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Introduction

Abstract. Utilizing a laser scanning confocal microscope system, the refractive indices of articular cartilage (AC)
with mechanical or biochemical degenerations were characterized to investigate whether potential correlations
exist between refractive index (RI) and cartilage degeneration. The cartilage samples collected from the medial
femoral condyles of kangaroo knees were mechanically degenerated under different loading patterns or
digested in trypsin solution with different concentrations. The sequences of Rl were then measured from car-
tilage surface to deep region and the fluctuations of Rl were quantified considering combined effects of fluctuat-
ing frequency and amplitude. The compositional and microstructural alterations of cartilage samples were
assessed with histological methods. Along with the loss of proteoglycans, the average Rl of cartilage increased
and the local fluctuation of Rl became stronger. Short-term high-speed test induced little influence to both the
depth fluctuation and overall level of RI. Long-term low-speed test increased the fluctuation of RI but the average
Rl was barely changed. The results substantially demonstrate that Rl of AC varies with both compositional and
structural alterations and is potentially an indicator for the degeneration of AC. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.21.9.095002]

Keywords: articular cartilage; trypsin digestion; mechanical degeneration; osteoarthritis; proteoglycan depletion; refractive index.
Paper 160069R received Feb. 10, 2016; accepted for publication Aug. 29, 2016; published online Sep. 14, 2016.

The propagating properties of light reveal the interactions

Articular cartilage (AC) works as a cushion on the bony ends to
attenuate the inner stress of the skeletal system.! In microstruc-
ture, AC tissue is organized into four distinctive zones from the
surface to the subchondral bone. Accordingly, the biochemical
compositions of AC, such as water, collagen fibrils, and proteo-
glycans (PGs), vary with depth.>* The mechanical functions of
AC heavily rely on its zonal structure and compositions; both
mechanical lesions and biochemical alterations can lead to
AC degeneration. Therefore, morphology, mechanical proper-
ties, and biochemical alterations are the main concerns to assess
the degeneration of AC.’

Longitudinal histology of AC is a common and reliable way
to morphologically grade physical damage and pathological
degeneration.®” However, destruction to cartilage tissue is gen-
erally inevitable in preparation of conventional histology slices.
To minimize the injury to joints, morphological assessment
based on optical arthroscopy is developed and applied to clin-
ically diagnosing the AC denegation.®™'* Currently, it remains
difficult to detect early osteoarthritis (OA) with arthroscopic
examination only.'! There have been specialized optical probes,
such as confocal arthroscopy'*!® and endoscopic optical coher-
ent tomography (OCT),'*! developed to examine AC degener-
ation in vivo. However, the properties of light propagation in the
cartilage matrix have not yet to be fully investigated.

*Address all correspondence to: Kuyu Wang, E-mail: wangkuyu @gmail.com
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between light and AC matrix, which potentially provides non-
invasive ways to assess the degeneration of AC, especially early
pathological variations. Since AC is a highly inhomogeneous,
anisotropic, and optical turbid tissue,' the propagation of light
is strongly influenced by its scattering nature, which is further
determined by the tissue composition and substructure along the
optical path.!” Therefore, thoroughly characterizing the light
propagations in the AC matrixes under various physiological
conditions is the foundation to develop optical techniques
that can reliably assess the degeneration of AC at an early stage.

Refractive index (RI) that characterizes how the optical
medium alters the propagating path of the light is one of the
most important optical parameters. Our previous study has
reported that the depth-dependent property of RI was related
to PGs in AC tissue.'® The impact of mechanical wear and bio-
chemical alteration to the depth distribution of RI still need to be
further investigated.

As far as we know, the only previous study of such a subject
was an OCT-based measurement in which the AC samples from
bovine patellar were digested in trypsin and collagenase solu-
tions, respectively, to evaluate the depth dependencies of RI
under normal and biochemically degenerated AC samples.’
Limited by the thickness of the AC sections, the RI distribution
was determined with three different depths, which may be not
sufficient to characterize the RI distribution. The results showed
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that there was no significant difference between the overall RI of
the normal and chemically degenerated AC samples.

This study adopted a previously developed technique based
on confocal microscopy”® to measure the RI distributions of
AC samples, which were artificially degenerated with linear
mechanical sliding or enzymic digestion. To mimic the loading
circumstances of humans, the AC samples were collected from
kangaroo knees, because kangaroo is a typical mammal adopt-
ing bipedal locomotion and the contact pressure in its knee joint
was demonstrated in the physiological range of humans.?! AC
degenerating models treated by mechanical wear or trypsin pen-
etration were created to simulate different types of cartilage
degrades. For both mechanical and enzymic models, two sub-
groups were further adopted to simulate two different degrees of
degeneration, respectively. The RI data were measured with
50-um interval along depth direction. The depth fluctuation
of RI was characterized by using a previously developed
method.'®

2 Materials and Methods

2.1 Specimen Collection

The collection and process of cartilage samples used in this
study followed an animal study protocol approved by the
Animal Ethics Committee of University of Western Australia,
complying with the requirements of Australia Code of Practice
for the Care and Use of Animals for Scientific Purposes (7th
Edition 2004) and Animal Welfare Act WA (2002). A total
of 15 knee joints were collected from 3-years-old female
western gray kangaroos (Macropus fuliginosus). To minimize
the impacts of sample deterioration, the kangaroos were slaugh-
tered 2 h before the corresponding tests. The cartilage surfaces
of the femoral condyles were visually inspected to eliminate the
existence of OA. The 15 knees were grouped for mechanical
wear (n = 6), enzymic treatment (n = 6), and control (n = 3).

For control group, three cylindrical AC plugs with subchon-
dral bones (@4 X 4 mm) were punched off from central medial
femoral condyles of the three joints. Each AC plug was then
manually cut into two halves along the cylinder axis for RI
measurement and histology process, respectively. The half AC
plug used for RI measurement was immediately frozen with
liquid nitrogen followed by frozen sectioning procedure. The
other half retained for histology preparation was fixed in
10% neutral buffered formalin solution for 24 h.

2.2 Enzymic Treatment

The macromolecular degradation catalyzed by proteolytic
enzymes was accepted as a typical feature of the AC degener-
ation at the early and middle stages.?> Since trypsin was reported
effective for the PG digestion as well as a slight simultaneous
effect on the collagen network,?>* it was employed in this study
to create a pathologically degenerated AC model.

A total of six AC cylindrical AC plugs (@4 X 4 mm) were
punched off from the central loading areas of six medial femoral
condyles. To simulate different levels of PG loss in AC tissue,
the six AC plugs were divided into two groups for 5 mg/ml
(n=3) and 2 mg/ml (n = 3) trypsin-ethylenediamine tetra-
acetic acid (EDTA) (T4174, Sigma-Aldrich, Castle Hill,
Australia). Both groups were incubated at 37°C and digested
in the trypsin solutions for 2 h. After the enzymic treatment,
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the AC plugs were also axially cut into two halves for RI meas-
urement and histology process, respectively.

2.3 Mechanical Wear

A cartilage-to-cartilage sliding model was adopted to create
mechanical wear on the AC samples. The mechanical wear
was conducted with a custom-designed linear reciprocating
slide apparatus (Fig. 1). A femoral AC block and its correspond-
ing tibial block were oppositely mounted in the upper and lower
sample holders. The lubricant was 1Xx phosphate-buffered saline
solution (PBS, pH 7.4). The lubricant bath was fixed on a
motion base, which could be horizontally reciprocated at a pre-
set speed and cyclic frequency. The sliding displacement was set
to 4 mm for all tests. A constant load was vertically applied to
the upper sample holder during the entire mechanical test. Two
different wear protocols were adopted to simulate the mechani-
cal circumstances of short-term running and long-term walking,
as summarized in Table 1 (short-term high-speed test and long-
term low-speed test). These parameters (load, time, and speed)
ensured that the cartilage contact pressures were within the nor-
mal physiological range.”!

Six couples of cartilage blocks (30 X 15 mm) attached with
5-mm subchondral bones were sawn from the central areas of
the medial femoral condyles and the opposing tibial plateaus
(Fig. 2). Three cartilage couples were repeated for each wear
protocol. Once a wear test was completed, a cylindrical AC
plug with the same size as other groups (@4 X4 mm) was
punched off from the central loaded region of the femoral
AC block (upper sample). The cylindrical AC plug was then
cut into two halves for RI measurement and histology process,
respectively.

2.4 Refractive Index Measurement

The semicylindrical AC plugs after tests were frozen with liquid
nitrogen immediately to retain original physiological conditions.
A frozen section process was then applied to these AC plugs by
using a cryomicrotome (Leica cryostat CM3050S, Leica
Microsystems, Wetzlar, Germany) maintained at —20°C. The
AC plugs were transversely sectioned into semicircular disks
of 50-um thick. Depending on the thickness of the AC plug,
a series of AC disks numbering from 6 to 15 could be acquired.

Load

Lubricant | ypricant Sample holder
bath
Upper
sample
Motion P
base 1 Lower

sample

Motion

Fig. 1 Schematic diagram of the linear reciprocating slide apparatus.
Driven by stepper motor, the lower sample was horizontally slid
against the upper sample. A constant normal load was applied to
the upper sample during the test.
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Table 1 Summary of mechanical wear protocols.

Short-term Long-term
Wear protocol high-speed test low-speed test
Load (kg) 12 5
Sliding speed (mm/s) 30 10
Sliding distance (mm) 4 4
Reciprocating frequency (Hz) 3.75 1.25
Time (h) 1 6

Note: The applied loads were static and constant throughout a test
and vertically applied to the samples. The movement of the two
opposing cartilage samples was horizontal reciprocating linear slid-
ing. The lubricant medium was 1x PBS. The two wear protocols
adopted different normal loads, sliding speeds, and testing time.

The sectioned AC disk was stained in 0.03 g/L Rhodamine
B for 1 min and placed on a slide next to a small drop of immer-
sion oil (Type F, n =1.518, Leica Microsystems, Wetzlar,
Germany), which was also slightly stained with Rhodamine
B (Fig. 3, side view). A laser scanning confocal microscope
(Leica TCS SP2 AOBS, Leica Microsystems, Wetzlar,
Germany) equipped with an oil immersion objective (Plan
Apochromate, 63x and NA = 1.40) was utilized to excite the
sample at 561 nm and recorded images (512 X 512 pixels)
through a 550- to 595-nm bandpass filter. For each semicircular
AC disk, the scan covered the entire sample depth with a step
size of 0.47 um and three adjacent spots were scanned (Fig. 3,
top view). The image stacks of the three scanning spots were
then further processed and used to calculate the RI of AC
based on the technique we proposed previously.?’ The average
RI acquired from the three scanning spots was used as the RI of
a specific depth.

For each semicylindrical AC plug, the RI data acquired from
the series of AC disks were approximated (polynomial method)
as a smooth RI-depth curve to characterize the RI distributing
trend with depth. To correctly describe the RI distributing fea-
ture, polynomial equations with lower orders were adopted, pro-
vided that sufficient goodness of fit was achieved in the manner
of R-square and sum of squares due to error. The coefficient of
RI fluctuation was then calculated with a method we previously
proposed.'® This coefficient quantified both the amplitude and

Medial

Lateral

Stained immersion oil

Stained AC disc

Immersion oil
Cove{s‘lip | Objective | 50 um E
oy ¢
AN
Side view
(a)

Fig. 3 Schematic diagram of sample arrangement for confocal scan.
(a) A sandwich-like sample setup was adopted to obtain identical
physical thickness of the AC disk and stained immersion oil (side
view). The semicircle on (b) represents the top view of an AC disk.
The three indexed squares in top view are confocal scanning
spots (0.24 x 0.24 mm?), which have about 1-mm gap between
each other.

fluctuating frequency of a RI-depth curve. A higher coefficient
of RI fluctuation indicated higher amplitude and stronger oscil-
lation of the RI distribution within a certain depth range.

RI fluctuations of different testing groups (mechanical wear,
enzymic treatment, and control) were statistically compared.
The single-factor analysis of variance (ANOVA) (OriginPro 8
SR4, OriginLab, Northampton, Massachusetts) was applied to
each semicylindrical AC plug to determine whether significant
difference of RI existed in different depths (significant level
a = 0.05). The overall RI measured from the AC samples
with different treatments were also assessed with single-factor
ANOVA (a = 0.05).

2.5 Histology Assessment

All semicylindrical AC plugs fixed for histology process were
decalcified for 5 h (RDO Rapid Decalcifier, Apex Engineering
Products Corporation, Aurora, Illinois) and automatically dehy-
drated in a Leica tissue processor (Leica ASP 200, Leica
Microsystems, Wetzlar, Germany). Thereafter, the dehydrated
AC plugs were longitudinally sectioned into 5-um slices with
a rotary microtome (Leica RM2255, Leica Microsystems,
Wetzlar, Germany). Only the AC slices close to the central
axis of the AC plug were selected and stained with two different
protocols.

Safranin O method was commonly used to stain the PG con-
tent and recommended as a grading standard for AC study and

La ' | Medial

Fig. 2 AC blocks (30 x 15 mm) for mechanical wear tests were collected from the areas shown as
dashed rectangles: (a) femoral condyle and (b) tibial plateau. After mechanical test, a cylindrical AC
plug (@4 x4 mm) was punched off from the control area of the medial femoral condyle (shown as
the solid line circles) for Rl measurement and histology process.
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clinics.”* Thus, a staining protocol using Safranin O and Fast
Green (SO&FG) was adopted in this study to assess the PG loss
of the AC samples.26 After SO&FG stain, the AC slices were
automatically imaged by a bright-field digital slide scanner
coupled with a 20x dry objective (ScanScope AT, Aperio,
Vista, California). The PG loss of the AC slice was quantified
with a coefficient defined previously.'® This coefficient calcu-
lated the intensity of red color in the SO&FG-stained images,
which was reported proportional to the wet weight fraction
of PGs determined in a biochemical way.””** Ranging between
0 and 1, the higher coefficient of PG loss indicates that less PG
contents were retained in cartilage matrix.

Since Picrosirius red (PSR) stain can increase the birefrin-
gence of the collagen bundles,”’ polarized light microscopy
plus PSR stain were commonly used to investigate the collagen
organization and integrity in various biological tissues.**
Based on this technique, both qualitative and quantitative
approaches were developed for analyzing the collagen meshwork
of AC.3*! In this study, a PSR protocol®* was adopted to stain
the AC slices for monitoring the alteration of collagen orientation.
PSR histology images (1920 x 2560 pixels) were captured with a
polarized light microscope (Nikon Eclipse LV100POL, Nikon
Instruments, Melville, New York) coupled with a universal
epi-illuminator (Nikon LV-UEPI, Nikon Instruments, Melville,
New York) and a digital camera (Nikon DS-Fil, Nikon
Instruments, Melville, New York), which recorded the birefrin-
gence intensity of the AC slices. For consistent comparisons,
all PSR-stained AC slices were aligned on the microscope
stage to enable the same angle between the slice and the axis
of polarization. In this way, the difference of birefringence

AC surface

intensity between AC slices was able to demonstrate the altered
orientation of collagen fibrils.3>

3 Results

3.1 Histological Assessment

In the histology slice with SO&FG stain (Fig. 4), the red color
represents the PGs stained by Safranin O while the light blue
means no PG contents retained in that area. The AC plugs
digested in 5 mg/ml trypsin showed complete PG depletion
[Fig. 4(a)], whereas the 2 mg/ml trypsin group still partially
retained some PGs in deep region [Fig. 4(b)]. The trypsin wave-
front digested the PGs through a path from cartilage surface to
tidemark. In normal AC, the superficial zone has the lowest pro-
portion of PGs,>* which corresponded to a thin layer without
Safranin O stain on the AC surface [Fig. 4(e)]. However, this
low PG layer was absent in the AC slice with mechanical
wear [Figs. 4(c) and 4(d)], which suggested that the correspond-
ing superficial zones were abraded. In addition, the AC surfaces
of mechanical wear groups [Figs. 4(c) and 4(d)] were not as
smooth as the control sample [Fig. 4(e)]. Except for the super-
ficial zone, both mechanical wear protocols induced no visible
difference on PG distribution [Figs. 4(c) and 4(d)].

Due to the birefringence property of PSR-stained collagen
fibrils under polarized light microscopy, the image intensity
shown in Fig. 5 actually indirectly indicated the orientation of
collagen meshwork.*>*! The birefringence intensities of the
AC slices treated with trypsin solutions [Figs. 5(a) and 5(b)]
appeared to have no obvious difference from the control sample
[Fig. 5(e)]. The short-term high-speed test also induced no

Fig. 4 Example AC slices stained with SO&FG and imaged by bright-field microscopy (longitudinal view).
(a) AC sample digested in 5 mg/ml trypsin-EDTA, (b) AC sample digested in 2 mg/ml trypsin-EDTA,
(c) AC sample after short-term high-speed test, (d) AC sample after long-term low-speed test, and (e) con-

trol sample.
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(d)

Fig.5 Example AC slices stained with PSR and imaged by polarized light microscopy (longitudinal view).
(a) AC sample digested in 5 mg/ml trypsin-EDTA, (b) AC sample digested in 2 mg/ml trypsin-EDTA,
(c) AC sample after short-term high-speed test, (d) AC sample after long-term low-speed test, and (e) con-

trol sample.

visually detectable changes to the birefringence property of col-
lagen fibrils [Fig. 5(c)]. However, the long-term low-speed test
slightly decreased the birefringence of the collagen fibrils and,
hence, the corresponding PSR slices [Fig. 5(d)] appeared darker
than the control sample [Fig. 5(e)] under polarized light micro-
scope, which indicated altered orientation of collagen fibrils
comparing with other samples. Furthermore, the long-term
low-speed test packed the tangential collagen fibrils of superfi-
cial zone into a tighter pattern [Fig. 5(d)]. For all groups, there
was a dark belt in the upper-middle zone of the PSR slice dem-
onstrating the isotropic arrangement of collagen meshwork in
this region.*

3.2 Refractive Index Distribution With Depth

Typical examples of the RI distributions with depth acquired
from different testing groups were listed in Fig. 6. The solid
curve represented the distributing trend of the RI data measured
from different depths of the AC sample. To enable easy com-
parison of the RI fluctuation from different groups, the ordinate
extents of all RI-depth curves were limited to 0.16 [1.36 to 1.52
for Figs. 6(a) and 6(b), 1.34 to 1.50 for Figs. 6(c), 1.30 to 1.46
for Figs. 6(d) and 6(e)]. The AC thickness shown in abscissa was
based on actual confocal microscopic scan, which did not
strictly match to the 50-um setting of cryomicrotomy due to
instrument accuracy.

The RI distribution of the AC samples treated with trypsin
solution revealed strong but diverse fluctuations [Figs. 6(a)
and 6(b)]. The distributing trend was well approximated by
the polynomial equation with high degree due to the local oscil-
lations of RI data. The corresponding RI-depth curves indicated
that the RI distributed irregularly with depth, which were
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distinct from the relatively regular RI distributions observed
from the short-term high-speed group [Fig. 6(c)] and control
samples [Fig. 6(e)]. Although some local fluctuations still
appeared in Figs. 6(c) and 6(e), the measured RI data could
be well approximated with second- or third-degree polynomials
and formed visible overall trends of slow increase with depth.
The long-term low-speed test, however, induced slight RI fluctu-
ations [Fig. 6(d)] but still revealed regular distributing features.

3.3 Quantitative Comparison

The AC samples treated with trypsin solutions (both 5 and
2 mg/ml) showed higher average RI than other groups
(Table 2). The 5-mg/ml trypsin group had the highest average
RI (1.4436 4+ 0.0235), and the average RI of 2-mg/ml trypsin
group was slightly lower (1.4238 £ 0.0195). Mechanical tests
induced no distinctive changes to average RI compared with
the controls. However, the AC samples from long-term low-
speed tests had a slightly lower average RI (1.3809 4 0.0226)
than that of short-term high-speed test (1.3995 £ 0.0089) and
controls (1.3942 4+ 0.0120). The ANOVA test indicated that,
for any AC plug regardless of its experimental group, the RI
data measured in different depths were significantly different
(P <0.05). The overall RI of different experimental groups
was significantly different from each other despite the fact
that some AC plugs had almost the same average RI (P < 0.05).

The coefficient of RI fluctuation for each testing group was
listed in Table 1, representing quantified fluctuating features of
RI-Depth curves (Fig. 6). The AC samples digested in 5 mg/ml
trypsin had the highest coefficient of RI fluctuation (1.7936)
indicating the strongest RI oscillations with depth. The RI fluc-
tuation of AC samples digested in 2 mg/ml trypsin (1.3618)
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Fig. 6 Typical RI-depth curves representing testing groups of (a) 5 mg/ml trypsin-EDTA, (b) 2 mg/ml
trypsin-EDTA, (c) short-term high-speed test, (d) long-term low-speed test, and (e) control. The abscissa
indicates the depth of Rl measurement, whereas the ordinate represents the corresponding average RI.
The solid dots represent the Rl measured at a specific depth, while the solid curve is a polynomial fit
showing the RI distributing trend with depth. High degrees of polynomials (ninth and seventh) were
adopted for (a) and (b) to ensure sufficient fitting goodness. For other groups, second or third degrees
of polynomial provided enough fit accuracy. The ordinates were limited to the same range to enable easy

comparison.

was weaker than that of 5-mg/ml trypsin group but still much
stronger than other groups. The long-term low-speed test
increased the RI fluctuation of AC to some extent (0.8294)
but still maintained relatively regular distributing features com-
paring with the two trypsin groups (Fig. 6). The coefficients of
RI fluctuation quantified in short-term high-speed group
(0.0960) and controls (0.1400) were dramatically low, which
indicated normal physiological conditions of the AC samples
according to our previous study.'®
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The quantitative estimations of PG loss (Table 2) further
demonstrated the PG distribution shown in the histological
images (Fig. 4). The AC plugs digested in 5 mg/ml trypsin con-
tained few PG contents that could be stained by Safranin O. The
AC samples of 2-mg/ml trypsin group also revealed remarkable
PG loss, but the PG residual was slightly higher than 5-mg/ml
trypsin group. The average PG loss of control group (0.5711)
was a little higher than that of mechanical testing groups
(0.5517 and 0.5425). However, considering potential errors
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Table 2 Statistical results of all experimental groups.

Coefficient of RI  Coefficient of

Group Rl (mean + SD) fluctuation PG loss
Trypsin 1.4436 + 0.0235 1.7936 0.9996
(5 mg/ml)

Trypsin 1.4238 +0.0195 1.3618 0.8721

(2 mg/ml)

High-speed  1.3995 + 0.0089 0.0960 0.5517
test

Low-speed test1.3809 + 0.0226 0.8294 0.5425
Control 1.3942 £ 0.0120 0.1400 0.5711

Note: A higher coefficient of RI fluctuation indicates stronger fluc-
tuation of RI distributing along depth direction. A higher coefficient
of PG loss means that a lower proportion of PGs can be stained
by Safranin O.

that could be induced by the histology preparation and imaging
process, it was reasonable to accept proper error tolerance when
estimated PG loss. More importantly, since the PG contents in
healthy AC tissue varied sample by sample, the slight difference
of PG loss between control group and mechanical testing groups
was treated as normal sample diversity rather than noticeable
alteration of PG contents.

4 Discussion

4.1 Correlation Between Proteoglycans and Overall
Refractive Index

In this study, the average RI of control samples (AC from kan-
garoo knees, 1.3942 4 0.0120) is close to the overall RI of AC
samples (1.3975 £ 0.0156) collected from newborn lambs™
but is distinctively lower than that of mature sheep (1.4444 +
0.0363).'® These RI gaps among different sample resources indi-
cate that the RI of AC is highly diverse depending on specie and
tissue maturity.

Quantitative calculation in this study showed that the average
RI of AC increased with the coefficient of PG loss, which
demonstrated the potential correlation between PGs and RI,
although the exact interacting mechanism is still unclear. This
result is also compatible with the study based on cornea.* A
possible interpretation is that PG loss alters the compositional
proportions of extracellular matrix leading to a varied overall
optical property. Since PGs occupy the interfibrillar space of
extracellular matrix and impede the flow of interstitial fluid
within the cartilage tissue,** once PGs were depleted, the per-
meability of extracellular matrix would increase remarkably.”>**
Therefore, the trypsin-digested AC samples become softer and
easier to be deformed.*” When various external loads were
applied to these cartilage samples, the interstitial fluid would
flow from the thin and highly permeable AC section. It has
been reported that water contents in extracellular matrix of
AC had lower RI (close to 1.33), whereas the macromolecules
had relatively higher RI (1.43 for collagens and 1.55 for glyco-
saminoglycan).***” Consequently, the average RI of the trypsin-
digested AC was increased due to the increased proportion of
collagen contents in the extracellular matrix.

The correlation between the average RI and the PG loss
of AC could potentially suggest an approach to estimate OA
progress, because the loss of larger PG aggregates appears
to be one of the earliest changes associated with OA and
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immobilization of the joint.!'*® The assessment of PG loss is
a broadly adopted method to grade both the pathological
degeneration7’49 and the mechanical wear of AC.”*! Therefore,
a technique sensitive to PG loss should be an effective method
for OA assessment. Average RI can reflect the PG changes to
some degree, according to the data listed in Table 2, but its sen-
sitivity to low level of PG loss still needs to be further
determined.

4.2 Factors Altering Refractive Index Fluctuation

Our previous study had demonstrated that there was strong cor-
relation between PG loss and depth-dependent RI fluctuation of
AC." The current study also quantitatively confirmed that the
progress of PG loss could increase the coefficient of RI fluc-
tuation (Table 2). It was reported that the morphology and dis-
tribution of collagen were primary factors leading to the
fluctuated RI with depth because the tissues birefringence
was closely related to the diameter, orientation, and packed pat-
terns of collagen fibrils.> The unique zonal structure of AC
determines the depth variable optical properties of collagen
fibrils. The loss of PG contents further alters the existing
light propagating path in collagen meshwork.

In the trypsin-digested AC samples, the interstitial fluid is
lost more easily with increased permeability; thus, the propagat-
ing light mainly interacts with collagen fibrils. Since the pen-
etration of trypsin in the cartilage matrix is dependent on the
initial distribution and concentration of PGs,> different concen-
trations of trypsin solutions lead to different levels of PG resi-
dues in the AC matrix (Fig. 4). Accordingly, the RI of AC varies
with fractions of PGs, collagen fibrils, and water contents in dif-
ferent depths.

In comparison with trypsin digestion, mechanical wear
imposed fewer impacts to the RI distribution in AC matrix
(Table 2). The long-term low-speed tests induced observable
RI fluctuations, whereas the short-term high-speed tests had lit-
tle influence on the depth distribution of RI. Since the PG losses
measured from all mechanical testing groups were similar
(Table 2), the different levels of RI fluctuation between these
two wear protocols should be attributed to some other factors.

On the tibial plateau of kangaroos, the special structure of
cartilage tissue enables the contact pressure to be maintained
in low levels even under harsh external loads.?! It has been dem-
onstrated that short-term high-speed tests have little influence to
the organization and function of femoral AC.2' As for the long-
term low-speed test, since it lasted up to 6 h, the interstitial fluid
of cartilage was gradually squeezed out from the load bearing
region of the extracellular matrix despite the fact that merely a
low external load was applied. The loss of water contents in the
AC matrix leads to the increased coefficient of RI fluctuation.
From this point, it seems that the loss of interstitial fluid, either
induced by PG loss or long-term loading, is the primary and
direct reason leading to stronger RI fluctuation.

In addition to this biochemical alteration, the other factor that
could contribute to the RI fluctuation was the changed arrange-
ment of the collagen fibrils due to long-term loaded mechanical
tests. The PSR histology revealed the decreased birefringence
intensities of the AC slices after long-term low-speed tests,
which indicated the alteration of the collagen organization
[Fig. 5(d)]. Thus, it is reasonable to assume that the altered col-
lagen meshwork also contributes to the enhanced RI fluctuation.

It should be noted that some RI data in Fig. 6 do exhibit
higher standard deviations (error bar) than other data points.
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This could be attributed to the inhomogeneous and anisotropic
property of AC. To minimize the impact of measuring deviation
from individual scanning spots, this study adopted the severity
of RI fluctuation rather than the specific shape of RI distribution
or the RI value itself to analyze of AC degeneration. This strat-
egy makes the overall degree of RI fluctuation less impacted
even though the local distribution of RI may be influenced
by some larger measuring deviations.

4.3 Refractive Index Fluctuation and Osteoarthritis

In the initial stage of OA, the collagen contents are mostly con-
stant with only slight alterations in size and arrangement.>* The
PGs with fewer constraints from the collagen tensions are able to
bind increased amounts of water contents.'! However, as OA
progresses, due to the destruction of cartilage surface, PGs
gradually diffuse into synovial fluid. The water contents sub-
sequently decrease with the increased permeability of the carti-
lage matrix due to the persistency of external loads.™ >’
Consequently, the early stage of osteoarthritic AC can be bio-
chemically characterized as increased water contents, slightly
decreased PGs and reorganized collagens while the biochemical
features of advanced OA are the rapidly decreased water and PG
contents as well as the destroyed collagen arrangement.

In this study, the 2-mg/ml trypsin treatment mimicked the
early OA (Grade 1.0 to 1.5), according to the OARSI cartilage
OA histopathology grading system.” The AC samples digested
in 5 mg/ml trypsin appeared to have similar biochemical fea-
tures to the advanced OA (Grade 4.0 to 4.5) but had no matrix
erosion as in the actual OA samples. The long-term low-speed
testing group simulated the altered collagen organization indi-
cating the other important feature of OA. The RI characters from
these experiments demonstrate that the progress of OA will lead
to increased overall RI of AC and remarkable RI fluctuation
with depth. However, as the overall RI varied insensitively to
slight PG loss, it may be not a good indicator for early OA com-
paring to RI fluctuation.

Despite an initial study, the present work has demonstrated
the potential application of RI distribution to monitor OA
progress. However, the RI distribution in this study was inves-
tigated with an animal model simulating limited features of OA
only. Further study should focus on the RI distribution in the
graded osteoarthritic AC samples. In addition, the current RI
measuring technique may destroy the internal structure when
the AC samples are sectioned. An improved technique utilizing
confocal arthroscopy to measure the RI distribution in vivo is
more valuable for potential clinical applications.

5 Conclusions

In summary, we investigated the RI distribution of AC samples
with mechanical or biochemical degenerations. The overall RI
of AC is observably influenced by PG contents because PGs can
maintain the interstitial fluids, which further stabilizes light
propagation in cartilage tissue. The depth fluctuation of RI is
sensitive to both PG loss and alteration of collagen arrangement.
The PG loss intensifies RI fluctuation by enhancing the inter-
action between light and collagen fibrils. Long-term low-
speed mechanical wear can lead to severe RI fluctuation because
of the gradual alterations on compositional proportions and
fibrillar organization. Short-term high-load mechanical wear
has little influence on the RI fluctuation due to the self-recovery
mechanism of AC. RI distribution can characterize the physical
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or chemical alterations of AC matrix, which suggests a potential
application to assess AC degeneration, e.g., OA progress.
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