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ABSTRACT
Rayleigh light scattering has not yet been used for quantitative investigations of heterogeneous systems. Preconditions for
such an experiment are a well defined scattering geometry and independent information about the local state of the sample.
We have designed a new instrument that meets these criteria: a light- scattering microscope with simultaneous imaging. We
demonstrate the ability to characterize local differences within one tissue type as well as global differences between tissue
types. Real space images of the sample are taken by normal video microscopy techniques. The light scattering pattern is
analyzed by the evaluation of wave- vector dependence (form factor) and scattering direction of the scattered intensity.
Statistical analysis of scattering patterns show what is important for the characterization and classification of tissues and
heterogeneous structures. Real space images provide context for scattering analysis. The light scattering microscope is a
powerful tool for characterization of local structural order in inhomogeneous structures like tissues.
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1. INTRODUCTION

In the pursuit of non-invasive measures of physiology and structure, the field of tissue optics has been growing rapidly in the
1990s. Many applications oftissue optics rely on differences in light scattering and absorption between different tissue types,
such as tumor and non- tumor 2 Focussed on understanding these differences, a significant literature has appeared on the
origin oflight scattering in tissue ' (and references therein).
Researchers have primarily taken three different experimental approaches:
(1) Photon transport measurements of tissue 5h1 or tissue phantoms 1215, using various experimental geometries. Bulk

tissue is best described as turbid media. Transport measurements focus on measuring bulk quantities like absorption,
transmission or reflection coefficients. The values of these coefficients vary due to the physiological conditions of the
sample as well as due to species- specific variability and differences in the techniques 2, 16

(2) Averaged scattering experiments from dilute suspensions of cells and organelles to find the structures that are the main
contributors to the light scattering from tissue 1720 J has been tried to relate the also measured optical properties of the
tissues to the scattering from constituent organelles

(3) Scattering measurement from excised tissue. Up to now, most of these investigations focussed on measuring average
tissue scattering properties from mounted slices 21, 22, using tissue slices of thicknesses between 100 and 1000 tm.

Furthermore, various models have been developed for these approaches to describe the experimental results from transport
measurements 2325 and light scattering from cells and cell suspensions theoretically 26,27
This report is a novel example of the third approach. Working with thinner excised tissue slices (20 tm), we performed
simultaneous microscopic imaging and scattering measurements of numerous small regions. The report discusses the
technique, the differences between tissues and analyzes both the aggregate and individual statistical properties of scattering
patterns with an eye towards describing the microscopic origins of light scattering in tissue. The principal result is that extra-
and super-cellular tissue organization is responsible for a large fraction of the most distinctive qualitative features of
scattering patterns.
We study the optical properties ofthin unstained tissue slices with a newly designed light scattering microscope 28•
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This microscope-based light-scattering apparatus allows us to both observe real space images and simultaneously perform
static light scattering measurements. By using a collimated beam in the sample plane and imaging the sample
simultaneously, we can select the scattering volume of interest and control the size and placement of the beam. The scattered
light is imaged onto a CCD-detector. Previous attempts to use the microscope as a scattering platform either used a highly
divergent beam in the sample plane which made interpreting static light scattering difficult 2931,or did not include imaging
32 which provides an intuitive if not always formal tool to help unravel scattering patterns.
The beam is not larger than 70 tm in diameter. Therefore, we can directly relate scattering to the structures the light is
scattered from by imaging on a lengthscale at which heterogeneities in the tissue can be resolved. Without a traditional,
image based view of heterogeneities we see no way to understand the connection between scattering patterns and tissue
structure. Little is known about how variations in tissue organization and strucuture contribute to light scattering in tissue.
We do know that tissues show specific heterogeneities of sizes and organization. Hair, pores, sweat glands, epithelial layers,
collagen fibers, lung alveoli, bile ducts and capillaries are only a few examples.
The data from light scattering experiment consists of the two-dimensional intensity distribution of the scattered light, which
we can relate to the scattering angle by a simple calibration procedure and derive both the azimuthal averaged and fully
anisotropic static form factor from the intensity distribution. These patterns are analyzed with statistical methods. But we
can use the real space images to check on which structures the light is scattered from, a uniquely useful feature. We have
successfully applied our technique to investigate heterogeneities inside different tissue types and are able to measure
differences between tissue types due to the presence of specific heterogeneous structures. A tissue consisting of a well
organized structure like striated muscle has a unique scattering pattern showing strong anisotropy in scattering.

2. EXPERIMENTAL METHODS

2.1. Design of the static scattering microscope

By using a commercially available inverted microscope (Leica DM-IRBE) with additional custom-made optical and
mechanical components as shown in Figure 1 ,we perform simultaneous scattering measurements and imaging. A laser beam
(Coherent Innova 304, 5 14.5 nm) is launched from a fiber optic coupler that is mechanically mounted to an extension of the
microscope above the condenser. A series of neutral density filters and a linear polarizer attenuates the laser intensity to
typically less than 5O.tW. A beamsplitting cube splits the laser intensity into two paths of equal intensity (accomplished by
rotation of a linear polarizer). One path leads directly to a photodiode that monitors the input laser intensity, the other beam
is coupled into the light path of the microscope by a dichroic mirror. It scatters from the sample and is collected at the
detector. On the collection side of the sample, the objective lens of the microscope (plan-apochromatic, lOOx magnification)
with high numerical aperture (N.A.1.4) collects both scattered light and unscattered transmitted beam. By using index-
matching immersion oil to eliminate the air-glass interfaces at the condenser and objective, we can collect scattered photons
up to an angle close to 90 degrees from aqueous samples. In the back focal plane of the objective (BFPO), all parallel rays
are brought to a point. By collecting light in this plane, we collect photons through the same scattering angle, 0. In the
BFPO, the scattering angle depends only on the distance between the collection point and the center of the BFPO, 6x sin 0.
In most objectives, the BFPO is inconveniently located just inside the objective's exit pupil. We built a projection system to
re-image the BFPO in a more accessible plane above the internal housing of the microscope, through a phase telescope
mounted on the camera port of the trinocular head. In the projected BFPO, we place a beamblock to remove the unscattered
transmitted light. The beamblock consists of a 1mm diameter metal rod. The beamblock obscures light scattered at angles
less than 3 degrees. One final relay lens re-images the scattering plane and beamblock, onto a 16 bit cooled CCD detector
(Princeton Instruments, Model CCD-512SF) with a 512x512 array of 24tm square pixels. The intensity at each pixel can be
measured using a variety of exposure times to increase dynamic range.
The incident laser beam is focussed to a point on the back focal plane (BFP) of the condenser, ensuring a collimated beam in
the sample plane. With our design, a 1mm diameter laser beam forms a spot of 40 microns with a divergence angle of less
than 10 mrad. We can increase or decrease the illuminated spot size with the addition of an enlarging or reducing telescope
before the focussing lens at the field ins. Additionally, samples can be imaged via conventional bright-field microscopy by
diverting a portion of the illuminating light to the side camera port, where a 8 bit CCD camera can record the real space
images. We place a filter before the camera to block out the transmitted and scattered laser beam, and allow only the red
portion of the illuminating halogen source to pass. This allows us to record both the real space image from the brightfield
microscopy and the corresponding Fourier space image from the static light scattering. We perform several calibrations for
the CCD detector, namely correcting for read-out noise, thermal noise, offset and pixel to pixel variations due to the quantum
efficiency and area of each pixel by taking several pictures of a dark background and a uniformly illuminated ("flat")
background. There is a final correction for flare at low angles. Flare is measured by scattering from an empty or solvent
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filled sample chamber to find the amount of stray light. This flare intensity is then subtracted from the experimental data
using an appropriate scaling factor to reflect the differences in input laser intensity between the two images. An attenuation
factor is also used to compensate for the attenuation of the beam by the sample compared to the empty sample chamber.
These corrections are typically small compared to the scattering intensity at even fairly large angles.

2.2. Raw data conversion and data analysis

On the CCD detector, we collect the intensity as a function of the radial distance of the scattered light towards the unscattered
beam. To. convert this distance- dependent function into a wave- vector dependence ('form factor'), we have to relate the
radial distance to the wave vector of the beam and find the proportionality factor between them. We know that the radial
distance of the scattered light on the BFPO (and therefore on the CCD detector) is proportional to the sine of the scattering
angle: 8x-sinO. The (sample dependent) proportionality constant can be found by scattering from an object showing a
calculable scattering pattern. We used a graticule for this calibration: Calculating the scattering angles of maxima and
minima from the known distances of the gridlines (d) using Bragg's law and measuring the appropriate positions of maxima
and minima on the CCD detector (6x), we can calculate the conversion factor C:

S1fl6G = C*Sx, (1)

with ? being the wavelength of the laser beam and m the order of the maximum.
Using Snells law, we can apply this conversion to any sample S with known refractive index n5:

sines =2*SiflOG (2)
ns

Once the conversion from the distances into scattering angles is known, we can calculate the scattering wave vector q =
4tnsin(9/2)/), where n is the index of refraction of the sample, and ) is the wavelength of the incident beam. In our data
analysis, we have divided our scattering patterns into concentric rings of fixed wave— vector around the beam- center and
have calculated the average intensity of each of all pixels inside the ring. Results are shown in section 3.
To present a picture of the measured sample which is as close to the average and to investigate the content, to which
heterogeneities contribute to the average appearance of the sample, we have taken between 25 and 35 images and
measurements of randomly selected spots on the sample. Furthermore, we have screened regions containing interesting
heterogeneities to investigate the change in scattering from homogenous tissue to the heterogeneity. The measured and
corrected scattering patterns have been converted into form factors. Additionally to that, anisotropy in the scattering patterns
has been determined by calculating average intensities on a radial grid. The angular regions between O and I OO and between
3500 and 3600, which were covered by the beam- block, have not been taken into account. In both cases the averaged
intensities have been divided by the exposure time and the intensity of the incoming laser beam to allow comparison of
measurements taken with different values of these parameters.

2.3. Sample processing

We have tried to keep the sample processing technique as simple as possible to prevent further artifacts due to sample
processing . Lung, skin and muscle have been directly frozen and stored in liquid nitrogen or a —70C freezer until the slicing
procedure. The Xenopus Sartorius muscle and has been stored, sectioned and processed like the porcine samples. The frozen
tissue samples were sectioned 20 microns thick, using a standard cryomicrotome. The slices were directly transferred from
the knife to a small coverslip (18 mm x 18 mm), which was glued onto a microslide, using ultravacuum grease to seal the
sample airtight. The samples were stored for 2 weeks at —20°C or at 4°C overnight, if measured the next day.
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3. RESULTS
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3.1. Scattering from muscle

The aim for this study was to use a well defined sample to compare visible and well understood structure, striated muscle, to
scattered intensity patterns. In comparison to that, samples consisting of muscle fibers from more randomly, but
predominantly crossectionally oriented muscle have been measured. The obvious differences between orientations should be
obvious in the scattering pattern. This represents a first step towards working on less obviously distinguishable tissues.
Striated muscles are a well described system33. The tissue is highly ordered, containing elongated cells enriched in actin- and
myosin filaments giving the muscle its characteristic polar structure. We prepare longitudinal sections from precisely excised
Xenopus Sartorius muscle and Porcine leg muscle. The randomly sectioned porcine muscle shows no directionality. The
fiber bundles are randomly oriented, often perpendicular to the surface. In our approach to relate scattering from small, well
defined spots of a size comparable to that of a muscle fiber bundle to the structure and morphology of the tissue, we took
more than 30 single measurements of two slices of both tissues. Examples, real space images together with the scattering
patterns, are shown in Fig.2. A comparison of the scattering images of Fig. 2 by eye shows the influence of orientation: The
scattering pattern of the Xenopus Sartorius muscle has a preferred direction of scattering, whereas the porcine muscle tissue
shows a relatively isotropic pattern. We calculated the form factor and directional analysis as described in the section 2.2.,
taking a value of 1.41 for the refractive index of muscle from the literature 2 Not surprisingly, the pronounced difference in
scattering patterns does not survive the process of azimuthal averaging -both tissue types obey the same power law, showing
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Fig. 1. Opto-mechanical design of the light scattering microscope.
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no difference in decay between the highly ordered and the unordered muscle sample (Fig. 3. tipper graph). This behavior has
also been observed afier averaging over all measurements (Fig 6). Differences in form factors have been found in terms of the
total scattered intensity and the fine structure of the form factor of the Sartorius muscle. The observed differences ui total
scattered intensity can he due to a number of effects and need not he the result of differences in tissue organization, as
discussed in 2, • The differences in the anisotropv of the scattering pattern, however, are due to differences in tissue
organ izat ion.
While, without azimuthal sensitivity. we find little to separate the two muscles, the directional analysis found striking
dif6rences between the well ordered Sartorius muscle and the porcine leg (Fig. 3. upper graph). Repeated rotation of the
sample resulted in a change of the orientation of the fibers and therefore in the orientation of the streak- like t'eature seen in
the scattering pattern, as shown in the directional analysis of three consecutive measurements after rotation of the sample
(Fig.3, lower graph). With this experiment, we have shown that we can directly relate scattering pattern and microscopic
image in the case of ordered tissue structures like muscle fibers oriented parallel to the surface of the coverslip. A detailed
analysis of the preferred scattering direction showed maxima and minima in intensity along the streak-like katures of the
intensity distribution. They are also the reason for the fine-structure of the form factor of this sample. These need to be
analyzed in detail, because they might he the contribution of cellular and sub- cellular components to the scattering, like
previous experiments in backscattering geometry have shown . Having understood the tine- structure, we might he able to
relate our findings to tissue types that don't show a pronounced scattering in one direction. The ultimate aim is to use our
knowledge about the origin of these features to explain the contribution from cellular components to scattering for other
tissue types as well.

Figure 2: Real space images (left) and scatteringpatterns (right) fi'om di,ftei'ent muscular tissues. On the upper half

predominant/v crossectional oriented fibers from a porcine leg muscle are shiow,i. In tile loiier halt, Aenopus5artorius

muse/c' with fibers orientedparallel to the surface oft/ic coverslip can he seen. The real space images show afIeld 0/ rico of

6() /.rni length. J'hie scattering patterns arc' intc'nsitv distributions and show brig/it spots at high scattered intensltv. Images

show the sur/àce the incident laser beam is directed to.
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Figure 3: Directional analysis (upper right graph) and form factor analysis (upper left graph) of measurements from porcine
muscle and Xenopus Sartorius muscle. Rotating the Sartorius muscle sample rotates the scattering pattern (lower graph).

3.2. Investigation of heterogeneities

Unlike muscle, many tissue types are inhomogeneous. Many organs consist of more than one tissue type, often showing
super- cellular structures typical and functionally important for the organ. Some tissues like skin show structures consisting
of a- cellular biological matter. Dermal tissue, for example, consists mainly of keratin fibers. Structures inside the skin like
pores, sweat glands and hair lead to the idea that these heterogeneities contribute to measured average quantities in an
important way. Furthermore, the stratum corneum shows a complex surface topology on a microscopic length scale, which
contributes to the appearance of skin. As an example, we concentrate on the measurement of a small, well defined
heterogeneity like a hair. Hairs in the tissue are surrounded by dense accumulations of fibrous connective tissue belonging to
the dermis. A thickened basal lamina, the glassy membrane, separates the dermis from the epithelium of the hair follicle.
The outer layers of follicular epithelium form at the external root sheath, followed by the internal root sheath and the cortex
of the hair. As the material properties of tissue and hair (e.g. scatterer density, refractive index) that contribute to light
scattering are different from one image to another, a prominent change in scattering patterns can be expected. We have
performed our measurements in a scanning mode, probing the region containing a hair in a horizontally sectioned dermal
slice of porcine skin. We took several measurements between regions of homogeneous tissue and the center of the hair.
Here, the observed scattering patterns changes, when the hair is approximated, from an isotropic to a highly anisotropic
scattering pattern. In the experiments with skin, the decay of the form factor does change with position in the tissue (Fig. 5).
While approaching the root sheaths, the single form factors show a slower decay. It seems, however, that under certain
conditions the form factor can be used to describe differences between tissues and heterogeneities present therein. A possible
explanation for this effect is given in section 3.3., as this behavior ofthe form factor is also valid for averages ofform factors.
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Figure 5: The decay of the firm factors shows differences between tissue from i/ic dermis (Experiments 25 and 44) and the

heterogeneous region close to a hair (Experiments 33 and 38): The for,n factors of ,neasurenlents approaching the external
(Exp.33) or internal root sheath (Exp. 38) decay slower.

3.3 Averaging single measurements

To express the average optical properties of our samples. calculated as averaged form factor and anisotropy. we have simply
added up the single form factors and anisotropies of every measurement and divided by the number of measurements.
Averaging smoothes the fine structural features of single measurements and leads to a simpler description of the optical
properties of a sample. Form factors calculated from raw data of single measurements often cannot be fitted to a powerlaw.

However, these averaged properties still contain the measured heterogeneities. Whenever heterogeneities are present. their
optical properties contribute also to the average. Having measured several horizontally sectioned samples of porcine skin in
various depths, we have calculated a simple average of the form factors for each slice. These average form factors have been
fitted to the power law for the wave- \ector dependence q ' in a dynamic range between q 2.7 and I l.Ypm . For better
comparison, the form factors have been normalized to the first point of the power law fit (Fig. 6). The value of the power

.' ".:

Fi 4: Scattering from skin ii a .ccanning mode. Scattering image.c and real space images 0/a selection vi e.Vperinient.s arc
shown From upper le/ to loiter right: I)ermal tissue (experinlent 25,t, approaching external i-vol sheath (exJ' 3$).
approaching an internal ,-oot sheath (exp. 38), scattering /rom inhomogeneou.c tissue aitav /roni the hair. The form factors at
each of 1/iesc' measurements are shown in Fig 5.
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exponent x for all our skin samples ranged between —3.2 and -3.7. Using an application of the theory of fractal dimensions to
light scattering, the power law coefficient can be described in terms of fractal dimension: x= 6 —Df. This law expresses our
results in fractal dimensions. For all porcine skin samples, Dfreached values between 2.3 and 2.8. A Df. between 2 and 3 is
unique for randomly oriented surfaces Rayleigh scattering (Intensity q) for example, can be explained to be scattering
from perfectly smooth random surfaces. Df increases towards 3 with increasing roughness of the surface. Microscopic
imaging of our skin samples showed a relatively heterogeneous surface, especially in the epidermal layer. All other tissues
showed a much slower decay coefficient x being about —2.5 (Fig. 7). We assume that the decay of the form factor of skin
tissue is mostly due to scattering from surfaces. With the approach of the fractal dimension, one could also explain the
slower decay of the single form factors of the tissue measurements (Fig.5) by taking into account the complex surface
topology around the hair. In other tissues, the substructure seems to be much more important. We are fully aware of the fact,
that the fractal dimension approach includes the danger to oversimplify the complex material properties of tissue and
heterogeneities which are probed by our scattering technique. For example, the nature of the material the light is scattered
from, is not explained by this approach.
We have already shown that a form factor is not always the appropriate measure for the optical properties of tissue and that
other forms of analysis like a calculation of the preferred scattering direction have to be used to investigate the optical
properties of tissue precisely. Furthermore, more elaborate statistics tools have to be used in the future for our approach, as
we are dealing with numerous measurements. Mean and standard deviation as well as the analysis with higher moments
(data not shown) have already been shown to be useful to describe the differences in scattering directions. With the help of
Fourier analysis, one might be able to compare the radial shape of single scattering patterns. Another approach to the
analysis might include pattern recognition tools.

>
Cl)

a)

Figure 6: The azimuthally and spatially averagedformfactors ofl8 slices ofporcine skin, normalized to thefirstpoint used
for fitting. The decay can befitted to a power law and has been found to result in afractal dimension between 2.3 and 2.7,
which could be interpreted as scattering from randomly oriented surfaces of different roughness.
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Figure 7: Averaged form factors and directional analysis for dfferent tissues. The form factor decays with a power law
coefficient of—3. 7for skin, whereas all other tissue types show a decay with a coefficient close to - 2.5. Averaging of all
measurements ofa Xenopus muscle sample underfixed orientation shows the almost constant direction ofthe muscle fibers
throughout the sample. The porcine muscle average showed no preferred orientation ofthefibers. The porcine skin sample
showed a vaguepreferred direction, mostprobably due to the selection of spots.

4.CONCLUSIONS

In this report, we have shown our initial observations gained by applying the light scattering microscope to tissue. We set out
to see whether and how to distinguish tissues on the basis of their light scattering patterns. This effort is motivated by the
observation that a significant fraction of pathologists observations of tissue involve recognizing the presence and absence of
structural order in tissue slices. We performed light scattering and imaging of multiple tissues, always looking at small (70
.tm) spots from 20 jtm slices. We observe significant differences due to super- and extra-cellular structures and
heterogeneities in 20 tm thick tissue — these differences would not be systematically accessible without the scattering

microscope.
Several strategies were employed to distinguish between scattering patterns. First, we analyze numerous measurements on
randomly selected spots, to show how these single experiments contribute to average scattering. In this analysis, we look at
the power law that describes the decay of the averaged form factors. We found, that skin is distinct from other tissues as its
form factor decays with approximately q 32 to q for wave vectors between q 2.7m' and q = 1 1.9 jrnf'. A possible
explanation in terms of scattering from randomly oriented surfaces has been given. The same analysis does not segregate
different types of similar tissues, striated porcine muscle sample and striated Xenopus Sartorius muscle, despite quite
different structures -- the Xenopus muscle has well aligned muscle fibers parallel to the surface of the coverslip, whereas the
(randomly sectioned) porcine muscle showed fibers of all different orientations. These organizational differences appear
when the azimuthal dependence is analyzed.
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Our technique is very useful for the detection and measurement of heterogeneities in tissues, as we have simultaneous
microscopic information about the region where we perform our light scattering experiment. Measurements from a common
heterogeneity in skin like a hair have been shown as example how a heterogeneity and the region around it can be measured
in a scanning fashion revealing local ordering and anisotropies not previously accessible by scattering. We see clearly that
with microscopic spatial resolution, tissues can not be treated as homogenous media and that large structures, ordering and
anisotropy over tens of microns is responsible for a significant fraction of the total scattered light.
Using thin tissue slices as samples, we keep our investigation close to patho- histological studies. It is apparent that the
scattering pattern contains a signature of local structure and organization 36, 37 Further development of the analysis of
these scattering patterns may be useful for automatically detecting certain types of order. It is unlikely that light scattering
without microscopy would be a reliable tool for pathology as the real-space image is needed to provide context for scattering
measurement. In particular, the mode of operation is likely to be one in which a pathologist focusses on a suspicious region
and collects a scattering pattern which can be analyzed quantitatively for relevant order and organization. Further
development towards pathology requires focussed work on a particular problem of interest.
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