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Abstract. The directional polarization sensitivity of articular cartilage
and meniscus is investigated by use of polarization-sensitive optical
coherence tomography (PS-OCT) by varying the angle of incident il-
lumination. Experimental results show that when the incident light is
perpendicular to the tissue surface, normal articular cartilage demon-
strates little polarization sensitivity, while meniscus demonstrates
strong polarization sensitivity. Differences in optical phase retardation
produced by articular cartilage and meniscus are observed when the
incident angle of the scanning light beam is adjusted between 0 and
90 deg relative to the tissue surface. Directional polarization sensitiv-
ity of articular cartilage and meniscus as obtained by PS-OCT imaging
using variations in the angle of incident illumination can be used to
assess the orientation and organization of the collagen matrix of these
tissues. The polarization sensitivity as evidenced by the Stokes vector
and optical phase retardation images can be explained by the orien-
tation of the angle of illumination relative to the unique structural
organization of the collagen fibrils and fibers of articular cartilage and
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1 Introduction

Degenerative joint disease (DJD) or osteoarthritis can be a
severely debilitating disease and is second only to heart dis-
ease as the most common cause of physical disability.] To
diagnose the disease early in its onset, evaluate response to
treatment, and to assist in the development of appropriate and
efficacious treatment strategies, it is important to be able to
accurately assess the collagen microstructure of cartilage in
patients in the early stages of disease development. Diagnos-
tic biopsy of articular cartilage is not advised because of the
limited regenerative capacity of cartilage. Conventional mor-
phological imaging methods, including radiographs, com-
puted tomography (CT), ultrasound, and magnetic resonance
imaging (MRI), have been applied to the diagnosis of carti-
lage abnormalities;z’5 however, these methods provide insuf-
ficient resolution for evaluation of microstructural changes.
As a new morphological imaging technique, optical coher-
ence tomography (OCT) allows noninvasive, high-resolution,
cross sectional imaging of the tissue microstructure’ and is
adaptable to arthroscopy.” Conventional OCT is based on the
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intensity of backscattered light. Polarization-sensitive OCT
(PS-OCT) provides information on the polarization states of
backscattered light, revealing properties of collagen matrix
organization and integrity not available by conventional
OCT.*’ Birefringence exists in many tissues because of the
presence, organization, and orientation of components such as
collagen, keratin, and myelin, and the polarization properties
of the tissue may be altered by injury or disease that affects
the presence, organization, and/or orientation of these compo-
nents. PS-OCT has been used to study the microstructure and
birefringence properties of biological tissues including skin,
articular cartilage, and intervertebral disk '3

Based on studies that have utilized polarized light micros-
copy, normal cartilage is known to demonstrate birefringence
in tissue sections cut perpendicular to the articular surface and
examined by transillumination."*™'® PS-OCT has been re-
ported to be a potentially valuable diagnostic tool for the as-
sessment of collagen matrix changes in DID'"31718 and re-
portedly can be used to differentiate osteoarthritic cartilage
from normal cartilage by detecting changes in phase retarda-
tion patterns attributed to alterations in tissue birefringence.
Previous experimental results were reported to demonstrate
strong birefringence in healthy articular cartilage that dimin-
ishes subsequent to cartilage degeneration.'"'”"'®
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Fig. 1 Schematic diagram of PS-OCT system setup: function generator (Fun Gen); polarization modulator (Pol. Mod); polarization controllers (Pol.
Control); phase modulator (Phase Mod); polarization beam splitter (PBS); rapid scanning optical delay line (RSOD); and detectors (D; and D).

Recent experimental results reported by us"? differ from
previous reports of others'"'7!8 by demonstrating that healthy
articular cartilage shows little or no optical phase retardation
with the optical axis normal to the articular surface. There-
fore, PS-OCT cannot be used to differentiate osteoarthritic
cartilage from healthy cartilage without careful consideration
of the complex relationship of the sample orientation, incident
angle, and polarization. In this study, the directional polariza-
tion sensitivity demonstrated by bovine articular cartilage and
meniscus was evaluated by a PS-OCT system to investigate
the relationship between the incident angle of illumination
with respect to the collagen fiber orientation of the tissue ma-
trix and the degree of optical phase retardation observed. Ex-
perimental results demonstrate that normal articular cartilage
could appear polarization sensitive if the incident light does
not scan the tissue at a normal orientation to the surface, and
misinterpretation of the collagen organization or health status
could happen if the angle of incident light relative to the ori-
entation of the collagen matrix is unknown or not controlled
during imaging. The directional polarization sensitivity of ar-
ticular cartilage as demonstrated by our results can explain
and predicate what kind of results might be observed when
the scanning beam is not normal to the surface of cartilage, or
the orientation of normal cartilage fibrils are not consistent
throughout the whole joint.16 This is a significant observation,
as several studies (including clinical trials) are ongoing using
a different interpretation of optical phase retardation in regard
to tissue birefringence in assessing health and degeneration of
articular cartilage.

2 Materials and Methods

The schematic diagram of the PS-OCT setup is shown in Fig.
1 and has been described previously.”’19 Nonpolarized low
coherence light from a superluminescent diode (SLD) with
10-mW output power and a central wavelength of 1310 nm

Journal of Biomedical Optics

064001-2

with a full width at half maximum (FWHM) spectral band-
width of 80 nm was coupled into a 2 X2 fiber optic nonpo-
larizing coupler, which split the light into reference and
sample arms. In the reference arm, a four-step driving func-
tion was applied to the polarization modulator (Newport
Company, Irvine, California), and each step introduced a /4
phase shift. Since only vertical polarized light could pass
through the phase modulator, four different reference polar-
ization states were selected and each were separated by 45-
deg angles over a great circle on a Poincaré sphere. An
electro-optic phase modulator (Sumitomo Osaka Cement
Company Limited, Tokyo, Japan) was inserted in the refer-
ence arm and driven by a ramp waveform to generate a stable
500-kHz carrier frequency for heterodyne detection, so that
the modulated interference signal could be demodulated more
exactly by filtering out the low frequency noise in the system.
Backscattered light from the sample was combined with the
light of each of the four corresponding polarization states re-
flected from the reference arm. In the detector arm, the inter-
fered beams were split into their horizontal and vertical com-
ponents by a polarization beamsplitter and detected by two
photodetectors (Laser Components, Incorporated, Santa Rosa,
California), then high pass filtered, amplified, digitalized, and
further processed by a computer.

The four corresponding polarization states scattered from
the sample arm were obtained by phased-resolved processing
of the interference fringe signals obtained from two perpen-
dicular polarization detection channels. By measuring the en-
velope of the interferometer signal in two channels of or-
thogonal polarization and their phase difference, the
corresponding Stokes vectors could be obtained, and the ac-
cumulative optical phase retardation was calculated as a func-
tion of depth from normalized Stokes vectors.'”* The four
Stokes parameters I, Q, U, and V are calculated by:
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Fig. 2 Diagram of the architectural organization of the collagen matrix of (a) articular cartilage and (b) meniscus. In (a) articular cartilage, type 2
collagen fibrils extend up from the calcified cartilage zone through the deep zone in a vertical direction perpendicular to the articular surface, arch
in the middle zone, and lay in a horizontal direction parallel to articular surface in the superficial zone. In (b) the meniscus, type 2 collagen fibers
are grouped into bundles and fascicles that lay in a circumferential direction parallel to the periphery of the meniscus and horizontal to the articular

surface.

1(z) = a}(2) + a}(z),
0(x) =a;(z) - a}(z),
U(z) =2a,(z) * a,(z) * cos ¢(2),

V(z) = 2a,(z) * a(z) * sin ¢(2), (1)

where a, and a, are amplitudes of two orthogonal compo-
nents at depth z from two polarization detection channels, and
¢ represents the phase difference between the two compo-
nents. The axial resolution (Az) of the OCT system is deter-
mined by the coherence length of the light source and Az

=(21In2/)-(N2/AN), which is 10 um in air for this system.
The lateral or transverse resolution is determined by the fo-
cused spot size in analogy with conventional microscopy and
is around 10 pwm. The dynamic range is 60 dB, and 256 gray
levels were used to display OCT images.

Articular cartilage is composed of predominantly type 2
collagen fibrils arranged in several distinct morphological
zones, including the superficial zone, the middle zone, the
deep zone, and the calcified zone, with different composi-
tional and matrix organizational characteristics as illustrated
in Fig. 2(a)."*'**'"* Meniscus is primarily composed of type
1 collagen fibers, the bulk of which are orientated parallel to
each other and lay in a circumferential direction grouped into
large fascicles that run parallel to the periphery of the menis-
cus and horizontal to the joint surface, as demonstrated in Fig.
2(b).” There are two major components of articular cartilage
and meniscus: 1. a fluid phase containing proteoglycans and
water, and 2. a solid matrix containing collagen (predomi-
nantly type 1 in meniscus and type 2 in articular cartilage).
The collagen matrix contributes mostly to tensile behavior
and integrity of cartilage tissue. Proteoglycans are large bio-
molecules that consist of a protein core with glycosaminogly-
can side chains and constrained within the collagen matrix.
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Birefringence in cartilage is due to the asymmetrical collagen
fibril structure and may change with derangement and me-
chanical failure of the collagen network.

Fresh bovine articular cartilage specimens were collected
from the femoral-tibial joints of adult (5 to 7 years old) Hol-
stein dairy cows slaughtered within the previous 36 h. Full
thickness samples of articular cartilage that included subchon-
dral bone were obtained for study from the articular surface of
the proximal tibia by punch biopsy using a 1.0-cm-diam cir-
cular punch and mallet. A piece of meniscus was cut from
whole meniscus harvested from the joint. A number 11 scalpel
blade was used to make two V-shaped marks on the edge of
the cartilage specimen across the center from each other, and
the laser beam of the PS-OCT imaging system was scanned
between these marks to obtain the specimen image. Each pre-
pared specimen was wrapped in a 0.9% saline soaked gauze
sponge, placed in a sealed and marked plastic bag, and held at
room temperature until it was imaged later on the same day.

A total of eight articular cartilage and three meniscus
specimens were collected and imaged. At the time of imaging,
each specimen was removed from its protective wrapping, the
base set in a 2 X2-cm piece of paraffin for positioning and
stabilization during imaging, and then placed in a 2-cm round
disposable plastic petri dish. The petri dish was set on a rota-
tion platform (PRM, Thorlabs, Newton, New Jersey) so that
3-D and angular adjustments could be made. The petri dish
was positioned under the controlled motorized sample arm of
the imaging system so that the scanning beam, as evidenced
by illumination from a superimposed 670-nm aiming beam,
could pass across the surface of the cartilage specimen be-
tween the two V-shaped marks. The incident light from the
focus lens of the sample arm scans across the specimen sur-
face in the air at a normal angle that is perpendicular (90 deg)
to the surface, as shown by A in Fig. 3. In this study, the
incident light beam was adjusted so that the specimen in the
air was illuminated at different angles () (B in Fig. 3) away
from the normal, and PS-OCT images were obtained with
each variation of the angle of incident light. The specimens
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Fig. 3 Imaging directions of scanning light beam with an angle of A:
0 deg B: a, and C: 90 deg.

were orientated at an angle of 0 deg (normal incident), 20, 40,
60, and 75 deg from the normal direction to the specimen
surface, and 90 deg where the light was incident on the ver-
tical cut of the specimen (C in Fig. 3). Articular cartilage
shows little birefringence when the incident light scans the
tissue normal to the surface. In normal cartilage, the collagen
fibrils are symmetrical in respect to the beam normal to the
surface; therefore, the orientation of the surface collagen to
the image section should be the same from any direction.

After OCT imaging, each specimen was fixed in 10% buff-
ered formalin. Following tissue fixation, each specimen was
decalcified by being placed into 8% formic acid and checked
daily until soft enough to section. Samples were then dehy-
drated in progressive concentrations of ethanol-water, cleared
with Histoclear (National Diagnostics, Manville, New Jersey),
and infiltrated with paraffin in an ATP1 tissue processor (Tri-
angle Biomedical Sciences, Durham, North Carolina). The
samples were then embedded in paraffin, cut perpendicularly
to the articular cartilage surface in 6-um-thick serial sections
made along the length of each specimen at its center where
the OCT images had been obtained, and carefully placed on
clean glass slides. The sections were deparaffinized with His-
toclear, stained in hematoxylin (Sigma, Saint Louis, Missouri)
and eosin-y (HE) (EM Sciences, Port Washington, Pennsylva-
nia), and coverslipped. The histology slides were imaged us-
ing a microscope (Nikon Microphot-fxa, Tokyo, Japan) with a
real-time digital color microscope imaging camera (Microfire
C, Optronics, Goleta, California) coupled to a computer and
recorded using image capture software (PictureFrame, Imag-
ingPlanet, Goleta, California).

3 Results

Surface images as viewed through a dissecting microscope
from the two directions are shown in Figs. 4(a) and 4(b). The
OCT, Stokes vector, accumulative phase retardation, and his-
tology images are shown in Figs. 5(a) through 5(g). The OCT
image [Fig. 5(a)] correlated well with the histology [Fig.
5(g)]. In the Stokes vector images shown in Figs. 5(b) and
5(e), the vertical columns from left to right represent the four
Stokes vector components, I, Q, U, and V, respectively, and
the horizontal rows from top to bottom represent the four
incident polarization states from the polarization modulator. It
was found that normal bovine articular cartilage has little po-
larization sensitivity when the scanning light from the sample
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Fig. 4 Digital images of a normal articular cartilage specimen viewed
through a dissecting microscope with the plane of view (a) perpen-
dicular and (b) parallel to the specimen surface as illustrated in (c).
The view (b) was made along a lateral cut surface of the specimen.

arm is incident on the surface of the specimen at a right angle
[Figs. 5(b) and 5(c)]. In contrast, when the scanning light is
incident to the deep zone of the specimen along a lateral cut
surface in a direction parallel to the articular surface, the
banded structure in the Stokes vector images of Fig. 5(e)
clearly demonstrate that the tissue has strong polarization sen-
sitivity, and the phase retardation image in Fig. 5(f) shows
distinct retardation bands.

A plot of the phase retardation in relation to tissue depth
for the two different incident directions in normal articular
cartilage is shown in Fig. 6. The optical phase retardation &(z)
is determined by the relationship 8(z)=2mAn-z/\,, and the
degree of phase retardation An=n,—n, can be evaluated by
the slope in a graph of phase retardation &(z) versus depth (z),
since An=(\y/2m)[dS(z)/dz] can be obtained from the deri-
vation of the previous relationship, where n, and n, are the
refractive indices for the ordinary ray and the extraordinary
ray, re:spective:ly.26’27 The graphs of phase retardation versus
depth in Fig. 6 show that normal bovine articular cartilage
produces little optical phase retardation when the direction of
incident illumination is perpendicular to the articular surface
but strong phase retardation is observed when the incident
direction is parallel to the articular surface and perpendicular

Fig. 5 (a) and (d) OCT images and (b) and (e) Stokes vector images
(6x2.8 mm) and (c) and (f) phase retardation images and (g) histol-
ogy when the incident light scanned a normal bovine articular carti-
lage specimen from (a), (b), and (c) the perpendicular to the articular
surface and (d), (e), and (f) and along a cut plane made 90 deg to the
articular surface.
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Fig. 6 Phase retardation versus depth when the incident light scanned
a normal bovine articular cartilage specimen in perpendicular (0 deg)
and parallel (90 deg) directions relative to the specimen surface.

to the orientation of collagen fibrils of the deep zone. Addi-
tionally, the ideal phase retardation should reach 0 and
180 deg, while experimentally it cannot because of the OCT
background noise. For phase retardation close to 0 or
180 deg, the background noise introduces a significant and
systematic error. This phenomenon has been reported by sev-
eral groups.zo’%’27 Averaging of 20 pixels at the same depth
here is used to reduce the fluctuations in phase calculation due
to noise.

A specimen sectioned from a bovine meniscus is shown in
Fig. 7 and was imaged by the PS-OCT system with the inci-
dent directions being perpendicular and parallel to the speci-
men surface. The OCT, Stokes vector, accumulative phase
retardation, and histology images are shown in Figs. 8(a)
through 8(g). The Stokes vector images and phase retardation
images clearly demonstrate that the meniscus has strong po-
larization sensitivity when the incident scanning beam is nor-
mal to the meniscus surface, but little polarization sensitivity
is observed when the incident beam is directed along the cut

Fig. 8 (a) and (d) OCT images and (b) and (e) Stokes vector images
(6x2.8 mm), (c) and (f) phase retardation images and (g) histology
when the incident light scanned a normal bovine meniscus specimen
(@), (b), and (c) perpendicular and (d), (e), and (f) along a cut plane
made 90 deg to the surface.

surface. The graphs of accumulative phase retardation versus
depth are shown in Fig. 9 and illustrate that the meniscus
produces strong phase retardation in the normalized incident
direction and little phase retardation when the incident beam
is aimed in a direction parallel to the meniscus surface and
scanned along the vertical cut.

To further investigate the directional polarization sensitiv-
ity of the two kinds of tissues, PS-OCT images were obtained
using different scanning angles relative to the articular and
meniscus surfaces. The Stokes vector and phase retardation
images of normal articular cartilage are shown in Figs. 10(a)
through 10(j) when the incident light beam is 0, 20, 40, 60,
and 75 deg from the normal to the tissue surface. The images
demonstrate that the tissue produces little optical phase retar-
dation when the incident light beam scans the tissue at the

Fig. 7 Digital images of a normal bovine meniscus specimen viewed through a dissecting microscope from (a) the perpendicular and (b) parallel
directions relative to the specimen surface. The view (b) was made along a vertical cut surface of the specimen.
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Fig. 9 Phase retardation versus depth when the incident light scanned
a specimen of normal bovine meniscus from the perpendicular
(0 deg) and parallel (90 deg) directions relative to the specimen
surface.

normal (0-deg) direction to the surface, but the degree of
polarization sensitivity increases when the incident angle in-
creases from the normal. The graphs of the phase retardation
versus the depth for different incident angles of normal articu-
lar cartilage are shown in Fig. 11. The phase retardation curve
was calculated by averaging 20 adjacent pixels at each depth
from a region where there was no intensity saturation.

Fig. 10 (a) through (d) Stokes vector images (6x2.8 mm) and (f)
through (j) phase retardation images of a normal articular cartilage
when the incident light beam is (a) and (f) 0 deg (b) and (g) 20 deg,
(c) and (h) 40 deg, (d) and (i) 60 deg, and (e) and (j) 75 deg from the
perpendicular to the articular surface.
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Fig. 11 Plot of phase retardation versus depth in normal bovine ar-
ticular cartilage when the incident light beam is 0, 20, 40, 60, and
75 deg from the perpendicular to the articular surface.

The Stokes vector images in Figs. 12(a) through 12(e) and
the phase retardation images in Figs. 12(f) through 12(j) of a
normal bovine meniscus specimen were obtained with the in-
cident light beam 0 deg [12(a) and 12(f)], 20 deg [12(b) and
12(g)], 40 deg [12(c) and 12(h)], 60 deg [12(d) and 12(i)],
and 70 deg [12(e) and 12(j)] from the normal to the specimen
surface. The banded structure in the Stokes vector and phase
retardation images demonstrates the polarization sensitivity of
the specimen, and shows that the degree of phase retardation
produced by the tissue decreases with the increasing incident
angle away from the normal. The graphs in Fig. 13 demon-

Fig. 12 (a) through (e) Stokes vector images (6x2.8 mm) and (f)
through (j) phase retardation images of a bovine meniscus specimen
made with the incident light beam (a) and (f) 0 deg, (b) and (g)
20 deg, (c) and (h) 40 deg, (d) and (i) 60 deg, and (e) and (j) 70 deg
from the perpendicular to the meniscus surface.
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Fig. 13 Plot of phase retardation versus depth from a bovine meniscus
specimen when the incident light beam is 0, 20, 40, 60, and 70 deg
from the perpendicular to the meniscus surface.

strate that the phase retardation of the meniscus is strongest
when the incident light scans the tissue in the normal (perpen-
dicular) direction to the surface, and the degree of phase re-
tardation decreases as the incident angle is increased away
from the normal.

4 Discussion and Conclusions

The degree of birefringence of articular cartilage is related to
the orientation and organization of the collagen fibrillar net-
work of the cartilage matrix."*™'® In the superficial zone of
articular cartilage, the collagen fibrils are oriented parallel to
the surface; therefore, the phase retardation of a beam directed
normal to the articular surface is expected to increase with
depth in this region. The effect on phase retardation in the
superficial zone may be reduced from what might be antici-
pated, however, as the individual collagen fibrils lay in lay-
ered planes parallel to the surface that vary in orientation at
angles of up to 45 deg to each other.”® Minimal birefringence
is expected in the middle zone, which lacks coherent orienta-
tion of the fibrils.'"*'® As the incident beam travels into the
deep zone, it is traveling parallel to the orientation of the
collagen fibrils in this region, and minimal to no phase retar-
dation is expected. Consistent with this prediction, normal
articular cartilage was found to produce little phase retarda-
tion when the imaging beam was directed at normal incidence
to the cartilage surface. This observation is contrary to the
results of previous reports that used a single detector OCT
imaging system  without quantification of phase
retardation'"'”'® but are consistent with results reported by
another group that used a two-detector two-polarization-state
PS-OCT system to study equine articular cartilage.29

The optical axis of collagen parallels the orientation of
collagen fibrils, and maximum polarization sensitivity appears
when the orientation of the incident light beam is perpendicu-
lar to the collagen fibrils. PS-OCT imaging of articular carti-
lage obtained with the incident beam normal to the cut surface
demonstrates phase retardation along the same optical axis, as
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is typically reported for polarized light microscopy studies of
articular cartilage.”’16 As anticipated, the deep zone in this
study demonstrated strong polarization sensitivity when the
incident light was directed along a cut surface, perpendicular
to the orientation of the collagen fibrils.

This study demonstrates that the amount of phase retarda-
tion evidenced by PS-OCT imaging of articular cartilage and
fibrocartilage is dependent on the angle of incidence of the
scanning beam relative to the orientation of the collagen
fibrils in the specimen. The results reported here for articular
cartilage are consistent with another PS-OCT study of articu-
lar cartilage,29 and do not support the conclusions of others
that normal, healthy cartilage can be expected to show strong
birefringence as evidenced by banding in OCT images.
Clearly, articular cartilage that demonstrates strong optical
phase retardation by PS-OCT imaging when the incident
beam is directed across a vertical cut surface can also demon-
strate very little phase retardation when the beam is directed
normal to the articular surface. Additionally, it is known that
the orientation of collagen fibrils in relation to the joint sur-
face can vary between locations within a joint, especially
when approaching the edges of a joint;'>'® therefore, normal
differences in collagen matrix orientation relative to an imag-
ing beam directed normal to the articular surface are likely to
give substantially different pictures of phase retardation that
would be inappropriate to attribute to degenerative alterations
in the birefringence properties of the tissue.

The orientation of collagen fibers in the meniscus is differ-
ent from that observed for articular cartilage. Collagen fibrils
of the meniscus are organized into fiber bundles that run par-
allel to the surface.”"" The meniscus demonstrates strong po-
larization sensitivity when the incident light scan is made per-
pendicular to the surface, but does not demonstrate
polarization sensitivity when scanning with the incident light
in a direction parallel to the orientation of the collagen fibers.
The experimental results demonstrate that the degree of po-
larization sensitivity of normal articular cartilage increases as
the angle of the incident light increases away from the per-
pendicular to the tissue surface, but the degree of polarization
sensitivity observed for meniscus decreases with an increase
in the angle of incident illumination away from the perpen-
dicular. This directional sensitivity is related to the angle of
incidence of the scanning beam relative to the orientation of
the collagen fibrils and fibers of the cartilage matrix, and
needs to be considered when interpreting measurements of
phase retardation of cartilage to assess health and disease.

In summary, PS-OCT images obtained from a two-detector
PS-OCT system that uses four polarization states of light to
construct Stokes vector and depth resolved accumulative
phase retardation images can be used to evaluate the orienta-
tion of the collagen matrix of articular cartilage and meniscus.
Images obtained from this system with the incident beam
scanning perpendicular to the joint surface show that normal
articular cartilage may demonstrate only mild polarization
sensitivity, but that the meniscus shows strong polarization
sensitivity. The degree of polarization sensitivity of both nor-
mal articular cartilage and meniscus changes when the light
incident angle changes from 0 to 90 deg. These directional
changes in optical phase retardation are related to the incident
angle of illumination relative to the orientation of collagen
fibrils and fibers of the cartilage matrix, and may be able to
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provide valuable information regarding the tissue matrix in
healthy and diseased states. Additionally, this information un-
derscores the importance of recognizing that variations in the
incident angle may provide differences in images obtained
from the same specimen, or from different areas of a joint
where variations of surface contour or matrix organization
may present different orientations of the collagen matrix to an
arthroscopic imaging probe.
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