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Abstract: Connective tissues such as articular cartilage have been the subject of study using novel optical
techniques almost since the invention of polarized light microscopy (PLM). Early studies of polarized light
micrographs were the main evidential basis for the establishment of quantitative models of articular cartilage
collagen structure by Benninghoff and others. Even now, state of the art optical techniques including
quantitative polarized light microscopy (QPLM), optical coherence tomography (OCT), polarization-
sensitive optical coherence tomography (PS-OCT), second harmonic generation (SHG) microscopy,
Fourier-transform infrared (FTTR) microscopy, Raman and optical hyperspectral reflectance and fluorescence
imaging are providing new insights into articular cartilage structure from the nanoscale through to the
mesoscale. New insights are promised by emerging modalities such as optical elastography. This short review

highlights some key recent results from modern optical techniques.
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Introduction

Optical and infrared techniques have played, and continue
to play, a major role in monitoring many aspects of
cartilage. Cartilage derives its unique mechanical properties
through an interaction between the 3-D architecture of
the collagen matrix and the osmotic pressure generated by
interstitial water and proteoglycans. Articular cartilage plays
a vital role in providing a low-friction surface between the
bones of articulating joints (1). Cartilage degeneration due
to non-inflammatory processes (trauma, age) is collectively
termed “osteoarthritis” and is a leading cause of disability in
the western world. Left untreated it progresses to complete
cartilage destruction and hence intense pain due to bone-
on-bone friction. The only viable treatment is then a total
joint replacement. In the elderly these can be very effective
however in those under 40 there is a major problem of
limited implant lifetime, due to effects such as aseptic
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loosening. Hence there is considerable interest in early
diagnosis and in developing and monitoring restorative
cartilage treatments (2). There are several areas in which
optical techniques can be of benefit.

Polarized light microscopy (PLM)

Optical birefringence has been a known property of articular
cartilage since the early 19* century (3). PLM refers to
the general technique of imaging histological sections
using polarized illumination and detection, historically and
most commonly by placing the section between crossed
polarizers. A cartilage section has a distinctive appearance
between crossed polarizers. For the correct orientation
it is found that the superficial and deep layers appear
bright whereas the intervening layer appears dark. This
is generally interpreted as strong optical birefringence in
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Figure 1 Benninghoff’s original micrographs and sketches of
his proposed “arcade” model of collagen fiber organization
in articular cartilage. (A) The 40 m section of human patella
cartilage transilluminated between crossed Nicol prisms, whose
transmission/extinction axes are at 45° to the tangential layer. The
section is cut parallel to the superficial “split-line”. Note the strong
signal in the tangential and radial zones and the weak signal in
between these. Reproduced from Benninghoff (4) with permission.
(B) Benninghoff’s proposed cartilage architecture.

the superficial and deep layers and weaker birefringence
in the intermediate layer. Considerations of this type led
Benninghoff to propose his now famous “arcade” model of
collagen organization (Figure I). In this model the collagen
fibers are oriented normally to the joint surface where
they anchor to the cartilage-bone interface, then curve as
they approach the surface, to run parallel to the surface at
the uppermost extent before then arching back over the
descending back towards the cartilage/bone interface and
reattaching at an orientation normal to the surface (4).
Hence individual fibers were considered to form
a continuous “gothic arch” structure. More recently,
by combining the polarized-light measurements with
cryofracture SEM images, this model has been revised
somewhat to one in which the collagen fibers form a stack of
parallel lamellae, i.e., a “leaf” structure, in which the leaves
arch over to become parallel with the cartilage surface (5,6).
Based on such observations, cartilage is generally considered
to comprise three distinct layers, the radial layer adjacent
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to the bone-cartilage interface and containing vertically
aligned fibers, the superficial (a.k.a tangential) layer, within
100-200 um of the surface wherein the fibers run parallel
to the surface and in between these layers a “transitional”
zone. Generally this zone appears darker than the other two
zones under PLM. The low birefringence in the transitional
zone is generally attributed to a more disordered fibrillar
microstructure in that zone.

Historically PLM has been a semi-quantitative technique
because a single observation made through crossed-
polarizers is not sufficient to fully characterize the optical
anisotropy of a material. The combination of polarization-
controlling elements such as liquid crystal retarders, coupled
with digital cameras and computer processing has led to
the development of quantitative polarized light microscopy
(qQPLM). Rieppo recently reviewed this generic approach
and described a system using motorized rotating crossed
polarizers and a quarter-wave plate which can automatically
determine the absolute birefringence and collagen fibril
orientation (actually the optical “slow-axis”) on a pixel-
by-pixel basis (7). They termed this technique “enhanced
polarized light microscopy” or ePLM. These microscopes
operate in the transmission mode on thin histological
slices. They can produce 2-D maps of birefringence and
slow-axis orientation with 10-50 pm spatial resolution. An
additional parameter can be extracted from ePLM data,
which Rieppo ez 4l. term the “parallelism index” or PI. This
index is generally defined via the ratio of the maximum
to minimum light transmission through the sample as a
function of polarizer orientation and has been suggested to
be an indicator of local fibrillar directional order. Of course,
linear birefringence is also affected by fibrillar organization
(being zero for a state of isotropic 3-D fibrillar orientation)
and so the relationship between these parameters deserves
detailed investigation.

Xia et al. introduced the qPLM technique into the
systematic study of cartilage in 2001 (8). Quantitative maps of
both birefringence and slow-axis orientation were produced
for a sagittal slice through canine humeral head cartilage
tissue (Figure 2). The transitional zone was identified by a
rapid change in slow-axis orientation from 90° to zero and
associated with this was a dip in birefringence, consistent with
a zone of disorganized cartilage. The birefringence did not
vanish completely in the transitional zone however, which the
authors interpret as showing that cartilage retains a degree
of order throughout all regions. More recently Mittelstaedt
et al. have used QPLM but applied to transverse rather than
sagittal sections of canine humeral head cartilage (9). An
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Figure 2 Cartilage section analysed using the qPLM technique.
The true retardance and fast-axis orientation are determined by
this extended polarized light technique. Reproduced from Xia ez /.
(8) with permission. A clear minimum in the retardance at ~120 m
depth is interpreted as the disorganized collagen of the “transitional

zone”. PLM, quantitative polarized light microscopy.

interesting observation is that the azimuthal angle of the
dominant collagen alignment direction is not constant with
depth, as it would be, e.g., with tendon. Instead the optical
“slow-axis” rotates through up to 40 degrees of azimuth
between the surface and 500 microns depth.

Rieppo er al. used ePLM to study maturational changes
in porcine femoral groove articular cartilage from animals of
ages 4, 11 and 21 months (10). Substantial changes were found
in the birefringence, fiber orientation and parallelism index as
functions of age (Figure 3). It was found that the Benninghof
architecture develops along with skeletal maturity and has
not developed at all in 4-month-old pigs (human equivalent
age ~6-8 years). Instead the immature animals appear to
possess a cartilage collagen architecture that is dominated
by the superficial layer, so that the dominant fiber alignment
direction is parallel with the surface. By 21 months (human
age equivalent 20-25 years) the Benninghoff architecture
has appeared and, in addition, the total birefringence in the
radial zone increases substantially. The authors interpret these
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Figure 3 qPLM images of porcine femoral trochlea cartilage at
4 months maturation (A) and 21 months maturation (B). A classic
“Benninghoff” type architecture with a thick radial zone and thin
superficial zone is only observed in the older animal. At 4 months
the whole cartilage thickness is dominated by a superficial zone.
Reproduced from Rieppo er /. (10) with permission. qPLM,

quantitative polarized light microscopy.

findings as indicating that collagen remodelling in response
to increased muscle strength and joint loading is ongoing
before skeletal maturity is reached, eventually falling due to
decreased collagen synthesis and decreased levels of matrix
metalloproteinases.

The quantitative data produced by these systems can find
a practical use in cartilage biomechanical modelling. One of
the post popular materials models for cartilage at the present
time is the fibril-reinforced porous visco-elastic model
(FRPVE) model, e.g., (11). This biphasic model considers
that the mechanical properties arise principally from a fluid
phase (interstitial water) and a solid phase (collagen fibrils and
proteoglycans). The collagen fibrils are primarily believed
to determine the tensile stiffness and dynamic compressive
stiffness hence these models specify the depth-dependent
collagen orientation. Julkunen et #/. combined information
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from qPLM, such as the thickness of the superficial zone
and the fiber bending radius, into the FRPVE model,
allowing a more accurate prediction of depth-dependent
compressive stresses and strains than previous models based
on homogeneous fibril distributions (12).

An interesting finding from combined MRI T2
mapping and qPLM is the appearance of a second zone of
tangentially oriented collagen fibers, midway between the
surface and the bone-cartilage interface, in juvenile bovine
patellar cartilage (13).

Optical coherence tomography (OCT)

Whilst qPLM is a very powerful photonics tool for
structural characterization, by nature it can only be applied
ex vivo because of the need to transmit light through a
histological section. The advent of non-invasive optical
modalities such as confocal microscopy and OCT bring the
possibility to gain information iz vive, by supplementing a
conventional arthroscopy examination. Photonics can thus
move from characterization to diagnosis.

OCT is a volumetric imaging tool similar conceptually
to ultrasound (US) but using light rather than acoustic
waves. It is distinguished from US by (I) 2-10 micron depth
resolution compared with typically 100-1,000 micron depth
resolution for clinical US; and (II) 1-2 mm imaging depth
vs. 10-100 mm imaging depth for clinical US. It is thus
ideal for imaging the surface layers of accessible tissues
(endothelium, retina, articular cartilage). The penetration
depth is sufficient to image through to the cartilage-bone
interface for small human joints and to image the superficial
regions of thicker cartilage such as in the human knee.

The earliest report on OCT of cartilage was by Herrmann
et al. at MIT (14). The study examined OCT images taken
ex vivo on excised human specimens. In total over 100
samples from 10 subjects were taken, covering knee, hip,
interphalangeal, metatarsal, intervertebral, elbow, clavicular
and ankle. OCT imaging with 5 micron axial resolution
provided much greater information than other non-
destructive modalities such as radiography or MRI, albeit
with the need to physically penetrate into the joint-space in
the same way as visible arthroscopy. Fibrosis, presumably
due to fibrocartilage repair tissue, and surface fibrillations
were readily detected. In addition, polarization sensitivity
was detected from the highly organized collagen in the
interphalangeal joint of the second toe. This was quantified
in a comparatively simple way, namely by modulating the
polarization state of the incident light and comparing the
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appearance of the OCT image. The authors speculated on
the potential early diagnostic value of such measurements,
as disruptions of collagen organization are believed to be an
early marker for osteoarthritic degeneration. OCT imaging
can be developed into a tool that quantitatively determines
birefringence, similar to qPLM but non-destructively, and
this has led to further insights (see next section).

Chu et al. evaluated clinical arthroscopic OCT imaging
as a means to improve the detection of surface fibrillation
and internal defects such as splits and fissures (15). Using a
rigid arthroscope beam delivery system they obtained cross-
sectional B-scan images in-situ from donated human cadaver
knees and also from ex vivo osteochondral cores harvested
from osteoarthritic human tibial plateaus (Figure 4).
The authors found that the rigid arthroscope OCT system
could readily image the medial and lateral femoral condyle
and trochlea on the intact joint, however, the tibial plateau
was not accessible because of the distal probe orientation. A
comparison against conventional arthroscopy and histology
showed that OCT matched histology in its ability to detect
subtle surface fibrillation in areas that appeared to be free
of damage by arthroscopy. This suggests a potential role
for arthroscopic OCT in guiding debridement treatments,
where real-time feedback to the surgeon would be beneficial
in selecting suitable treatments sites and monitoring the
progress of the treatment.

Recently the use of a completely flexible probe, designed
originally for intravascular OCT imaging, has also been
demonstrated (16). The 0.9 mm diameter flexible probe
in this system enabled OCT imaging within the intact
first carpometacarpal joint of a human cadaver. Cartilage
thicknesses of 0.6 and 1.1 mm were directly measured.
Evidence of surface fibrillation and fissuring was detected.
This same probe was used in a similar study on the equine
metacarpophalangeal joint (17). High quality images were
obtained by inserting a Dragonfly intravascular OCT
catheter (St Jude Medical) through a dorsomedial portal,
whilst a standard arthroscope was inserted through a
standard portal. A direct comparison between the two
modalities confirmed OCT’s better sensitivity at detecting
surface fibrillation and fissuring and its ability to detect
subsurface lesions. The relative thinness of equine cartilage
at this site also allowed direct measurement of the cartilage
thickness. OCT allowed a less subjective scoring of cartilage
lesions and could be beneficial in selecting the most
appropriate treatment and monitoring treatment response.

In small animals such as rodents, OCT imaging can
measure the cartilage thickness directly, and this has been
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Figure 4 Arthroscopic OCT imaging of human knee cartilage samples that display chondromalacia, uniformly graded 0/1 by conventional

surface imaging. OCT is able to provide additional discrimination between these samples, with image B revealing an intact surface whilst

C shows subsurface clefts and E shows fissures and fibrillations. Reproduced from Chu et /. (15) with permission. OCT, optical coherence

tomography.

used to demonstrate thinning in response to drug-induced
osteoarthritis. By injecting the knee joints of Wistar rats
with sodium iodoacetate and then imaging with OCT at
1,300 nm wavelength, Patel er 4/. demonstrated a consistent
drop in cartilage thickness and disruption of the bone-
cartilage interface (18). By modulating the polarization
state of the incident light and observing any changes in the
OCT image, it was also concluded that the drug-induced
osteoarthritis effectively eliminated the birefringence of
the tissue, presumably by destroying the strong directional
alignment of the collagen fibers.

It has also been found that OCT can infer optical
properties, such as the near-infrared backscatter and
extinction coefficients (19), and that a change in these
correlates with degeneration and also with impact loadings.
Bear et al. compared the OCT signal intensity ratio between
superficial and radial zones in ex vivo bovine tibial plateau
cartilage, both before and 12 hours after impacts of low
energy (0.175 J) and moderate energy (0.35 ]J) created by
dropping a weighted indenter onto the surface (20). Impact
injury consistently raised the surface signal intensity and
decreased the deep signal intensity, suggesting an increase
in backscatter and attenuation coefficients. Histology
showed an increase in chondrocyte death and surface
collagen matrix disruption, which together may account for
the changes in optical properties.

A more quantitative characterization of cartilage optical
properties by OCT was reported by Shyu ez /. (21). By
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measuring the full profile of OCT image brightness versus
depth a quantitative comparison could be made against a
theoretical model based on the extended Huygens-Fresnel
principle (22). Using cartilage samples from a “porcine
joint”, the authors identified areas appearing visibly normal
and showing visible minor damage. The OCT brightness
vs. depth was then fitted using an analytical model which
includes, as its free parameters, the attenuation coefficient
and the “effective anisotropy factor” (which describes the
angular dependence of light scattering). Damaged cartilage
showed a tendency to produce larger attenuation coefficients
than normal cartilage and there was also a tendency for
damaged cartilage to produce more isotropic scattering.

Polarization-sensitive (PS) OCT

Unlike ultrasound in soft tissue, light waves are transverse
and can thus carry polarimetric information. Combining
polarimetry with OCT leads to a new technique called
PS-OCT (23). PS-OCT can detect areas of enhanced or
reduced birefringence in cartilage. Enhanced birefringence
can be associated with a repair mechanism, in which
degenerated hyaline cartilage (chiefly composed of type-II
collagen) is replaced by fibrocartilage (predominantly type-I
collagen). The fibrocartilage often has thickened, denser
fibers which appear bright on a structural OCT image.

Li et al. used a polarized light structural OCT imaging
system to study human knee joints iz vive prior to partial

Quant Imaging Med Surg 2015;5(1):143-158
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Figure 5 In vivo polarization-sensitive OCT imaging of human knee cartilage, taken during knee replacement surgery. Upper row shows

PS-OCT images, lower row shows contemporary histology, with Masson trichrome staining for collagen. Normal knee cartilage displays

a uniform pattern of banding, suggesting a thick layer of organized birefringent collagen fibers. Exposed bone lacks obvious banding, as

does degraded cartilage in the vicinity of the lesion. Reproduced from Li ez a/. (24) with permission. OCT, optical coherence tomography;

PS-OCT, polarization-sensitive optical coherence tomography.

or total joint replacement treatment (24). The excised
cartilage was then examined histologically using Trichrome-
blue staining and registered with the PS-OCT images
(Figure 5). Visibly normal human knee cartilage showed
a regular depth-resolved banding pattern, caused by the
modulation of the incident polarization state of the light
due to birefringence from the organized collagen in the
cartilage. This banding pattern was consistently lost in
cartilage showing advanced degeneration by Trichrome-
blue staining.

Chu et al. investigated the use of PS-OCT birefringence
to grade femoral condyle and trochlea osteoarthritic lesions
in human cadaver knees (25). PS-OCT (implemented using
a polarized light structural OCT system) identified ex vivo
cartilage samples displaying pronounced birefringence and
also samples displaying no obvious birefringence. Whilst
the latter observation would most naturally be interpreted as
a complete loss of collagen organization, the authors found
that this loss of birefringence was potentially a marker of
very early stage loss of chondrocyte viability. By measuring
proteoglycan synthesis before and after stimulation with
IGF-1 growth factor, it was found that cartilage that lacked
birefringence had lost its ability to respond to IGF-1
by upregulating proteoglycan production. Interestingly
however, this loss of IGF-1 sensitivity appeared to be
reversible by administering L-NMA to block nitric oxide
synthase. Hence the absence of form birefringence might
conceivably be an indicator for early stage degeneration at a
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point where it could still be reversed pharmacologically.
Recently our lab introduced two related variants of
PS-OCT, which we have termed variable-incidence-
angle PS-OCT (VIA-PS-OCT) (26-28) and conical-
scan PS-OCT (CS-PS-OCT) (29). These two methods
are specifically targeted at quantifying the 3-D zonal
architecture of cartilage collagen by modifying the incidence
angle of the light beam relative to the collagen fibers. The
methods exploit the fact that the apparent birefringence
of a sample is determined not just by the abundance
and directional organization of collagen but also by the
orientation of the collagen fiber long axis relative to the
direction of the incident light beam (30,31). The apparent
birefringence vanishes when these two directions are
parallel (or anti-parallel) and reaches a maximum when they
are orthogonal. CS-PS-OCT varies the relative orientation
by sweeping the incident beam around the surface of a cone,
whose tip lies at the tissue surface. A conical-scan of depth-
resolved retardance often displays a highly anisotropic
pattern which we have termed the “comet-crescent”: the
crescent-shaped retardance band and the extended “comet-
tail” imply a directional anisotropy to the macroscopic
collagen organization which can be explained by reference
to the cryo-SEM studies of Clark (5) and of Jeffery ez al. (6).
Our data also implies that the collagen fibers are
“brushed” in a particular direction, such that at one
particular point on the cone, the incident light beam is
very close to being parallel to the fibers, whereas a further
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Figure 6 (A) Conical scan OCT image of cartilage backscatter (upper row) and retardance (middle row), reproduced with permission from

Lu er al. 29). (B) SEM image of the collagen microstructure in intact cartilage, implying a “leaf-like” arrangement of fibers. Reproduced

with permission from Clarke (5). (C) Schematic of the leaf-like arrangement, showing the preferred direction referred to as the “brushing

direction”. Reproduced with permission from Jeffery ez a/. (6). (A) (bottom row): output from an analytical model of conical-scan PS-

OCT. The extended “tail” points in the brushing direction. OCT, optical coherence tomography; PS-OCT, polarization-sensitive optical

coherence tomography.

180 degrees of azimuth rotation brings the beam to a
point where it is closer to being orthogonal. The comet-
tail represents a depth-resolved retardance profile of a very
weakly birefringent medium and thus shows the direction in
which the fibers have been brushed (Figure 6).

This observed “brushing direction” is a structural
parameter of cartilage that has been little-studied in
comparison to, say, the split-line direction. The split-line
has been extensively mapped across a variety of species and
sites. It is known from mechanical testing that cartilage from
the superficial layer displays highly anisotropic mechanical
properties, in particular it has been noted by a number of
groups that cartilage has a markedly higher tensile Young
modulus when loaded in a direction aligned with the split-
line versus orthogonal to it. Based on this, Below et al.
comprehensively mapped the split-line orientation across
the distal human femur and hypothesized that osteochondral
grafting might be more successful if the graft plug was
oriented such that its split-line direction coincided with
that at the defect site. The split-line is defined only over
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the angle range —-90° to +90°, i.e., the split-line has a well-
defined orientation but not a well-defined direction. The
brushing direction however is uniquely defined over the
full range —180° to +180°, which means that it represents a
unique direction in space, i.e., there is a forward/backward
anisotropy that is not revealed by the split-line. We speculate
that the observed brushing direction might reflect the
magnitude and direction of the dominant shear-stress that is
experienced at that site during normal locomotion, i.e., the
fibers are brushed flat in a particular direction at sites of high
shear loading. It is thus interesting to speculate as to whether
matching the brushing direction might provide benefits in
osteochondral grafting also.

The pronounced variation in apparent birefringence
with beam orientation is most clearly seen on cartilage
samples taken from large animals. We first observed the
effect in mature equine metacarpophalangeal cartilage (30)
and our observation was confirmed by Xie et 4/. using
cartilage taken from the femoral-tibial joints of 5- to 7-year-
old bovines (31). An observation common to both groups
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is that these samples frequently display very little apparent
birefringence when imaged with a light beam that is applied
at normal incidence to the tissue surface, which is the usual
geometry for an OCT scan. The beam must be inclined by a
substantial angle to reveal the underlying birefringence. On
the other hand, workers who predominantly study human
samples from, e.g., the knee usually report strong apparent
birefringence for healthy cartilage tissue and a beam applied
at normal incidence (24,25). A possible reconciliation of
these observations is to note that low apparent birefringence
at normal beam incidence is consistent with an imaging field
that is dominated by the radial zone (fibers parallel to the
beam direction) whereas high apparent birefringence suggests
that the superficial zone (fibers orthogonal to the beam)
dominates. Recalling the observations using ePLM of the
collagen structure in skeletally maturing porcine knees (10),
it may be that the much lower contact pressure in the human
knee (lower body mass and larger contact area) compared
with the equine and bovine joints favours a collagen
architecture in which the superficial zone is physically much
thicker. Techniques such as conical-scan PS-OCT may thus
have a role in differentiating between a loss of birefringence
due either to true disorganisation of the collagen fibers at
the microstructural level or to a reduction in the superficial
zone thickness, resulting from stress-induced remodelling or
debridement.

Multi-photon microscopy and second harmonic
generation imaging

When an ultrashort (~100 fs) pulse of light from a mode-
locked laser irradiates tissue containing fluorophores then two-
photon excitation can be used to obtain depth-resolved images
of the fluorophore down to depth of several hundred microns,
which is much greater than for one-photon fluorescence
excitation. Whereas linear birefringence and one-photon
absorption/fluorescence are mediated by the first order
dielectric susceptibility tensor ", such two-photon processes
are mediated by the second order nonlinear susceptibility
tensor x2. Yeh et al. used this effect to study articular cartilage,
especially the superficial zone of the bovine femoral, tibial
and patellar cartilage (32). They showed that the extracellular
matrix of bovine articular cartilage produces both two photon
fluorescence and second harmonic, if excited at wavelengths
below 800 nm. Increasing the wavelength above this almost
completely eliminates the fluorescence but not the SHG. They
noted that the SHG from normal cartilage lacked a strong
dependency on the polarization direction of the light beam
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but that fibrocartilage repair tissue produced much stronger
polarization dependence. This is consistent with the greater
content of aligned type-I collagen fibers that are expected
in fibrous repair tissue and the earlier observations made
using PS-OCT that fibrocartilage produces stronger linear
birefringence than healthy hyaline cartilage.

Building on this work, our lab investigated SHG and TPEF
from equine cartilage specimens (metacarpophalangeal joint)
and found that normal hyaline cartilage displays polarization-
sensitive SHG from the intact superficial zone (33).
Since the collagen fibers were too small to visualize directly
(unlike tendon) this provided an indirect means of measuring
fiber alignment in the superficial zone. SHG images taken
at regions far from a visible osteoarthritic lesion appeared
smooth and inhomogeneous, with embedded chondrocytes
appearing as dark voids (Figure 7). The chondrocytes display
a bright pericellular rim under TPEF. At the site of the
lesion, however, the SHG image becomes strongly fibrillated
in structure, likely indicating the replacement of hyaline
cartilage with fibrocartilage. The chondrocytes lose their
bright nuclei and pericellular rims under TPEF, possibly
indicating metabolic cell death. Interestingly, at regions
approaching the lesion but still visually “normal”, the SHG
image appears noticeably different to that further from the
lesion, with a much brighter pericellular rim appearing in
the SHG channel. Observations of this type might one day
lead to a label-free high resolution arthroscopic imaging
tool, as SHG imaging can be performed endoscopically using
double-clad photonic crystal fibers (34).

SHG emission from fibrillar tissues also displays strong
polarization-dependence (35) and this can potentially
be used to add some degree of chemical specificity to
the technique, specifically by allowing the label-free
discrimination of type-I and type-II collagen. Su et al.
examined specimens of rat tail tendon (dominated by type-I
collagen) and rat tracheal cartilage (dominated by type-II)
using an SHG microscope in which the polarization
orientation 0 of the linearly polarized excitation light could
be rotated and the unpolarized emission I detected (36).
By comparing the resulting I(6) with a theoretical curve
it is possible to determine the ratio of three independent
@ tensor: Xzzz! %zxx and Yxzx/Azxx-
Histograms of these values collected for images of the two
samples show consistent differences for the two collagen
types (Figure §). Since the measurements can be made

elements of the ¥

without sectioning or labelling, such measurements could
potentially be useful in diagnosis (fibrocartilage repair
tissue is predominantly type-I collagen whereas natural
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Figure 7 SHG and TPF images taken from three sites on the surface of an equine metacarpophalangeal sample displaying a visible

osteoarthritic lesion. (A) SHG (column 1) and TPEF (column 2) from a site appearing visibly normal and far from the lesion, with polarized

light imaging (bottom) showing an intact Benninghoff architecture. (B) A visibly normal site near the lesion, where polarized light imaging

implies some loss to the arcade structure. SHG images show cells with an abnormally bright pericellular rim. (C) The site of the lesion, with

polarized light imaging showing highly birefringent fibrous repair tissue. SHG images appear fibrillated and TPEF image lack cell nuclei.

Reproduced from Mansfield ez /. (33) with permission. SHG, second harmonic generation.

hyaline cartilage is mainly type-II) and in tissue engineering
therapies (where hyaline repair cartilage is sought).

An interesting and essentially unanticipated observation
from Yeh er al’s seminal study was the detection of elastin
fibers in the superficial zone. Elastin was detected and
separated from collagen in an SHG/TPEF image due to
its characteristic significantly longer peak two-photon
excitation wavelength (~800 nm) and the presence of fibers
whose directions were not correlated with the SHG signal
from collagen (Figure 9). The observation was confirmed
by Verhoeff staining. Yu and Urban developed this
study further, using anatomical sectioning of the bovine
metacarpophalangeal joint coupled with immuno-labelling
using polyclonal rabbit anti-human alpha elastin (37).
Conventional fluorescence micrographs, taken both in radial
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and transverse sections, then revealed a dense, ordered elastin
network in the superficial zone of the cartilage but generally
much sparser in deeper zones.

An interesting alternative application for high-
resolution en-face imaging of cartilage is elastographic
mechanical property measurement using digital image
correlation techniques. Bell ez 4/. used en-face two-photon
imaging of excised cartilage samples taken from the equine
metacarpophalangeal joint to track micron-scale displacement
of chondrocytes in response to applied tensile stress (38).
This allowed mapping of the “local strain deviation” (LSD)
relative to the global strain at various positions on the
cartilage surface and depths below it. Significant variations
in local strain were detected, suggesting that variations in the
anisotropy of the collagen network exist at the cellular scale.
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Figure 8 Histograms of the ZZZ/ZXX and XZX/ZXX ratios determined by polarization-resolved SHG for type-I vs. type-II collagen.

The histograms show that a strong discrimination between these collagen types can be achieved. 2-D images of these ratios for collagen-I

dominated rail tail tendon (left column) vs. type-II dominated rat trachea (right column) shows consistent differences. Reproduced from Su

et al. (36) with permission. SHG, second harmonic generation.

Figure 9 3-D stack of SHG and TPF emission from the superficial zone of bovine articular cartilage. The 800 nm excitation is too long

to excited collagen autofluorescence and hence narrow-band 400 nm imaging isolates collagen SHG whereas imaging the Stokes-shifted

radiation reveals a spatially uncorrelated fibrous component which is identified as elastin. This appears to be the first consistent report of the

existence of elastic fibers in the superficial zone, which confirms the power of the multi-photon technique. Reproduced from Yeh ez 4/. (32)

with permission. SHG, second harmonic generation.

The search for additional contrast in SHG imaging has
suggested the possibility of using the ratio of forward to
backward generated signal intensities (39). SHG emission
requires photon momentum conservation in addition to
photon energy conservation and this is expressed as a phase-
matching requirement between the excitation and emission
electromagnetic waves. The degree of phase matching
is strongly influenced by the microstructural properties
of the material, especially by the phenomenon of quasi-
phase matching (40). The degree of phase matching in turn
influences the ratio of signal intensities generated in the
forward and backward directions. For thick, turbid tissue
samples these signals can be difficult to separate because
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intense elastic scatter of the emitted photons randomizes
the emitted photon trajectories. Brown er 4l. therefore used
10 micron histological sections of human tibial plateau
cartilage, both from normal patients (undergoing above-
knee amputations) and from sufferers of antero-medial
osteoarthritis, which is a type of osteoarthritis in which a
full spectrum of cartilage degeneration can generally be
found on the same joint. It was found that the forward/
backward ratio was significantly enhanced in highly
degenerated cartilage, relative to normal tissue (41). A
Hertz-vector formalism was developed to theoretically
relate the measurements to the tissue microstructure and
this suggests that the enhanced forward signal relative to
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Figure 10 Polarized light FTIR imaging of the amide I/II band ratio correlated with conventional polarized light imaging. Left pair of

images: normal cartilage. Right pair: osteoarthritic cartilage. The superficial, transitional and radial zones are clearly identified by PLM for

normal cartilage and correlate closely with the amide I/II ratio as measured using IR light that is polarized in the direction of the surface

normal. For osteoarthritic cartilage both techniques show a loss of organization throughout the cartilage depth. Reproduced from Bi ez al. (44)

with permission. FTIR, Fourier-transform infrared; PLM, polarized light microscopy.

backward signal is indicative of the formation of larger
bundles of collagen fibrils in the diseased state.

Vibrational spectroscopy and imaging

The mid-IR spectrum contains much richer chemical
composition information than the visible and near-
infrared bands, due to the low energy molecular rotational/
vibrational transitions in complex organic molecules.
This part of the spectrum can be probed directly using
Fourier transform infrared (FTIR) spectroscopy and
spectral imaging. It can also be probed indirectly using
spontaneous and coherent Raman techniques. The major
advantage of the FTIR approach is the very wide spectral
coverage coupled with short data acquisition times. The
major advantage of spontaneous Raman is its much better
penetration into water-rich tissues and the major advantage
of coherent Raman techniques such as CARS and SRS is
the much greater signal strength compared to spontaneous
Raman whilst retaining good penetration into biological
tissues and the intrinsic optical sectioning which facilitates
high quality volumetric imaging (42).

An extremely useful feature of IR absorbance is the
strong linear dichroism that is displayed by many of the
vibrational transition dipole moments. Like birefringence,
dichroism is mediated by the first-order susceptibility

@ and is due to the imaginary component of the

tensor ¥
refractive index being polarization-dependent. Camacho et 4.

studied 6 pm adult bovine occipital joints using linearly
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polarized IR light and noted how the intensity of the
Amide-I and Amide-II bands varied with the polarization
angle of the beam (43). In the superficial zone, it is found
that the amide-II band falls relative to amide-I when the
polarization angle moves from being parallel to the surface
to being perpendicular to it. In the radial zone however this
trend is reversed. The interpretation of this is that the amide-
II transition dipole moment lies along the collagen fibril
long axis and hence shows the greatest absorbance when the
polarization direction is parallel to the fibril axis. The amide-I
dipole moment however is generally thought to be oriented
orthogonal to the fibril long-axis. By carefully calibrating this
approach using type-I collagen from rabbit knee cartilage, Bi
et al. refined these measurements into quantified maps of the
collagen orientation in 7 pm slices of equine femoral condyle
cartilage (normal and microfracture-repair tissue) and human
tibial plateau cartilage (normal and osteoarthritic) (44). Maps
showing the expected realignment, relative to the surface,
from parallel to perpendicular were produced which correlate
very well with contemporary polarized light micrographs
taken with crossed polarizers in normal tissue (Figure 10).
In microfracture repair tissue and osteoarthritic tissue, the
fiber orientation was more disorganized and the strong zonal
differentiation lost.

Lee and Xia recently emphasized the importance of
correlating FTIR maps of zonal architecture against
other methods such as PLM and magnetic resonance
microscopy (45). Semi-empirical criteria were established
for quantifying the zonal thicknesses from each modality
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e.g., the most disordered zone of collagen (taken to
represent the mid-point of the transitional zone) was
associated with the minimum optical retardation in a
PLM image, the depth where the depth-resolved Amide-I
and Amide-II dichroic ratios (absorbance ratio for light
polarized parallel and perpendicular to the articular
surface respectively) cross over and finally the depth at
which the MRI T?2 relaxation time reaches a maximum,
given a B-field aligned parallel with the articular surface.
Good correlation was found between the measurements
of transitional zone thickness by these three techniques
(80+25, 71+25 and 83+19 microns respectively for
averages across 18 sites taken from canine humeral
cartilage samples).

FTIR is predominantly an in vitro technique at the
moment, especially if high spatial resolution mapping is
required. Raman spectroscopy avoids problems of intense
water absorption and is better suited to reflectance mode
imaging in vive. A disadvantage is the weakness of the signal
relative to e.g., fluorescence. However, there have been
useful reports applying the technique to cartilage. Lim er a/.
used Raman spectroscopy using 1 mW of excitation power at
785 nm to obtain spectra from a 1 micron spot on the surface
of porcine tibial cartilage (46). Explants were imaged before
and after impact testing using a variety of impact pressures
generated by a commercial impact tester. Samples were also
assessed for cell viability using fluorescence confocal imaging
of propidium iodide and were scored on the Mankin scale
using H&E and Safranin-O/Fast Green staining. Polarized
Raman spectroscopy demonstrated changes in 1,126 cm™
band intensity (assigned to the pyranose ring structure and
hence a marker for GAG concentration) as well as Amide
IIT red shifts (interpreted as compression of the C-N bonds
in collagen). Interestingly these changes appeared at all
impact pressures 15, 20 and 25 MPa whereas cell viability
and Mankin scoring detected changes only for 20 and
25 MPa, suggesting a potential role for Raman spectroscopy
in detecting very early structural changes due to impact
damage. Before leaving this point it is worth pointing out that
polarized Raman band intensity, like linear birefringence and
dichroism, is mediated by ¥ and thus similar geometrical
considerations apply to the interpretation of polarized Raman
spectra as applies to interpreting linear birefringence in a
complex, zonal, 3-D fibrillar structure such as cartilage (see
section Polarization-sensitive OCT). Galvis et 4/. studied the
effect of the orientation in 3-D space of collagen bundles
in rat tail tendon on the polarized Raman spectrum, in
particular the Amide-I intensity at 1,600-1,700 cm™ (47).
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Strong polarization sensitivity is shown when the fibril lies
in the same plane as the incident E-field but this sensitivity
is greatly reduced when the fibril is oriented parallel to the
k-vector of the beam. This could form the basis of 3-D
mapping of collagen orientation.

A distinct, but closely related, technique to Raman is
Brillouin scattering microscopy. Both techniques excite a
sample with an optical or NIR photon and detect inelastically
Stokes shifted emission. In Raman scattering the frequency
shift is imparted by molecular rotational and vibrational
oscillations, which cause a periodic spatially localized
oscillation in ¥. In Brillouin scattering the Stokes shift is
caused by scattering off a thermally excited propagating
acoustic wave, which causes temporal and spatial fluctuations
in 1 due to compression and rarefaction of the bulk
medium. These spontaneously generated acoustic waves
propagate at ~3,000 ms™' and thus induce frequency shifts
in the 10’s of GHz range, which is detected by various
methods, including high-finesse Fabry-Perot interferometers
or optical beating (48). This technique has recently been
applied to articular cartilage and extracellular matrix
components such as collagen and elastin (49), demonstrating
for example that the elastic moduli of collagen and elastin
are much higher when measured at the scale of an individual
fiber than when inferred from bulk mechanical testing at
lower frequencies. This could indicate that molecular scale
viscoelastic effects predominantly determine the frequency
dependence of the mechanical properties of these materials.
For equine metacarpophalangeal cartilage, increased
stiffening and reduced acoustic damping correlated with
increasing dehydration. Interestingly, directionally resolved
measurement of acoustic wave speed showed no evidence of
directional anisotropy, which can be contrasted with the very
strong optical anisotropy exhibited by the tissue, as discussed
in previous sections of this review.

Fluorescence and multispectral reflectance
imaging

A class of techniques that have been relatively little used
to date but which have excellent potential, particularly
for low-cost clinical examination tools, are those that use
optical and near-infrared diffuse light. Kinnunen ez 4/.
used visible wavelength multispectral imaging using a liquid
crystal tunable filter to image the surface of normal bovine
patellar cartilage and cartilage that had been degraded either
enzymatically using collagenase or mechanically using
abrasive paper (50). The reflectance spectrum of enzymatically
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Figure 11 Multi-spectral images obtained from mechanically
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degraded articular cartilage. Top row: representation by projecting
the spectral data onto an RGB color space. Second row: image
in a narrow band at 700 nm. Third row: ditto at 469 nm. Bottom
row: image of the data set projected onto the second principal
component. There is enhanced contrast to the surface scratches
produced by debriding with emery paper. Reproduced from
Kinnunen et 4/. (50) with permission. RGB, red, green and blue.

degraded cartilage showed a clear trend towards that of
haemoglobin and may reveal thinning of the cartilage
layer and hence an increased signal contribution from the
vascular network in the subchondral bone. Mechanical
surface degradation (grinding tracks) could be visualized with
enhanced contrast, relative to monochromatic imaging, by
applying principal component analysis to the multispectral
data sets (Figure 11). The eigenvector carrying spectral
information from haemoglobin identified degradation that
was invisible under 700 nm narrow-band imaging and with
better contrast than 469 nm imaging.

The same group have also recently evaluated the utility
of fluorescence imaging as a non-invasive tool to assess
collagen cross-linking. It has been established by fluorescence
microscopy of excised sections, that cartilage collagen displays
a substantial autofluorescence background due primarily
to the steady accumulation of advanced glycation products
(AGEY) with increasing age (51). This background can be

reduced in areas of strong matrix remodelling, e.g., in areas
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of osteoarthritic change. Kinnunen et 4/. used a wholly non-
invasive fluorescence spectroscopy system to measure intact
osteochondral cartilage plugs harvested from the bovine
knee joint (52). Using an excitation monochromator and
array spectrometer to collect an excitation/emission matrix,
samples treated with the cross-linking promoter threose were
compared with untreated control samples. It was found that
increased cross-linking caused an increase in autofluorescence
when longer excitation wavelengths were used but a decrease
when shorter wavelengths were used, suggesting a change in
the relative abundance of fluorescent species contributing to
the overall signal from cartilage.

Conclusions

Optical and near-infrared imaging and spectroscopy are
capable of providing unique data concerning the collagen
architecture of articular cartilage. Whilst techniques such
as FTIR and qPLM remain largely applicable only to
in vitro studies, recent years have seen a rapid expansion
in the availability of techniques that could potentially be
used in vivo, thus providing tools that could allow the
in-situ monitoring of 3-D collagen architecture during
an arthroscopy examination. The improved detection
of morphological alterations in collagen architecture
could improve arthroscopically guided interventions
such as debridement, monitor the success of regenerative
treatments such as autologous chondrocyte implantation
and potentially guide the fabrication of tissue engineering

scaffolds.

Disclosure: The authors declare no conflict of interest.
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