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Cartilage Interstitial Fluid Load
Support in Unconfined
Compression Following
Enzymatic Digestion
Interstitial fluid pressurization plays an important role in cartilage biomechanics and
believed to be a primary mechanism of load support in synovial joints. The objecti
this study was to investigate the effects of enzymatic degradation on the interstitia
load support mechanism of articular cartilage in unconfined compression. Thirty-s
immature bovine cartilage plugs were tested in unconfined compression before and
enzymatic digestion. The peak fluid load support decreased significantly~p,0.0001!
from 84610% to 53619% and from 80610% to 46621% after 18-hours digestion with
1.0 u/mg-wet-weight and 0.7 u/mg-wet-weight of collagenase, respectively. Treatmen
0.1 u/ml of chondroitinase ABC for 24 hours also significantly reduced the peak fluid
support from 83612% to 48616% ~p,0.0001!. The drop in interstitial fluid load sup-
port following enzymatic treatment is believed to result from a decrease in the rat
tensile to compressive moduli of the solid matrix.@DOI: 10.1115/1.1824123#
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Introduction
Articular cartilage is the soft connective tissue that covers

bone ends in synovial joints. Its main functions are to distrib
loads and provide a low-friction bearing surface. The composit
and organization of its extracellular matrix provide it with remar
able mechanical and tribological properties. The tensile prope
of articular cartilage are primarily regulated by the collag
fibrils, while proteoglycans regulate its compressive behavior@1#.

Interstitial water constitutes 68% to 85% of articular cartila
by wet weight@1#. This fluid pressurizes under loading, contri
uting to the load support mechanism of articular cartilage. T
interstitial fluid load support can be quantified as follows: In
biphasic material@2# the total stress is given bys52pI1se,
wherep is the interstitial fluid pressure,se is the effective stress
resulting from solid matrix strains, andI is the identity tensor. The
normal contact force at a contact interface is given
W5*An•sn dA, wheren is the unit outward normal at the inter
face,n•sn is the normal traction~or contact stress!, andA is the
apparent contact area. Integrating the fluid pressure over the
tact interface producesWp52*Ap dA, and the ratioWp/W is
called the interstitial fluid load support.

1Corresponding author: Gerard A. Ateshian, Professor, Columbia University,
partment of Mechanical Engineering, 500 West 120th Street, 220 SW Mudd,
4703, New York, NY 10027. Phone:~212! 854-8602; fax:~212! 854-3304; E-mail:
ateshian@columbia.edu
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sion September 23, 2003; revision received July 26, 2004. Associate Editor: Lo
Setton.
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Under physiological loading conditions, joints are typical
subjected to contact stresses in the range of 2–12 MPa. Mo
this normal traction is supported by cartilage interstitial fluid pre
surization, which increases the dynamic compressive modulus
shields the solid matrix from excessive deformation. Theoret
and experimental studies have shown that under various loa
conditions the interstitial fluid load support can be in excess
90% at the articular surface@3–6#. It has also been hypothesize
that this interstitial fluid pressurization is a primary mechani
regulating the joint frictional response@7–9#, a mechanism which
has been verified experimentally in our recent studies@10,11#.

Recent studies have hypothesized that cartilage interstitial fl
pressurization is enhanced by the inequality of the tensile
compressive properties of its solid matrix@12–15#, whose tensile
modulus may be as much as two orders of magnitude greater
its compressive modulus. Consequently it is reasonable to ex
that alterations in these material properties, as observed in
teoarthritic degeneration, may adversely affect interstitial flu
pressurization. Changes in structure and composition of artic
cartilage that mimic osteoarthritic degeneration can be induced
enzymatic digestion to help investigate structure–function re
tionships. Collagenase and chondroitinase ABC are two wid
used enzymes that selectively degrade different components o
extracellular matrix of articular cartilage. Collagenase is used
degrade collagen fibrils and chondroitinase ABC specifically
gests proteoglycans. The effect of these enzymes on the mec
cal properties of articular cartilage has been previously inve
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gated. Lyyra et al.@16# showed that the compressive Young
modulus obtained form an indentation test decreases significa
after treatment with collagenase and chondroitinase ABC. P
teoglycan removal with chondroitinase ABC and other proteoly
enzymes increases the tissue’s permeability@17#, decreases the
compressive stiffness@18# and the shear modulus@19#, and affects
the kinetic creep response in tension@20#. In a recent study by
Korhonen et al.@21#, experimental results showed a slight d
crease in the modulus of the fibril network~tensile modulus! and
a more pronounced drop in the nonfibrillar matrix modulus~com-
pressive modulus! after treatment with chondroitinase ABC, whil
digestion with collagenase caused a similar drop in both mod
Since treatment with these enzymes is unlikely to maintain a c
stant ratio of tensile to compressive moduli, this approach m
also be useful for investigating the influence of matrix degrada
on interstitial fluid load support in unconfined compression.

Hence, the objective of this study was to investigate the effe
of enzymatic treatment with collagenase and chondroitinase A
on the fluid load support mechanism of bovine articular cartila
in unconfined compression. The related hypothesis is that e
matic treatment will significantly alter the peak value of inters
tial fluid load support.

Methods

Specimen Preparation. Thirty-seven cylindrical plugs~B8
mm! were harvested from the femoral condyles of five 1
month-old healthy bovine knee joints obtained from a local ab
toir and stored at220°C in phosphate-buffered saline~PBS, no
protease inhibitors!. On the day of testing, specimens were thaw
at room temperature and the subchondral bone and part o
deep zone of each plug were removed using a sledge microt
~2400; Leica Microsystems, Inc., IL! to produce a uniform thick-
ness~average final thickness: 1.5560.23 mm), leaving the articu
lar surface intact.B6 mm specimens were further cored out fro
the microtomed plugs and the remaining rings were frozen in P
for subsequent determination of the biochemical composition
each plug prior to enzymatic treatment.

Testing Device and Loading Protocol. Each cartilage
sample was placed with its articular surface down in a tes
chamber similar to that of our recent study@12#, having a
B4.78 mm31.5 mm recess holding a free-draining stainless s
porous filter~Fig. 1!. A piezoresistive microchip pressure tran

Fig. 1 Diagram of the unconfined compression testing
chamber
780 Õ Vol. 126, DECEMBER 2004
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ducer ~NPC-1210-100G-3N, range 0-0.69 MPa; Lucas Novas
sor, CA! was bonded to the bottom of the chamber to allow fo
measurement of the interstitial fluid pressure at the articular
face, across the porous filter. The chamber was filled with P
throughout the experiment and replaced fresh for every specim
Loading was applied via an impermeable glass platen usin
voice coil load actuator~LA17-28-00A; BEI Kimco Magnetics,
CA! and the normal reaction force was measured with a load
~8523, range6200 N; Burster, Germany! placed underneath the
chamber.

The testing protocol employed in this study is based on tha
Park et al.@12#. A tare load that reached 15 N in 20 s was fir
applied to prime the pressure transducer and overcome the d
occasioned by transducer impedance@12#. Immediately thereafter,
a total compressive strain of 10% was imposed at a rate of 0.2
followed by unloading at the same rate. The time-varying to
load across the specimen,W(t), was recorded as a function o
time. The corresponding time-varying load supported by inter
tial fluid at the articular surface,Wp(t), was determined from the
pressure transducer measurement, taking into account the sm
diameter of the porous filter relative to the specimen as descr
in our recent study@12#. The peak interstitial fluid load suppor
Wp/W, was then determined from the constant slope ofWp(t)
versusW(t) during the 50 s loading phase.

Enzymatic Treatment. Following the first mechanical test
specimens were subjected to different enzymatic treatments to
gest the tissue. The wet weight was first determined in all cy
drical specimens~M220 digital balance 0–200 g, 0.1 g accurac
Denver Instruments, CO!. Specimens to be treated with collag
nase~loaded collagenase treatment groups! were then incubated
under gentle agitation for 18 hours at 37°C in 3 ml of a PB
solution containing 1.0 (n518) or 0.7 (n511) units of collage-
nase type IV~Sigma, MO! per mg of tissue wet weight. Contro
specimens (n511) were incubated in PBS under the same con
tions ~loaded collagenase control group!. An additional group of
specimens (n58) was digested with 0.7 u/mg wet weight of co
lagenase but not subjected to any mechanical testing~unloaded
collagenase treatment group!. This group was used to determin
whether mechanical testing might cause any additional change
biochemical composition.

Specimens treated with chondroitinase ABC~loaded chondroiti-
nase treatment group,n511) were digested with 0.1 u/ml o
chondroitinase ABC~Sigma, MO! in a buffer solution containing
50 mM Tris-HCl, 60 mM sodium acetate pH 8.0 and 0.02% b
vine serum albumin at 37°C for 24 hours under gentle agitati
The respective control specimens~loaded chondroitinase contro
group,n59) were incubated in PBS without an enzyme under
same conditions. Finally, an unloaded chondroitinase treatm
group (n56), using the same concentration of enzyme, was a
included to investigate the potential influence of mechanical lo
ing on biochemical composition.

The choice of incubation time for both enzymatic treatme
was determined from preliminary studies, with the aim of achie
ing detectable degradation in the tissue while maintaining su
cient tissue integrity for subsequent mechanical testing.

Following enzymatic treatment, specimens were rinsed tw
with PBS. Peak fluid load support was determined for specim
in the loaded treatment and loaded control groups using the s
loading protocol described above.

Biochemical and Histological Analyses. After the second
mechanical test, specimens were equilibrated in PBS for one h
to allow recovery from mechanical testing, then cut in half a
stored. One half was used to determine biochemical compos
after enzymatic treatment, while the other half was frozen
subsequent histological analyses. For biochemistry, speci
halves and their corresponding outer rings were thawed
equilibrated in PBS at room temperature. After measuring w
weights, they were lyophilized overnight and reweighed dry
Transactions of the ASME
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obtain the water content. Following 16-hour digestion with pap
~Sigma; MO!, the glycosaminoglycan~GAG! content was deter-
mined using a 1,9 dimethylmethylene blue assay@22# with
chondroitin-6-sulfate~Sigma, MO! as the standard. The hydrox
yproline content was obtained using a colorimetric proced
@23#, which was converted into collagen content using a m
ratio of collagen to hydroxyproline of 7.25@24#. GAG and col-
lagen contents were normalized by the tissue wet weight.

The immunohistochemical staining protocol is a modificati
of that previously described by Waggett et al.@25#. Specimens
intended for histological analysis were fixed in acid-formal
ethanol@26# ~70% absolute ethanol, 5% acetic acid, 10% form
dehyde~37% stock!, and 15% distilled water!, dehydrated in a
graded series of alcohol, and embedded in paraffin~Polysciences,
Warrington, PA!. Paraffin blocks were sectioned~8mm thickness!
using a rotary microtome~Leica model 2030, Germany!, and the
sections were affixed to glass slides. For type II collagen imm
nohistochemical staining, slides were deparaffinized, rehydra
briefly digested with 0.5 mg/ml hyaluronidase for 30 minutes
37°C, and swelled for 4 hours in 0.5 M acetic acid at 4°C. T
slides were then rinsed with PBS, treated with 3% hydrogen
oxide in methanol for 10 minutes at room temperature to blo
endogenous peroxidase activity, rinsed with PBS, and incub
with blocking solution~10% horse serum in PBS! for 10 minutes
at room temperature. After blocking, samples were incubated w
a monoclonal antibody to type II collagen~II-II6B3, Developmen-
tal Studies Hybridoma Bank, University of Iowa! at a 1:3 dilution
of supernatant overnight at 4°C. Slides were then incubated
a biotin-conjugated horse-derived broad spectrum IgG secon
antibody~Vector Labs, Burlingame, CA! for 20 minutes at room
temperature. Following a PBS rinse, the samples were visual
using streptavidin-conjugated horseradish peroxidase and DA
the substrate chromagen, employing the Vectastain ABC kit~Vec-
tor Labs! as directed by the supplier. Non-immune control spe
mens were incubated with blocking solution~10% horse serum in
PBS! in place of a primary antibody. Specimens were visualiz
using a Zeiss Axioscope 40 light microscope and images w
captured using Zeiss Axiovision software under identical setti
~i.e., exposure time, objective magnification! with a high resolu-
tion Axiocam HRC 14-bit cooled color digital camera.

Statistical Analyses. Statistical analyses were performed u
ing the SAS v.8 software package~SAS Institute Inc., Carey, NC!.
Two-way ANOVA (a50.05) and post hoc Bonferroni-correcte
pair-wise least-squares testing of the means, was used to d
differences in interstitial fluid load support between the first a
second mechanical test~repeated measures! and among the vari-
ous loaded treatment and loaded control groups. A two-w
ANOVA with repeated measures (a50.05), followed by Bonfer-
roni post-hoc testing of the means, was also used to detect d
ences in biochemical composition before treatment~measured in
outer ring tissue samples! and after treatment~collagenase 1.0 and
0.7 u/mg-wet-weight, chondroitinase ABC, and their respect
loaded and unloaded controls! and among the various treatme
and control groups.
Journal of Biomechanical Engineering
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Results

A typical response for the total loadW and the fluid loadWp as
a function of time is presented in Fig. 2~a!. In most cases there is
an initial drop in bothW and Wp which occurs because the im
mediately preceding tare load application occurs at a higher
of compression, resulting in a slight stress relaxation before
displacement control test is initiated. After this initial drop, bo
quantities increase in magnitude during the loading phase. Du
the unloading phase, the total loadW rapidly reduces to zero
because of platen lift-off, as the rate of unloading exceeds the
of tissue recovery. Similarly,Wp rapidly decreases and in som
cases it becomes slightly negative as the specimen is re-imbi
interstitial fluid lost during the loading phase. Only the data fro
the loading phase were used to determine interstitial fluid lo
support.

A parametric plot ofWp(t) versus W(t) for 0<t<50 s is
shown for the same specimen in Fig. 2~b!. This relationship,
which represents how muchWp increases withW was observed to
be consistently linear over this relatively short loading duration
all specimens, as assessed by the coefficient of determination
standard linear regression~Table 1!. The constant slopedWp/dW,
determined from the regression, corresponds to the peak inte
tial fluid load support. For the specimen shown in this figure,
slope was 0.79, which means that interstitial fluid pressurizatio
supporting 79% of the total applied load. After digestion of th
same specimen with 0.1 u/ml of chondroitinase ABC for 24 hou
its response to loading was altered as shown in Fig. 3. Enzym
treatment led to a slower rise inWp relative toW In this case for
example, the slope ofWp(t) versusW(t) was 0.35, indicating a
reduction of interstitial fluid load support to 35%. Similar plo
were obtained for specimens treated with collagenase.

Averages and standard deviations of the peak interstitial fl
load support for all loaded treatment and loaded control gro
are presented in Fig. 4, including statistically significant diffe
ences. Treatment with 1.0 and 0.7 u/mg-wet-weight of collagen
for 18 hours significantly decreased the maximum fluid load s
port, however no difference was found between the two enzy

Fig. 2 Typical response of „a… W„t … and Wp
„t … and „b… plot of

Wp
„t … versus W„t … during the loading phase before enzymatic

treatment
Table 1 Mean and standard deviation of the coefficient of determination, R2, from the linear
regression of Wp versus W, for all loaded groups before and after incubation

R2 Before After

1.0 u/mg-wet-weight loaded collagenase treatment group 0.99860.001 0.99460.004
0.7 u/mg-wet-weight loaded collagenase treatment group 0.99860.001 0.99860.001

PBS loaded collagenase control group 0.99760.001 0.99760.003
0.1 u/ml loaded chondroitinase treatment group 0.99960.001 0.99760.004

PBS loaded chondroitinase control group 0.99960.001 0.99760.003
DECEMBER 2004, Vol. 126 Õ 781
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Fig. 3 Typical response of „a… W„t … and Wp
„t … and „b… plot of

Wp
„t … versus W„t … during the loading phase after treatment

with chondroitinase ABC

Fig. 4 Summary of peak fluid load support for loaded treat-
ment groups and their respective controls: „a… Collagenase
groups; „b… chondroitinase ABC groups
782 Õ Vol. 126, DECEMBER 2004
concentrations. Similarly, treatment with 0.1 u/ml of chondroi
nase ABC for 24 hours caused a significant drop in the peak fl
load support. No significant change in the fluid load support
loaded control groups was found after incubation in PBS for 18
24 hours.

Results from the biochemical analyses are presented in Tab
and Table 3 and statistical outcomes are summarized here.
water, GAG and collagen content for all specimens before
enzymatic treatment are within normal values for young bov
cartilage @24#. There was a significant increase in water co
tent after treatment with 1.0 u/mg-wet-weight of collagena
(p50.022), but no change after treatment with 0.7 u/mg-w
weight of collagenase or chondroitinase, or after incubation
PBS for 18 or 24 hours.

Digestion with both enzymes significantly reduced the GA
content in the loaded and unloaded treatment groupsp
,0.0001), but this decrease was more dramatic after treatm
with chondroitinase ABC~Table 3!. The reduction in the GAG
content after collagenase treatment was likely due to a releas
proteoglycans into the digestion media as a result of the colla
matrix disruption. Incubation in PBS for 24 hours~loaded chon-
droitinase control group! or 18 hours~loaded collagenase contro
group! caused no change in the GAG content.

Treatment with either concentration of collagenase appeare
have had no significant measurable effect on the total colla
content~Table 2!. However histological results showed eviden
of loss of staining for type II collagen in collagenase treat
samples in comparison with controls incubated in PBS~Fig. 5!.
The loss in type II collagen was also more dramatic in the gro
treated with a 1.0 u/mg-wet-weight of collagenase, compared
0.7 u/mg-wet-weight~Fig. 5~b! versus Fig. 5~c!!. Incubation in
PBS for 18 hours~loaded collagenase control group! or 24 hours
~loaded chondroitinase control group! produced no significant
change in the collagen content. The collagen content was also
affected by treatment with chondroitinase ABC.

No statistical difference was found between the loaded tre
ment groups and their respective unloaded treatment groups,
gesting that changes in biochemical composition in the loa
treatment groups was primarily due to the enzymatic treatm
and not to the mechanical test.

Discussion
The main objective of this study was to investigate the effe

of enzymatic digestion on the interstitial fluid load support mec
nism of articular cartilage in unconfined compression. The res
presented in Fig. 4 confirm our hypothesis that degradation of
collagen–proteoglycan matrix of articular cartilage by enzyma
treatment with collagenase or chondroitinase ABC leads to a
nificant alteration in peak interstitial fluid load support in articul
cartilage.
Table 2 Biochemical composition of collagenase treated specimens. Statistically significant differences between ‘‘Before’’ and
‘‘After’’are denoted with an * „pË0.0001… and †

„pË0.05….

Water ~%!
GAG

~% wet weight!
Collagen

~% wet weight!

Before After Before After Before After

1.0 u/mg-wet-weight loaded
collagenase treatment group

81.462.9 87.164.7† 3.860.8 1.460.6* 11.162.7 9.561.7

0.7 u/mg-wet-weight loaded
collagenase treatment group

85.362.2 88.664.3 3.060.4 1.260.4* 9.262.7 7.161.2

0.7 u/mg unloaded
collagenase treatment group

83.063.1 88.062.6 3.660.9 1.560.6* 9.962.1 6.760.4

PBS loaded collagenase
control group

83.365.0 82.462.9 3.260.4 2.761.4 11.862.1 9.661.7
Transactions of the ASME



Table 3 Biochemical composition of chondroitinase ABC treated specimens. Statistically significant differences between ‘‘Be-
fore’’ and ‘‘After’’ are denoted with an * „pË0.0001…

Water ~%! GAG ~% wet weight! Collagen~% wet weight!

Before After Before After Before After

0.1 u/ml loaded
chondroitinase treatment

group

84.865.7 86.363.2 2.760.9 0.860.4* 9.364.0 11.263.0

0.1 u/ml unloaded
chondroitinase treatment

group

84.564.2 86.463.3 2.860.5 0.860.5* 10.062.7 12.463.8

PBS loaded
chondroitinase control

group

83.767.7 84.664.3 3.360.7 2.461.2 12.663.2 10.763.8
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Fig. 5 Histological sections stained for type II collagen „mag-
nification 10X … for „a… a PBS loaded control specimen, and
specimens treated with „b… 0.7 uÕmg wet-weight and „c… 1.0
uÕmg wet-weight of collagenase „barÄ100 mm…
Journal of Biomechanical Engineering
In an earlier theoretical study@14#, it was shown that the peak
fluid load support in unconfined compression is dependent on
ratio of the tensile and compressive moduli of the solid mat
according to the relation:

Wp

W U
max

5
1

112
H2A2l2

H1A2l2

, (1)

whereH2A is the aggregate modulus in compression,H1A is the
corresponding modulus in tension, andl2 is the off-diagonal
modulus. This formula predicts the peak interstitial fluid load su
port immediately upon loading, for any loading history, includin
creep or stress–relaxation@27#. For example, experimentally, th
ratio (H1A2l2)/(H2A2l2) for human patellofemoral cartilage
has been reported to be 36:1 in the surface zone and 9.4:1 in
deep zone@28#, which would imply a higher fluid load support a
the articular surface. This disparity in interstitial fluid load supp
between the surface and deep zones was recently confirmed
perimentally in human and bovine articular cartilage@12#. These
results support the hypothesis that tension-compression nonlin
ity is an essential functional property of the tissue that contribu
significantly to the load support mechanism.

It is noteworthy that the above formula is not a function
tissue permeability. While this may seem surprising at first
should be kept in mind that the formula only reports the pe
interstitial fluid load support, strictly achieved immediately up
loading (t501 in Fig. 2~a! and Fig. 3~a!!. However, our recent
direct experimental measurements of interstitial fluid load supp
~Fig. 4~a! in @12#! have shown that the peak value achieved in
early time response decreases only slowly during the early
sponse to the ramp loading phase of a stress–relaxation test,
over a period of 500 seconds, in agreement with theoretical
dictions~Appendix!. Over several thousand seconds this load s
port will decrease to zero with increasing matrix consolidatio
and the rate of decrease will indeed depend on the permeabilit
well as the tensile modulus and radial dimension of the tis
sample@12,14#. Based on the linear response ofWp versusW over
the entire duration of loading in Fig. 2~b! and Fig. 3~b! ~and R2

values in Table 1!, it is evident that the 50 s duration of loadin
used in this study was significantly shorter than the character
time for tissue consolidation, both for normal and degraded tis
samples. This response yielded a constant slopeWp/W, taken to
be the maximum interstitial fluid load support. A theoretical ana
sis ~Appendix! shows that the results of this study would rema
essentially unchanged if different ramp times had been selec
as long as the slope ofWp(t) versusW(t) was obtained fort
much smaller than the characteristic time constant for the tis
response.

The tensile response of cartilage is regulated mainly by its c
lagenous matrix, and collagen degradation has been shown to
crease the tensile modulus@21#. However, collagenase has als
been shown to decrease the compressive modulus of cart
DECEMBER 2004, Vol. 126 Õ 783
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@29#. Similarly, since proteoglycans are responsible for the
motic pressure of cartilage, they contribute significantly to
compressive properties, and chondroitinase ABC digestion
been shown to reduce the compressive modulus of carti
@18,21,29#. Proteoglycan degradation has also been shown to
duce the tensile modulus of cartilage under certain loading co
tions @20,21#. Based on these prior literature findings, it can
anticipated that collagenase digestion, which is likely to red
the tensile modulus of cartilage much more than its compres
modulus, should lead to a decrease in the ratio of tensile to c
pressive moduli. This would lead to a reduction in interstitial flu
load support according to Eq.~1!, as was indeed observed in th
current study. Hence the reduction in interstitial fluid load supp
following collagenase digestion may be explained by a reduc
in the ratio of tensile to compressive moduli.

In contrast, the prior literature would suggest that chondro
nase ABC digestion should produce a more significant decrea
the compressive modulus than in the tensile modulus@21#. The
resulting increase in the ratio of tensile to compressive mo
would thus be expected to produce a higher interstitial fluid lo
support in chondroitinase digested specimens, contrary to the
perimental findings of this study. However this apparent con
diction can be resolved by a closer analysis of the nonlinearitie
the stress–strain response of normal and enzymatically degr
cartilage.

In a recent study we investigated the effect of chondroitin
ABC digestion on the frictional response of bovine articular c
tilage in unconfined compression stress–relaxation. Experim
were conducted by first applying a tare load (1.860.4 N) to en-
sure proper contact for frictional measurements, followed b
ramp compression to 10% strain, both with continuous recipro
sliding (61.5 mm at 1 mm/s!. For purposes of comparison wit
the current study, the load response in stress–relaxation
curve-fitted to the biphasic-CLE model@14#, to obtain the material
properties for the normal and digested specimens. The ave
values of these parameters, as well as the GAG content, are
marized in Table 4. These results show a statistically signific
decrease of the tensile modulusH1A , a slight increase in the
compressive modulusH2A , and no change inl2 or the perme-
ability k following chondroitinase digestion. The slight increa
observed inH2A differs from the decrease reported in the pri
literature@21# and can be explained by the choice of testing co
figuration. In our study@30#, the application of a tare load pro
duced a higher compressive strain in the digested tissue sam
confirming that GAG loss leads to an initial reduction in the co
pressive modulus; however, due to the nonlinear nature of
equilibrium stress–strain response of cartilage at higher comp
sive strains@31,32#, the subsequent stress–relaxation test p
duced a slightly higher equilibrium modulus in digested spe
mens when compared to controls. Consequently, the peak
load support predicted from Eq.~1! actually demonstrates a sig
nificant reduction following chondroitinase digestion~Table 4!.
Note that the reduction in predicted peak fluid load support
Table 4 is not as great as in the current study, but neither is

Table 4 Material parameters, theoretical peak fluid load sup-
port „using Eq. „1……, and GAG content obtained from an uncon-
fined compression friction test of chondroitinase ABC treated
samples †30‡.

Control
(n512)

Chondroitinase
Treated (n511) p-value

H1A ~MPa! 9.5961.59 7.4161.50 0.0035
H2A ~MPa! 0.5160.28 0.7560.34 0.0924
l2 ~MPa! 0.3160.26 0.3960.30 0.5316

k (10215 m4/N s) 1.086055. 1.2260.58 0.5596
PeakWp/W ~%! 95.860.02 89.760.06 0.0155

GAG content
~% wet-weight!

3.360.8 1.760.8 0.0001
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relative loss of GAG following digestion. This result suggests th
the nonlinear behavior of cartilage at higher compressive str
can produce nonintuitive outcomes.

Since the current study employed an even higher tare load~15
N!, these nonlinear effects are likely exacerbated. Conseque
the experimental finding that chondroitinase ABC digestion
duces the peak interstitial fluid load support in cartilage may s
be explained by a reduction in the ratio of tensile to compress
moduli, albeit in a complex nonlinear manner.

The results of this study differ from those of Oloyede a
Broom @33#, who measured interstitial fluid pressurization in co
fined compression after proteoglycan removal with hyaluronid
and reported an increase in peak fluid pressure at the center o
specimen during creep. There may be several factors respon
for these different outcomes, including differences between
testing configurations of confined versus unconfined compress
and creep versus stress relaxation. In confined compression
theoretical upper bound for interstitial fluid load support is alwa
100% according to biphasic porous media theories, regardles
the difference between tensile and compressive properties, as
fied in our previous experimental measurements@4#. Cartilage
degradation may alter the rate at which fluid load support chan
with time, but not the value of the peak load support. In addit
to finding a higher fluid pressure after hyaluronidase treatm
these authors also observed a faster pressure rise to the peak
~i.e., a smaller delay in pressurization!, suggesting altered fluid
transport properties in the degraded tissue. In a recent analysis
have shown that the delay in pressurization is affected by
pressure transducer impedance relative to the characteristic v
ity of cartilage interstitial fluid flow@12#. Since the study of
Oloyede and Broom@33# does not report 100% fluid load suppo
in the early time response, in contradiction with theory and o
previous experimental measurements, it is possible that their
sults were compromised by a complex interaction between alte
cartilage transport properties and pressure transducer imped
In the current study, a tare loading protocol was employed
prime the pressure transducer and eliminate any delays at the
tiation of the stress–relaxation test, as evidenced by the cons
slope inWp versusW over the entire duration of loading in Fig
2~b! and Fig. 3~b!. ~In contrast, during the application of the tar
load,Wp initially lagged behindW exhibiting an initial nonlinear
region.!

There are several potential limitations to this study. First,
spite the fact that interstitial fluid pressure was measured dire
at the articular surface of cartilage specimens, the pressure
known only over a circular footprint 4.78 mm in diamete
whereas the tissue sample diameter was 6 mm. This disparity
necessary in order to produce a good seal between the spec
and the filter. It was estimated that, over the remaining ann
peripheral footprint~Fig. 1!, the interstitial fluid pressure reduce
linearly, from its measured mean value at the center to zero~at-
mospheric pressure! at the radial edge. For the given dimension
this was equivalent to multiplying the actual measured pressur
a constant factor of 0.81~as described in greater detail in@12#!.
Without this factor, the measured peak interstitial fluid load su
port would be higher than reported in Fig. 4, even slightly exce
ing 100% in the case of some of the undigested specimen
theoretical analysis of unconfined compression, using
biphasic-CLE model of cartilage where the radial and tempo
distribution of interstitial fluid pressure can be fully characterize
suggests that the multiplication factor required to estimate
mean pressure over the entireB6 mm footprint from the mean
pressure over theB4.78 mm footprint is not truly constant; i
starts out at unity immediately upon loading and decreases
time in a manner dependent on the intrinsic material proper
and dimensions of the tissue sample. Consequently, the inters
fluid load support reported in this study, based on the use o
constant multiplication factor smaller than unity, is a conservat
measure likely to underestimate the actual peak fluid load supp
Transactions of the ASME
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A second potential limitation was the difficulty involved wit
the degradation of articular cartilage with collagenase. In preli
nary studies we noted that degradation occurred more severe
the outer periphery of the sample. With too much degradat
mechanical loading or even simple handling could cause los
tissue from these outer layers.~This outcome helped motivate th
inclusion of an unloaded collagenase treatment group to help
sess the potential detrimental effect of mechanical loading on
sue biochemical composition.! Consequently, relatively low con
centrations of collagenase were employed, together with ge
agitation during incubation, to minimize this problem. Despite t
approach, most treated specimens in the loaded collagenase
ment groups did not recover their initial thickness at the comp
tion of mechanical testing, and tissue debris was observed in
bathing solution. Since collagen content was measured from
remaining specimens, without accounting for the debris los
solution, results may be biased to underestimate the amoun
collagen digestion. These experimental difficulties may acco
for the lack of statistically significant collagen compositional d
ferences found before and after treatment with collagenase
between the two dosages of collagenase employed in this s
~Fig. 4!, despite the histological evidence of collagen loss~Fig. 5!.

The difficulties encountered in the collagenase treatment gro
did not occur in the chondroitinase treatment groups, wh
treated specimens maintained their structural integrity, recove
their thickness after loading, and exhibited a significant decre
in GAG content relative to controls.

Results from this study have an important impact on the und
standing of the frictional response of articular cartilage. It h
been proposed that an elevated interstitial fluid load support
primary mechanism for reducing the friction coefficient in artic
lar cartilage by shifting most of the applied load to the fluid a
reducing the frictional force between opposing cartilage matri
@7–9#. This hypothesized mechanism was verified experiment
in our recent studies which showed a very high correlation
tween decreasing interstitial fluid load support and increasing f
tion coefficient@10,11#. Under a constant applied load, cartilag
exhibits its smallest friction coefficient immediately upon loadin
when the interstitial fluid pressure achieves its peak value.
fact that enzymatic digestion decreases the peak fluid load sup
in unconfined compression suggests that it might also affect
frictional response by increasing the minimum achievable frict
coefficient, as was indeed confirmed in our recent study@30#.

The integrity of the collagen network and proteoglycan agg
gates plays a critical role in the mechanical and tribological pr
erties of cartilage. Osteoarthritis is a degenerative process ch
terized by a decrease in proteoglycan content, increase in w
content and fibrillation, all of which compromise this integrity@1#.
Osteoarthritic degeneration has commonly been modeled in v
using enzymatic degradation. Hence, the findings from this st
suggest that a loss in the fluid load support mechanism du
tissue degeneration might occur in osteoarthritis. This could s
ject the solid matrix of the tissue to greater stresses that c
further advance the degenerative process.
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Appendix
The formula of Eq.~1! is strictly valid for the immediate re-

sponse (t501) of a biphasic-CLE model of cartilage upon loa
ing, in unconfined compression, regardless of the loading his
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@27#. It can be shown however that the short-term response
ramp-compression displacement profile produces a ratioWp/W
which is very close to the limiting value ofWp/Wumax reported in
Eq. ~1!, regardless of the compression velocity, as long as the ratio
is evaluated from the responsesW(t) andWp(t) over a duration
much shorter than the characteristic time constant for interst
fluid flow in the tissue.

The mathematical proof for this observation can be deriv
from the analytical solution to the unconfined compression pr
lem. The solution in the Laplace transform domain was provid
in our earlier study~Eqs. ~13!,~14! of @27#, for the special case
when c50). An asymptotic expansion of the Laplace transfo
solution can be evaluated and inverted into the time domain u
the method described by Armstrong et al.@34#. The resulting
asymptotic expansion for the unconfined compression respons
a ramp compression is given by

Wp~ t !

pr 0
2 ;

H1A1l2

2

V0

h
tS 12

2l2

H1A1l2

2
4

3Ap
S 12

l2

H1A
DAH1Akt

r 0
2 D ,

W~ t !

pr 0
2 ;

~H1A2l2!

2

V0

h
tS 112

H2A2l2

H1A2l2

2
4

3Ap
S 12

l2

H1A
DAH1Akt

r 0
2 D .

In these expressions,r 0 is the cylinder radius andh is its thick-
ness, andV0 is the ramp velocity~thus V0 /h is the strain rate!.
These expressions are valid in the limit whent5r 0

2/H1Ak. Both
Wp(t) andW(t) are clearly dependent onV0 , however the inter-
stitial fluid load support,

Wp~ t !

W~ t !
;

H1A1l2

H1A2l2

3

12
2l2

H1A1l2
2

4

3Ap
S 12

l2

H1A
DAH1Akt

r 0
2

112
H2A2l2

H1A2l2
2

4

3Ap
S 12

l2

H1A
DAH1Akt

r 0
2

,

is not. Furthermore, in the limit ast→01, this expression reduce
to

Wp~01!

W~01!
;

1

112
H2A2l2

H1A2l2

,

which is the same as Eq.~1!. Similarly,

dWp

dW
;

H1A1l2

H1A2l2

12
2l2

H1A1l2
2

2

Ap
S 12

l2

H1A
DAH1Akt

r 0
2

112
H2A2l2

H1A2l2
2

2

Ap
S 12

l2

H1A
DAH1Akt

r 0
2

,

which tends to the same limit ast→01. This result proves that, a
long as the slope ofWp(t) versusW(t) is evaluated fort much
smaller than the characteristic time constantr 0

2/H1Ak, the result
produces very nearly the peak interstitial fluid load support,
gardless of the choice of ramp velocity.

Representative time constants for cartilage can be evalu
from Table 4, for a specimen radiusr 053 mm, yielding 869 s for
normal cartilage and 996 s for chondroitinase ABC treated ca
lage. For collagenase treated cartilage, the time constant ca
DECEMBER 2004, Vol. 126 Õ 785
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estimated from the material properties reported by Korhonen e
@21#, with H1A;2.53 MPa andk53.84310215 m4/N s, yielding
926 s. These estimates suggest that the time constant ten
increase slightly with digestion. Consequently, determin
the magnitude of fluid load support from the slope ofWp(t) ver-
sus W(t) for t<50 s, as performed in this study, satisfies t
theoretical constraintt5r 0

2/H1Ak, and is insensitive to the ram
velocity.
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