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Second harmonic microscopy (SHM) has emerged as a powerful non-destructive
optical imaging modality that has high potential to perform the advanced structural
characterization of intact articular cartilage. This article provides the current status,
opportunities, and challenges of SHM for the use in cartilage evaluation. A novel
perspective on SHM is being addressed that includes the reason, need and the
importance of SHM in the assessment of articular cartilage. By taking the advantage
of collagen specificity and high-resolution imaging, SHM can detect the structural
and morphological changes in early stage cartilage damage that would otherwise be
overlooked by standard clinical imaging methods such as radiography and arthroscopy.
The current status of SHM for articular cartilage analysis and the major progress
reported in recent literature are briefly described herein. We summarize the status of
scientific efforts and the challenges that need to overcome before moving toward clinical
applications of SHM in the context of cartilage evaluation.

Keywords: second harmonic microscopy, collagen imaging, articular cartilage, orthopedics, collagen type-ll,
cartilage degeneration, label-free tissue imaging and diagnostics

INTRODUCTION

Articular cartilage has a multilayered architecture, with three distinct (superficial, middle, and
deep) zones of cartilage that can be viewed using high-resolution imaging tools [1, 2]. Collagen
type-1I is the most abundant structural molecule present in the extracellular matrix (ECM) of
articular cartilage, with proteoglycan being the second most abundant molecule. In addition,
elastin, hyaluronan, and other types of collagen (such as type-1, IV, V, VI, IX, and XI) are also found
in relatively small amounts. The arrangement and interaction between proteoglycan (negatively
charged), water and collagen-II makes the tissue capable of withstanding compressive and tensile
physiological loading [1].

Accurate assessment of articular cartilage is essential in diagnosis, treatment-planning, and
monitoring procedures in various orthopedic diseases. Articular cartilage is a connective tissue
that covers the end of a bone in the synovial-joint and facilitates smooth movement by providing
a low-friction surface and distributing any applied stress during motion. Articular cartilage lacks
blood-vessels and hence associated with a lack of a regular nutrient supply. Therefore, unlike other
tissues in the body, its capability to heal itself (regeneration) is very low.

The degradation of articular cartilage is directly associated with the progression of osteoarthritis
(OA), which is one of the major causes of disability among elderly people and a rapidly
increasing individual and socio-economic burden worldwide [3]. Changes in collagen architecture
and organization are extensively associated with the stage of osteoarthritic degradation and age
associated degeneration in articular cartilage.
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In cartilage tissue engineering, the expression of collagen
type-1I is one of the most important markers for the quality
assessment of articular cartilage constructs. In the treatment of
osteochondral defects, regenerated articular cartilage needs to
be monitored postoperatively because, the repaired cartilage is
observed as fibrocartilage (collagen type-I) instead of hyaline
cartilage (collagen type-1I), which deteriorates over time [4, 5].
Thus, the early evaluation of collagen microstructural alteration,
changes in collagen architecture and detection of collagen types
within intact articular cartilage are essential current needs of
orthopedics that can support accurate assessment of cartilage
damage and can facilitate the better treatment procedures.

CARTILAGE ASSESSMENT—THE NEED
FOR BETTER TOOL

Non-invasive imaging methods such as radiography and
magnetic resonance imaging (MRI) are limited in their use
for articular cartilage evaluation since they are not sensitive
to the early abnormalities [6, 7]. They are unable to detect
early changes on the articular surface mainly because they are
limited in resolution (~0.1-0.4mm) and lack the molecular
level specificity. Ultra-structural alterations in collagen are one
of the prominent hallmarks to identify early stage cartilage
abnormalities. To assess the quality of articular cartilage, non-
invasive imaging methods have been tested [6-8]. However,
direct assessment methods such as arthroscopy and histology
are required for reliable and more precise evaluation of
articular cartilage.

Arthroscopic assessment of a synovial-joint provides the
magnified and direct visualization of the cartilage surface and
currently represents a clinical standard to determine the extent
of cartilage damage in several cartilage-disorders including
OA, treatment of focal-lesion and, monitoring of “repair and
degradation processes” over time. However, due to lack of early
feature visibility (e.g., structural alterations in collagen fiber and
changes in its integrity, fibrillation, chondrocyte cloning and
death, micro-cracks and wrinkle-like pattern on articular surface
etc.), the problems such as identification of accurate size of
cartilage-lesions and estimation for severity of lesions remain
persistent even when cartilage evaluation is performed using
an arthroscope [9-13]. In addition, inter-observer variations
raise a question mark regarding its reliability, which indicates
the need for specialized clinical professionals. In several cases,
histopathology is required in addition to arthroscopy for the
further evaluation of cartilage. For histopathology, an invasive
biopsy of cartilage is performed. Notably, in the long-run an
invasive biopsy of articular cartilage can create clinical problems
for the synovial-joint. Additionally, the results of a biopsy
performed by a pathologist may take hours to days, thus,
representing an intensive and time-consuming process.

Therefore, the inherent heterogeneity in cartilage-lesions, lack
of early feature visibility, inter-observer variations, unreliability,
and the further requirement of invasive biopsy are all major
reasons that clearly indicate the need for a better tool to assist
orthopedic surgeons. In addition, among the various histologic

components, collagen fibers and bundles are the most influential
parameters in acute and stress-related injuries of cartilage [14].
A technique that can provide reliable in-situ information about
collagen alteration in addition to the surface morphology at the
microscopic level without invasive biopsy would be of utmost
importance for articular cartilage assessment in both research
clinical settings (Figure 1).

SECOND HARMONIC MICROSCOPY FOR
CARTILAGE ASSESSMENT

Optical imaging has played a significant role in achieving the
fundamental goal of biomedical imaging by retrieving structural
and morphological information from tissues and cells with
the highest possible diffraction-limited contrast and resolution.
Second harmonic microscopy (SHM) is unique in its ability to
generate the second harmonic signal from non-centrosymmetric
structures (e.g., collagen, myosin, microtubules) when excited
by ultra short (femtosecond) laser light. SHM provides highly
specific molecular-level imaging by utilizing the endogenous
signal to image collagen in cartilage at (sub-)micron level
resolution. In addition, polarization-resolved second harmonic
microscopy (p-SHM) is one step ahead of commercial state-
of-the-art techniques that can differentiate the types of fibrillar
collagen present in cartilage. The ability to detect different types
of fibrillar collagen can be utilized in differentiating repaired
(fibrous) cartilage from the natural (hyaline) articular cartilage
in a synovial-joint. Thus, the surface morphology of cartilage,
structural alterations in collagen and, the detection of collagen
types can be achieved by high-resolution (submicron level)
images of intact cartilage, without any need for the sectioning
and staining of target tissue. Moreover, chondrocytes can also
be imaged by utilizing the two-photon excited autofluorescence
signal (Figure 1D, green color), which can be optically separated
from the SHM signal. In clinical setting, further enhancement
of the fluorescence contrast for cellular imaging can be
accomplished by using sodium fluorescein that is an FDA
approved clinical dye and can be conveniently used in the
synovial-joint during arthroscopy [15].

Seven reasons that indicate why SHM can be useful in the
assessment of articular cartilage.

e The first reason is that SHM imaging provides an excellent
specificity to fibrillar collagen. The early features of cartilage
degeneration are associated with changes in collagen fibers.
Due to a lack of molecular specificity, collagen-associated early
signs of cartilage degeneration are difficult to visualize—even
in arthroscopy. Due to the inherent molecular characteristics,
only collagen fibers can produce an SHM signal in cartilage
and hence can be easily differentiated from other molecules
present in the cartilage matrix, which makes it highly
sensitive in detecting structural changes in collagen. Moreover,
polarization-resolved SHM can be applied to differentiate
collagen type-I and type-II, indicating that it can be utilize
to differentiate hyaline cartilage from fibrous cartilage and
hence demonstrate its capability for assessment of regenerated
cartilage after repair.
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FIGURE 1 | A comparison of visible features of articular cartilage between histological, arthroscopic, and SHM image. Cartilage imaging by H&E staining (A) and

arthroscopy (B). Collagen imaging in cartilage at different magnifications (C). Collagen and Chondrocytes in cartilage (D). SHM: Second Harmonic Microscopy; TPEF:
Two-photon Excited Fluorescence.

Cracks Micro-cracks
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FIGURE 2 | Novel structural features such as micro-cracks and wrinkle like patterns were observed in an early stage of human osteoarthritic cartilage. These features
are visible because of collagen specific imaging, which is possible only through SHM imaging. Adapted with permission from Kumar et al. [12] © The Optical Society.

e The second reason is high-resolution (submicron level)

which include (i) architectural changes in the superficial-layer,
imaging by SHM. Due to a lack of high-resolution imaging,

(ii) microsplits (micron-level cracks) on articular surface, and

early stage pathological features of cartilage damage (e.g.,
fibrillation, cleft, fissure, chondrocyte-clustering etc.) are
usually not visible in non-invasive clinical imaging methods
(e.g., X-ray, CT, Ultrasound, MRI). Moreover, the novel
structural features (Figure 2) of cartilage early degeneration,

(iii) the appearance of a wrinkle like pattern due to the
loosening of cartilage articular surface cannot be detected
using standard clinical imaging methods. Notably, such
features can be observed by SHM due to its capability of
high-resolution imaging.
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e The third reason is real-time optical imaging, which
is an essential need for emerging techniques that
can potentially be translated to medical applications.
Recently, SHM has been demonstrated for real time
in-vivo endomicroscopy images with resolution 2.6 um
[16]. The acquired SHM micrographs are capable of
detecting microsplits and ultra-structure fibril arrangements
of collagen fiber in articular cartilage. Such technical
advancements in SHM imaging at the endomicroscopic
level are highly valuable for both translational and basic
research [16, 17].

e The fourth reason relates to the capability of label-free
imaging, which is highly welcomed in clinical use. SHM can be
used in collagen imaging to analyze hyaline cartilage, fibrous
cartilage, ligament, and tendon. Moreover, by combining two-
photon excited fluorescence (TPEF) microscopy with SHM,
the simultaneous label-free assessment of collagen alterations
and changes in cellular morphology can highly complement
the early assessment of cartilage damage [15].

e The fifth reason is the ability to perform optical sectioning
and create a 3D image within the limits of penetration-
depth (typically 100-200 pm) of laser light [18-20]. Tissue
thickness in standard histological sections is normally 3-
5 wm, which is very thin. Therefore, in histologically processed
tissue, thickness-based morphological information is lost. For
example, a normal articular surface is very smooth and firmly
attached with underlying subchondral bone. The appearance
of a “wrinkles- like” pattern indicates the possibility of cartilage
loosening from the underlying bone. This pattern could only
be seen via SHM in 3D-images with a thickness in the range
of a few tens of microns. Another example is the visualization
of changes in 3D cellular morphology, which is possible only
if the thickness of tissue sections lie in the range of 10-
20 pm. These features, exemplified by wrinkles and 3D cellular
morphology, are lost in histological sections but could be
observed in 3D-images acquired by SHM microscopy.

e The sixth reason is that the level of information acquired
through SHM image bridges the gap between conventional
light microscopy and electron microscopy of articular
cartilage. Moreover, by exploiting polarization sensitivity, p-
SHM is capable of differentiating collagen type-I and type-II,
and can detect alterations in the helical pitch angle of collagen
fiber in intact tissue that is beyond the diffraction limit.

e The seventh reason is that the use of SHM may reduce
the need for invasive biopsy of articular cartilage. In the
diagnostic and surgical procedure, articular cartilage biopsy is
not frequently indicated. However, the procedure is feasible,
and occasionally performed due to diagnostic aid [21] or post-
operative assessment [4]. The needle-based invasive biopsy of
articular cartilage can be a potential danger for a synovial-joint
over the long term. By performing an optical biopsy in intact
tissue, SHM could minimize the need for needle-based biopsy
followed by histology. This might hold a crucial advantage in
clinical and intra-operative procedures.

A comparable technique that can create a cross sectional optical
image of articular cartilage in real-time is optical coherence

tomography (OCT) [22-25]. Although OCT shares several
advantages with SHM such as label-free, non-destructive, in-
situ, and real-time evaluation, it is a white-light interferometric
image that provides structural morphology due to changes in
tissue scattering properties while SHM is essentially based on the
generation of second harmonic signals produced due to inherent
non-linear interaction between excitation light and collagen fiber
present in the articular cartilage. Therefore, SHM imaging is
highly specific to fibrillar collagen and can provide improved
contrast in the microscopic image of the articular surface.
Thus, the structural and morphological changes associated with
collagen fibers in early stage cartilage damage could be visualized
in SHM, which might be relatively difficult in OCT due to a lack
of collagen specificity. Moreover, differentiation between collagen
type-II and type-I can be performed more accurately in p-SHM
than in polarized-OCT [26]. However, to date, a comprehensive
comparative analysis between SHM and OCT for the evaluation
of articular cartilage remains missing from the literature.

CURRENT STATUS: A SHORT REVIEW OF
RECENT ADVANCES

By comparing the standard clinical methods for cartilage
imaging, Bo et al., described that high-resolution measurements
of the multilayer ultra-structure of articular cartilage could be
highly beneficial for both the research and clinical diagnosis
[27]. For example, by imaging the elastin fiber in the articular
surface, observing the arrangement of chondrocytes at different
loading locations and targeting the transformation between
collagen-II to collagen-I in articular cartilage could enhance
our understanding of patho-physiology of cartilage disorders,
including OA, and could assist in developing the engineered
cartilage for repair. Elastin and chondrocytes can be imaged
by TPEF while collagen-II and collagen-I can be detected by
p-SHM. Alvin et al., assessed the ability of SHM to image
ex-vivo bovine articular cartilage and presented (sub-) cellular
resolution cartilage images at varying depths without fixing,
sectioning, staining, and concluded that the method is sufficiently
sensitive to detect pathological changes [28]. By evaluating the
cellular pattern in induced cartilage injury, Novakofski et al.,
demonstrated that the detection of micro-cracks and associated
chondrocyte death patterns could be helpful in the assessment
of cartilage damage, while subsequent early intervention can
assist in the prevention of post-traumatic OA [15]. In the
equine model, Mansfield et al., described the distribution of
elastin fibers and suggested their role in the mechanical function
of articular cartilage [29]. Furthermore, Campagnola et al.
performed quantitative measurements of structural changes at
both the fiber and fibril assembly level in different cartilage
zones to reveal articular cartilage zonal differentiation via SHM
[30]. In another study, a step forward, Mansfield et al., recently
investigated the microstructural response of articular cartilage
zones to mechanical loading and demonstrated that local
patterns at the submicron scale organization of collagen fibers
could be detected using p-SHM [31]. The same group earlier
showed that the polarization sensitivity of SHM may also detect
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changes in disrupted patterns of the pericellular area within the
matrix of degenerated articular cartilage [32]. In histologically
damaged articular cartilage, a study analyzed changes in collagen
architecture using SHM and demonstrated that cartilage damage
is directly related to the reorganization of collagen fiber [10]. In
another associated study, histopathological changes in surgically-
induced osteoarthritic cartilage were characterized by SHM
followed by image analyses, demonstrating that SHM could be
an ideal imaging approach for detecting pathological changes in
articular cartilage [11]. Our group has demonstrated the novel
features (such as microsplits and wrinkle-like patterns) in early
stage osteoarthritic human cartilage, which could not otherwise
be visualized by standard clinical imaging modalities [12], can be
visualized using SHM. The discrimination ability of type-I and
type-II collagen by p-SHM further adds to the characterization
of articular cartilage, which might be advantageous for the post-
operative evaluation of regenerated cartilage in the synovial-joint
[26, 33].

An image-processing algorithm that can automatically
categorize two-photon autofluorescence images of human
articular cartilage into states of OA has previously been
demonstrated [34]. In this article, an algorithm based on artificial
neuronal network (ANN) in combination with discrete wavelet
transformation to determine image features for the classification
of OA stage was presented. The validation result shows a
sensitivity of 0.88 and a specificity of 0.93. However, these
numbers should be treated with caution because the number
of patients was not mentioned in the article, and number of
cartilage sections was only 31 for all four grades of OA. Inclusion
of sufficient interpatient variabilities is an important aspect
in such a study. Based on the geometry of cells, Novakofski
et al. developed an algorithm to determine the degree of
ellipticity to identify the death pattern of chondrocytes after
inducing an injury to the articular cartilage [15]. Identification
of changes in collagen organization and its inclusion could
have been improved the overall cartilage assessments in this
study. Moreover, cartilage imaging prior to injury and inclusion
of inter-animal variability can enhance the credibility of this
work. In another study, recently the Bag of Features (BoF)
method based on a statistical texture analysis using the gray-
level co-occurrence matrix (GLCM) was explored to extract the
image features of cartilage and bone acquired by SHM [35].
Texture features are extracted on individual patches derived
from original images to capture the local structural patterns.
Using this approach, the discrimination between cartilaginous
and osseous tissues with 97.5% accuracy for cartilage images and
94.4% accuracy for bone images were demonstrated. In addition,
for discriminating OA pathology, three distinct classes-hyaline,
fibrous and bone exposure was detected by BoF algorithm.
Hyaline and bone image classifications achieved greater than
90% accuracy while fibrous images only achieved 60-70%
accuracy. Cartilage fibrillation on articular surface and collagen
microstructure alteration could be early markers of cartilage
degeneration. Therefore, detection of such early features with
high accuracy will be more important and advantageous for
clinical application. In future, a BoF-based algorithm could
contribute in this direction.

Notably, SHM images can provide relatively improved
morphological features with much higher contrast than two-
photon autofluorescence images of articular cartilage [12].
Thus, an image-processing algorithm for SHM images could
provide improved results for the automatic categorization of
damaged cartilage. Lilledahl et al., has highlighted that extracted
quantitative parameters from Fourier image analysis of SHM
images may describe the 3D orientation of collagen fibers in
cartilage [36].

As arecent breakthrough in technological advancement, SHM
images acquired using a flexible fiber-optic-based probe head
possess a quality level comparable to images captured by large
bench-top laser-scanning microscopes was demonstrated by
Liang et al., that shows a promising potential of SHM for in-vivo
arthroscopic applications [17]. In another study Stephen et al.,
recently demonstrated the pre-clinical translation of SHM using
a microendoscope and a prototype of a SHM-based arthroscope
for the in-vivo assessment of articular cartilage [16]. A summary
of major recent advancements in articular cartilage assessments
by SHM are included in Table 1.

CHALLENGES TO SHM FOR CARTILAGE
ASSESSMENT

The advantages of SHM can be utilized for in-situ and in-vivo
assessments of intact articular cartilage. The major limitation of
SHM imaging relates to penetration depth, which is typically
limited to hundreds of micrometers. This can be further
improved by the application of tissue clearing [45] and adaptive
optics [46]. However, SHM cannot achieve full-depth images
of articular cartilage, which typically vary between 2 and 4 mm
thickness in human knee articular cartilage. The technique
is rather useful for surface analysis, and it would be highly
interesting to determine whether the articular surface features
represent disease progression in the full depth of cartilage.
This issue is currently being addressed in our ongoing study
associated with OA analysis [47]. A clinically relevant SHM
scoring system to represent articular cartilage degradation and
aging degeneration would also be highly useful. An initial effort
has been undertaken by Hayley et al., which demonstrated that
cartilage damage is associated with collagen redistribution, and
collagen disorganization could be assigned an independent score
[10]. A similar effort associated with SHM scoring system for the
assessment of tissue-engineered cartilage has been also reported
by Islam et al. [48].

The application of SHM to in-vivo imaging of articular
cartilage could be highly complementary and useful for
orthopedic surgeon, because a SHM-based arthroscope can
provide new information associated with collagen alterations
in addition to visual and tactile information acquired through
standard arthroscope. An optical-fiber-based SHM probe can
be integrated with existing modern clinical arthroscopy, while a
miniaturized fiber-optics-based probe head can be designed as
a long and thin tube, with several optics inside the tube [17].
The laser light emerging from the probe head can illuminate the
cartilage, and the back-scattered light (second harmonic signal)
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TABLE 1 | Cartilage assessment by second harmonic microscopy: a summary of major recent advancements within the past 10 years only.

Publication Main focus Technique Model Author
year
2019 Pre-clinical translation of SHM-based arthroscopy for in-vivo Development of a pre-clinical Animal (porcine) Baskey et al. [16]
assessment of articular cartilage. prototype (PALOMINO) system.
2019 Detection of collagen reorganization at different layers due to p-SHM Animal (bovine)/human  Mansfield et al. [31]
applied mechanical loading (strain) on articular cartilage.
2018 The study was explored to discriminate cartilaginous and osseous ~ BoF method using GLCM Animal (mice) Saitou et al. [35]
tissues. The proposed approach could be applied to detecting analysis
collagen remodeling in articular cartilage.
2018 Changes in collagen architecture were detected using SHM in Qualitative SHM imaging Human Moody et al. [10]
histologically damaged articular cartilage. Collagen disorganization
was assigned an independent quantitative score for potential
enhancement in histological grading.
2017, A flexible fiber-optic-based endoscopic probe was developed, Development of a fiber-optic Animal (mouse) Liang et al. [17]; Bao
2010 which shows promising potential for in-vivo arthroscopic based two-photon et al. [37]
applications. endomicroscope
2015 Novel structural features in early stage human osteoarthritic Morphological SHM imaging Human Kumar et al. [12]
cartilage were demonstrated.
2015, The discrimination ability of type-I and type-Il collagen by p-SHM Development of p-SHM system Human Kumar et al. [26, 33]
2014 was demonstrated to characterize human articular cartilage. (susceptibility based imaging)
2015 The contribution of collagen-fibril relative polarity to second Interferometric and p-SHM Animal (foal) Couture et al. [38]
harmonic signal intensity was demonstrated by interferometric (phase image and anisotropy
SHM imaging of articular cartilage. The role of fibril polarity in analysis)
cell-signaling and mechanical properties of cartilage matrix was
also speculated.
2015 The zonal differentiation of articular cartilage was demonstrated via SHM forward-backward Animal (bovine) Chaudhary et al. [30]
SHM. response
2015 An increase in forward/backward intensity ratio in SHM images SHM intensity dependence on Human Houle et al. [39]
from the articular surface to the bone indicated the evolution of polarization and
collagen fibril diameter and spatial organization as a function of forward-backward response
depth within cartilage
2015 Histopathological changes in a surgically-induced osteoarthritis SHM signal intensity and Animal (mice) Kiyomatsu et al. [11]
model was observed by SHM imaging. Therefore, SHM could be hierarchical cluster analysis
an ideal tool for the assessment of pathological changes in live
articular cartilage.
2014 By applying external damage to articular cartilage, an evaluation of SHM and fluorescence imaging Animal (equine) Novakofski et al. [15]
cartilage injury in live tissue was performed based on changes in
cell morphology.
2014 High-resolution cartilage images could benefit both research and SHM and fluorescence imaging Animal (kangaroo) He et al. [27]
the clinical diagnosis of early to late stages of cartilage disorders.
2013 The discrimination of collagen type-| and Il was demonstrated in p-SHM (susceptibility based Engineered Su et al. [40]
engineered cartilage constructs (in-vitro). imaging) cartilage/Animal (rat)
2013 An image-processing algorithm can automatically categorize ANN in combination with Human Bergmann et al. [34]
cartilage images into states of OA. discrete wavelet transformation
on TPEF images
2012 Collagen meshwork architecture at the articular surface in OA SHM imaging in combination Animal (bovine) Brown et al. [41]
lesions was analyzed. It was observed that minor weakening of with spring-mass network model
the collagen meshwork under normal loading leads to the
bundling of fibrils, which is an irreversible step in the progression of
cartilage damage.
2011 A Fourier analysis-based image-processing technique was used Finite element (FE) constitutive Animal (chicken) Lilledahl et al. [36]
on an SHM image for the quantitative extraction of parameters, model in combination with
which may describe the 3D orientation and dispersion of collagen  Fourier image analysis
in articular cartilage.
2010, The modification on the extracellular matrix of articular cartilage Textural analysis of SHM images ~ Human Werkmeister et al.
2008 due to mechanical constraint (compression) and biochemical (Haralick’s method). TPEF, FLIM, [42, 43]

action (collagenase digestion) can be detected by SHM/TPEF
image. In combination with fluorescence life-time imaging (FLIM),
multiphoton microscopy can be a potential diagnostic tool for
characterizing the disorganization of collagen.

and spectral analysis.

(Continued)
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TABLE 1 | Continued

Publication Main focus Technique Model Author

year

2010 The measurements of collagen and cell nucleus can enable usto ~ SHM and TPEF imaging Engineered cartilage Filova et al. [44]
quantitatively analyze the collagen volume and a spatial
arrangement of cell-collagen-scaffold systems.

2009 The distribution of and relationships between the elastin and SHM and TPEF imaging Animal (equine) Mansfield et al. [29]

collagen network were explored in equine cartilage matrix.

can be collected through the same probe head and guided by
fiber-optics to the detector. The first and foremost challenge
is the development of a compact, long-wavelength pulsed laser
complete with an effective cooling mechanism. The second major
challenge lies in maintaining the high peak power of the laser
pulse through the propagation of optical fiber, as laser pulses
distort due to dispersion along the propagation through the
optical fiber. Minimizing the dispersion of femtosecond pulses
by introducing the prechirping of pulses prior to launching
into fiber-optics-based endoscopic probe could represent one
solution. As another solution, adaptive optics can be utilized
to enhance peak intensity by shaping the spatial, temporal, and
spectral characteristics of the laser pulse [49]. The specialized
optical fiber must be designed to maintain the characteristics
of the laser pulse as the pulse travels throughout the excitation
and collection path. Moreover, the maintenance of polarization
states of the laser beam during propagation through the optical-
fiber represents another challenge in performing endoscopic p-
SHM. However, it has also been demonstrated that the core of
double-clad fiber can maintain the polarization state of excitation
laser beam [37]. The third major challenge is related to the
integration of the SHM probe to an existing arthroscope for
orthopedic applications. The optics related to excitation and
emission wavelength should be designed and placed in such a
manner that they do not affect the existing visual performance
of standard arthroscope, which currently utilizes white light.
Additionally, providing the choice to change the magnification
in order to obtain sub-micron level information and, inclusion
of polarization-optics for the detection of collagen types are
certainly beneficial, but it further complicates the technical
design [50, 51]. Depending on the biomarker or morphological
feature, it is expected that a rapid and accurate decision can be
made via the direct visualization of SHM images.

The inclusion of an automated image analysis algorithm to
categorize the structural pattern and biomarker, as well as its
relation to cartilage degeneration stage, can be more helpful [15,
34]. Automated detection and categorizations of those features
which couldn’t be detected by arthroscope are highly desirable.
It could minimize the need of an invasive biopsy of articular
cartilage during intra-operative diagnosis. The validation of
automated image analysis process for a clinical application
needs to follow a robust and rigorous procedure. Although
morphology dependent (e.g., Fourier transform, Curvelets,
GLCM, Textons) and morphology independent (e.g., p-SHM
and SHM directionality) image analysis tools have been used for
collagen analysis in tumor, ovary and liver tissues, the progress

on assessments of articular cartilage using these tools is slow
and needs more attention [52-54]. It would highly interesting to
apply these tools for cartilage assessments, especially in human
models to explore its clinical relevancy. The pros and cons of
these tools are described by Tilbury and Campagnola [55].

SUMMARY AND OUTLOOK

Traditionally, the majority of data regarding collagen alterations
stems from histological analyses. During cartilage degradation
or degeneration, a redistribution of collagen fibers occurs that
eventually appears as a disorganization on the articular surface
of cartilage by wide-field microscopy. The early alteration
in collagen structure, arrangement, and architecture could
be a significant pathological marker. Thus, an improved
understanding of collagen organization in intact articular
cartilage using SHM would be highly significant for research,
pre-clinical, and clinical studies. The aforementioned reasons for
applying SHM to articular cartilage assessment demonstrate that
SHM has a strong potential to reveal microstructural features
associated with collagen fibers that could assist researchers
and orthopedic surgeons to improve the quality assessment of
articular cartilage.

The feasibility of SHM for the assessment of articular
cartilage in animals [11, 28, 30, 56], humans [12, 33], and
tissue-engineered [44, 48, 57, 58] cartilage constructs have
been demonstrated several times. SHM can provide a wealth
of information at several levels, including, but not limited
to, micron-level surface morphology, changes in collagen
architecture, detection of collagen types in regenerated cartilage,
label-free analysis, and 3D imaging capability (optical biopsy)
within the limit of laser penetration depth. The structural
and morphological features acquired by SHM may serve as
endogenous biomarkers for the early damage of articular
cartilage. The conventional visual and tactile information
acquired using a standard arthroscope could be complemented
by in-vivo SHM images; therefore, the integration of SHM could
ultimately be useful in managing joint-disorders more efficiently.
In addition to cartilage evaluation, a SHM-based arthroscope
could be a highly rewarding tool for ligament evaluation and
repair surgeries by assisting surgeons in the evaluation of correct
ligament tension, thus stabilizing the joint and improving the
long-term success of anterior cruciate ligament repair. 3D optical
biopsy by SHM could not only be utilized for diagnostic and
surgical purposes, but also for treatment planning and evaluation
procedures. Furthermore, SHM is also emerging as a powerful
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imaging tool in cartilage tissue engineering. Label-free in-situ
detection of collagen expression, collagen types, and associated
submicron level structural information could also be highly
useful in optimizing the fabrication procedures of bioprinted
regenerative articular cartilage [59].

Clinical implementation can only occur if current
technological challenges can be overcome through close
collaboration between physicists, biologists, engineers, and
orthopedic professionals working together to achieve the
common goal. The combination of a miniaturized arthroscopic
fiber-optics-based probe and image-processing algorithm for
the automated categorization of cartilage states will open
the opportunity for paradigm-shifting application of SHM
in orthopedics for both research and clinical applications.
New and bold approaches, such as the addition of SHM
into the existing pool of arthroscopy, can be complementary
to the standard clinical method and can further assist in
fulfilling current orthopedic needs for the ultimate benefit
of patients. The growing interest supported by progress in
endoscopic probe development is anticipated to continue
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