin tissue sections. Each
measurement is performed with an illumination beam of 70-�m diameter. On these length scales, tissue
is not homogeneous. Both structural ordering and small heterogeneities contribute to the scattering
signal. Raw SLS data consist of a two-dimensional intensity distribution map I��, ��, showing the
dependence of the scattered intensity I on the scattering angle � and the azimuthal angle �. In contrast
to the majority of experiments and to simulations that consider only the scattering angle, we additionally
perform an analysis of the azimuthal dependence I���. We estimate different contributions to the
azimuthal scattering variation and show that a significant fraction of the azimuthal amplitude is the
result of tissue structure. As a demonstration of the importance of the structure-dependent part of the
azimuthal signal, we show that this function of the scattered light alone can be used to classify tissue
types with surprisingly high specificity and sensitivity. © 2003 Optical Society of America
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1. Introduction

The search for noninvasive medical techniques leads
naturally to the use of light. A growing number of
optical-medical applications such as photodynamic
therapy, laser-based microsurgery, optical-coherence
tomography,1 and diffuse-optical tomography2,3 are
based on light–tissue interactions, and thus ulti-
mately on the single-scattering event. Our under-
standing of the single-scattering event in tissue is
limited. Although a complete spatial map of the
complex index of refraction is sufficient to calculate it
with Maxwell’s equations,4,5 exact calculations are
computationally tedious and require an impractical
level of detail, especially knowledge of both cellular
contents and exact arrangements of scattering ob-
jects. We show that by analyzing light-scattering
data along two angular axes, we can partially account
for both tissue contents and their organization.

Because most medical techniques have been devel-
oped for bulk tissue, many experimental approaches
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and their analytical or numerical support rely on
average tissue-scattering properties. These are ex-
pressed as scattering and absorption coefficients6–9

that are calculated from raw data under the assump-
tion of a multiple scattering model. These average
scattering properties have been sufficient input to
models based on the diffusion approximation, trans-
port theory, and Monte Carlo techniques to support
the remarkable progress in developing optical tomo-
graphic techniques in recent years.3,10–12 None of
these efforts considers cellular length scales.10,13–16

Because tissue is heterogenous on length scales be-
tween 1 and 1000 �m, attempts to use continuum
light-transport models on shorter-length scales may
not succeed.

Unlike diffuse-optical tomography, some optical di-
agnostic techniques are sensitive to cellular length
scales.17–19 Pathologists, for example, see the earli-
est signs of disease by microscopic examination of
structures. The hunt for a light-scattering signa-
ture of pathological microstructure has motivated
studies of tissue model systems. These studies of
tissues and cell suspensions focused on measure-
ments of I���, known as the phase function or form
factor.20–22 Most of these investigations have been
performed in backscattering geometry to mimic in
vivo measurements.22–24 The form factor can be cal-
culated for scatterers of various sizes and shapes. It
is natural, therefore, that static light-scattering
�SLS� models have focused on the content rather than
on the structure of tissue. However, it is not possi-
ble to look at tissue micrographs without noting the
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complex spatial arrangement of different cell types,
organelles, and extracellular matrix. That the orga-
nization itself must contribute to light scattering is
well known implicitly. For example, polarized light
microscopy, a useful tool for pathologists, is sensitive
to birefringence, which is a consequence of structural
alignment in tissue. Light-scattering techniques
have two general advantages over direct imaging
that may lead to their preferred use in some biomed-
ical applications. First, light scattering captures
data of direct relevance to light transport. Second,
the interpretive strategies are more naturally quan-
titative than approaches based on image analysis.
Since both light scattering and microscopy are sensi-
tive to index-of-refraction contrast, they both should
be able to detect local optical property changes in
tissue owing to differences in microstructure. The
development of useful light-scattering approaches
could lead to both theoretical advances and practical
applications in automated tissue diagnosis.

To study the role of organization at the cellular
scale in light–tissue interactions, we have developed
a technique that combines SLS with microscopy.
The combination will guide our interpretation of scat-
tering from heterogeneous samples. The light-
scattering apparatus is built into a fully functional
microscope, which provides simultaneous bright-field
images and two-dimensional light-scattering pat-
terns.25,26 We have collected scattering patterns

from several tissues. In addition to reproducing pre-
viously published form factor results, these data point
to the importance of organization as seen by both a
power-law analysis of the form factor and by analyzing
the azimuthal scattering patterns for between-tissue
differences. After looking at the total azimuthally
scattered power, we construct a reduced-space version
of the Fourier representation of the azimuthal scatter-
ing patterns. The statistics of the patterns in this
representation show diagnostic promise and point to
future applications in biomedical optics.

Because the data that follow are qualitatively dif-
ferent from those of other techniques, we briefly pre-
view both bright-field images and scattering patterns
of different tissue types. In Fig. 1�a�, a striated mus-
cle has been mounted with fibers aligned parallel to
the cover slip �striated ��; the same type of muscle
with fibers aligned cross sectionally to the cover slip
is shown in Fig. 1�b�. Muscle is composed of elon-
gated fibers, which are oriented in striated muscle
and globally disoriented in the lung smooth muscle
shown in Fig. 1�c�. Skin, Fig. 1�d�, is a heteroge-
neous tissue containing large structures such as
hairs and sweat ducts. The influence of different
organizational properties on SLS patterns is dis-
played in the scattering patterns, which demonstrate
that directional ordering contributes to anisotropic
scattering patterns. Each example has some degree
of ordering: The periodic organization of parallel

Fig. 1. Real-space images �left� and scattering patterns �right� from different tissues. The real-space images show a field of view of
60-�m width, displaying the surface onto which the incident laser beam is directed. The scattering patterns are intensity distributions
and show bright spots for high scattered intensity. In �a� Rana Sartorius muscle fibers are oriented parallel to the surface of the coverslip
�“striated muscle �”�. Influence of orientation of the fibers on image and scattering patterns can be observed by a comparison with �b�, a
striated muscle sample mostly cross-sectionally oriented to the surface of the coverslip �“striated muscle �”�. �c� and �d� Real-space images
and scattering patterns from lung smooth muscle and skin (stratum corneum), respectively. In skin, the amount of light scattered on the
left-hand side of the beam block is much higher than the intensity on the other side, another manifestation of anisotropy. The smooth
muscle scatters light more isotropically.
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aligned muscle fibers results in highly structured az-
imuthal spikes �Fig. 1�a��. The scattering from the
perpendicularly oriented striated muscle is isotropic
�Fig. 1�b�� suggesting that there is little order in the
plane perpendicular to the muscle’s contractile axis.
The sarcomeres in lung smooth muscle �Fig. 1�c��
have local order that is difficult to detect in the
bright-field image but results in small scattering
anisotropies. Rough surfaces and interfaces such as
those found on the top layer of skin, the stratum
corneum, cause vague directionality, and sharp
boundaries result in spikes or lines in the scattering
patterns �Fig. 1�d��. The scattering patterns of these
four images quantitatively reflect the qualitative fea-
tures observed in the images.

2. Materials and Methods

2.A. Sample Processing

We have studied four different tissue types: porcine
smooth muscle, striated muscle, and skin, as well as

Rana bifida Sartorius muscle. Porcine tissues for
this study were collected from a single animal. The
samples were frozen in liquid nitrogen immediately
after collection and cut into 20-�m-thick slices by use
of a standard cryomicrotome. The slices were di-
rectly transferred from the knife to a small coverslip
�18 mm � 18 mm�, which was mounted on a micro-
slide, with ultravacuum grease to seal the chamber.
The slides were stored for up to 2 weeks at 	20 °C or
at 4 °C for less than 24 h prior to measurement.

2.B. Static Light-Scattering Microscope

The physical principles as well as instrumental de-
tails of the SLS microscope �Fig. 2� have been de-
scribed elsewhere in detail.25–27 Briefly, a laser
beam is coupled into the illumination path of an in-
verted microscope. In the sample plane, the beam is
collimated with a diameter of 70 �m. Scattered
light, collected by the objective lens, forms a scatter-
ing pattern in the back focal plane. This pattern is
reimaged onto an intermediate plane containing a

Fig. 2. Schematic of the SLS microscope. A laser beam from an Ar
-ion laser �Coherent Innova 304, 514.5 nm�, attenuated to typically
50 �W, is coupled into the illumination path of a commercially available inverted microscope �Leica DM-IRBE�. A photodiode monitors
the incoming beam intensity, which allows us to correct for differences in input intensity. The laser beam is collimated at the sample
plane to a beam diameter of 70 �m. The conventional objective lens of the microscope �plan-apochromatic, 100� magnification� collects
both forward-scattered and transmitted light. Pixelized scattered-light intensity distributions are measured at a 16-bit cooled CCD
detector �Princeton Instruments, Model CCD-512SF, 512 � 512 array of 24-�m-sized square pixels� located on an extension of the
microscope. The scattering patterns on the detector are enlarged images of the back focal plane of the objective �BFPO�, with the
transmitted beam blocked. In addition, the same regions of our samples are imaged by means of conventional bright-field microscopy by
diverting a portion of the illuminating light to the side camera port equipped with a video camera.

1 June 2003 � Vol. 42, No. 16 � APPLIED OPTICS 2873



beam block to remove the transmitted beam and fi-
nally is relayed onto a cooled CCD detector. This
detector has 16-bit dynamic range with a 512 � 512
array of 24 �m2 pixels. Before a quantitative inves-
tigation of the scattering function is possible, all scat-
tering patterns are divided by the exposure time and
the input intensity and corrected for small effects
including pixel differences and flare at low angles,25

thus reducing the influence of measurement errors to
typically below 1%. Flare or stray light is measured
by scattering from an empty sample chamber.

The corrected intensity distribution on the detector
is converted into the scattering function I��, �� on the
basis of considerations of optics and scattering geom-
etry. The scattering angle � of a beam scattered by
a sample of refractive index nS is a function of the
radial distance to the transmitted beam on the detec-
tor, �x. This relationship is calibrated by measure-
ment of the pixel position of diffraction peaks caused
by scattering from a graticule of index of refraction
nG. Using Bragg’s law to relate scattering angles to
the position of diffraction peaks on the detector �x
and Snell’s law to take account of various indices of
refraction, we obtain a calibration curve with a cali-
bration constant, C.

� � �arcsin�nG

nS
C�x�� . (1)

Simultaneous bright-field imaging is performed
with a CCD video camera attached to the side port of
the microscope.

We average over the azimuthal angle � by dividing
the pattern into concentric rings around the unscat-
tered beam to obtain the form factor I���. To obtain
I���, we average over � by binning the image into 360
wedges of 1°. For sufficiently sampling the varia-
tions of our tissue, experiments were performed for
each thin section at 25–35 randomly selected fields of
view.

The analysis below mainly concerns the light-
scattering patterns. The images are used implicitly
to ensure that patterns come from the tissue of inter-
est. The scattering pattern and the image are not
merely different representations of each other.
Real-space and Fourier-space results are not con-
nected by a simple transformation, because of the
different optical properties of the light sources. The
coherent laser illumination in the scattering mea-
surement has a large effective depth of field and truly
probes three-dimensional volume.25 The imaging
modality does depend on all three dimensions but is
carefully designed to present planar images.

3. Results

We begin by comparing our results with previously
published data. Typically, scattering patterns are
analyzed with respect to the scattering angle � and
compared with the Henyey–Greenstein function, an

empirical approximation for Mie scattering from par-
ticles with a distribution of sizes20,28

I��� � I0

1 � gHG
2

�1 � gHG
2 � 2gHG cos ��3�2 . (2)

We have extracted the scattering-angle-dependent
signal Iij��� of each local scattering pattern i and av-
eraged over the ensemble of fields of view for each
tissue j. In Fig. 3 we display both the average form
factors �Ij���
 � ¥i�1

n Iij����n for each tissue type and
fits to the Henyey–Greenstein function. The
Henyey–Greenstein phase function �Eq. �2�� contains
no absolute cross section and only one parameter, the
anisotropy gHG, a measure of forward-scattering
probability. In the Rayleigh-scattering limit of par-
ticles much smaller than the illumination wave-
length, gHG approaches zero, whereas the sharp
forward scattering cone of large particles is described
by a gHG close to 1. The axes and range of angles in
Fig. 3 are chosen to match the convention of Jacques
et al.20 Both the quality of the fits and the value of
gHG are in agreement with their results for thin tis-
sue sections �Table 1�. In general, the match be-
tween the Henyey–Greenstein function and light-
scattering data from thin tissue sections is poor at
large angles,18 and only a correction to higher-order
terms is able to produce better agreement.29,30

As an approximation of Mie scattering, the
Henyey–Greenstein function neglects the interfer-
ence resulting from organized tissue structure. If
we took a different point of view, that tissue organi-
zation is the dominant factor in light–tissue interac-
tions, then we would adopt a model based on the
statistics of scattering from aggregates.31 Aggre-
gate scattering models lead to power-law scattering
functions32 that can be used to describe aggregation
of bacterial cells. Power-law functions are known to
connect the theoretical framework for phase transi-
tions to experimental systems. Experimentally de-
termined power-law coefficients are often used as
input to the theory of gelation processes of polymers

Fig. 3. Henyey–Greenstein fits of the form factors �I���
� for the
interval 0.995 � cos � � 0.9, with the method of Jacques et al.20

The systematic deviations from the small-angle Henyey–
Greenstein parameters at larger angles are matched by previous
studies. These data show the compatibility of averages of our
measurements to bulk measurements that inherently average over
a large illumination area.
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and colloids.33 To match the notation of these mod-
els, we change axes from I��� to I�q�. The wave vec-
tor q � 4�nS sin���2��� is a function of the scattering
angle �, the laser wavelength �, and the refractive
index of the sample nS. We show in Fig. 4 that a
power-law decay, I�q� � q	2, does describe our data
well. Light scattering from many systems, such as
gels and colloidal aggregates, is described by a power
law. In these systems, the power law results from
interference between neighboring particles in an ag-
gregate and can be derived mathematically with sim-
ple geometric relationships and an integral over the
pair correlation function.34 The power-law coeffi-
cient z is a measure of the structures’ dimensionali-
ty.35 Recently, it has been stated that this concept is
applicable to tissue as well.4,36,37 Bulk structures of
dimension d have decay coefficients z � d up to 3,
with scatterers organized within the surface of an
object thicker than 1�q scatter light with a power law
that decays with z � 6 	 d between 3 and 6. The
best-fit values of z to the form factors in Fig. 4 are
shown in Table 1. Skin appears to be organized dif-
ferently than the other tissues. Whereas all non-
skin samples have decay coefficients between 2.3 and
2.7, the decay coefficient for skin is 3.6. Within the
framework of fractal geometry, we can explain this
difference by arguing that scatterers in skin are or-
ganized along a macroscopic surface, whereas muscle
scatters light from fibrous particles imbedded
throughout the bulk of the tissue, even though we
have sampled only a thin slice of that bulk-organized

tissue. Thus the plate-like cells of the stratum cor-
neum have scattering properties distinct from other
tissues. For the fractal dimensions d, we obtained
values between 2.3 and 2.7. These values are in
accordance with results of a previous study36 �d �
2.6 	 2.72� on a number of tissues that are different
from ours. There, the fractal dimension has been
calculated from Fourier-transformed microscope im-
ages of different resolution. In summary, although
our angular scattering data match previously pub-
lished results, a power-law analysis supports the con-
cept that the arrangement of scattering objects
contributes qualitatively to light scattering in tissue.

The novelty of our data is the inclusion of azi-
muthal resolution �Fig. 5�. There exist excellent lit-
erature about azimuthal variation in the intensity of
light backscattered from bulk tissue and tissue phan-
toms, in which underlying polarization effects are
described as well.23,24 Our experiment is different in
experimental design and investigated systems, as we
examine the azimuthal variation in forward scatter-
ing from thin tissue slices. We observe a significant
amount of light scattered into complex azimuthal
patterns �Fig. 4�. In the following, we argue that
both contents and structural organization contribute
to these patterns. In general, not all the azimuth-
ally varying signal can be assumed to be the signa-
ture of organization, and a more detailed analysis is
needed to separate contributions of different effects.
We now test the importance of azimuthal scattering
in two steps: First, we quantify the different contri-
butions to show that a significant part of the light–
tissue interaction is due to structure. Second, we
develop a scheme that might be useful for identifying
tissue types solely on the basis azimuthal scattering.

To separate the effects of particle shape from orga-
nization, which both contribute to anisotropy in scat-
tering, symmetry analysis of the single amplitudes is
crucial. In general, the polarization-dependent sin-
gle scattering amplitude E� in relation to the incident
beam E can be described by the 2 � 2 scattering
matrix S for any object.36 Because the intensity is
equal to the square of the field, the scattered inten-
sity matrix contains 4 � 4 elements. This matrix is
easily transformed into the 4 � 4 sized Mueller ma-
trix that completely describes the polarization state

Fig. 4. Slice-averaged form factors of different tissue types show
a power-law decay I�q� � q	z. The decay law for skin �z � 3.6� is
substantially different than for the other tissue types �z � 2.5�.

Table 1. Average Tissue-Scattering Propertiesa

Skin Smooth Muscle Striated Muscle � Striated Muscle �

Asymmetric anisotropy 0.48 � 0.18 �0.47� 0.27 � 0.15 �0.22� 0.24 � 0.1 �0.20� 0.46 � 0.18 �0.41�
Random scattering component 0.48 � 0.16 �0.43� 0.65 � 0.13 �0.68� 0.68 � 0.09 �0.67� 0.36 � 0.15 �0.34�
Power-law coefficient z 3.63 � 0.03 2.37 � 0.01 2.62 � 0.02 2.67 � 0.04
Anisotropy factor gHG 0.872 0.907 0.879 0.869

aMajor azimuthal scattering components, power-law coefficients and Henyey–Greenstein factors gHG. The asymmetric anisotropic
scattering signal can be used to quantify differences in structural ordering between tissues. Moreover, the structure-independent
scattering fraction is given. It consists of the isotropic amplitude and the part of the symmetric amplitude, which is linked to scatterer
size. This component highlights the difference between the less-ordered tissues and the symmetrically aligned muscle fibers of the
striated muscle � sample �Figs. 6 and 7�. Here average values are shown with standard deviations and medians in parentheses. Porcine
skin is different from muscle in that its power-law coefficient is between 3 and 4, whereas the other samples show coefficients between 2
and 3.
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of scattered light.37 For a sample of homogenously
distributed approximately spherical particles such as
nuclei, which is the usual assumption when consid-
ering light–tissue interactions, the azimuthal signal
can be described with application of Mie theory.36 In
this case, a linearly polarized incident laser beam
leads to an azimuthal signal of 180° symmetry. De-
tails of the pattern such as scattering intensities de-
pend on the state of polarization of the input beam
and on the size of the scatterer. A successful and
growing literature of measurements taken in back-
scattering geometry is based on this scheme.22–24 In
these experiments, bulk tissues and tissue phantoms
produce characteristic arrays of Mueller matrices in
which the 4 � 4 array is presented as an array of
images and each point on the sample contributes a
pixel to each image.

Since the Mie-scattering pattern is more complex
in the backscattering than in the forward-scattering
directions, the complexity of patterns observed in
these Mueller matrices in diffuse backscattering
techniques is higher than that of our forward-
scattering data.23,24,37

On the other hand, the presence of asymmetric
components in experimental data would demonstrate
the influence of local differences in particle distribu-
tion. These microscopic differences are the building
blocks of tissue structure. For effectively estimating
the relative importance of this contribution to the
light–tissue interaction, we have expanded the exper-
imental data into a Fourier series with complex co-
efficients cm:

I��� � �
m�	�

�

cm exp�	im��. (3)

The real amplitudes �cm� are independent of the
orientation of the sample. To decrease the system-

atic effects introduced by our beam block, we replace
the covered region of typically 10° with data from its
180° symmetric counterpart, since these components
are a reasonable zero-order prediction for the total
intensity in this small region, leading to a conserva-
tive estimate for the asymmetric anisotropy. By
back transformation, we ensure that the resulting
series represents the original function up to average
differences of less than 1%. Using the Fourier coef-
ficients cm, we can divide the total scattered intensity
into a symmetric component m � 2k, an asymmetric
component m � 2k 
 1, and an isotropic component
m � 0. Symmetric and asymmetric components to-
gether present the anisotropic intensity.

First, we investigate the asymmetrically scattered
light. Its fraction � is

� �

�
m�2k

�cm�

�
m�	�, �

�cm�
, k � 0. (4)

In a disordered sample, randomly aligned scatter-
ers will tend to result in � � 0. To avoid overstating
the asymmetric anisotropy factor, we calculate � with
an upper limit of m � 10 instead of �. This arbitrary
cutoff leads to a conservative estimate that treats
high frequencies as if they are part of the isotropic
signal.

Across the investigated tissues we see that a sig-
nificant fraction of scattered light, generally over
20%, scatters asymmetrically �Table 1�. This sug-
gests that asymmetric scattering is a significant part
of the light–tissue interaction.

In addition, a smaller but not negligible part of the
tissue structure itself might be of symmetric shape
and would thus contribute to the symmetric ampli-
tude. Prominent examples for symmetric tissue or-

Fig. 5. Radial intensity distribution I��� of a single measurement for each investigated tissue type. The skin sample, as well as the
parallel oriented muscle sample, shows a large amount of scattering dependent on the azimuthal angle. Samples showing unordered
structures have by far less anisotropic scattering.
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ganization are aligned fibrous structures such as
muscle fibers. To identify the structure-dependent
symmetric signal, we have resorted to an experimen-
tal method. After taking a single measurement, we
rotated the sample by at least 90° around the center
of the incident beam. Then a second measurement
of this spot was taken, and differences in the angular
intensity of the symmetric signal were estimated.
The scattering signal of a homogenous particle dis-
tribution is practically rotation invariant, whereas
the rotation of symmetrically aligned fibers leads to
the rotation of the related scattering signal. For a
rough check of the presence of this effect, distinguish-
able symmetric peak structures were replaced with
the same angular range of the rotated pattern. The
resulting pattern was compared with the original
pattern. If the symmetric peak structures were due
only to a homogenous scatterer distribution, no
change in the patterns would be observed. In fact,
differences of up to 65% were estimated in single
measurements of aligned muscle. This method was
extended to all tissue types: First, the amount of
anisotropic scattering was quantified with Eq. �4�.
Then rotated and unrotated patterns were compared
by calculation of the minimum of the two intensities
for each angle. The resulting component contains
the isotropic and the symmetric rotation-invariant
scattering signals, both effects of random scatterer
distribution. Knowing two of the three contribu-
tions, we calculate the remaining intensity needed to
reconstruct the original signal. This final compo-
nent is the rotation-variant symmetric signal that
results from symmetric alignment of scatterers. In
general, our estimates show that across all tissues a
significant fraction of the scattering signal cannot be
explained by the assumption of homogenous scatterer
distribution in tissues �Table 1�. In Fig. 6 we display
the sample-averaged contributions to the azimuthal

scattering signal for the investigated tissues. Asym-
metric and rotation-variant symmetric scattering
together present the signal resulting from the pres-
ence of irregularly shaped particles and tissue or-
ganization. Striated muscle � shows the strongest
influence of asymmetric and symmetric rotation-
variant scattering, 45% �Table 1� and 20%, respec-
tively. On average, 65% of the azimuthal signal is
due to contributions that together represent tissue
organization. The highest fraction of asymmetric
scattering, 48% �Table 1�, is found in the stratum
corneum data, which additionally has the lowest frac-
tion of rotation-variant signal and thus the smallest
amount of symmetric alignment. Perpendicularly
oriented striated muscle has the lowest amount of
structure-dependent signal. But since even in this
case tissue organization contributes �35% to the to-
tal signal �Table 1�, we can assume that tissue struc-
ture and organization significantly influence the
optical properties of tissues on microscopic length
scales.

Tissues are not, in general, homogenous at the cel-
lular scale. Inhomogeneous and irregular tissues
present a challenge for pathological tissue typing,
though extremely different tissues should separate
rather easily. To highlight the differences between
tissues, we display distributions of the rotation-
invariant symmetric scattering coefficient for the two
tissue types that are most different, smooth muscle
and striated muscle � �Table 1� in Fig. 7. Because
these distributions only slightly overlap, one might
hope that only one parameter alone could be used for
tissue typing. Although this is true for extremely
different tissues, more subtle differences will require
a closer look. As an initial attempt to apply aniso-
tropic scattering to tissue typing, we use the simplest
multivariate method, principal component analysis
�PCA�, to analyze the Fourier coefficients.39,40 Our
goal is to demonstrate that, similar to I���, a high
amount of physiologically relevant information is
contained in I���.

The first step in PCA is to organize the data into a
k � m array, where k is the total number of patterns
and m is the number of Fourier coefficients. To min-

Fig. 6. Composition of azimuthal light scattering of the investi-
gated tissues. Skin �stratum corneum� shows the highest asym-
metric scattering component of all investigated tissues; striated
muscle and lung, the lowest. Up to 50% of the scattered light is
scattered asymmetrically. The rest is symmetric or static scat-
tering owing to a random distribution of scatterers �“random”�.
All investigated tissues suggest that amounts of more than 30% of
the scattering are not due to a homogenous distribution of parti-
cles. Parallel-aligned striated muscle has the highest rotation-
variant symmetric scattering amplitude; skin �stratum corneum�,
the lowest.

Fig. 7. Distribution of random anisotropic scattering for the two
tissue types separable best according to the scattering component
that is due to random scatterer distribution. The probability of
obtaining a certain “random” scattering fraction is shown versus
the fraction itself.
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imize sampling errors, we reduce our representation
from the 360 data points in I��� to m � 50 Fourier
amplitudes. Each of the four tissues contributed 25
patterns to our total set of k � 100 patterns. Each
scattering pattern is represented by m Fourier am-
plitudes and can be thought of as one point in an
m-dimensional data space. This space is vastly
larger than the nature of the data requires and is
therefore sparsely populated. To find a simple rep-
resentation of the space of scattering patterns, we
diagonalize the matrix and rotate it so that the axes
�eigenvectors� are sorted from most to least signifi-
cant according to the magnitude of their eigenvalues.
The eigenvalue spectrum �Fig. 8� indicates that over
90% of the variation can be attributed to the first four
principal components. The details of the eigenvec-
tors are somewhat arbitrary and should not be over-
interpreted. By keeping only the dimensions along
which there is the most variation, we use PCA as a
tool for data reduction. More-sophisticated multi-
variate analysis techniques segment data with
greater precision and produce more meaningful axes.
We consider the projection of the scattering patterns
along the first five principal components to be a “fin-
gerprint.” To show how useful this representation
is, we present a scatter plot of the projection of the
patterns against the first two principal components of
all experiments in Fig. 9. This plot highlights the
heterogeneity within and between tissues. The two

tissue types showing repetitive micrometer-sized
structures exhibit large variation in these compo-
nents, whereas the disordered striated muscle tissue
and the lung smooth muscle cluster together tightly,
with the exception of a few outliers. For qualitative
use of these fingerprints, we apply k-means cluster
analysis, a qualitative measure of similarity and dif-
ference between multidimensional data. Although
this effort is mainly demonstrative, we show that
cluster analysis is a useful way to separate the azi-
muthal light-scattering signature of differently struc-
tured homogeneous tissues. The data of striated
muscles, skin, and lung smooth muscle are grouped
into clusters with a routine packaged with our data-
analysis software �IDL, Research Systems Incorpo-
rated, Boulder, Colorado, USA�. This routine
divides the data into clusters with maximal distance
between their centers. Since k-means clustering in-
volves an optimization algorithm whose output might
be sensitive to initial guesses or might experience
local minimum convergence, we checked the algo-
rithm shortly for its robustness by slightly varying
the input data, its order, and the number of clusters.
Finding no substantial sensitivity to slight varia-
tions, we set the number of clusters equal to the
actual number of tissue types. The clustering algo-
rithm’s output �Table 2� shows the assignment of
each field of view to the clusters A, B, C, and X. The
distinction between ordered and disordered struc-

Fig. 8. Eigenvalues of the PCA �right-hand axis� represent the
variation of scores of the PCA analysis, performed for all tissues
together. They show the pronounced importance of the first four
components and can be scaled as percentage of variation �left-hand
axis�. The figure shows that more than 90% of the variation of the
data is represented by the first four principal components.

Fig. 9. Scatter plot of PC1 versus PC2: This plot shows the
comparably strong variation in principal components of the or-
dered structures. Much smaller variation is observed for princi-
pal components of cross-sectionally oriented striated muscle and of
lung smooth muscle, which have no directional order.

Table 2. Results of the Cluster Analysisa

Classification Striated Muscle � Striated Muscle � Smooth Muscle Skin Specificity �%�

A 16 0 0 14 53
B 6 2 0 18 69
C 1 26 28 0 50
X 4 0 2 1 —
Sensitivity �%� 59 93 93 55

aAnisotropy-based classification of tissue by cluster analysis of the scattering patterns along the dimensions of their most significant
principal components. Ordered samples �striated muscle �, skin� and disordered samples �striated muscle �, smooth muscle� are almost
completely separated into different clusters. Sensitivity,38 the probability for measurements of one tissue type being grouped solely into
one cluster, is very high for the disordered muscles.
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tures is quite clear: Cluster C contains only disor-
dered structures. Between the two disordered
structures, however, no distinction is found by cluster
analysis. It is not surprising that we are unable to
distinguish cross-sectionally oriented striated from
smooth muscle, because as in some fields of view the
smooth muscle is a very similar tissue and is locally
ordered over the diameter of our probe beam. Both
sensitivity and specificity �Table 2� are measures that
describe the accuracy with which one tissue type is
represented by a single cluster. Sensitivity is the
probability for all measurements of one tissue type to
be grouped into the same cluster. Specificity is the
probability that all measurements grouped into the
same cluster belong to the same tissue type. For
skin, the specificity for cluster B is 69%, which is
surprisingly high. The sensitivities obtained show
that longitudinally oriented striated muscle and skin
separate from the randomly oriented samples almost
completely by azimuthal scattering. The a posteri-
ori sensitivity and specificity of clustering is impres-
sive considering the limited data used for the
analysis. To emphasize the importance of I���, we
have neglected all other information. Our statisti-
cal analysis of the azimuthal angle of SLS experi-
ments on supercellular but not macroscopic length
scales shows the influence of structure and order in
light scattering from thin-tissue sections.

4. Discussion

We have measured SLS patterns from small illumi-
nation volumes in thinly cryosectioned tissue in order
to understand the origin of light–tissue interactions.
First, we reproduced previous results on average
scattering form factors. Then we reviewed the mo-
tivation for considering organization to be a signifi-
cant component of the light–tissue interaction.
First, the influence of structure can be seen in the
large-angle power-law decay of the tissue form factor.
Second, the complex azimuthal dependence of the
scattering patterns is a consequence of tissue organi-
zation.

The common working hypothesis about the origin
of light scattering from tissue is that small, mainly
spherical objects are responsible for the scattering
signal. As a result, many investigations focus on
micrometer-sized organelles such as vesicles, mito-
chondria, and nuclei.18,22 Our measurements sug-
gest that progress may be enhanced by considering
local order within the tissue and the cell. This ap-
proach will not have difficulty with tissues consisting
mainly of extracellular matrix, such as clots, connec-
tive tissues, and dermis. The SLS signal will cap-
ture the organizational features of mesh and bundle
size, and very likely their disturbance due to disease
with higher precision than obtained previously. We
have shown that the light-scattering microscope is
sensitive to heterogeneities and directionally ordered
structure. The relative presence of oriented struc-
ture and the relative contribution of heterogeneities
to light scattering are optical signatures of the state
of the tissue. More-challenging heterogenous tis-

sues whose architecture involves different cell sizes
and shapes that form various structural elements
become quantifiable, since no prediction about scat-
terer shape has to be made for data analysis. Our
relative success in tissue classification using a small
subset of scattering data and fairly primitive analytic
methods is intriguing. It suggests a strategy to use
differences in light-scattering patterns to distinguish
between normal and dysplastic tissue.18,19,21 The
Richards–Kortum group, for example, combines or-
ganization and content in a fluorescence-based ap-
proach to the optical diagnosis of cervical cancer.39,40

The light-scattering microscope can easily be auto-
mated to raster scan a sample or region of interest on
a sample, which might enable applications in auto-
mated quantitative histology. Because routine pa-
thology still requires time-consuming detailed visual
inspection of the whole biopsy slice, a major advance
might consist of a fast automated raster inspection
using a combination of both qualitative imaging and
quantitative light-scattering analysis to find small
suspicious regions worth inspecting in detail.

Our report also suggests that attempts to extend
models of light transport in tissue to shorter dis-
tances may be hindered by the existence of locally
preferred directions for light transport. Modeling
the transition from photon diffusion to a few or single
scattering events is difficult because the details of
tissue organization become significant. The infor-
mation about the single-scattering event from the
light-scattering microscope might provide important
input for corrections of diffusion and transport calcu-
lations. One application of such knowledge could be
for calculations of exposure for photodynamic therapy
that take into consideration the shadows and bright
spots created by local tissue structures. In sum-
mary, researchers in the fields of optical histology
and light-transport modeling may find the light-
scattering microscope to be a valuable tool.
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