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Changes in Triphasic Mechanical Properties of Proteoglycan-Depleted
Articular Cartilage Extracted from Osmotic Swelling Behavior Monitored
Using High-Frequency Ultrasound

Q Wang*, YP Zheng* ', and HJ Niu**

Abstract:  This study aims to obtain osmosis-
induced swelling strains of normal and proteo-
glycan (PG) depleted articular cartilage using an
ultrasound system and to investigate the changes
in its mechanical properties due to the PG de-
pletion using a layered triphasic model. The
swelling strains of 20 cylindrical cartilage-bone
samples collected from different bovine patellae
were induced by decreasing the concentration of
bath saline and monitored by the ultrasound sys-
tem. The samples were subsequently digested by
a trypsin solution for approximately 20 min to de-
plete proteoglycans, and the swelling behaviors of
the digested samples were measured again. The
bi-layered triphasic model proposed in our pre-
vious study (Wang et al., J] Biomech Eng-Trans
ASME 2007; 129: 413-422) was used to predict
the layered aggregate modulus H, from the data
of depth-dependent swelling strain, fixed charge
density and water content. It was found that
the region near the bone, for the normal speci-
mens, had a significantly higher aggregate mod-
ulus (Ha;=20.6 £ 18.2 MPa) in comparison with
the middle zone and the surface layer (Hay= 7.8
4 14.5 MPa and Hasz= 3.6 + 3.2 MPa, respec-
tively) (p < 0.001). The normalized thickness
of the deep layer hywas 0.68 £+ 0.20. After the
trypsin digestion, the parametric values decreased
to Ha; = 13.6 & 9.6 MPa, Ha, = 6.7 &+ 11.5
MPa, Hay = 2.7 + 3.2 MPa, and h; = 0.57 £+
0.28. Other models were also used to analyze
data and the results were compared. This study
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showed that high-frequency ultrasound measure-
ment combined with the triphasic modeling was
capable of nondestructively quantifying the alter-
ations in the layered mechanical properties of the
proteoglycan-depleted articular cartilage.
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1 Introduction

Articular cartilage covers the articulating bony
ends in diarthrodial joints to reduce the load on
the bone and provide a frictionless and smooth
surface for movement lubrication. Articular car-
tilage consists of a relatively small part of chon-
drocytes (5% of the total wet weight) and a large
amount of extracellular matrix (ECM) (95%) rich
in water, collagen fibres, proteoglycans (PGs),
and other minor components (Mow et al., 2005).
Different components of the tissue are interrelated
and contribute to the layered structure. The depth-
dependent distribution of these components and
the organization of PGs and collagen fibres de-
termine the mechanical properties of the tissue
(Mow et al., 2005; Mankin et al., 2000).

Articular cartilage has been viewed as a biphasic
material, composed of solid phase (PG-collagen
matrix) and fluid phase (water and the dissolved
ions) (Mow et al., 1980). The biphasic mixture
theory has been applied in various experimental
and theoretical studies on the mechanical proper-
ties of articular cartilage (reviewed by Mow et al.,
2005; Mow and Guo, 2002). In view of the poros-
ity and viscoelasticity of the tissue, the bipha-
sic poroviscoelastic model was proposed (DiSil-
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vestro and Suh, 2002; Mak, 1986; Mak et al.,
1987). Taking into account the electrical poten-
tial effects on the tissue including the fixed neg-
ative charges on PGs and the mobile ions in the
matrix, the triphasic theory (Lai et al., 1991) was
developed by researchers to describe articular car-
tilage as a triphasic material composed of solid,
fluid and ion phases.

Swelling was described as an electrochemical me-
chanical coupling phenomenon of articular car-
tilage, arising from the interactions between the
fixed negative charges and the mobile ions (Lai
et al., 1991; Maroudas, 1976). Therefore, the
negatively charged PGs would play an important
role in the swelling behavior of articular cartilage.
In comparison with other former theories, the
triphasic theory more comprehensively describes
the electrochemomechanism of swelling. Tripha-
sic principles formulated the cartilage swelling
with fixed charge density (FCD), water fraction,
and the ion concentration (Lai et al., 1991; Nar-
moneva et al., 2001; Wang et al., 2007).

A homogeneous triphasic model was reported to
predict swelling strains in articular cartilage with
homogeneous modulus and Poisson’s ratio (Lai
et al., 1991; Setton et al., 1995). Howeyver, this
homogeneous model could not describe the inho-
mogeneous properties of articular cartilage. Nar-
moneva et al. (2001) extended the homogeneous
triphasic model to an inhomogeneous model with
different aggregate moduli at the two layers of
articular cartilage. But it should be regarded as
a semi-inhomogeneous model due to a homoge-
neous modulus assumed in the deep layer. Con-
sidering the depth-dependent material properties
of the entire cartilage layer, an improved inhomo-
geneous triphasic model developed in our previ-
ous study (Wang et al., 2007) was used to pre-
dict the aggregate moduli and swelling strains at
different depths for the normal articular cartilage
samples in the present study.

The bio-macromoleculars such as PGs and colla-
gens might be degraded by proteolytic enzymes
at the early- and mid-stages of cartilage degener-
ation (Sandy, 2003). The progressive degenera-
tion of articular cartilage may lead to osteoarthri-
tis (OA). As one of the dominant factors, the loss
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of PGs reportedly affected the swelling behav-
ior of articular cartilage. Using MRI, Calvo et
al. (2004) reported that there was a correlation
between swelling (increment of cartilage thick-
ness) and the PG depletion and cell loss. How-
ever, due to contrast problems and limits of spatial
resolution, conventional MRI seems to have dif-
ficulty in accurately evaluating fine tissues such
as articular cartilage. An optical method was de-
signed to explore the variations of swelling strains
and aggregate modulus of the OA cartilage from
those of the normal cartilage tissue (Narmoneva
et al., 2001, 2002). As only the cutting surface of
the cartilage sample could be imaged, this optical
method is ‘destructive’ and it was difficult to keep
the specimen intact at the observed site.

High frequency ultrasound characterization of
normal and OA articular cartilage has been the
subject of many recent investigations since high
frequency ultrasound has the advantages of high
resolution, low-cost and being non-destructive,
and it can provide morphological, acoustical, me-
chanical properties of the tissue. Many studies
have reported on the changes in various acous-
tic parameters of the degenerated tissue, including
the decrease of ultrasonic speed (Laasanen et al.,
2002; Myers et al., 1995; Nieminen et al., 2002;
Suh et al., 2001; Toyras et al., 1999), the increase
of attenuation (Joiner et al., 2001; Nieminen et al.,
2002), the reduction in reflection (Cherin et al.,
1998, 2001; Laasanen et al., 2006; Nieminen et
al., 2002), and the change of echo pattern (Hattori
et al., 2005a, 2005b). In addition, ultrasound has
been combined with indentation and compression
for the measurement of tissue elasticity of degen-
erated cartilage (Fortin et al., 2003; Laasanen et
al., 2002; Toyras et al., 1999; Zheng and Mak,
1996, Zheng et al., 2001, 2002, 2004a, 2005).
However, few studies have been performed on the
ultrasonic characterization of swelling behaviors
when articular cartilage is degraded.

In our previous studies, the method of ultra-
sound combined with osmotic loading was ap-
plied to non-destructively measure the inhomoge-
neous swelling strains (Wang and Zheng, 2006)
and the layered aggregate moduli (Wang et al.,
2007) of the normal cartilage tissue; and the tis-
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sue strain images during swelling was character-
ized (Zheng et al., 2006). It was found that the
amplitude of the cartilage swelling decreased af-
ter trypsin digestion (Zheng et al., 2004b; Wang
et al., 2008a). Based on the previous results, this
study focused on the investigation of the changes
in swelling behavior and mechanical properties
of the PG-depleted articular cartilage. The ultra-
sound swelling measurement system (USMS) was
used to obtain the swelling strains in situ and the
bi-layered inhomogeneous triphasic model was
applied to study the effects of PG-depletion on the
mechanical properties of the cartilage matrix.

2 Materials and Methods
2.1 Specimen Preparation

Cartilage-bone plugs were prepared from fresh
mature bovine patellae (n = 20) without apparent
lesions by using a metal punch with a diameter
of 6.35 mm (Wang and Zheng, 2006). Specimens
were wrapped in wet gauze soaked with physio-
logical saline and stored at -20°C until ultrasound
examination. Before the test, each plug was cut
into two parts (1/3 and 2/3) (Fig. 1a). The 1/3 por-
tion was used as a control. The swelling behavior
and trypsin digestion process of the 2/3 portion
were monitored using ultrasound. Both trypsin-
treated (the 2/3 portion) and control (the 1/3 por-
tion) samples were assessed using histology and
sectioned for water fraction measurement.

2.2 Ultrasound Examination
2.2.1 Acquisition system

The inhomogeneous swelling behavior and
trypsin digestion of articular cartilage were mon-
itored using an ultrasound swelling measure-
ment system (USMS) developed in our labora-
tory (Fig. 1b) (Wang and Zheng, 2006; Zheng
et al., 2004b). Ultrasound echoes reflected or
backscattered from internal structures in the car-
tilage sample were collected by a 50 MHz ul-
trasound transducer (Model PI5S0-2, Panametrics,
Waltham, MA, USA). Ultrasound signals were
amplified by a pulser/receiver (Model 5601A,
Panametrics, Waltham, MA, USA), and digitized
by an 8-bit A/D converter at a sampling rate of

500 MHz (CompuScope 8500PCI, Gage, ON,
Canada). A custom-designed program (Zheng et
al., 2001, 2004b) was used to acquire and display
data.

2.2.2 Swelling measurement

The prepared 2/3 portion of the cartilage sam-
ple was first thawed for three hours in physio-
logical saline (0.15 M NaCl) at room temperature
(21+£1°C). After that, the sample was mounted on
the bottom of the container and fixed using rub-
ber gel (Blu-Tack, Thomastown, Australia) (Fig.
1b). The outer ring (~ 0.6mm-wide) of the sur-
face of the cartilage sample was gently covered
by the rubber gel to ensure the diffusion of ions
and water and the trypsin penetration into the car-
tilage sample from the surface layer toward the
cartilage-bone interface.

In this study, the zero-swelling reference config-
uration was defined at 2 M NaCl, as the charge
shielding was reportedly effective at hypertonic
ion concentration and all swelling effects could be
neglected (Eisenberg and Grodzinsky, 1985; Nar-
moneva et al., 1999a,b). The sample was first sub-
merged in a 2 M saline solution for one hour to
reach equilibrium. Then, the saline was rapidly
(within 30 seconds) removed from the container
using an injection syringe and replaced with phys-
iological saline. The dynamic free swelling of the
cartilage layer at different depths caused by the
Donnan osmotic loading was observed in the ul-
trasound signals for one hour allowing the carti-
lage to reach equilibrium (Wang and Zheng, 2006;
Wang et al., 2007; Zheng et al., 2004b).

The deformation of a cartilage layer at certain
depth was extracted using a cross-correlation echo
tracking method (Zheng et al., 2001; Ophir et al.,
1999). The swelling strain was defined as the de-
formation over the original thickness of the layer
(Wang et al., 2007). The experimentally mea-
sured strains at different depths would be used for
triphasic modelling. The details of the calcula-
tion method have been introduced in our previous
study (Wang et al., 2007).
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Figure 1: (a) Cartilage-bone plug was cut into two parts (1/3 and 2/3). (b) Schematic of the ultrasound
experimental setup. Samples were mounted on the bottom of the container filled with saline or trypsin
solution. A-mode ultrasound echoes from the cartilage tissue were acquired by the ultrasound system.

2.2.3 Enzyme digestion samples. After digestion, the enzyme solution
was further replaced with physiological saline.
Due to the residual enzymes in the tissue, the di-
gestion continued for three hours which was de-
fined as the residual digestion phase (Wang et al.,
2008b). During this phase, the digestion front
formed by the interface of the digested and undi-
gested cartilage tissue was observed in the M-
mode ultrasound images in real-time (Fig. 2). The

After the swelling measurement, the 0.15 M NaCl
solution was rapidly replaced with trypsin solu-
tion (0.25%, Cat. No. 25200-056, GiBCO, Invit-
rogen Inc., Burlington, ON, Canada). The speci-
mens were immerged in the enzyme solution for
approximately 20 minutes. The trypsin digestion
was expected to obtain the PG-depleted cartilage
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M-mode ultrasound image was formed by draw-
ing a line for each frame of ultrasound echo train
as shown in Fig. 1b, where the gray level along
the line indicates the amplitude of echo signal. As
time going, a series of lines were drawn to form
an M-mode image.

2.24 Swelling measurement of PG-depleted
samples

The PG-depleted sample remained at the same po-
sition in the container after the digestion process.
The aforementioned swelling measurement pro-
cess was repeated. The specimen first equilibrated
at the reference configuration, i.e. 2 M saline.
Then, the bathing solution was changed back to
the physiological condition, i.e. 0.15 M saline.
The osmosis-induced swelling behavior of the de-
generated cartilage was monitored and quantified.

2.3 Histological Evaluation

After the ultrasound examination was completed,
both the control (the 1/3 portion) and PG-depleted
specimens (2/3 portion) were cut into two parts,
respectively. One part was used for histological
evaluation and the other for water fraction mea-
surement.

The parts for histological evaluation were fixed
in 10% buffered formalin solution and quickly
decalcified in 10% EDTA solution using an
ultrasound-enhanced decalcification method (Guo
et al., 2007). The serial tissue sections (4um-
thick) performed near the ultrasound-examined
region, were stained with safranin O (SiGMA,
CAT NO. F7258, USA) and contra-stained with
fast green (SiGMA, CAT NO. S-2255, USA) (Le-
ung et al., 1999). The sections were examined
by a light microscopy imaging system includ-
ing a microscope (model ECLIPSE 80i, Nikon,
Japan) and a digital camera (DXM 1200X, Nikon,
Japan). In optical micrographs, red color stained
by safranin O indicated the presence of PG con-
tents and the fast green-stained zone represented
the PG-depleted cartilage layer (Leung et al.,
1999; Qin et al., 2002).

2.4 Biochemical Analysis
2.4.1 Water fraction measurement

The full-thickness cartilage layer was serially sec-
tioned into 5-7 layers with a thickness of approx-
imately 200 um. The slices were soaked in 2 M
saline solution for one hour and the wet weight
(WWj) of each slice was measured. Then, the
slices were equilibrated in 0.15 M saline for one
hour, and dried at 37°C in an incubator for 12
hours. The dry weight (DW) of each layer was
also measured. The ¢(¥V in the reference configu-
ration was calculated by Eq. (1) (Gu et al., 1996;
Narmoneva et al., 1999b),

WW, — DW

v 1
o (WWo — DW ) +DW (papr/ ps) W

where pj, the density of the cartilage solid matrix,

equals to 1.323 g/ml (Gu et al., 1996). pyy de-
notes the density of the 2 M NaCl solution.

2.4.2 FCD Measurement

Since the dimethyl-methylene blue (DMMB) dye-
binding assay could not be performed in our lab,
an indirect method of image processing was de-
signed to obtain the values of ¢ based on the
literature values. The averaged normalized dis-
tribution of hue (hue-saturation-value color map
of the histological images) was calculated. Let
each value x; = a;xmax, where x,,,, 1s the maxi-
mum hue value, a is a coefficient, and i repre-
sents the number of the sub-layer which in this
study was 1 to 9. Then, the integral area (A) of
the hue distribution curve was a function of x, i.e.
A = f(x). Using the literature values of ¢} as the
reference (Narmoneva et al., 2001; Wang et al.,
2002) (Fig. 3), the reference integral area was cal-
culated as Ag. Assuming A = Ay, the relationship
between the reference cOF and the hue values was
obtained. Consequently, the calibrated cfj values
were achieved.

2.5 Theoretical Triphasic Model

In this study, the triphasic theory (Lai et al.,
1991) was used to predict the swelling strain map-
ping in articular cartilage. The tissue was mod-
eled as a mixture of linear, isotropic, incompress-
ible PG-collagen solid matrix and incompressible
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Figure 2: M-mode ultrasound images collected during different phases. (a) Swelling of the normal sample;
(b) 20-minute trypsin digestion; (c-e) 3-hour residual digestion in physiological saline; (f) Swelling of the

PG-depleted sample.

fluid consisting of water and ions. The cartilage-
bone specimen was represented as the cylindri-
cal triphasic material rigidly attached to the bone
(Fig. 4). At the observation site of the central re-
gion with a diameter of ~ 0.1 mm, it was assumed
that only axial deformations happened due to the
osmotic loading.

In the free-swelling model, the interstitial fluid
pressure (p) approximately equaled to the Don-
nan osmotic pressure related to the content of
negatively charged PGs (FCD cf), water volume
fraction (¢,’), ion concentration (c*) and the in-
finitesimal swelling strain tensor (E). The elastic
stress on the cartilage solid matrix depended on
the material and mechanical properties of aggre-
gate modulus and Poisson’s ratio. At equilibrium,
all forces inside the tissue were balanced (Lai et
al., 1991). Then the strains were predicted as a
function of these biochemical, material and me-
chanical parameters and a geometric parameter of
cartilage thickness (Wang et al., 2007).

In this study, the experimentally ultrasound-
measured swelling strain data were inputted into

a homogeneous model (Lai et al., 1991; Setton
etal., 1995), Narmoneva’s inhomogeneous model
(Narmoneva et al., 2001) and our improved inho-
mogeneous model (Wang et al., 2007) (Fig. 4).
The results were compared between the normal
and PG-depleted cartilage samples using the sta-
tistical analysis software SPSS (V11.5, SPSS Inc.,
Chicago, US).

3 Results
3.1 Measurement of Water Fraction and FCD

The results of water fraction measurement
showed no significant difference (p > 0.5, One-
Way ANOVA) in the distribution of water content
between the normal and trypsin- digested carti-
lage tissues (Fig. 5). While the FCD of the PG-
depleted specimens significantly decreased (p <
0.001, One-Way ANOVA) (Fig. 6). The value
of FCD in the deep layer was close to the nor-
mal value probably because the PGs in the deep
layer were mostly not digested. It can be clearly
observed in Figs 6b and 6c¢ that trypsin digestion
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Figure 3: Depth-dependent distribution of fixed
charge density (cf) of (a) the normal cartilage
(Wang et al., 2002) and (b) the degenerated carti-
lage (Narmoneva et al., 2001; Wang et al., 2002).

caused the lose of proteoglycan, which is labeled
by safranin O in red.

3.2 Prediction of Aggregate Modulus and
Swelling Strains

In our model, 4 parameters (Ha,, Hay, Has
andh;) were predicted and compared with the cor-
responding parameters obtained using the semi-
inhomogeneous model and the homogeneous
model (Table 1). It was found that the region near
the bone, for the normal specimens, had a signif-
icantly higher modulus (Ha;= 20.6 £+ 18.2 MPa)
in comparison with the middle zone and the sur-
face layer (Hap=7.8 £ 14.5 MPa and Ha3=3.6 +
3.2 MPa, respectively) (p < 0.001, ANOVA). The
predicted thickness of the deep layer #;was 0.68
4 0.20, which indicates the separating location
of the two layers with different changing rates of
Ha. After the digestion, the Ha and i1 values de-
creased insignificantly (p > 0.15, ANOVA)to Hal
=13.6 + 9.6 MPa, Ha2 = 6.7 + 11.5 MPa, Ha3
=2.7+ 3.2 MPa, hl1 =0.57 £ 0.28. However, the
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Figure 4: Schematic diagrams of the three tripha-
sic models of articular cartilage used in this
study. (a) Homogeneous model; (b) Semi-
inhomogeneous model with 3 parameters (Haj,
Ha,, hy) (Narmoneva et al., 2001); (¢) Inhomo-
geneous model with four parameters (Ha, Has,
Has, hy) (Wang et al., 2007).
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Table 1: The parameters (mean 4+ SD) predicted by the inhomogeneous model with 4 parameters in com-
parison with the results by the semi-inhomogeneous 3-parameter model and the homogeneous model.

Parameters ‘ 4-parameter layered model ‘ 3-parameter layered model ‘ Homogenous model
Normal (n = 20)
Aggregate Ha 20.6 £ 18.2 Ha 10.0 + 14.9 Ha 4.7 £ 1.9*
modulus Ha, 7.8 £ 14.5 Ha, 33+ 3.6
(MPa) Has 36£32
Thickness of | Ay 0.68 £ 0.20 h 0.56 £ 0.26
Layerl (mm)
After trypsin digestion (n=20)
Aggregate Ha 13.6 = 9.6 Ha 6.5 £10.1 Ha 32+1.8
modulus Ha, 6.7+ 11.5 Ha, 27+ 3.6
(MPa) Haj 2.7+32
Thickness of | Iy 0.57 £0.28 h 0.50 + 0.30
Layerl (mm)

* Significant difference (p < 0.05 by One-Way ANOVA)
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0.4 0.6 0.8 1
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Figure 5: The depth-dependent distribution of wa-
ter fraction (¢’) of normal and PG-depleted artic-
ular cartilage. The error bars represent standard
deviations (n = 20).

results showed that there was still significant dif-
ference (p < 0.001, ANOVA) among Hal, Ha2,
and Ha3, indicating the depth-dependence of ag-
gregate modulus still existed. Fig. 7 shows the
changes of the parameters of the specimens before
and after trypsin digestion. The large standard de-
viation (error bars) indicated the large variations
of parameters among different specimens. For
both normal and digested specimens, it looks that
the mean Hal, Ha2 and Ha3 had a linear rela-
tionship, but this is not true for the results of indi-
vidual specimens.

Similar results were obtained using the semi-
inhomogeneous model (Narmoneva et al. , 2001)
(Table 1). For both normal and digested samples,
the aggregate modulus in the deep layer was in-
significantly larger than that of the surface layer.
Hal decreased from 10.0 + 14.9 MPa to 6.5 +
10.1 MPa, Ha2 from 3.3 + 3.6 MPato 2.7 + 3.6
MPa, hy from 0.56 + 0.26 to 0.50 £ 0.30, but all
these changes are insignificant. The overall ag-
gregate modulus Ha of normal specimens (4.7 +
1.9 MPa) obtained using the homogeneous model
(Setton et al., 1995) was significantly higher than
that of the digested specimens (3.2 £+ 1.8 MPa) (p
< 0.05, ANOVA).

The depth-dependent swelling-induced strains of
both normal and trypsin-digested articular carti-
lages were predicted. Fig. 8 shows the experi-
mental result and theoretical prediction of the dis-
tribution of swelling strains across the depth of
one typical sample of normal and PG-depleted
articular cartilage, respectively. It was observed
that the strains in the surface layer increased and
the thickness (/1) of the deep layer decreased due
to PG depletion. However, the increase in the
strains was not so apparent as that reported in
Narmoneva’s study for cartilage with OA (Nar-
moneva et al., 2001).

The normalized thickness of the undigested por-
tion of the cartilage sample treated with trypsin
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Figure 6: (a) The depth-dependent distribution of fixed charge density (c{j) and the histological sections of
(b) normal and (c) PG-depleted articular cartilage. The error bars represent standard deviations (n = 20).
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Figure 7: Comparison of parameters Ha;, Has,
Has, hy (mean £ SD) of the normal samples (n =
20) and the PG-depleted samples (n = 20).

was measured using both ultrasound and histol-
ogy and compared with the value of &, predicted
by our triphasic model. The normalized thick-
ness of the undigested portion measured by ultra-
sound and histology was 0.32 4 0.22 and 0.30 &
0.15, respectively. The two measurements have
a good agreement. However, no correlation was
found between the thickness measured by ultra-
sound or histology with the value of /;, which was
decreased from 0.68 4 0.20 to 0.57 £ 0.28. The
issue would be discussed in the following section.

4 Discussion

This study predicted the aggregate moduli of
articular cartilage at different depths using a
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Figure 8: The inhomogeneous distribution of
the swelling-induced strains of a typical cartilage
sample for normal and PG-depleted articular car-
tilage. (a) Normal cartilage and (b) PG-depleted
cartilage with 20-minute trypsin digestion. The
solid lines in two figures represent the theoretical
prediction of the strain distribution obtained using
the inhomogeneous triphasic model (Wang et al.,
2007).



54 Copyright © 2010 Tech Science Press

newly proposed 4-parameter layered model and
the strain data obtained using ultrasound measure-
ment. The results showed that the moduli of artic-
ular cartilage at different depths decreased after
the PGs were depleted by trypsin digestion. These
results were in general consistent with those in the
literature and in particular those determined by a
previous similar model (Narmoneva et al., 2001),
where 3 parameters were used. However, the de-
creases of moduli obtained using the 4-parameter
model (Hal, Ha2, Ha3, h;) as well as the 3-
parameter model (Hal, Ha2, hy) used by Nar-
moveva et al. (2001) have not been demonstrated
to be significant in the present study. This might
be caused by the large variations observed among
the results obtained from different specimens, i.e.
the effects of trypsin digestion to different lay-
ers of cartilage tissues varied from specimen to
specimen. However, the overall aggregate mod-
ulus Ha obtained using a model with single pa-
rameter (Setton et al., 1995) showed a significant
decrease (p<0.05), indicating the whole cartilage
tissue layer became softer after the trypsin diges-
tion. It appears to conclude that while the overall
stiffness of whole cartilage layer decreased signif-
icantly after trypsin digestion but each individual
layers might show different patterns of changes
for different specimens. The potential reasons for
such phenomenon are further elaborated as fol-
low.

It has been reported that trypsin digestion may
cause a minor change in the tissue density (Gu
et al., 1999) and in collagen network (Nieminen
et al., 2002) in addition to the depletion of PGs.
In this study, the PG-depleted cartilage samples
did not show obvious changes in collagen fibrils
according to the observation using polarized light
microscope and in water fraction according to the
measurement by weighting. These results might
further suggest that the trypsin-induced PG deple-
tion appeared to have insignificant effects on the
stiffness of the matrix. In addition to the content
of PGs, the stiffness of the cartilage matrix is also
highly dependent on collagen fibers and water
content. Narmoneva et al. (2001) suggested that
the decrease of the modulus of OA cartilage was
a result of the breakdown of collagen fibrils, the
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decrease of PGs and the increase of water. Mean-
while, Toyras et al. (1999) reported that a signif-
icant decrease of Young’s modulus was found for
both the collagen-damaged and PG-depleted car-
tilage samples. Different from this study, the en-
zyme of chondroitinase ABC was used to digest
the PGs in their studies. Further experiments are
needed to demonstrate whether trypsin and chon-
droitinase ABC would lead to different effects of
PG-depletion on the reduction of the aggregate
moduli in the degenerated cartilage. It should also
be noted that the moduli were extracted using dif-
ferent models in these studies. Further studies
are required to have a more detailed comparison
for extracting mechanical properties by different
models.

Similar values of the normalized thickness (/)
of the deeper layer were predicted by the two bi-
layered triphasic models (Narmoneva et al., 2001;
Wang et al., 2007). The finding that the value of
h; decreased after digestion suggested that the PG
depletion affected the layered structure of articu-
lar cartilage. Using Narmoneva’s model, the value
of hy of the PG-depleted cartilage was found to
decrease from 0.56 £ 0.26 to 0.50 = 0.30, which
was consistent with the result reported by Nar-
moneva et al. (2001). To find the relationship
between PG depletion and structural change, both
histological assessment and ultrasound measure-
ment of the thickness of the PG-remained car-
tilage layer were performed. However, it was
found that the modeling results were much larger
than those of histological and ultrasonic measure-
ments. The difference demonstrated that the ef-
fect of the PG depletion on /; appeared not sig-
nificant.

Moreover, there might be other possible affecting
factors. Firstly, the relative insensitivity of our
model to the extreme distributions of ¢ and ¢}”
had been examined in our previous study (Wang
et al., 2007). Secondly, the indirect method using
image processing was designed to determine the
values of FCD based on values measured using
dimethyl-methylene blue in the literature (Nar-
moneva et al., 2001) and the hue-saturation-value
distribution curve was obtained from our safranin
O-fast green stained histological images. Al-
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though the PG depletion could be quantified us-
ing safranin O-fast green staining (Kiviranta et
al., 1987; Leung et al., 1999; Rosenberg, 1971),
safranin O staining might make an overestima-
tion of the loss of PGs. It was reported that the
main components of PGs (chondroitin sulphate
and keratan sulphate) were still detectable using
biochemical method in the region of cartilage not
stained by safranin O (Camplejohn and Allard
1988). In addition, it should be noted that only the
color intensity but not true optical density might
increase the uncertainty of the quantitative esti-
mation of FCD. Thirdly, the experimentally mea-
sured swelling strain data of the PG-depleted car-
tilage were insignificantly changed in comparison
with those of the normal cartilage. These data
were used for theoretical parametric extraction,
which might not be expected to obtain the signif-
icant variations in swelling strains. Narmoneva
et al. (2001) measured the significantly changed
swelling strain in the surface layer but found that
the modulus in the surface layer of the OA car-
tilage was changed significantly in comparison
with the normal cartilage. It should be noted that
the specimens both before and after trypsin diges-
tions were more intact in this study in comparison
with Narmoneva’s study, where cartilage was cut
vertically and the cutting surface was monitored.
The effect of cutting to the mechanical properties
should be further studies.

It was found in this study that the depth-
dependence of the osmosis-induced swelling
strain of bovine patellar cartilage was similar to
the results of the canine and human cadaver car-
tilage (Narmoneva et al., 1999b, 2001). Articu-
lar cartilage can be roughly separated into three
zones: superficial, middle and deep zones, occu-
pying approximately 10-20%, 40-60%, and 30%
of the total tissue thickness, respectively (Mow et
al., 2005). Each layer has different collagen fibrils
orientation, cellular shape, and content distribu-
tion (Mow et al., 2005; Shapiro et al., 2001; Wang
et al., 2002). The pattern of the swelling strain of
articular cartilage is related to the distribution and
orientation of different components. It has been
known that the majority of the PGs are located
in the middle and deep zones (Mow et al., 2005;

Wang et al., 2002). Trypsin can cleave the PG ag-
gregates and the PG fragments are released from
the matrix causing the loss of PGs. It has been
well documented that the loss of PGs will cause
the significant reduction of tissue elasticity. In
this study, it was observed that the partial PG de-
pletion (~70%) altered the swelling strain of the
degenerated cartilage tissue in the middle and sur-
face layers. The strain in the deep zone changed
insignificantly probably because the deep zone
was almost not digested by trypsin, as confirmed
by both the histological and ultrasound measure-
ments.

5 Conclusion

In this study, the osmosis-induced swelling be-
haviors of both the normal and PG-depleted ar-
ticular cartilage were investigated using our high-
frequency ultrasound system. The results demon-
strated that the ultrasonic measurement of the
swelling-induced strains and the bi-layered inho-
mogeneous triphasic model could be used to ex-
tract the variations in the mechanical or geomet-
ric properties of the degenerated articular carti-
lage. The aggregate moduli and the thickness of
the deep layer of the PG-depleted cartilage sam-
ples decreased insignificantly in comparison with
those of the normal samples. The experimen-
tally enzyme-treated OA-like cartilage only lost
single or two compositions. However, the nat-
ural OA was a more complex process related to
a multi-composition change of articular cartilage.
Thus further studies are required to investigate the
swelling behavior of the natural OA human artic-
ular cartilage using our ultrasound method.
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