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Abstract

Osteoarthritis (OA) is the most common chronic disease of our joints, manifested by a
dynamically increasing degeneration of hyaline articular cartilage (AC). While currently no
therapy can reverse this process, the few available treatment options are hampered by the
inability of early diagnosis. Loss of cartilage surface, or extracellular matrix (ECM), integrity is
considered the earliest sign of OA. Despite the increasing number of imaging modalities
surprisingly few imaging biomarkers exist. In this narrative review, recent developments in
optical coherence tomography are critically evaluated for their potential to assess different
aspects of AC quality as biomarkers of OA. Special attention is paid to imaging surface
irregularities, ECM organization and the evaluation of posttraumatic injuries by light-based
modalities.
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Introduction

Osteoarthritis (OA) develops as a consequence of structurally

and functionally compromised articular cartilage (AC). Such

damage can result from a variety of causes; in this regard, loss

of cartilage integrity due to ‘‘wear and tear’’ erosion (i.e.

primary OA) during ageing may be distinguished from

structural changes upon traumatic insult (i.e. secondary

OA). A compromised surface integrity is considered the

earliest sign of OA and current, therapeutic or surgical,

treatment options are mainly hampered by our inability to

diagnose this disease in its early stage. At present, few reliable

biomarkers for OA exist, while modern imaging techniques

potentially can fill this diagnostic gap. In this review, some

key aspects of hyaline AC and its osteoarthritic deterioration

are briefly introduced upfront, prior to introducing the

biomarker classification. Next, imaging techniques to assess

AC degeneration are briefly and critically evaluated. While

the progress in optical coherence tomography (OCT) has

recently been reviewed for classical clinical applications (Kim

et al., 2015), we will specifically depict its current technical

status quo to improve imaging of AC and discuss potential

in vivo applications. Quantification of novel dry biomarkers,

such as subtle irregularities of the articular surface, by state-

of-the-art OCT imaging holds huge promises for future early

detection of progressive osteoarthritic changes and the

evaluation of therapeutic interventions alike. Recent technical

advances may broaden the clinical application of dedicated

OCT modalities to potentially contribute insights into extra-

cellular matrix (ECM) remodelling and collagen metabolism

that cannot be accomplish by other current imaging

methodologies. OCT imaging of closely related orthopaedic

tissues, such as the annulus fibrosus, are beyond our focus and

the interested reader is referred elsewhere (Han et al., 2015).

Articular cartilage and osteoarthritis

AC plays a vital role in providing a low-friction surface

between the bones of articulating joints (Katta et al., 2008).

Species-specific differences exist with respect to its tissue

thickness (Malda et al., 2013). It is important to realize that, in

major joints, human cartilage is up to 4 mm thick (Sophia Fox

et al., 2009), which currently restricts full-depth OCT imaging

in these joints. The unique properties of AC are largely derived

from the ECM surrounding the chondrocytes (Buckwalter

et al., 2005), providing both structure and function to this tissue

(Aigner et al., 2006). AC has a characteristic zonal architec-

ture, with a thin surface-near superficial (tangential) zone

protecting the deeper layers from shear stresses. This zone,

with tightly packed collagens (mainly type II and IX) aligned

parallel to the surface, makes up approximately 10% to 20% of

the tissue thickness (Sophia Fox et al., 2009). The sophisticated

collagen network (depicted in Figure 1) is providing high

tensile strength, while compressive stiffness is attributed to the

interactions of osmotically attracted water (i.e. 95%vol of AC

in humans) with the negatively charged network of highly

sulphated proteoglycan (PG) in the ground substance (Sophia

Fox et al., 2009).
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OA is one of the most important chronic health issues in

humans and currently affecting about 35% of adults above age

65. During this progressive age-related disease, cartilage is

degraded in response to joint biomechanics, long-term low-

grade inflammation or a traumatic insult (Goldring &

Goldring, 2006). OA is projected to cause 3.5 million primary

knee replacement procedures by 2030 (Neogi, 2013; Neogi &

Zhang, 2013). Early diagnosis and treatment are, therefore,

clinically highly relevant. Despite its devastating impact, the

development of effective tools for early diagnosis and disease-

modifying therapeutics is hampered by our incomplete

understanding of especially the early pathogenesis of OA.

Sadly, in humans, currently no therapy can reverse joint

damage sustained during OA progression and drug develop-

ment is largely hampered by our inability to diagnose OA

early enough for successful intervention (Chu et al., 2012).

The gradual destruction of the ECM (Sandell & Aigner, 2001)

has long been considered the hallmark of OA (Malfait et al.,

2002; Stanton et al., 2005). Once the PGs are lost, mechanical

stresses are concentrated on the collagen network, making it

more susceptible to enzymatic degradation and turning the

process irreversible to initiate a vicious circle progressing into

terminal OA (Little & Fosang, 2010).

The past decade of OA research has faced two major

challenges: (i) identifying and developing quantifiable and

measurable diagnostic biomarkers and (ii) developing effica-

cious disease modifying osteoarthritis drug (DMOAD) to slow

down or even halt cartilage degeneration (Dvir-Ginzberg &

Reich, 2014). Of the characteristic sequence of distinctive

morphological and functional changes during the course of

OA, the superficial cartilage layer is affected first. Here, PG

depletion and alterations in collagen orientation, content and

integrity occur (Panula et al., 1998; Pritzker et al., 2006).

Hence, earliest changes include cartilage surface irregularities,

erosion and fissuring. With preventive strategies available to

modify joint biomechanics by surgical interventions or to

improve tissue resilience by pharmaceutical agents, earliest

possible detection of degeneration is crucial as the pathology

may be reversible at this point (Bay-Jensen et al., 2010).

Biomarkers of osteoarthritis

A biomarker is classically defined as a characteristic that is

objectively measured and evaluated as an indicator of normal

biological processes, pathogenic processes or pharmacological

responses to a therapeutic intervention (Biomarkers

Definitions Working Group, 2001). A recent increase of

post-genomic technologies has resulted in a rapid growth and

progress in OA biomarker research (Henrotin, 2012), mainly

focusing on wet biomarker identification that has historically

been relatively unsatisfactory – even in combination with

proteomics and metabolomics (Zolg, 2006). The Osteoarthritis

Research Society International (OARSI)/US Food and Drug

Administration (FDA) OA biomarkers working group divided

biomarkers into (i) so-called soluble or ‘‘wet’’ biomarkers, as

measured in body fluids like e.g. blood, serum, plasma, urine

or synovial fluid (SF) and (ii) so-called ‘‘dry’’ biomarkers

usually consisting of visual analogue scales, performed tasks or

imaging (Kraus et al., 2010). While the former, currently

comprising the majority of biomarkers such as proteins and

metabolites, have been comprehensively reviewed (Attur et al.,

2013; Kraus et al., 2015; Lotz et al., 2013), we will now review

the potential of selected imaging techniques to contribute

novel, clinically relevant, dry biomarkers.

Cartilage imaging techniques

AC has been subjected to novel non-contact optical tech-

niques almost since polarized light microscopy (PLM) was

developed. Early PLM studies were the main evidential basis

for quantitative models of the AC collagen structure by

Benninghoff (1925). State-of-the-art optical techniques like

quantitative PLM (qPLM), second harmonic generation

(SHG) microscopy, Fourier-transform infrared (FTIR)

microscopy, Raman or optical hyperspectral reflectance and

fluorescence imaging are still providing new insights into AC

structure at nano- to mesoscale. A recent review elegantly

addresses diverse aspects of modern biophotonic techniques

in this perspective (Matcher, 2015). Progress in related

imaging techniques using either magnetic (i.e. magnetic

resonance imaging or MRI) or radiographic (i.e. X-ray micro-

tomography or micro-computed tomography or micro-CT)

spectra are also beyond the scope of the present review. While

MRI holds potential to detect pre-radiographic OA (Sharma

et al., 2014), routinely used clinical X-ray or morphological

MRI either have low resolution, inter-observer reliability or

sensitivity/specificity (Krampla et al., 2009) and thus may

have limited potential for biomarker discovery. Another

interesting emerging technology to characterize AC is diffu-

sion tensor imaging (DTI), which may be used as a biomarker

for cartilage composition and structure. DTI is sensitive to PG

content and thus holds a lot of diagnostic potential, but its

in vivo acquisition in AC is challenging due to the short T2 of

this tissue (approx. 40 ms at 3 Tesla) and the high resolution

required. However, promising protocols have recently

been reviewed (Raya, 2015). In this review, we will

Figure 1. Role of collagen network in articular cartilage. Artistic
impression of Benninghoff’s ‘‘arcade model’’ of collagen fibre organ-
ization in human cartilage (Benninghoff, 1925), indicated as dashed
white lines originating from the calcified zone (bottom), drawn over
solarized micrograph. Hyaline cartilage appears greyish, with embedded
chondrocytes (black), underlying subchondral bone white and bone
marrow dark.
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focus on the clinically applicable optical spectrum and recent

developments from trends in 2D and 3D OCT data acquisition

to insights from polarization-sensitive OCT (PS-OCT) and

their respective diagnostic value.

Imaging osteoarthritic changes

Based on the principle of low coherence interferometry, OCT

detects echo time delays and intensities of backscattered near-

infrared light. Modern OCT systems can relatively noninva-

sively image cartilage tissue at micrometre resolution and to

millimetre depths, resembling an ‘‘optical biopsy’’ (Tearney

et al., 1997), similar to low power histology but without

requiring biopsy. Similarly to other optical methods, the

imaging depth and spatial resolution of OCT are limited by

strong light scattering of biological tissues and presence of

chromophores absorbing the light (Petrov et al., 2012). OCT is

a volumetric imaging tool similar conceptually to ultrasound

(US) but using light instead of acoustic waves. OCT thus

differs in two aspects from clinical US: it is characterized by a

higher spatial resolution (i.e. 2–10 mm as compared to about

100–1000mm) and a smaller imaging depth (i.e. 1–2 mm

versus 10–100 mm), respectively. Its penetration depth is thus

sufficient to image through to the subchondral bone interface

in smaller human joints, while it usually fails to penetrate the

thick cartilage of e.g. human femoral condyles in the knee.

Interestingly, OCT is apparently able to image cartilage in all

relevant animal models of OA where, from mouse to horse,

cartilage of the femoral condyles is on average thinner than

1.5 mm (Malda et al., 2013). Especially in smaller animal

models of OA, OCT imaging was successfully used to directly

measure cartilage thinning in response to e.g. chemically

induced OA. Patel and co-workers were among the first to

image cartilage deterioration and disruption of the bone–

cartilage interface in rat knees at 1300 nm (Patel et al., 2005).

Herrmann et al. performed the earliest OCT studies with

human cartilage: 100 human specimens from different joints

of 10 individuals were analysed ex vivo (Herrmann et al.,

1999). In 1999, their OCT imaging at between 5 and 15

microns axial resolution provided much more information

than other non-destructive modalities such as radiography or

MRI. Physical penetration into the joint-space, as during

visible arthroscopy, was still necessary though, but e.g.

fibrosis and surface fibrillations were readily detected. OCT

then evolved as an attractive high resolution imaging

technology to assess osteoarthritically altered AC microstruc-

tures. Interestingly, Brezinski and co-workers already envi-

sioned 15 years ago the ability to integrate OCT technology

into small portable arthroscopes that could operate at

relatively low costs. Since then, the diagnostic value of

OCT-based imaging was demonstrated in vitro and in vivo

and in the context of open and arthroscopic knee surgery (Chu

et al., 2004; Li et al., 2005; Xie et al., 2006).

OCT yields microscopic cross-sectional images of cartil-

age in real time and at high, near-histological, resolution.

Still, yet, most OCT data are two-dimensional, while 3D-

based appreciation of cartilage lesions is clearly desirable.

From a clinical point of view, quantitative OCT measure-

ments seem feasible since OCT probes have been miniatur-

ized and applied in patients during arthroscopy or open knee

surgery (Saarakkala et al., 2009). OCT could furthermore

distinguish between native and regenerated equine AC and

provided an accurate measurement of cartilage surface

roughness ex vivo (Viren et al., 2012). Cartilage degeneration

is not uniform across the joint and multiple single 2D OCT

scans are needed to appreciate the full spectrum of degen-

eration in a particular joint compartment. Using human

cartilage, a diagnostic superiority of real time 3D OCT over

conventional 2D OCT was confirmed (Nebelung et al., 2015)

after showing that OCT was effective in assessing cartilage

surface, integrity and homogeneity and to discriminate

between unmineralized and mineralized cartilage, respect-

ively (Nebelung et al., 2014). Therefore, quantitative OCT

holds great potential as a diagnostic tool for more reliable,

standardized and objective assessment of cartilage tissue

properties.

Imaging structural changes

OCT usually cannot penetrate through the full thickness of

cartilage at the clinically important human femoral condyles.

Therefore, recent studies focused on the cartilage surface as

loss of AC surface integrity is considered the earliest sign of

OA, but its reliable detection has not been established by

clinical routine diagnostics. Clinical arthroscopic OCT

imaging was, however, evaluated as an adjunct tool to

improve the detection of surface fibrillation, cracks and

fissures on human cadaver knees in situ (Chu et al., 2004).

Using a rigid arthroscope beam delivery system, generating

cross-sectional B-scan images, the authors could image

condyles and trochlea in intact joints, but not the tibia

plateau. Superiority of OCT over routine arthroscopy was

demonstrated by improved detection of subtle surface fibril-

lation in macroscopically otherwise ‘‘normal’’ areas, as

confirmed by histology. OCT-based surface roughness meas-

urements of cartilage was also reported by Saarakkala et al.

(2009), showing that the roughness of ‘‘healthy’’ AC ranges

within 4–10 mm, while OA samples have a much higher

roughness of up to 40 mm. These approaches have in common

that determination of surface roughness may be prone to

inaccuracy when it comes to the definition of the idealized

(i.e. mean) smoothed surface that is used as the reference to

determine the roughness. In these studies, the idealized

debrided smooth cartilage surface serving as the reference

line for subsequent roughness detection was either manually

drawn (Chu et al., 2004), a semi-automatically determined

auxiliary line obtained by manual surface point definition and

subsequent interpolation (Cernohorsky et al., 2015) or

determined by averaged surface positions (Huang et al.,

2011a; Viren et al., 2012). In the light of clinical needs, these

approaches seem impractical as they require, potentially

variable, user input. Brill et al. therefore used 105 human

cartilage samples with variable degrees of degeneration to

comprehensively assess the validity of a novel algorithm-

based cartilage surface roughness determination approach

based on 2D OCT parameters. The authors only included

osteoarthritic specimens, but correlated OCT-based roughness

parameters to routine clinical Outerbridge (1961) grades.

While the majority of their parameters revealed a close-

to-linear correlation with cartilage degeneration, cartilage
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surface integrity should be best assessed by using combined

parameters to improve the current accuracy of diagnostics

(Brill et al., 2015). Such methods may prove especially

valuable for OCT-based evaluation of femoral condyles,

where AC is characterized by considerable curvature

(Terukina et al., 2003) which makes surface position

averaging challenging. Non-perpendicular optical beam

angles are further known to bias the evaluation of cartilage

surface degeneration by quantitative OCT (Huang et al.,

2011b). In a feasibility study, Nebelung et al. performed a

comprehensive OCT-based morphometric grading study on

human AC representing the full spectrum of arthritic degen-

eration, ranging from Outerbridge 0 to 4, from macroscop-

ically ‘‘normal’’ to fully eroded cartilage, respectively

(Nebelung et al., 2014). Although, with appropriate care a

good correlation between OCT-based surface assessment and

histological grading seems possible (Nebelung et al., 2014),

standardized OCT-based surface evaluation remains clinically

challenging and awaits reliable standards. OCT certainly

holds potential as a diagnostic tool for more reliably assessing

cartilage tissue properties in a better standardized, objective

way (Nebelung et al., 2014).

Interestingly, Cernohorsky and colleagues used a 0.9 mm

diameter flexible probe, designed for intravascular OCT

imaging, to image surface fibrillation and fissuring within a

carpometacarpal human cadaver joint to directly determine

cartilage thickness (Cernohorsky et al., 2012) and demon-

strated practical feasibility of a minimal invasive approach.

The same probe was also used in equine metacarpophalangeal

joints (te Moller et al., 2013) in combination with a Dragonfly

intravascular OCT catheter (Terashima et al., 2012) to reach

high-quality images. Overall, OCT allowed a less subjective

scoring of cartilage lesions and seems beneficial to select

most appropriate treatment and monitoring therapeutic

response.

Posttraumatic OA constitutes a major cause of disability in

our increasingly elderly population and people at risk have to

be identified as soon as possible after a corresponding

traumatic insult. By modulating the polarization state of the

incident light in correlation to the OCT image, Patel and co-

workers concluded that monosodium acetate-induced OA in

rats eliminated tissue birefringence, assumingly by destroying

directional collagen fibre alignment. Of note, OCT can infer

optical properties, such as the near-infrared backscatter and

extinction coefficients (Schmitt et al., 1993) and this correl-

ates with degeneration and impact loading (Patel et al., 2005).

Impact injury consistently raised the surface signal intensity

and decreased the deep OCT signal intensity in an ex vivo

bovine indentation model of tibial cartilage damage (Bear

et al., 2010). This change in optical properties might have

occurred from chondrocyte death and surface collagen matrix

disruption as evident from histology. Shyu and colleagues

used a more quantitative approach (Shyu et al., 2009) by

measuring the full OCT image brightness profile versus

depth. Comparing this to a theoretical extended Huygens-

Fresnel model (Thrane et al., 2000), damaged porcine

cartilage showed a tendency to produce larger attenuation

coefficients than normal cartilage, with a trend towards more

isotropic scattering in damaged cartilage (Matcher, 2015).

While 2D OCT, representing only a snapshot of the tissue,

easily misses important structural abnormalities (Figure 2),

3D OCT gives a good volumetric representation of the tissue

integrity. Very recently, the suitability of OCT to evaluate

single impact-induced cartilage degeneration was confirmed

by de Bont and colleagues in an ex vivo model using 34

macroscopically normal human osteochondral specimen.

Standardized single impacts, ranging from 0.25 J to 0.98 J,

were evaluated by 3D OCT prior to and directly after

impaction as well as 1, 4 and 8 d later. The authors concluded

that OCT-based parameterization and quantification is able to

reliably detect loss of cartilage surface integrity after high-

energy traumatic insults and holds potential to be used for

clinical screening of early OA (de Bont et al., 2015). Thus,

while sensitive screening of the roughness of the cartilage

surface by OCT may be employed to evaluate the age-related

progression of wear-and-tear erosion of the tissue, OCT may

further aid in assessing the patient’s risks to develop

posttraumatic OA.

Imaging macromolecular deterioration by PS-OCT

Unlike US, light waves are transverse and can carry

polarimetric information, which combined with OCT resulted

in ‘‘polarization-sensitive’’ OCT (PS-OCT) (de Boer &

Milner, 2002). Herrmann et al. also early investigated the

correlation between changes observed by OCT and the degree

of collagen organization in OA cartilage by polarization

sensitive OCT (PS-OCT) to assess changes in cartilage

Figure 2. OCT-based articular surface evaluation. Topographical reconstruction of human articular cartilage ex vivo (A). The volumetric dataset to
reconstruct this 8� 8 mm macroscopically only slightly degraded, Outerbridge grade 1, specimen from the medial femoral condyle in 3D consists of
100 adjacent 2D OCT images. Note the essentially smooth articular surface around a focal lesion (arrow). Individual, in silico sliced 2D cross-sectional
OCT images from this dataset representing 1 mm intervals (B, front-to-back). Smooth surfaces of early sections (B1 through B5) matching the first half
of the in silico reconstructed tissue (A). Large, surfacing clefts (arrows; B6, B7) and a smaller sub-surface cleft (B8) corresponding to (peri-)lesional
cartilage damage in A.
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collagen organization in vitro. While frequently cartilage

appeared ‘‘normal’’ by routine staining, showing cartilage

thickness42 mm and no fibrillations, abnormalities were

evident in these specimen by both PS-OCT and Picrosirius red

birefringence polarization microscopy (Drexler et al., 2001).

PS-OCT thus enables detection of areas of altered birefrin-

gence in human cartilage (Ugryumova et al., 2005). Enhanced

birefringence is usually associated with (inappropriate) tissue

repair, during which type II collagen of degenerated hyaline

cartilage is replaced by type I collagen fibres to result in so-

called fibrocartilage. The latter is characterized by thicker and

denser collagen fibres, which therefore appear brighter on

structural OCT images. Li and co-workers employed

polarized light OCT imaging to study human knee cartilage

in vivo prior to partial, or total, replacement prior to

correlating PS-OCT images to histology (Li et al., 2005).

While modulation of the incident polarization state of the

light due to birefringence from organized, mainly type II,

collagen fibres revealed a regular depth-resolved banding

pattern with ‘‘normal’’ cartilage, the pattern was lost upon

progressive cartilage degeneration. Later, Chu et al. investi-

gated the use of PS-OCT birefringence to grade femoral

condyle and trochlea osteoarthritic lesions in human cadaver

knees (Chu et al., 2007). These authors interpreted the loss of

ex vivo birefringence as an early stage of chondrocyte

viability loss, based on their acquired (reversible) irrespon-

siveness to IGF-1. Absence of birefringence might thus be a

potential biomarker of early stage cartilage degeneration – at

a point where the disease pharmacologically may still be

reversible. Excitingly, the Matcher Lab recently introduced

two other PS-OCT variants, termed variable-incidence-angle

PS-OCT (Kasaragod et al., 2012; Ugryumova et al., 2006,

2009) and conical-scan PS-OCT (Lu et al., 2014), respect-

ively, to specifically elucidate the zonal architecture of the

collagen fibre network. The apparent birefringence of a

specimen is determined not only by the directional organiza-

tion or abundance of collagen fibres, but also by their axial

orientation relative to the direction of the incident light

(Ugryumova et al., 2005; Xie et al., 2006). Birefringence is

thus exterminated when both directions are either parallel or

anti-parallel, or is maximal at their orthogonal orientation.

While both techniques hold tremendous potential for OA

biomarker development, handling issues may currently

obstruct their direct clinical application.

PS-OCT may, however, not only proof valuable during

monitoring OA, but also to improve (osteo-) chondral repair

and improve tissue regeneration: some data imply that

collagen fibres are ‘‘brushed’’ in a particular direction

(Matcher, 2015), which is a structural parameter of cartilage

that received little attention. In contrast, the split-line

direction has been extensively mapped across a variety of

species and sites: cartilage has a markedly higher tensile

Young’s modulus when loaded in a direction aligned with the

split-line versus orthogonal to it (Matcher, 2015). Strikingly,

Matcher now speculates that the brushing direction might

reflect the magnitude and direction of the dominant shear-

stress experienced at a particular site during locomotion. It

would be interesting to see if matching the brushing direction

might provide beneficial osteochondral grafting, like match-

ing the split-line directions of graft and surrounding host

tissue at the defect site. To this end, PS-OCT may prove itself

a valuable adjunct tool during orthopaedic routine osteochon-

dral autograft transfer.

Earlier studies using cartilage samples from large animals

(Ugryumova et al., 2005; Xie et al., 2006) reported a

pronounced variation in apparent birefringence with beam

orientation. As the beam must be inclined by a substantial

angle to reveal the underlying birefringence, controlled

PS-OCT seems challenging during routine clinical applica-

tions. Interestingly, in contrast, healthy human knee cartilage

appears to have a strong apparent birefringence when the

beam is applied at normal incidence (i.e. perpendicular to

joint surface) (Chu et al., 2007; Li et al., 2005), which may

point towards species-specific differences for this application.

This notion is supported by observations by Rieppo et al.,

suggesting that the much lower contact pressure in the human

knee, as compared to equine or bovine joints, favours a

collagen architecture with a physically much thicker super-

ficial zone (Rieppo et al., 2009), which would explain this

apparent difference. Even within the same species, PS-OCT

techniques may thus either detect a loss of birefringence as a

result of truly disorganized (i.e. degraded) collagen fibre

networks as a result of arthritic tissue deterioration or stress-

induced remodelling or debridement (Matcher, 2015). This

makes controlled PS-OCT currently challenging for routine

clinical evaluation of cartilage quality.

Summary and discussion

Most human cartilage available for research is obtained at the

time of joint replacement, when OA lesions are end stage and

little can be concluded about the factors that played a role in

disease development. To overcome this limitation, numerous

induced and spontaneous animal models have been utilized to

study disease onset and progression, as well as to test novel

therapeutic interventions. A recent excellent review by Moon

and Beier focuses on our latest insights into OA pathogenesis

from mice (Moon & Beier, 2015). While only limited

conclusions can be drawn from mice, no single ‘‘gold

standard’’ animal model of OA exists that accurately reflects

all aspects of the human disease – with several key variations

in OA pathology among species (McCoy, 2015). Most of our

knowledge about the onset of OA comes from animal models.

Its limited penetration depth makes OCT ideally suited for

full depth imaging of cartilage in animal joints, rather than in

clinically relevant major human joints. Thus, the challenge

now lies in applying the rapidly improving OCT technologies

to relevant pre-clinical models of OA induction to evaluate its

feasibility and identify potential dry biomarkers of early

disease development and/or progression prior to reliably

applying this novelty in clinical praxis.

From the currently available data, it appears likely that

future diagnostic biomarkers (i.e. markers confirming the

existence of a certain degree of pathological alteration) will

not only be derived from the ‘‘wet’’ circuit, but will be

complemented by ‘‘dry’’ markers derived from imaging

technology. The majority of OA biomarkers will probably

remain ‘‘wet’’ due to their ability to indicate metabolic

responses rather than sole structural changes. A combination

of cell- and ECM-derived biomarkers may be beneficial,
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especially to evaluate OA progression and treatment efficacy

(Dvir-Ginzberg & Reich, 2014).

Nonetheless, OCT holds potential as future minimal

invasive prognostic biomarker for OA (i.e. providing an

indication of the likelihood of pathological progression) if

especially PS-OCT can be better standardized with respect to

its beam angle orientation. Despite some current shortcom-

ings and technical challenges, supplementing conventional

arthroscopies with OCT modalities potentially adds further

value during assessing hyaline AC and different OCT

modalities may thus shortly move from sole characterization

to diagnosis. Detection of morphological alterations in

collagen architecture could also improve arthroscopically

guided interventions such as debridement and monitor the

success of regenerative cell-based therapies such as autolo-

gous chondrocyte implantation. In animal models, regenera-

tive potential of tissue engineered constructs may be

monitored using OCT. While other imaging modalities may

allow imaging of the joints even non-invasively, few can

easily directly assess cartilage quality. To this end, birefrin-

gence may be exploited as a potential anabolic or catabolic

biomarker, as detailed above. Accounting for collagen

‘‘brushing’’ and split-line direction may offer a more direct

approach to improve current surgical treatments of (osteo-)

chondral defects. The latter may prevent or at least delay

posttraumatic OA.

OCT is currently facing important technical challenges

with respect to normalization strategies and controlling light

beam angles. At present, unequivocal image-based differen-

tiation between healthy and early degenerative cartilage by

OCT still seems challenging.
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