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Abstract. The collagen meshwork in articular cartilage of chicken knee is characterized using Mueller matrix
imaging and multiphoton microscopy. Direction and degree of dispersion of the collagen fibers in the superficial
layer are found using a Fourier transform image-analysis technique of the second-harmonic generated image.
Mueller matrix images are used to acquire structural data from the intermediate layer of articular cartilage where
the collagen fibers are too small to be resolved by optical microscopy, providing a powerful multimodal measure-
ment technique. Furthermore, we show that Mueller matrix imaging provides more information about the tissue
compared to standard polarization microscopy. The combination of these techniques can find use in improved
diagnosis of diseases in articular cartilage, improved histopathology, and additional information for accurate
biomechanical modeling of cartilage. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3643721]
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1 Introduction
Articular cartilage covers and protects the bones in joints, and
its integrity is essential for normal function. It imparts two im-
portant properties to a joint. First, it provides a low-friction
surface for smooth articulation of the joint; second, it provides
a cushioning layer to distribute loads and protect the underly-
ing bone. The structure of articular cartilage is typically divided
into three distinct morphological zones: (i) The superficial layer
with a dense collagen network and the collagen fibers oriented
primarily tangential to the articulating surface, (ii) the interme-
diate layer, where the fibers are more randomly distributed, and
(iii) the radial layer, where the fibers are oriented perpendic-
ular to the bone surface. The collagen fibers are cross-linked
with proteoglycans in a fluid-saturated gel of glycosaminogly-
cans and proteoglycans. Scattered throughout the cartilage are
chondrocytes that reside in lacunae and are responsible for the
formation of new cartilage.1

Osteoarthritis is a disease in articular cartilage symptomized
by pain and reduced joint function, affected by a variety of
factors (genetic, traumatic, age, excessive loading).2 It is the
leading cause of disability in the U.S. and will likely see an
increased incidence in the future due to an aging and more
obese population.3 Osteoarthritis is characterized by structural
changes in the cartilage, accompanied by a loss of proper func-
tion. The loss of function will lead to changed loading conditions
in the knee and, therefore, further changes in the microscopic
structure. In order to predict the outcome of this biological cas-
cade, it is necessary to have methods to characterize the current
tissue structure. Osteoarthritis is usually diagnosed based on
clinical findings, sometimes with the addition of radiographic
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imaging. However, in a significant fraction of symptomatic pa-
tients, no radiographic changes are found.4 Magnetic resonance
imaging may be used for further stratification, but the associa-
tion between clinical symptoms and findings from images is not
always strong.5 Therefore, a more detailed investigation using
novel imaging techniques, is necessary to enhance diagnosis.

Bright-field light microscopy of haematoxylin-eosin–stained
sections is the standard method to assess the microscopic struc-
ture of cartilage, even though it is not possible to see the structure
of the collagen network. Polarization microscopy is sometimes
used but can only provide qualitative information on the direc-
tion of collagen fibers due to the complex nature of the polariza-
tion properties of tissue. Novel methods to study the microscopic
structure of cartilage will provide more details on the current
pathological status and perhaps differentiate between conditions
that cannot be distinguished with standard techniques.

Multiphoton microscopy (MPM) is a nonlinear optical pro-
cess used to acquire images of biological specimens.6 Because
of the nonlinearity of the signals, the technique is intrinsically
confocal (no need for confocal optics), and many biological
molecules exhibit specific intrinsic nonlinear signatures such
that no staining is required. The second-harmonic generation
(SHG) signal can be used to image the collagen type II fibers
present in cartilage.7, 8 In vivo imaging is possible and yields
high-resolution, three dimensional images.9 In vivo MPM would
be a valuable complementary technique to standard arthroscopy.
Methods have been developed to generate quantitative mea-
sures of the structure of the collagen fabric10 and its optical
properties.11 The drawback of MPM is that high-resolution
imaging of macroscopic volumes is time consuming. Further-
more, in the intermediate and radial layers, the collagen fibers
are below the resolution limit of optical microscopy, such that
individual fibers cannot be resolved.
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Mueller matrix imaging (MMI) provides a complementary
technique to MPM and extracts the full Mueller matrix for ev-
ery pixel in the image of a sample.12 Because the resolution is
adjustable (but usually worse than MPM by a factor of around
10), and camera-based imaging is used instead of point scanning,
larger areas are scanned faster compared to MPM. Because MMI
also is an optical technique, it cannot resolve the small collagen
fibers in the middle layer. However, the advantage of MMI is that
it is based on the rich polarization information contained in the
full Mueller matrix, such that the directionality of the fibers may
be derived, as well as the optical rotation and depolarization of
the sample, by using forward polar decomposition.13, 14 The use
of decomposed Mueller matrix measurements to characterize
tissue phantoms and biological samples has been described,15, 16

but to our knowledge never on samples of cartilage. Compared
to other polarimetric imaging systems that only measure some
of the components of the Mueller matrix17–19 and require signif-
icant prior knowledge of the sample and the desired measure-
ments, the Mueller matrix imaging system is much more flexible,
enabling the characterization of more complex and unexplored
samples with the possibility to fully characterize the polarization
properties of the sample. Here, we show that the combination
of MPM and MMI provide more detailed information about
the articular cartilage structure compared to conventional meth-
ods and potentially a better understanding of the progression of
osteoarthritis.

2 Materials and Methods
2.1 Materials
The medial femoral condyle of chicken cartilage (n = 2) was
cut in 100-μm-thick sections to a depth of 2 mm using a vi-
bratome (Leica VT-1000). After sectioning, the samples were
transferred to microscope slides and a cover glass placed on top.
The edges were sealed with Vaseline to avoid dehydration. Sec-
tions were cut in the transversal plane. The sections were kept
at 4◦C between measurements.

2.2 Multiphoton Microscopy
The MPM images where acquired using a commercial system
(Zeiss LSM 510), equipped with a Ti:sapphire laser pumped by
a 5-W solid state laser (Coherent Mira and Verdi, respectively).
The Ti:sapphire laser was tuned to 800 nm for excitation of the
SHG signal. A dichroic short-pass filter at 650 nm was used
to collect the backscattered light. A second dichroic at 475 nm
and a bandpass filter at 390–425 nm were used to separate the
SHG from the fluorescence. All images were acquired in the epi
configuration.

Images were acquired with a 10×, 0.6 numerical aperture
(NA) objective. For samples larger than the field of view, several
images were juxtaposed automatically using the microscopy
control system. Images were acquired at four to eight different
depths, with an interval of 10 μm, depending on the quality of
the signal in the deeper sections.

On the basis of an image-analysis algorithm described in de-
tail elsewhere,10 we derived the primary direction and anisotropy
of the fibers at every pixel in the image. Briefly, the algorithm
calculates the two-dimensional discrete Fourier transform of a
small subframe around a given pixel. Typically, the strongest
Fourier components will tend to lie on a line perpendicular to

the fibers in the image. The direction of this line was found by
minimizing the sum of angles, weighted by the Fourier power
spectrum relative to this line. The anisotropy is extracted as a
measure of how close the strongest frequency components are
clustered around this line.

2.3 Mueller Matrix Imaging
The near-infrared Mueller matrix imaging (NIR MMI) system
used here is described in greater detail elsewhere.12 Note that
the light source used here is the 980-nm laser diode and that the
numerical aperture of the system is 0.04. It uses two ferroelectric
liquid crystals (FLCs) together with a polarizer and two wave
plates to generate four orthogonal Stokes vectors in what is
know as a polarization-state generator (PSG), which then are
used to probe the sample. After passing through the sample, the
resulting polarization-state is analyzed by a polarization state
analyzer (PSA), consisting of the same components as the PSG,
in reverse order. Sixteen intensity images are acquired using
different settings of the PSG and PSA. The Muller matrix M
is then calculated from the configurations of the PSG and PSA
using the eigenvalue calibration method.20 Repeating this for
every pixel in the images results in a Mueller matrix image,
Mim. The Mueller matrix is normalized, meaning that all of the
elements in the matrix is divided by the M11 element.

The measured M is decomposed into depolarization, (M�),
retardation, (MR), and diattenuation, (MD), matrices using for-
ward polar decomposition, M = M�MRMD, first described by
Lu and Chipman13 and applied by Manhas et al.14 to tissue
characterization.

From MR, it is further possible to find the linear retardance,
direction of the slow axis (perpendicular to the fast axis), and
the optical rotation (see Manhas et al.14). We assume that the
collagen fibers can be modeled using the Bruggeman effective
medium theory,21 and thus assign the slow optical axis to the
long axis of the fibers.

3 Results
3.1 Multiphoton Microscopy
SHG images of the superficial layer show a distinct collagen
structure, which is illustrated in Fig. 1(a). By employing the
direction analysis method described in Sec. 2.2, we derived the
primary direction and degree of anisotropy of the fibers, which
is shown in Figure 1(b). The direction is coded according to
color using the provided legend and the anisotropy is mapped to
the intensity of the color. Figure 2(a) shows a sample where both
the superficial and intermediate layers can be seen. The center
region, which belongs to the superficial zone, exhibits clear
fibrillar structure, whereas in the intermediate layer, shown in the
lower right part of Fig. 2(a), no collagen fibers can be discerned.
Only the lacunae can be seen as dark voids, embedded in a
smooth SHG signal. Figure 2(b) shows that the analysis picks up
the direction in the superficial region but that in the intermediate
layer where no structure can be discerned, the anisotropy is very
low, corresponding to low intensity in the color image.

3.2 Mueller Matrix Imaging
MMI images were acquired from the same samples as imaged
with MPM. The MMI images were first Cloude filtered22 and
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Fig. 1 (a) SHG intensity image of a transverse section of cartilage in the
superficial layer (100 μm below the surface), where the collagen fibers
are clearly visible. This image is the result of four images tiled together.
(b) Result of the directional analysis. The calculated direction of the
fibers is color coded according to the semicircle legend. The intensity
of the color has been scaled to the calculated anisotropy value. Scale
bar is 200 μm.

then decomposed using the forward polar decomposition de-
scribed in Sec. 2.3. An example of the full Mueller matrix for
a cartilage sample is illustrated in Fig. 3. The M11 element has
been substituted by the intensity image, because this element
would be equal to 1 as a result of the normalization. The values
of the diattenuation matrix MD were found to be very small and
are not included here.

After the decomposition, the direction of the slow axis is
found from the retardance matrix MR .14 The corresponding im-
age of the directions is illustrated in Fig. 4. Because the long
axis of the collagen fibers corresponds to the optical slow axis,
the directional image shows the collagen fiber direction and can
be compared to the MPM image of the same sample, as shown
in Fig. 5.

The forward polar decomposition enables in addition to the
direction of the slow axis, the calculation of the amount of double
refraction in the sample known as the linear retardance (which
is seen in Fig. 6), the amount of left or right circular polarization
induced by the sample, known as the optical rotation (shown
in Fig. 7), and the depolarization index (as seen in Fig. 8). The

Fig. 2 (a) SHG intensity image of a transverse section of cartilage from
slightly below the superficial layer (500 μm below the surface). The
central part of the image belongs to the superficial region, and here,
the fibers are clearly visible. The lower right part belongs to the inter-
mediate layer. No clear structure of fibers can be seen in this region,
only the lacunae are distinguishable as dark voids. (b) Result of direc-
tional analysis. The calculated direction of the fibers is color coded
according to the semicircle legend. The intensity of the color has been
scaled by the calculated anisotropy value. In the intermediate layer,
only a weak random direction is picked up. Scale bar is 200 μm.

Fig. 3 Full Cloude-filtered Mueller matrix image for a sample of carti-
lage, from a transversal section at a depth of 500 μm, with the intensity
image overlaid the M11 element. The central dark area in M11 is the
intermediate layer, and the surrounding bright area is the superficial
layer.

depolarization index shows how much of the incoming polarized
light is converted into partially polarized light.

The intermediate zone of the cartilage (center of Figs. 4
and 6) exhibits more variation and features in the MMI images
compared to what can be seen in the MPM images. In this
intermediate zone, the direction and retardance images show
regions with differing structure.

4 Discussion
The Mueller matrix was decomposed into three polarization
properties of which only the retardation and depolarization were
used directly in this study. The retardance (circular, linear, and
direction of fast axis) will, in terms of effective medium theory,
yield results from features smaller than the resolution in the
image. The latter property is useful, beacuse it can be used to
characterize collagen fibers from the intermediate and radial
zone of the cartilage, where the collagen fibrils are below the
resolution limit of MPM.

Because the collagen fibers have a higher refractive index
than the surrounding medium,23 they will have the slow axis

Fig. 4 Visualization of the direction of the slow axis found from MR .
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Fig. 5 (a) SHG images from the same area as the MMI images and
(b) calculated directions of image in (a).

along the long axis. The difference in the refractive index of
the slow and fast axes can be calculated using the simple linear
dispersion relation for a birefringent medium

�n = λδ

2π L
,

where λ is the wavelength (here, 980 nm), δ the linear retardance
(in radians), and L the thickness of the sample (here, 100 μm).
Using a representative value of δ = 50 deg for the edges of the
sample, as seen in Fig. 6, and δ = 15 deg for the intermediate
region, results in an apparent birefringence �n = 1.4 × 10−3

for the edges, similar to previously reported values,24 and �n
= 0.4 × 10−3 from intermediate regions. As Fig 6 shows, there
are large differences in the linear retardance across the sample,
resulting in large differences in �n, such that care should be
taken when reporting birefringence measurements of collagen
in turbid media.

The slow axis found from the decomposed Mueller matrix is
the projection of the three-dimensional slow axis into the imag-
ing plane. In addition, since directions found from the Mueller
matrix measurement are from a volume, the directions seen in
Fig. 4, will be an average of the collagen fibers through the
sample as opposed to the MPM images, which are acquired at
a certain depth (Fig. 5). Even when taking the latter into con-
sideration, the directions in the sample correspond well to the
direction in the corresponding MPM image, indicating that the
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Fig. 6 Retardance image, showing the absolute value of the linear
retardance. Color bar is in degrees.
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Fig. 7 Optical rotation in degrees.

direction of the collagen fibers are mostly homogeneous through
the sections. However, when characterizing the samples using
MPM some variation in the direction with respect to the depth
was observed, which would result in a intermediate direction in
the MMI image and correspondingly different calculated values
for the directional parameter.

In the intermediate layer (center of Fig. 6), where the MPM
images cannot resolve individual collagen fibrils that are smaller
than the imaging resolution limit, the MMI directional image
shows structure variations and, thus, the ability to characterize
the subresolution structures in this area of cartilage.

The collagen fibers in the cartilage scatter the incoming light,
contributing to the depolarization (see Fig. 8). The depolariza-
tion will increase with the density and size of the collagen fibers,
and could thus be useful for extracting more information about
the collagen structure. By comparing the depolarization image
(shown in Fig. 8) to the retardance image (shown in Fig. 6),
one can see that the areas with a high depolarization index are
mostly the same areas as the ones with high retardance, indicat-
ing a higher concentration or larger size of the collagen fibers,
resulting in the higher depolarization. The reason the retardance
is small in some areas of high depolarization could be attributed
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Fig. 8 Depolarization index, where 1 is fully polarized and 0 fully
depolarized.
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Table 1 Specific rotation for hyaluronic acid (HA), keratane sulfate
(KS), and chondroitin sulfate (CS) in a water solution (Ref. 28). In addi-
tion, the specific rotation of collagen in 0.5M CaCl2 is given (Ref. 27).
The temperature at which the specific rotation is measured is given,
when given in the source. The concentration of the chemical com-
pounds in human femoral head cartilage from ages 3 to 19 are also
given (Ref. 29). Total wet volume of tissue per unit weight of collagen
(d−1

c ) is 4.96 ± 0.041 ml/g (Ref. 29).

Chemical
substance

Specific rotation
[α]589

Wet tissue weight
percentage w

HA −68.2 deg
at 27◦C

0.16

KS 4.5 deg 0.83 ± 0.095

CS type A −25 deg 2.86 ± 0.10

Collagen −360 deg
at 8◦C

18.5 ± 1.4

to the collagen fibers in that area being aligned at an angle to
the image plane, reducing the measured linear retardance.

An interesting observation is that the optical rotation (see
Fig. 7) appears large compared to commonly reported values
from solution. However, such large values may be justified by
considering the triple helix25 structure of the collagen together
with proteoglycans. The left-handed collagen helix will induce
optical rotation to the incoming polarized light. The amount of
induced optical rotation is dependent on the orientation of the
collagen fiber, with little contribution from out-of-plane fibers.
Cartilage consists of proteoglycans, which contain26 hyaluronic
acid (HA), keratane sulfate (KS), and chondroitin sulfate (CS),
all of which are optical active. The optical activity of these
components are given in Table 1, together with their concen-
trations in femoral head cartilage. On the basis of these values,
the expected optical rotation from a 100-μm-thick solution of
cartilage is calculated using

φ = [αc]583 Ld , (1)

where φ is the expected optical rotation, [αc]583 the specific ro-
tation in Table 1 for the given compound, L the thickness of
the sample in decimeter (here, 10−3 dm), and d the density in
(grams per milliliter), given here by d = dcws/wc, where dc is
the collagen density, ws the substance weight percentage, and
wc the collagen weight percentage. Using (1) and values from
Table 1 gives an optical rotation due to proteoglycans of
−8.6 × 10−4 deg, and due to collagen of −0.07 deg at 583
nm, assuming that a 0.5 M CaCl2 solution has the same optical
rotation as water. The proteoglycan contribution to the optical
rotation is thus negligible. The measurements of the optical ro-
tation here were done at 980 nm, which is expected to give lower
optical rotation due to the two-term Drude equation.27 The op-
tical rotation of the collagen fibers depends on their orientation.
Hence, one would expect the ordered collagen fibers in the car-
tilage to have a higher optical rotation compared to randomly
ordered collagen fibers in solution. This corresponds well to
the observed values of optical rotation. Figure 7 shows struc-
tural variation across the image plane, believed to be caused
by changes in the fibril direction relative to the image plane.
However the variation in signal across the sample is different

compared to the retardance and depolarization images, indicat-
ing that additional information is stored in this image.

The comparison between the direction found from the MPM
images and from the MMI images showed that they overall
agreed quite well. Discrepancies could be seen toward the edges
and at some isolated interior regions. Toward the edges, the
Fourier analysis technique used in the MPM analysis will ex-
hibit some artifacts as it picks up the edge of the sample as
a strong frequency component (interpreted as a fiber) running
tangential to the edge. If the fibers run perpendicularly to the
edge, then this will be picked up by MMI and large discrepan-
cies are expected. Other sources of discrepancies could be due
to small collagen fibers not resolved by MPM and/or changes in
the collagen direction through the sample (MPM could not im-
age completely through the thickness of the sample). The tiling
of the microscope images to create images of larger regions is
evident in Figs. 1(a) and 2(a), which is due to uneven excitation
over the imaging plane, probably due to movement of the beam
at the back aperture of the objective. However, it appears that
the transition between images is quite well filtered out during
image analysis.

MMI will be unable to differentiate between collagen fibers
running parallel to the sample surface and fibers that are at an
angle to the surface. One way to distinguish these two cases
would be to rotate the sample in the beam such that the Mueller
matrix is extracted with the collagen fibers rotated at different
angles to the incoming beams. By having enough different di-
rections, it should be possible to extract a three-dimensional
average direction of the fibers.

The structure of the collagen fibers as seen in the MPM
images could be useful in the diagnosis and assessment of os-
teoarthritis. In this study, the MMI was performed in trans-
mission mode; however the technique can also be applied in
reflection mode, which would make it applicable for in vivo use.
MMI can also be used in conjunction with high NA objectives to
achieve even higher resolution images of the polarization prop-
erties. In the current setting, however, it is perhaps its ability
to image large regions relatively fast that is its main advan-
tage. Histopathology is another field where MMI could be very
valuable. Its ability to generate more detailed polarization prop-
erties could make it valuable for better assessing the structure
of diseased cartilage in histopathology studies. For example, the
depolarization index and differences in linear and circular retar-
dation are not picked up by regular polarization microscopes.
The detailed structure that is possible to extract with these two
imaging techniques could also have important applications in
the study of the biomechanics of cartilage.

5 Conclusion
By applying an image-analysis technique based on the Fourier
transform on the MPM images, we were able to quantify the di-
rection of the fibers in the superficial layer. Combining this with
Mueller matrix imaging proved to be a powerful combination,
allowing for the extraction of directional parameters from the
intermediate layer. The structure in the intermediate layer is usu-
ally assumed to be isotropic, but the retardance images clearly
show that there is structural inhomogeneities in the connective
tissue in these areas as well. In conclusion, the combination of
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MMI and MPM provides a powerful technique in the study of
osteoarthritis and other cartilage diseases.
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