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Small-Angle HeNe Laser Light Scatter and the
Compressive Modulus of Articular Cartilage
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Summary: Light scattering is a widely used technique for probing the microarchitecture and interactions of
biological materials and solutions. In this paper, we describe the use of this method in the study of articular
cartilage. The experiments presented utilize small-angle static scattering of HeNe laser light (632.8 nm) from
40 pm thick samples of cartilage taken from the superficial zone of baboon femoral condyle. The specimens
were taken from a total of 26 sites in eight animals of various ages. In addition to measuring the dependence
of the intensity of scattered light on scatter angle, we performed mechanical testing at the test sites using
creep-indentation techniques. The results from the optical and mechanical experiments were compared, and
a significant correlation was noted between the average scatter angle and the compressive aggregate modulus.
In addition, it was noted that the cartilage of skeletally immature animals had a smaller aggregate modulus
and scattered to a higher average angle than the cartilage of skeletally mature animals. A quantitative theory
was developed to explain the relation between mechanical and optical properties in terms of the degree of
order in the spatial arrangement of the collagen fibers in cartilage.

By studying the scattering of light from a material
or solution, it is possible to characterize aspects of
both its structure and internal interactions. Variations
on this technique are widely used and have made significant contributions to the understanding of a variety of macromolecular solutions, including micelles
(4), protein solutions ( 3 ) , proteoglycan in solution
(14), and various synthetic polymers. Light-scattering
techniques have also been used t o study the architecture of collagen fibers in dermis (8) and tendon (15).
In addition, the physical basis for the transparency of
the cornea has been explained in terms of scattering
from the ordered collagen fiber matrix (2). The results
of these studies indicate that light scattering can be
used to characterize the arrangement of collagen fibers in biologic tissues.
To our knowledge, light-scattering techniques have
not been used to study articular cartilage. As a material, cartilage seems particularly well suited to the use
of these techniques. Cartilage has several important
structural features whose size scales are near the
wavelength of visible light. Collagen fiber diameter,
interfiber distance, and proteoglycan aggrecan size are

all within an order of magnitude of typical optical
wavelengths (5,12).
It is our hypothesis that the microarchitecture, as
determined by light-scattering techniques, is directly
related to the mechanical properties and age of the
specimen. To assess these relationships, mechanical
testing and static small-angle light-scattering experiments were performed on thin-sliced specimens of
cartilage taken from the femoral condyle of a baboon.
The average scatter angle was measured and was compared with the compressive mechanical properties
as determined by creep-indentation experiments. A
semi-empirical theory was then developed in an attempt to explain the observed results in terms of collagen fiber arrangements.

METHODS
Experimental Methodology
A total of 26 sites from eight left femoral condyles taken from
baboons of various ages were examined using creep-indentation experiments and small-angle light scattering. The samples were from
predetermined sites on the condyles (Fig. 1).Four sites were designated for each knee; however, six samples were not usable for light
scattering due to difficulties with slicing. A larger series examining
the compressive properties of distal femoral cartilage in this species
demonstrated no statistically significant site-dependent variation in
the mechanical properties among these test sites (13).Three animals
(nine sites) were skeletally immature, and five animals (17 sites)
were skeletally mature. Skeletal maturity was defined as 3 years old
or older.
The creep-indentation experiments were performed by indent-
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imated by calculating the average angle as determined along eight
evenly spaced rays extending out from the center of the scatter
pattern for each image.

Analytical Methodology

FIG. 1. Location of test sites from the distal femora of baboons.

The scatter intensity. as a function of angle. is the product of the
angular dependence of the scatter from a single element and the
Fourier transform of the fluctuations in the density-density correlation function of scattering elements (6):

I ( 0 ) = M(H) S(rn
ing full-thickness cartilage samples still attached to bone, prior
to their preparation for scattering, with a computer-controlled porous probe. In this technique, a step load of 0.084 N is applied
perpendicularly, under computer control. to the articular surface
through a 1 mm diameter porous probe until creep equilibrium is
achieved. The displacement and force are recorded as functions of
time and analyzed using a finite element model of the biphasic
theory (9) to yield the aggregate modulus, permeability, and Poisson’s ratio at the test sites. The thickness of the samples was determined in skeletally mature animals by mounting a needle on
the force-transducing probe, penetrating the cartilage at fixed velocity, and observing the location of force changes that correspond
to entering the cartilage and the subchondral bonc. In the case of
immature specimens, the thickness of the cartilage was determined
on the basis of the microscopic examination. Details regarding the
instrumentation, method of mechanical data analysis, and determination of thickness were previously published (1).
Aftcr being mechanically tested. the specimens were refrozen
until preparation for the scattering experiments. The samples were
subjected Lo a total of three freeze-thaw cycles following dissection: the lirst, prior to mechanical testing: the second. between
mechanical testing and sample preparation for light scattering: and
the third, during thin-slicing with the cryostat.
The cartilage samples for scattcring were taken from the mechanical test sites at a fixed depth from the surface (60 pm). A
cryostat was used first to remove the most superficial 60 pm of the
cartilage, parallel to the articular surface. A 40 pm thick slice was
then obtained using the cryostat and was wet-mounted on a glass
slide for scattering. Thc average thickness of the entire cartilage at
the sites tested was 2.23 t 1.49 mm. This corresponds to taking the
scatter samples from an average of 2.7%) (range: 1.6-8. I % I ) of the
total thickness from the surface. The superficial zone of cartilage
is composed of the outermost 10-20% (11), and accordingly thc
scatter samples were taken from this zone.
The light-scattering experiments were performed with a polarized 1 mW HeNe laser (model 1508-8; Uniphase. San Jose, CA,
U.S.A.) at 632.8 nm. A digital camera (model XC75: Sony. Tokyo.
Japan) was used for data acquisition. The laser beam was attenuated using neutral density filters to prevent detector saturation,
with a resultant beam power of approximately 10 pW. The lens was
removed from the camera, and the scatter was directed onto the
digital chip that was placed 1.5 cm from the sample (Fig. 2). The
resulting digitized image was acquired and processed using the
NIH Image softwarc packagc (National Institutes of Health.
Bethesda, MD, U.S.A.) on a Macintosh computer. The intensity
profile of the incident beam was acquired and was subtracted from
the sample scatter pattern to yield the scatter intensity.
The average scatter angle was then determined by converting
pixels into degrees, on the basis of the setup geometry. The average
scatter angle was calculated by weighting the angle with the intensity. i.e..

where ‘‘R is the average scatter angle, 0 is the azimuthal angle from
the beam axis, I is the intensity of scatter, I,,,, is the total scatter
intensity, and dQ is a solid angle element. This average was approx-
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where M is the angular dependence of scatter from an individual
scattering element. S is sometimes called the structure factor and
is defined as
S ( i )= j

d G k

‘)

!/&(d);

(3)

where ip(Gp(c)iis the fluctuation in the density-density correlation
function: k , the momentum transfer, is related to H by, lkl = 4 n k ’
sin(OD), where i,is the wavelength of the scattered light. The
integral in Eq. 3 is taken over the scatter volume.
In the case of long rods, such as collagen. the scatter pattern
from individual rods can be solved both analytically and computationally (2.18). The small-angle scatter technique takes advantage of a window of relatively constant values of M at highly
forward scattcr. In this case. variations in the scatter resulting from
changes in the structure factor can be seen without the large dynamic range required at higher angles.
It is illustrative to consider qualitative features of the radial
density-density correlation function and their resulting effects o n
the small-angle scatter pattern. The density-density correlation
function is thc probability of finding a second scattering element
at a location given that a scattering element is located at the origin
of the coordinate system. A model correlation function will have
a value of 0 at the origin (scattering clcmcnts cannot occupy thc
same location) and will have a decaying periodic structure with
increasing distance. A reasonable trial function for the fluctuations
in the radial density-density correlation function can be approximated by
3

3

ip(r)p(o)‘,= pc1e‘c cos( r/r,,)

(4)

<

where po is the avcrage density. is the spatial correlation length
or short-range order parameter. and r , is the average spacing between scattering elements (2).
The periodicity in Eq. 4 reflects the presence of interactions,
and its spatial frequency results from the average spacing between
scattering elements. The decay in the fluctuations represents the
fact that whatever interactions exist are short range and thus are
“forgotten” beyond a certain distance, related to .; Beyond a certain distance, the correlation function has decayed to the average
likelihood of finding a second scattering element.
Cartilage
sample

NPhoto-I

n

FIG. 2. Experimental setup. CCD

=

digital camera

L A S E R L I G H T S C A T T E R FROM C A R T I L A G E
The implications of these qualitative features of the dcnsitydensity correlation function provide significant insight into the
small-angle scatter pattern. By Fourier transforming the trial correlation function t o determine its manifestation in the small-angle
scatter pattern, some interesting features are immediately evident.
In addition to the pcak associated with the periodicity of the
correlation function (at relatively large angles), there is a second
peak centered o n 0 = 0 whose width is inversely related t o <:

<,

where 0. and A are as previously defined.
The short-range order parameter is directly manifest in the
small-angle scatter width or average scatter angle. The spatial frequency corresponding to the average spacing of collagen fibers
gives rise to scatter at much higher angles. ix.. 40".whereas the
widths of the small-angle scatter observed in our experiments
correlate to short-range order over approximately 8 pm. This degree of short-range order is qualitatively consistent with electron
microscopy studies of articular cartilage (10). although quantitative dcterminations of collagen fiber arrangement were not undcrtaken in those studies.
Thus, the results for width of the average scatter angle. as determined in these experiments. can provide a measure of the degree of short-range order within the collagen fiber network. T h i s
parameter must be intimately related t o collagen fiber interactions.
which in turn would be expected to be manifest in the mechanical
properties of the cartilage. The observed relationship between the
compressive mechanical properties of cartilage and its small-angle
light scattering can be explained theoretically in a semi-empirical
manner.
To understand the results demonstrated in Fig. 3, it is necessary
to introduce a parameter. n. that characterizes the degree of collagen fiber interaction. Because the nature of collagen fiber interaction in cartilage is not completely understood. the exact meaning
of n is kept general, i.e.. as I I increases. the degree of collagen fiber
interaction increases. This allows for both direct interfiber interactions such as crosslinks and indirect, secondary interactions by
means of proteoglycan aggregates.
Because collagen fibers have a degree of rigidity (and an associated persistence length). the effect of increasing n o n the shortrange ordcr will saturate. In terms of a crosslink model. this is
easily understood. As the crosslink density exceeds 1 over the
persistence length. the effect of additional crosslinks will be minimal bccause thr libers are already fixed in space. Although the
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FIG. 3. Plot of average scatter angle. as defined by Eq. 1 . relative
to aggregate compressive modulus. The solid line represents the
theoretical result. Eq. 8. using values for the fit parameters given
in the text.
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crosslink scenario is illustrative. this saturation feature is independent of the exact interaction mechanism. An additional featurc
of this relation must of course be that as n goes to 0 (i.e.. no
interactions). must also go t o 0. A sample function satisfying
these qualitative features is given by

<

There are numerous other functions that could satisfy the required features of c ( n ) , and this one was chosen only for its simplicity. In the simple crosslink modcl. the meaning of 17,1 is clearly
related to the inverse persistence length of the collagen fibers.
whereas n can he thought of as a linear crosslink density.
The next step involves a qualitative study of the relation between collagen interaction and the aggregate modulus. i.e.. the
function f l ( n ) .This relation is complex and incompletely understood. Hcre we are helped by the qualitative featurcs of our data.
To help elucidate our results, we need tci understand only certain
general features of this relation over a restricted range. In parlicular. for small dtzl,. the aggregatc modulus can be expanded in a
Taylor series:

H ( n ) = II,, + H,(nlnl,) + ...

(7)

The vertical asymptote demonstrated by the data corresponds
t o the limit of arbitrarily small n and the location of the asvrnptote
to H,. Likewise. the presence ol the horizontal asymptote means
that our choice of relation between If and I I will not change the
qualitative features of the horizontal asymptote or its location. The
qualitative features of our results, including both asymptotes and
their locations, can be explained with a Taylor expansion of II in
terms of the collagen interaction parameter. Thc shortcoming of
this approach is that it is not clear how well the central portion of
the data, in the vicinity of the "elbow." are explained. I t is important to note. as we will see below. that two of the fit parameters
are indeed associated with the asymptotes.
The results of Eqs. 5-7 let us construct our semi-empirical expression for the dependence of average scatter angle on H. which
is technically only valid near the asymptotes:

RESULTS
The average scatter angle had a pronounced dependence on the aggregate modulus (Fig. 3 ) . This dependence was minimal at values greater than 0.6 MPa.
There was an abrupt increase in scatter angle with
decreasing modulus at values less than 0.6 MPa. The
curve plotting scatter angle relative to aggregate modulus has a biasymptotic appearance in which the scatter angle approaches an asymptotic limit for large
values of the modulus and the modulus approaches an
asymptotic limit for larger scatter angles. This appcarance is consistent with our theoretical model as described above and shown in Fig. 3.
The statistical significance of the relation between
aggregate modulus and scatter angle can be expressed
in terms of the R value of the fit of the theoretically
determined expression, Eq. 8, that gives R = 0.75,with
fit parameters H,,, H,, and yT,, of H,, = -0.075 MPa,
H, = 0.22 MPa, and <,,,c,r = 8.2 pm. The solid curve
shown in Fig. 3 is a graph of Eq. 8 using these parameters. For a linear fit to the data, R = 0.55.
The relationships between permeability and aver-
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FIG. 4. Plot of average aggregate modulus and scatter angle relative to age group, with SDs. Group-1 animals were less than 3 years
old (n = 9), group-2 animals were 3-10 years old (n = 6), and
group-3 animals were more than 10 years old (n = 11).

age scatter angle and between Poisson's ratio and
average scatter angle were also examined. A weak
dependence of average scatter angle on permeability
was noted (increasing permeability was associated
with increasing average scatter angle), with a linear fit
giving R = 0.38. A trend of decreasing scatter angle
associated with increasing Poisson's ratio was also observed, with R = 0.34.
The relations between the specimen age and both
the scatter and mechanical properties were also cxamined. It was found that the skeletally immature animals (n = nine test sites) and the skeletally mature
animals (n = 17 test sites) differed in both their average aggregate modulus, 0.43 ? 0.06 MPa for the immature and 0.82 f 0.31 MPa for the mature animals,
and their average scatter angle, 3.63 ? 0.22" for the
immature and 3.28 -+- 0.17" for the mature animals. The
statistical significance of these differences as calculated using the unpaired two-tailed t test was p < 0.01
for both the scatter angle and the modulus. No correlation was found between age and scatter angle or
aggregate modulus once maturity had been reached
(Fig. 4).
The relations between age and both scatter angle
and permeability were also examined. A weak dependence of permeability on age was noted, with the
immature animals having slightly more permeable
cartilage than the mature animals (1.84 -C 0.92 X
and 2.43 -+- 0.51 X 10 l 4 m4/Nsec, respectively). This
difference was, however, not statistically significant,
with p = 0.10 using the unpaired two-tailed t test and
R = 0.41 for a linear regression with age relative to
permeability. There was no discernible dependence of
Poisson's ratio on age or maturity, with R = 0.14 for a
linear regression.
The effect of beam polarization angle, i.e., the orientation of the electric field vector in the laser light,
with respect to the sample, was investigated by rotating the laser polarization and by rotating the sample
I Orthop Res, Vol. 15, No. 3, 1997

around the beam axis. There was no discernible dependence of the scatter pattern on this parameter.

DISCUSSION
The results of this study demonstrate a clear relationship between the angular dependence of the
intensity of light scattered from cartilage and its compressive mechanical properties. This should not come
as a surprise given that both light-scattering characteristics and material properties should depend on
small-scale structure. The light-scattering pattern from
cartilage contains detailed information about the microarchitecture, notably the spatial arrangement of
the collagen network. Likewise, the microarchitecture
of cartilage should be intimately related to its mechanical properties. Although proteoglycan, not collagen,
is typically associated with the compressive characteristics of cartilage, it is generally accepted that collagen plays an important role in determining the
compressive properties of cartilage by opposing proteoglycan swelling, thereby influencing the degree of
hydration (7,16).
In the analytical methodology section, a semiempirical theory is put forth to describe the observed relation between compressive modulus and
average scatter angle in terms of spatial correlation
of collagen fibers. A number of parameters in this
theory are of potential physical significance. First,
the location of the horizontal asymptote is just the
inverse of the maximum degree of short-range order, i.e., the maximum distance over which collagen
fibers influence the position of adjacent fibers. In
our data, this maximum order parameter was determined to be about 8 pm. Another interesting parameter is the location of the vertical asymptote. Ho
corresponds to the component of the modulus that is
independent of the collagen interactions. The location and convergence of the vertical axis may help
clarify the role of collagen prestress and collagen fiber interaction in determining the compressive properties of intact cartilage.
It should be noted that the light-scattering data represent information obtained from the superficial zone
of the cartilage, whereas the mechanical data are obtained from full-thickness specimens, and hence characteristics of all layers contributed to some extent.The
superficial zone was chosen for the scattering experiments because it was felt, on the basis of existing finite
element data (17), that the more superficial region
would be of unequivocal importance in determining
the mechanical properties. The deeper zones, while
certainly a factor in determining the mechanical properties, are thought to contribute to a lesser degree to
those properties observed at the surface.
There are several shortcomings in this experimental
approach that require further experiments to clarify.

L A S E R L I G H T S C A T T E R FROM C A R T I L A G E

First, the angular dependence of the scatter is in fact
the result of the product of the structure factor and
the scatter pattern from individual fibers. as shown in
Eq. 2. Thus, quantitative conclusions about the shortrange order parameter are subject to a bias arising
from the single fiber scatter factor. This is of potential significance in interpreting the results from immature animals, which may differ in terms of structure
and arrangement of collagen fibers. Second, the fit
values determined for H(, and H , in the semi-empirical
model are highly dependent on the structure of the
function chosen for ( ( n ) , the details of which are not
known.
An additional caveat in the interpretation of these
results in terms of coIIagen scattering lies in the possible role of proteoglycan scattering. A predominant
role of collagen can be expected on the basis of the
concentration of proteoglycan in cartilage, which is
sufficiently high for it to constitute more of a continuum, with minimal refractive index variation at the
optical wavelength scale, as opposed to discrete regions of refractive index change. Scattering from the
structure within proteoglycan units (i.e.. adjacent glycosaminoglycan chains) would not be expected to be
significant due to the small-distance scales associated
with these variations in refractive index (2). In addition, a predominance of collagen scatter has been
noted in other tissues ( 2 . 8 3 ) . Despite this, the results
of this study do not preclude variations in the scatter
arising in part from variations in aggrecan structure.
The future direction of this work lies to large extent
in the study of larger angle scatter, selective degradation, the inclusion of strain effects in the scatter, and
in the comparison with tensile mechanical properties. By going to larger angles, structure on a smaller
scale, i.e.. at the level of collagen fiber spacing, can be
explored. By studying the effects of selective degradatjon and stress in conjunction with tensile characterization and larger angle scatter, a great deal of
information relating microarchitecture to mechanical
function may be unveiled. In addition, zonal variations in both the scatter properties and the mechanical
properties could prove to be of interest and warrant
further investigation.
To our knowledge, this work describes the first use
of laser light-scattering techniques in the study of
articular cartilage. It demonstrates a correlation between the small-angle light-scattering characteristics
of articular cartilage and its compressive mechanical
properties. A semi-empirical, theoretical explanation
of this relation in terms of the degree of short-range
order in the collagen network is presented that introduces a number of novel concepts into the description
of the extracellular matrix in cartilage. The further
application of optical methods in the study of cartilage
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may have far-reaching implications in helping to understand the mechanical function of cartilage in terms
of its microscopic structure.
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