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Abstract. In a biological tissue, light scattering is based
on the size and type of scatterers seen as refractive index
variations that describe the optical properties shown. In this
paper, we have implemented the variable incidence angle
technique of multiple angle of illumination experiment on
tendon and cartilage samples whose dominant constituents
are genetically different types of collagen fibers, type I and
type II, respectively. It is found that tendon displays a much
greater angular anisotropy in its optical backscattering coefficient than the healthy cartilage. We propose that this
is due to a more uniform distribution of fine fibrils than is
found in tendon. Rayleigh–Gans approximation is used to
give qualitative support to this idea. C 2011 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3606564]
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Optical coherence tomography (OCT) has long been established as a noninvasive imaging tool to study the structural
profile of the biological tissues.1 Polarization-sensitive OCT
(PS-OCT) studies have been carried out on cartilage by various
research groups, based on the birefringent property of the optical anisotropic collagen fiber forming the articular cartilage.2, 3
A multiple angle of illumination study called variable incidence
angle experiment, along with polarimetric analysis, has been
applied to study the optical anisotropic characteristics shown by
biological tissue such as cartilage.3, 4
Collagen fibers form the major constituent of the connective
tissue of the human body. The study of scattering properties of
the light incident on the biological tissues is a signature of the
type of scatterers present in the specimen.5 More details on quantitative studies on polarized light interaction in tissues is given
here.6 It has been demonstrated that angle-resolved backscatter
can accurately size the spherical scatterers, with applications,
e.g., in detecting abnormal cell nuclei as reported by Wax et al.7
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The nature of the optical backscattering differences between different types of collagen molecules arise due to the difference in
the underlying molecular organization: Type I collagen fibers in
tendon and Type II collagen fibers in articular cartilage.8
In this paper, we present a comparative study of the optical backscattering properties obtained using an OCT system
over different angles of illumination, of the different scatterers
type involved in the collagen fiber networks of bovine tendon
and cartilage samples. Backscattering profiles obtained from the
angle-resolved experiment has been interpreted using Rayleigh–
Gans (RG) scattering approximation, upon treating the collagen
fibril as a finite cylinder.
Fresh bovine cartilage samples were extracted from the fetlock joint of the hind limb and deep-frozen until required. Tendon samples found along this section of the hind limb were also
extracted. The experiments were carried out on the anterior side
of the apex of the cartilage, within 24 h of extracting the sample. Tendon samples were sectioned along the macroscopically
visible collagen fiber direction. The OCT system used for this
study is a swept source-based continuous polarization modulation PS-OCT system. For this study, we only use the obtained
reflectivity data. A detailed description of the system is given
elsewhere.9 In the PS-OCT system, the optical signals are obtained in two orthogonally polarized optical channels. The two
components, ah and av , represent the moduli of the complex
A-scans (obtained by fast Fourier transform of the obtained
swept source interferogram) in the horizontally and vertically polarized channels as obtained in the two balanced
photoreceivers. These two signals are combined to represent
the optical reflectivity profiles expressed in decibels.
RdB (z) = 10 log10 [ah (z)2 + av (z)2 ].

(1)

This depth dependent plot obtained upon averaging over 50
lateral A-scans is fitted linearly. The y-intercept of the linear fit
is taken to be directly proportional to the optical backscattering
coefficient. The optical backscattering is thus obtained for different angle of incident light illumination ranging from + 40 to
− 40 deg with a step of 20 deg for tendon and cartilage samples
in two orthogonal planes of imaging [Fig. 1]. Typical depthdependent optical reflectivity profiles in decibels obtained for
the tendon and cartilage over 50 A-scan averages are shown in
Figs. 2(a) and 2(b).
It is immediately apparent that the single backscatter approximation is only valid for the lower region of the cartilage depth
profile as the gradient of reflectivity versus depth is positive in
the upper region [Fig. 2(b)]. Interestingly, this is similar to the
results seen in some dysplastic oral tissues.10 Such behavior can
be explained by a depth dependent increase in the backscatter
coefficient whose magnitude more than compensates for the decrease in the beam intensity due to elastic scatter. This could
arise through changes in cell or fiber density, size, alignment,
or changes in tissue refractive indices. In the following analysis
we consider the regression intercept separately for both the cartilage regions and plot each as a function of the angle. For the
tendon, the single-scatter relationship appears to hold and so the
distinction need not be made.
Scattering from the microstructures in biological tissues often
fall within the RG scattering approximation regime. RG theory is
C 2011 SPIE
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Fig. 2 (a) Representation of the reflectivity profile fitted to a linear
curve and extrapolated to intercept the y-axis to obtain the backscattering coefficient for tendon and (b) cartilage.
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equivalent to the first order Born approximation scattering theory
of quantum mechanics, where the intraparticle multiple scattering has been disregarded by assuming unperturbed light field interaction of small polarizability.11 In our studies, collagen fibril
has been modeled as a finite cylinder of length 2L and diameter
2a and the backscattered intensity of light has been simulated
over a scattering volume V, and the angle-resolved scattered light
intensity in decibels are obtained for different geometry of scatterers involved in tendon and cartilage, according to the equation
for total scattered field from finite cylinder given in Ref. 11.
The plots of the optical backscattering coefficients over multiple angles of illumination for two different orthogonal planes
of imaging for bovine tendon and cartilage samples are as shown

20

-15

(a)
Fig. 1 Schematic of the experimental procedure followed for imaging
the tissue in two orthogonal planes and multiple angles of incidence.
For cartilage tissue sample, the plane of azimuth is rotated to 45 deg
and then the similar set of experiment was carried out in the rotated
planes.
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Fig. 3 Curves of y-intercepts of averaged A-scans obtained for different
angle of light illumination in two different orthogonal planes for (a)
tendon and (b) cartilage upper region. (c) Cartilage lower region as in
Fig. 2(b).

in Figs. 3(a)–3(c). Figure 3(b) is obtained from the upper region
of the reflectivity profile fit as is seen from Fig. 2(b) and likewise for Fig. 3(c), which gives the latter half of the reflectivity
profile fit. The error bars represent the standard deviation over
three repeats for both tendon and cartilage. For the tendon, the
two orthogonal planes are chosen to be the x − z and y − z
planes, the Cartesian coordinate system is chosen such that the
collagen fibers are aligned along the x-direction and the axial
depth is along the z-direction. For cartilage, it is not possible
to visualize by eye the collagen fiber direction and hence, not
possible to establish a coordinate system in this manner. Instead,
the x, y axes are defined relative to the anatomical planes of the
joint. The fetlock joint constrains the two connected bones to
flex within the “sagittal” plane and this plane then is defined as
x − z. We refer to this set of coordinates as the sagittal system.
Of course, a problem arises if the angle-resolved variations in
backscatter occur predominately when the beam is inclined in a
plane containing the fiber axis, then the unknown orientation of
cartilage collagen fibrils relative to this sagittal system lead to a
potential ambiguity. In particular, if the fibrils happen to be oriented at 45 deg of azimuth (i.e., rotation about z-axis) relative to
the sagittal plane, then by symmetry, no differences would occur
between two sets of measurements in the two planes. To try to
address this, we supplement measurements taken relative to the
sagittal system with measurements taken relative to a system
that is rotated azimuthally through 45 deg. If fibrils are oriented
as described, then the first set of measurements would show a
negligible effect, whereas the second set would show a maximal
effect. The scattering profiles of cartilage measured using these
two coordinate systems are found to agree to within the error
bars shown in Figs. 3(b) and 3(c).
The fall in the backscattered optical signal from normal to
oblique incidence of 40 deg falls in the range 0.5 to 4 dB for the
cartilage sample, whereas the signal drop is remarkably high
(∼17 to 18 dB) in the case of the tendon sample. This reflects
the basic difference in the scattering nature involved with the
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Fig. 4 The angle-resolved back-scattered intensity profiles in decibels
obtained from implementation of scattering simulation using RayleighGans approximation for single fibril cylinder of cartilage (diameter ∼30
nm) of aspect ratio unity and tendon (diameter ∼300 nm) fibril of aspect
ratio 10. Note how the physically anisotropic structures (increased
cylinder aspect ratio) are associated with a more rapid fall in backscatter
with respect to the scattering angle.

two types of tissues. The scattering plots obtained for cartilage
samples represents isotropic scattering event and the profile
obtained for multiple illumination angles is similar over four
planes of imaging oriented at 45 deg of azimuth relative to each
other. In the tendon sample, the differences in the backscattering
profiles obtained over two orthogonal planes differ over almost
18 dB. Preliminary studies carried out by evaluating the
backscatter coefficient of a finite cylinder of given radius
and aspect ratio to model the two different tissues using RG
approximation provides a possible explanation to this difference
in the angle-resolved backscattering obtained in Fig. 4. The
hypothesis is that the finer and smaller diameter (∼30 nm) collagen fibrils in cartilage tend to show a more isotropic behavior
as if the scatterer involved is a homogeneous cylinder of aspect
ratio unity. The tendon fibrils show a more anisotropic behavior
owing to the wavy-like (crimp structure) and the larger diameter
fibrils involved. Also, referring to the random size distribution
of fibrils as given by Freund et al.,12 we speculate that the
effective scattering behavior shown by the coarse packing nature
of large fibrils separated by smaller fibrils in tendon tissue tend
to be more anisotropic as would be dominated by behavior
similar to larger size and higher aspect ratio cylinders [∼10 as in
Fig. 4]. A much more rigorous analysis can be carried out by
taking into account the packing density of the collagen fibers
and the three-dimensional arrangements of scatterers involved
in both tendon12 and cartilage over a scattering volume, as
determined by the lateral and axial resolution of the PS-OCT
system used for imaging. Such a model would potentially
reproduce the observed features of the angle-resolved backscatter, while features that are not observed (e.g., the periodic
oscillations in backscatter with respect to angle) would possibly
be suppressed by averaging over an ensemble of fibers within
the focal spot with a distribution of radii,12 as well as averaging
over a range of angles defined by the beam numerical aperture
(about 2 deg). This is currently ongoing in our group and the
results will be reported in due course.
The measurement of angle-resolved backscatter has generated considerable interest when applied to cells as it offers the
Journal of Biomedical Optics

potential to estimate the size of spherical scatterers such as the
cell nuclei.7 Our study has been to extend this approach to wide
angles of optical backscattering from fibrous connective tissues
containing collagen fibers of different size and to demonstrate
significant differences between scattering profiles of bovine
tendon and cartilage. We hypothesize that the differences in the
angle-resolved backscattering profiles arise due to differences
in the collagen fiber diameter and packing arrangement. This
could potentially lead to diagnostic applications as in, for
example, osteoarthritis lesion development there is often a
replacement of native type II hyaline cartilage with more fibrous
type I collagen-based repair tissue, which is found to possess
inadequate mechanical properties to successfully replace the
original tissue. Further studies have to be carried out to provide
complete insight into potential application of angle-resolved
backscatter to study connective tissues.
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