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Interstitial Fluid Pressurization During Confined Compression
Cyclical Loading of Articular Cartilage
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Abstract—The objective of this study was to experimenta
verify the well-accepted but untested hypothesis that cartil
interstitial fluid pressurizes variously under the action of
applied cyclical stress in confined compression over a rang
loading frequencies, contributing significantly to the cartila
dynamic stiffness. Eighteen bovine cartilage cylindric
samples were tested under load control using a porous inde
in a confined compression chamber fitted with a microc
pressure transducer at its bottom. Over a static stress of
kPa, a cyclical stress of amplitude 33 kPa was applied with
indenter at frequencies ranging from 0.0001 to 0.1 Hz. T
cartilage interstitial fluid pressure and deformation were m
sured simultaneously as a function of time. The displacem
response at the lowest tested frequency was curvefitted in
time domain to determine the linear biphasic material prop
ties, HA50.7060.10 MPa andk052.431021660.64310216

m4/N s. These properties were employed in the biphasic the
to predict the interstitial fluid pressure response and compa
to experiment, resulting in nonlinear coefficients of determin
tion ranging fromr 250.8960.15 to 0.9660.03 depending on
frequency. It was found for the samples of this study that ab
a characteristic frequency of 0.000 44 Hz, the magnitude
phase of fluid pressurization matched the applied stress, re
ing the tissue strain at the impermeable bottom surface
nearly zero. The findings of this study verify the hypothe
that cartilage dynamic stiffness derives primarily from flow
dependent viscoelasticity as predicted by the linear biph
theory; they demonstrate experimentally the significance of
terstitial fluid pressurization as the fundamental mechanism
cartilage load support over a wide range of frequenc
© 2000 Biomedical Engineering Society.
@S0090-6964~00!00202-2#

Keywords—Biphasic theory, Diarthrodial joints, Cartilag
stresses.

INTRODUCTION

Articular cartilage is a hydrated soft tissue whic
serves as the bearing material of diarthrodial joints. T
mechanical response of cartilage has been investigate
many studies and it is generally accepted that its v
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coelastic response is primarily contributed by the res
tive drag of interstitial fluid flowing through the low
permeability collagen-proteoglycan matrix. Porous me
models have been proposed which describe this mech
cal response under various loading conditions11,27 and it
has been demonstrated from these theories that the
namic stiffening of cartilage under cyclical loading
various frequencies could be explained by the press
ization of interstitial water which thus contributes to th
load support across the tissue.11,21 Interestingly however,
there have been no experimental verifications of t
well-accepted dynamic interstitial fluid pressurizatio
mechanism. Furthermore, some studies have sugge
that intrinsic viscoelasticity of the cartilage solid matr
may also contribute significantly to the dynamic respon
of cartilage,23,32 raising a question as to the relative im
portance of flow-dependent and flow-independent v
coelasticity in articular cartilage.

Understanding the role of interstitial fluid pressuriz
tion in the mechanical response of articular cartilage
of great interest to various investigators. Theoretical p
rous media analyses2,19,22 have demonstrated that flui
pressurization contributes to supporting upwards of 9
of the applied stress during contact of cartilage laye
Recently, direct experimental measurements of inter
tial fluid pressurization during confined compressi
creep and stress relaxation28,33 have indeed confirmed
that upward of 90% of the total applied stress can
supported by the interstitial fluid pressure for seve
hundred seconds after loading. This suggests that foin
vivo loading situations where contact tractions can
typically as high as 12 MPa, the fluid pressure could
to shield the solid matrix of collagen by maintaining th
effective collagen matrix stress at the level of, e.g., 1
MPa only. The implications of this mechanism are s
nificant not only in the understanding of cartilage m
chanics and tribology1,3,22,25,37but also cartilage biology,
since many studies explore the biosynthesis of live c
tilage explants under various loading conditions. The
fore, it is important to verify experimentally under wha
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151Interstitial Fluid Pressurization
loading conditions the interstitial fluid of cartilage pre
surizes.

Since activities of daily living such as walking an
running typically involve cyclical loading, many re
searchers have been interested in different aspects o
tissue response to sinusoidal loading from the cellula
the continuum level. Investigators have demonstra
various cellular responses due to different loading stim
by applying either a cyclical load36 or
displacement,7,9,13,29,30at varying frequencies and ampl
tudes, thereby observing biosynthetic responses in
chondrocyte cell. Often, these responses have been a
ciated with only the applied strain or total stress, ho
ever, the influence of fluid pressure in those spec
loading configurations was not directly assessed. W
the correlation of biosynthetic response to fluid press
is not the focus of the present study, elucidating
mechanical environment of chondrocytes would be b
eficial and add to the interpretation of established fin
ings. The mechanical response of cartilage to cycli
loading has also been studied both theore
cally11,16,21,33,34,35 and experimentally.8,10,11,17,21,30,36

However, the extent and significance of interstitial flu
pressurization under cyclical loading remains to be
rectly demonstrated. Therefore, the objective of t
study is to verify experimentally the hypothesis that
terstitial fluid pressurizes variously at different loadin
frequencies under the action of an applied cyclical str
in confined compression, and that this pressurization
be predicted by the linear biphasic theory for soft h
drated tissues26 which incorporates only flow-depende
viscoelasticity. The methodology employed for meas
ing interstitial fluid pressure at the articular surface
based on our earlier study33 and is conceptually simila
to that of Oloyede and Broom.28

MATERIALS AND METHODS

Healthy calf~2–4 month! carpometacarpal joints wer
obtained from a local abattoir and stored for 4–5 h
4 °C until preparation. The joint capsule was then d
sected to expose the cartilage surfaces and a circ
punch ~diam56.75 mm! was pressed perpendicular
onto the cartilage surface to core out cartilage-bo
plugs. Each plug was placed on a freezing stage~Hacker
Instruments, Fairfield, NJ! mounted on a sledge micro
tome~model 1400; Leitz, Rockleigh, NJ! with the articu-
lar surface face down and parallel to the blade. T
full-thickness plug was microtomed to remove residu
subchondral bone and vascularized deep zone only, l
ing the articular surface intact. The thickness of the p
was measured using a custom micrometer thickness m
surement device at three different locations on the s
face to provide an average thickness measurement fo
specimen~the measurement variability over the three
e

o-

r

-

-

e

cations averaged 0.05 mm!. During the preparation pro
cess, the specimens were kept moist in buffered ph
ologic saline containing protease inhibitors~PSPI: 2 mM
ethylenediamine tetra-acetate acid, 5 mM benzamad
10 mM N-ethylmaleimide, 1 mM phenylmethyl-sulfony
fluoride, 0.15 M NaCl!. The specimens were stored
280 °C until ready for use, at which time they we
thawed and allowed to equilibrate in PSPI solution f
1 h.

The confined compression chamber~diam56.53 mm!
employed for this study incorporated a solid-state
ezoresistive microchip pressure transducer~NPC 1210-
050G-3N; Lucas NovaSensor, Fremont, CA; ran
0–345 kPa gauge pressure;60.1% accuracy; linearity of
0.1% of full-scale output; pressure port 1 mm dia
31 mm deep; frequency response.1 kHz! bonded to
the bottom of the chamber~Fig. 1! as reported
previously.33 Each cartilage plug was placed with i
articular surface side facing the fluid-filled pressure p
of the microchip transducer in order to measure the c
tilage interstitial fluid pressure at the center of that s
face. Both the side wall and bottom surface of the cha
ber were impermeable. Because of the slight misma
between the chamber and specimen diameters, the c
lage plug fit snugly within the chamber with no clea
ance along the side wall. Loading of the top surface
the specimen was performed with a free-draining poro
indenter~diam56.30 mm, 50% porosity, 45–53mm pore
size, permeability four orders of magnitude greater th
cartilage!, immersed entirely in the surrounding PS
bath to prevent capillary uplift effects.

Eighteen specimens were tested under load contro
determine the tissue response to an applied cyclical st
using a testing apparatus described previously,14 and the
confined compression testing chamber~Fig. 1!. A data
acquisition and control program was created us

FIGURE 1. Schematic of confined compression chamber
with microchip pressure transducer.
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152 M. A. SOLTZ and G. A. ATESHIAN
Labtech Notebook~Laboratory Technologies Corpora
tion, Wilmington, MA! which employed a feedback loo
to compare a desired sinusoidal load to the actual app
load, measured by a load cell~Sensotec, model 31, Co
lumbus, OH, range645 N!. Depending on whether th
load was greater or less than the desired signal the
gram would actuate up or down a computer-control
stepper micrometer~Oriel Corp., model 18515, Stratford
CT! connected to the porous indenter. The actual
denter displacement was measured with a linear varia
differential transformer ~LVDT ! ~Schaevitz, model
HR100, Hampton, VA!. Initially, a tare load of 4.5 N
~130 kPa! was applied to ensure proper seating of t
specimen in the chamber; this tare load was maintai
for the entire duration of the experiment. From previo
experience4,33 it has been observed that such relative
elevated tare loads are required to provide sufficient
eral confinement of the tissue and to prevent the app
ance of an initial jump in the surface displacement un
an applied load;27 an initial jump would otherwise be
indicative of a lateral tissue expansion that would viola
the intended premise of a one-dimensional testing c
figuration. Because it was possible to monitor the int
stitial fluid pressure at the interface with the press
port, the cyclical test was not initiated until the pressu
resulting from the application of the tare load returned
nearly zero, indicating near-equilibrium conditions. Sin
the protocol of this study called for long testing dur
tions ~up to ;30,000 s!, near-equilibrium tare condition
were assumed when the fluid pressure dropped belo
threshold value of approximately 1.4 kPa~!130 kPa! to
minimize the tissue degradation that might occur a
result of the testing duration. In the theoretical analys
it was thus necessary to provide a small adjustmen
account for the fact that the tissue had not fully reach
equilibrium at the initiation of sinusoidal loading, as d
scribed below. Frequencies ranging from 0.0001 to
Hz for one batch of specimens~group I!, and from
0.0005 to 0.05 Hz for another batch~group II! were
tested at decade intervals~e.g., 0.0001, 0.001, etc.! with
an applied load amplitude of 1 N~total stress amplitude
of 33 kPa!; thus, the total load applied to the specim
consisted of the tare load superposed with the sinuso
load. During these tests, the displacement at
cartilage-porous indenter interface (z5h) was measured
with the LVDT, while simultaneously measuring th
fluid pressure at the interface of the articular surface
pressure port (z50). Compliance of the entire system
was quantified prior to testing of the cartilage specime
by determining the load-displacement response of
apparatus in the absence of a test sample~i.e., with the
porous filter directly contacting the bottom of the te
chamber!. The resulting compliance curve, which wa
found to be linear with a slope of 2.85mm/N, was
subsequently used to properly subtract the lo
-

-

a

l

dependent deformation due to system compliance fr
the LVDT measurements of cartilage deformation.

To compare experimental results with theory, a curv
fitting program based on the linear biphasic theory27 was
first employed to determine the material parameters
the tissue. The biphasic theory models cartilage a
mixture of an intrinsically incompressible solid pha
representing the collagen-proteoglycan-chondrocyte
trix and an intrinsically incompressible fluid phase re
resenting interstitial water. Overall tissue compressibil
results from fluid transport into or out of the porou
permeable solid matrix. The dissipative drag exerted
the fluid flowing relative to the low-permeability soli
matrix imparts a viscoelastic response to the tissue.
general equations of the biphasic theory can be fou
elsewhere;27 the reduction of those general equations
the configuration of confined compression has also b
described previously11,21,27,35and is summarized below
The governing equation for confined compression o
linear isotropic homogeneous biphasic material is giv
by

]2u

]z22
1

HAk0

]u

]t
50, ~1!

whereu(z,t) is the displacement of the solid phase,HA

is the aggregate modulus, andk0 is the permeability of
the tissue ~assumed constant in the linear biphas
theory!. The initial condition att50 is

u~z,0!50, ~2!

and the boundary condition at the bottom, impermea
interface~z50, Fig. 1! is

u~0,t !50.

For sinusoidal loading at the cartilage-porous inden
interface (z5h), the boundary condition is

HA

]u

]zU
z5h

52PA sin 2p f t2P0 , ~3!

wherePA sin 2pft is the applied total compressive stre
of amplitude PA and frequencyf, and P0 is a small
superimposed static compressive stress (P0!PA) whose
value is adjusted to account for near-equilibrium expe
mental conditions at the completion of tare loading, pr
to the initiation of sinusoidal loading, as describe
above. The boundary condition of Eq.~3! derives from
the fact that the total stress at anyz is given bys(z,t)
52p(z,t)1HA]u/]z; however, at the free-draining po
rous interface,p(h,t)50. Note also thats(z,t) is uni-
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153Interstitial Fluid Pressurization
form through the depth because of momentum conse
tion, i.e., s(z,t)[s(t), which can be used to evalua
p(z,t) at anyz. Solving Eq.~1! subject to Eqs.~2! and
~3! yields27,35

u~z,t !

h
52

P0

HA
F z

h
22(

n51

`
~21!n21

an
2 sinS an

z

h D
3expS 2an

2 HAk0

h2 t D G
22

PA

HA
(
n51

`
~21!n21

S 2p f h2

HAk0
D 2

1an
4

sinS an

z

h D

3S an
2 sin 2p f t2

2p f h2

HAk0
cos 2p f t

1
2p f h2

HAk0
expS 2an

2 HAk0

h2 t D D , ~4!

where an5(n2 1
2)p. The time-dependent experiment

displacement curve can be least squares fitted with
theoretical biphasic solution of Eq.~4!, evaluated atz
5h, to determine the specimen-specific material para
eters HA and k0 from the sinusoidal experiment con
ducted at the lowest frequency~i.e., 0.0001 Hz for group
I and 0.0005 Hz for group II!. However, in practice, it is
computationally more efficient to solve the partial diffe
ential equation of Eq.~1!, subject to the boundary con
ditions of Eqs.~2! and ~3!, using a numerical finite dif-
ference scheme, as done in this study, with the analyt
solution of Eq. ~4! serving as a verification of the nu
merical scheme. An added advantage of this approac
that the ideal boundary condition for the applied sinus
dal load @in Eq. ~3! above# can further be substitute
with the actual applied load~as measured during th
experiment!, which may deviate slightly from the desire
ideal sinusoidal function due to the testing apparat
controller and system dynamics~the deviation from an
ideal sinusoidal function was assessed using the t
harmonic distortion21!. The quality of these curvefits wa
assessed using the coefficient of determinationr 2 defined
by the expression20

r 2512
(~y2yest!

2

(~y2 ȳ!2 , ~5!

wherey represents the observed~experimental! variable,
yest is the estimated~theoretical! variable, ȳ is the mean
value of y, and summations are taken over all obser
tions ~all sampled time steps!. Once the parametersHA

and k0 were determined from curvefitting the surfa
displacement at the lowest frequency, they were e
-

l

s

l

ployed in the theory to predict the measured surfa
displacement at all higher frequencies using Eq.~4!, and
to predict the measured interstitial fluid pressure at
frequencies, at the impermeable interfacez50, given by

p~0,t !5HAS ]u

]zU
z50

2
]u

]zU
z5h

D , ~6!

where the expression foru can be taken from Eq.~4!
although in practice its numerical solution is employ
instead. The quality of these predictions was simila
assessed against experimental measurements using
generalized nonlinear correlation coefficient of Eq.~5!.

The amplitude of the measured displacement and fl
pressure and the phase angle with respect to the app
cyclical stress were determined at each frequency us
fast Fourier transforms.

RESULTS

Eighteen specimens were tested in total~h50.62
60.08 mm, after tare loading!; the nine specimens o
group I were each tested forN cycles~see below! at the
loading frequenciesf 50.1 Hz ~N54 cycles!, 0.01 Hz
(N54 cycles!, 0.001 Hz ~N54 cycles!, 0.0001 Hz~N
52 cycles! and the nine specimens of group II we
each tested atf 50.05 Hz ~N54 cycles!, 0.005 Hz ~N
54 cycles!, and 0.0005 Hz~N53 cycles!. At the
completion of cyclical loading at each frequency, t
specimen was allowed to recover prior to initiating loa
ing at the next lower frequency. For all tests,PA was set
to 33 kPa; the total harmonic distortion in the sinusoid
profile of the applied cyclical stress ranged from an a
erage of 1.8% at 0.0001 Hz to 10.6% at 0.1 Hz. The to
duration of testing, including tare loading, cyclical loa
ing and recovery time, averaged 30,000 s for grou
specimens tested in the range of 0.0001–0.1 Hz
13,000 s for group II specimens tested in the range
0.0005–0.05 Hz. In the presentation of figures whi
follows, all displacement and pressure results are
ported relative to the tare configuration where the tiss
sample is under an equilibrium compressive total str
of 130 kPa and near-zero interstitial fluid pressure. T
average value of the adjusted offset parameterP0 needed
to account for near-equilibrium conditions was 2
62.6 kPa. A typical curvefit for the displacementu(h,t)
at 0.0001 Hz is shown in Fig. 2~a!; curvefitting of all
nine specimens of group I at this frequency was achie
with r 250.9860.04. Curvefitting of the nine specimen
of group II at 0.0005 Hz yieldedr 250.9460.05. The
material properties determined from curvefitting the lo
est frequency displacement of all 18 specimens w
HA50.7060.10 MPa andk052.431021660.64310216

m4/N s. Comparison of experimental and predicted flu
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FIGURE 2. „a… Curvefit of 0.0001 Hz displacement and experimental data for typical specimen. „b… Prediction of 0.0001 Hz fluid
pressure and experimental data for same specimen. „c… Prediction of 0.1 Hz displacement and experimental data for same
specimen. „d… Prediction of 0.1 Hz fluid pressure and experimental data for same specimen.
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pressure,p(0,t), producedr 250.9060.10 at 0.0001 Hz
@Fig. 2~b!, displayed with total stresss(t)# and r 2

50.9460.05 at 0.0005 Hz. An example of prediction
displacement and pressure for the highest frequencie
shown in Figs. 2~c! and 2~d!, respectively. Correlations
between experimental data and theoretical predictions
all frequencies are summarized in Table 1. The am
tude of the displacement and pressure responses ove
entire frequency range, averaged over all specimens,
shown in Figs. 3~a! and 3~c!, respectively, together with
the corresponding theoretical frequency response ge

TABLE 1. Summary of the correlation coefficients for
predicted displacements and fluid pressure at various

frequencies.

Frequency
(Hz) r2 displacement r2 fluid pressure

0.0001 ¯ 0.9060.10
0.0005 ¯ 0.9660.03
0.001 0.9660.03 0.9160.05
0.005 0.7860.13 0.9560.02
0.01 0.9060.04 0.9160.05
0.05 0.7360.11 0.9360.05
0.1 0.6560.19 0.8960.15
s

r

e
e

-

ated from the steady-state response of Eq.~4! ~see the
Appendix! using the average value for the aggrega
modulus27 and permeability. Also of interest are the co
responding phase angle diagrams for the displacem
and pressure, shown in Figs. 3~b! and 3~d!, respectively.

DISCUSSION

The objective of this study was to experimenta
verify the well-accepted but untested hypothesis that c
tilage interstitial fluid pressurizes under dynamic loadin
thus contributing significantly to the dynamic stiffenin
and flow-dependent viscoelasticity of this tissue. The
perimental results of this study demonstrated unequi
cally that such pressurization does take place with
creasing loading frequency@Figs. 2~b! and 3~c!#,
concurrently with a decrease in tissue compliance@Figs.
2~a!, 2~c!, and 3~a!#; conclusive agreement was als
found between the linear biphasic theory and expe
ments as indicated by the ability not only to curve
displacements at low frequencies but also to predict fl
pressure at all frequencies and displacements at the
quencies other than that used for curvefitting~Table 1
and Figs. 2 and 3!. Therefore, it is reasonable to expla
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FIGURE 3. „a… Experimental and theoretical displacement magnitude for all specimens over the frequencies tested. „b… Experi-
mental and theoretical phase shift of displacement relative to applied stress for all specimens over the frequencies tested. „c…
Experimental and theoretical fluid pressure magnitude for all specimens over the frequencies tested. „d… Experimental and
theoretical phase shift of fluid pressure relative to applied stress for all specimens over the frequencies tested.
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the observed experimental phenomena on the basi
what is known from theory. Accordingly, the total stre
in the tissue is a combination of the interstitial flu
pressure and elastic stress due to deformation and s
of the solid matrix (s52p1HA]u/]z). The interaction
between these stress components varies as a functio
loading frequency~Fig. 3!. According to the biphasic
analysis of this confined compression problem,11,21,35

there exists a characteristic frequency which marks
transition between two regimes at opposite ends of
frequency spectrum; this characteristic frequency is gi
by f c5HAk0 /h2 ~the inverse of the ‘‘gel time
constant’’11,18,21,27! which averages to 0.000 44 Hz fo
the material properties and specimen thicknesses fo
in this study. For very low loading frequencies,f ! f c ,
the tissue rate of deformation is sufficiently slow th
interstitial water has ample time to flow in and out of t
specimen with negligible drag against the solid matr
Consequently, the interstitial fluid pressurizes negligib
throughout the depth of the tissue, including at the pr
sure port interface@Fig. 3~c!#, and the majority of the
applied stress must be supported by the elastic stres
the solid matrix; the deformation of the cartilage plug
then greatest at those lower frequencies@Fig. 3~a!,
f

n

f

d

n

f ,0.0001 Hz# and more in phase with the applied stre
@Fig. 3~b!, f ,0.0001 Hz#. Conversely, at high loading
frequencies,f @ f c , the rate at which the load is applie
greatly exceeds the rate at which the fluid can flow w
negligible resistance through the porous-permeable
trix. Since fluid must nevertheless flow into and out
the tissue because of the requirement for conservatio
mass, a large pressure gradient must build up inside
tissue to overcome the large drag force between the s
and fluid phases. This causes the pressure at the im
meable interface to rise substantially@Figs. 2~c! and 3~c!,
f .0.005 Hz#, coming into phase with the applied stre
@Fig. 3~d!#. This rise in pressure supports the majority
the total applied stress through most of the depth of
tissue ~except in a narrow region near the porous
denter!, reducing the amount of elastic stress, strain, a
deformation in the solid matrix@Figs. 2~a! and 3~a!,
f .0.005 Hz#. Effectively, the amplitude of the fluid
pressure approaches that of the total applied stress~33
kPa! when f is much greater than 0.000 44 Hz@e.g., at
0.1 Hz in Fig. 2~d!#, signifying that nearly 100% of the
total stress outside of the narrow region near the por
indenter is supported by interstitial fluid pressurizati
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156 M. A. SOLTZ and G. A. ATESHIAN
and that tissue strain is negligibly small where the flu
pressure is high. It should be understood that the s
collagen-proteoglycan matrix is still subjected to the h
drostatic pressure exerted by the surrounding interst
fluid, which may have biological implications in relatio
to cartilage metabolism.13,15,29,30,36However, this hydro-
static pressure does not cause measurable deformatio
the cartilage extracellular matrix.6

At intermediate loading frequencies,f ' f c , the two
opposite trends compete to produce non-negligible tis
deformation and interstitial fluid pressurization, as can
observed, for example, atf 50.0001 Hz in Figs. 2~a! and
2~b!. Interestingly, there exists a range of frequenc
about f c where the interstitial fluid pressure amplitudep
exceeds that of the total applied stresss. This can occur
when the elastic strain at the pressure port interface
tensile ~relative to the tare configuration! while the total
stress is compressive~and vice versa!, i.e., when the
cyclical deformation most lags behind the total stre
@Fig. 3~b!#.

It is noteworthy that, the apparent tissue stiffne
G5s/(u/h),8,11,21 increases with frequency, as can
construed from Fig. 3~a!, and as previously reported b
others;11,21 this can be explained by the increase in
terstitial fluid pressure which supports greater load,
verified experimentally, producing a concomitant d
crease in tissue deformation. In confined compression
the tissue displacement amplitude approaches zero
increasing frequency@Fig. 3~a!#, there is no upper limit
to the increase in the apparent stiffness;11 for example, at
f 50.1 Hz, G'20 MPa yet the true solid matrix com
pressive tissue stiffness is 30 times smaller atHA

50.70 MPa.
The direct measurement of interstitial fluid pressure

this study firmly establishes that the viscoelastic respo
of cartilage is primarily contributed by the viscous dr
of the interstitial fluid as it flows through the porou
permeable collagen-proteoglycan matrix, with the pr
sure gradient acting as the driving force. For the purp
of comparison, the effect of incorporating intrinsic sol
matrix viscoelasticity in the theoretical analysis of d
namic confined compression is presented in Fig. 4, wh
the pressure and displacement amplitude responses
compared between the linear biphasic theory27 and the
linear biphasic poroviscoelastic23 ~BPVE! theory ~see the
Appendix for a presentation of the governing equation!.
The latter is a generalization of the former, modeling t
solid matrix with the quasilinear viscoelasticity theory12

Typical viscoelasticity material constants are obtain
from the literature.32 It can be observed from Fig. 4 tha
it is qualitatively easier to distinguish the responses
these two models from the pressure amplitudes, since
displacement amplitudes are less distinct for the giv
choice of material constants. This finding further su
ports the usefulness of experimental pressure meas
l

of

s

re

e

-

ments for assessing the relative role of flow-depende
and flow-independent viscoelasticity; by comparing th
pressure amplitude responses from Fig. 4 with the e
perimental results of Fig. 3~c!, it is observed that incor-
porating intrinsic solid matrix viscoelasticity into the
analysis reduces the peak pressure amplitude and shift
to the right, which results in a slightly greater deviation
between theory and experiment. These results demo
strate that the incorporation of flow-independent vis
coelasticity does not produce better agreement betwe
theory and experiment in confined compression with c
clical loading, in the case of immature bovine cartilage
Based on preliminary calculations not presented here,
is speculated that improved agreement between theo
and experiment is more likely to be achieved by inco
porating the inhomogeneity of the material propertie
through the tissue depth,31 whereas the current analysis
assumed homogeneous properties.

The results of this study emphasize the need to a
count for interstitial fluid pressurization when determin
ing cartilage stiffness under dynamic conditions to avo
misleading interpretations of experimental results. The
also clarify how cartilage, with a compressive stiffnes
as low as 0.70 MPa, can sustain physiologic compress
tractions on the order of 12 MPa with no apparent dam
age, due to the contribution of interstitial fluid pressure

The aggregate modulus and permeability measured
the current study are in the range of values reporte
previously for bovine articular cartilage.4,5,11,21,24,27,33

The relatively low value of the permeability constant i
due to the elevated tare loads employed in this stud
which produced a tare equilibrium tissue strain of ap
proximately 20% before sinusoidal loading was applied

FIGURE 4. Displacement and pressure amplitude responses
in confined compression cyclical loading as a function of
loading frequency for the linear biphasic theory and the
BPVE. Tissue thickness, cyclical load amplitude, and mate-
rial properties for biphasic and BPVE models: hÄ0.62 mm,
PAÄ33 kPa, HAÄ0.70 MPa, k 0Ä2.4Ã10À16 m4ÕN s. Additional
constants for BPVE „Ref. 32…: cÄ0.16, t1Ä0.06 s, t2Ä201 s
„see the Appendix ….
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157Interstitial Fluid Pressurization
The theoretical analysis performed in this study w
based on the tare configuration; thus, the specimen th
ness h employed in the analysis corresponded to
tissue dimension after tare loading. The use of an infi
tesimal strain biphasic analysis was justified becau
relative to the tare configuration, the sinusoidal load p
duced tensile or compressive strains of 5%~at the inter-
face with the porous filter! or less.

As noted earlier, for each of the two batches of ni
specimens, the material properties were obtained
curve-fitting the time-dependent surface displacement
sponse at only one of the tested frequencies for e
sample~0.0001 Hz for group I and 0.0005 Hz for grou
II !. The theoretical pressure response~at all frequencies!
and the theoretical displacement response~at all frequen-
cies other than that used for curvefitting! were predicted
from the governing biphasic equations using the agg
gate modulus27 and permeability determined from th
curvefit at the lowest frequency. This approach served
validate the biphasic model in confined compression
demonstrating good theoretical predictions of multip
experimental measurements on the same sample.
reason for using the lowest, rather than any other of
tested frequencies, for curvefitting is that this frequen
was closest to the characteristic frequencyf c of the tis-
sue. As discussed above, there exists substantial inte
tial fluid flow throughout the depth of cartilage near th
frequency,11,18 and this fluid flow is governed in part b
the tissue permeability. At higher testing frequencies,
most substantial fluid flow is restricted to a narro
boundary layer near the porous filter, while at low
frequencies, the fluid flow is negligible. Thus, the fr
quencies used for the curvefitting procedure were
lected to yield a most representative value for the tis
permeability through the depth. Note that curvefitting t
experimental time-dependent displacement data at
loading frequency in the time domain, as performed
the current study, is a slightly different approach fro
curvefitting the displacement amplitude and phase o
all values in the frequency domain11,21 ~see the Appen-
dix!. In the current study, by fitting in the time domai
the material constants extracted from the curvefit w
validated on the same sample by predicting the tim
dependent response at other loading frequencies.

As reported in our previous study,33 measurements o
interstitial fluid pressure in cartilage can be perform
successfully as long as certain precautions are obser
One of the most important aspects of these meas
ments is to avoid the formation of air bubbles inside t
transducer since the compliance of these bubbles wo
inevitably cause a nearly complete loss of signal m
surement. Because of the small dimensions of the fl
chamber in the solid-state microchip transducer e
ployed in this study~a cylindrical hole 1 mm in diamete
and 1 mm deep, with the piezoresistive sensing elem
-

,

-

e

i-

e

.
-

t

coated on the bottom and in contact with fluid only!, it
was relatively straightforward to avoid air bubbles b
filling this chamber slowly using a syringe. Neverthele
the actual measurements of pressure were relied upo
determine whether air bubbles had formed while fillin
the test chamber with bathing solution; thus, in order
make this determination early in the testing protocol,
specimens were tested starting with the highest load
frequency. This prevented randomizing the order of loa
ing frequencies which may otherwise have been app
priate in light of the long testing duration and potent
degradation of the tissue mechanical properties. Ho
ever, it was encouraging to find that the material pro
erties obtained by curvefitting the last~lowest frequency!
test could properly predict the tissue response for
earlier ~higher frequency! tests, thereby alleviating thes
concerns.

For this study the fastest frequency allowable for t
testing device was 0.1 Hz since, under load control
higher frequencies, the displacement would appro
submicron values@Fig. 3~a!# that fall below the step size
of the device’s stepper micrometer displacement act
tor. The influence of the displacement step size on
correlation between the experimental and theoretical
placement can be observed in the decreasing value o
displacementr 2 with increasing frequency in Table 1
which can be attributed to the corresponding decreas
‘‘signal-to-noise’’ ratio ~no such signal degradation oc
curs with the pressure transducer with increasing f
quency!. Despite this limitation, there is no indication i
the observed experimental trends that the behavior of
tissue would be any different than that predicted
theory at higher frequencies~Fig. 3!. In the present
study, apparatus compliance was measured prior to t
ing of the cartilage samples, and subtracted from the
displacement measurements prior to performing the th
retical analysis. Therefore, the experimental and theor
cal results of Figs. 3~a! and 3~b! appear qualitatively
different from equivalent results in the study of Fran
and Grodzinsky11 who presented both analytical and e
perimental results that incorporate system compliance

In this study it is found experimentally that interstitia
fluid pressurization develops at frequencies as low
1024 Hz @Fig. 3~c!#; thus, even a loading cycle whic
takes 2.8 h (104 s) to complete results in significant in
terstitial fluid pressurization. It is reasonable to extrap
late these results to physiological conditions in hum
diarthrodial joints by noting that all activities of dail
living involve some amount of motion and deformatio
at frequencies in excess of 1024 Hz, even in seemingly
static postures such as standing and sitting; the impl
tion of the experimental findings of this study is that
state of interstitial fluid pressurization is likely to occu
at all times within normal articular cartilage, which ma
have important implications in our understanding of c
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158 M. A. SOLTZ and G. A. ATESHIAN
tilage metabolism and chondrocyte biology under phy
ological conditions. This study complements previous
ports of interstitial fluid pressure measurements
confined compression creep and stress-relaxation.28,33

Together, these studies strongly support the hypoth
that fluid pressurization occurs under virtually all loadi
regimes of articular cartilage and that interstitial flu
pressure effectively does not subside under loading.
agreement between theory and experiment reported
this study also provides support for theoretical analy
of articular contact1,2,19,22 and experimental measure
ments of cartilage friction3,25 which similarly refer to the
importance of interstitial fluid pressurization in the loa
support mechanism of articular cartilage. These findin
increase our understanding of cartilage mechanics
clarify the relative contribution of hydrostatic fluid pre
sure and solid matrix deformation in the load enviro
ment of chondrocytes as a function of loading frequen
they may also help elucidate the pathomechanics of
teoarthritis if it can be established that loss of interstit
fluid pressurization and the concomitant increase in
sue strain adversely affect chondrocyte metabolism
upsetting the delicate balance between normal tissue
radation and repair. The methodology presented here
be used in future studies to similarly analyze the relat
magnitude of interstitial fluid pressurization in degene
tive tissue.7

ACKNOWLEDGMENT

This study was supported by a grant from the N
tional Institutes of Health~1R29-AR43628!.

APPENDIX

The steady-state response of a biphasic cartilage
in confined compression under the action of a static o
set load superposed with a sinusoidal load can be der
by taking the limit of Eq. ~4! as t→`, whereby the
exponential terms reduce to zero. Alternatively, this
lution can be achieved using the method of comp
variables, e.g., as presented by Leeet al.21 to yield

ū~z, f !

h
52

P0

HA

z

h
2

PA

bHA

sinhb~z/h!

coshb
,

~A1!

p̄~z, f !5PAS 12
coshb~z/h!

coshb D ,

where b5Ai2p f h2/HAk0, i 2521, with the amplitude
and phase of the frequency-dependent complex displ
ment, ū(z, f ), providing the desired solution. Th
equivalence of this solution with the limit of steady-sta
response in Eq.~4! has been verified numerically. Fo
s

-

-
n

d

-

the case of a linear isotropic biphasic poroviscoelas
material described by Mak,23 a solution can be obtaine
by the same complex variables method23,32 which has the
form of Eq. ~A1! with

b5F i2p f h2

HAk0S 11c ln
11 i2p f t2

11 i2p f t1
D G 1/2

, ~A2!

where c, t1 , and t2 are three additional material con
stants describing the intrinsic viscoelasticity of the so
matrix. It can be verified that, whenc50 or t15t2 , the
solution reduces to the case of a linear isotropic bipha
material.

REFERENCES

1Ateshian, G. A. A theoretical formulation for boundary fric
tion in articular cartilage.J. Biomech. Eng.119:81–86, 1997.

2Ateshian, G. A., and H. Wang. A theoretical solution for th
frictionless rolling contact of cylindrical biphasic articula
cartilage layers.J. Biomech.28:1341–1355, 1995.

3Ateshian, G. A., H. Wang, and W. M. Lai. The role o
interstitial fluid pressurization and surface porosities on
boundary friction of articular cartilage.J. Tribol. 120:241–
251, 1998.

4Ateshian, G. A., W. H. Warden, J. J. Kim, R. P. Grelsam
and V. C. Mow. Biphasic finite deformation material prop
erties of bovine articular cartilage from confined compress
experiments.J. Biomech.30:1157–1164, 1997.

5Athanasiou, K. A., M. P. Rosenwasser, J. A. Buckwalter,
I. Malinin, and V. C. Mow. Interspecies comparison ofin
situ intrinsic mechanical properties of distal femoral cartilag
J. Orthop. Res.9:330–340, 1991.

6Bachrach, N. M., V. C. Mow, and F. Guilak. Incompressib
ity of the solid matrix of articular cartilage under high hy
drostatic pressures.J. Biomech.31:445–451, 1998.

7Broom, N. D., and A. Oloyede. The importance of physic
chemical swelling in cartilage illustrated with a model hydr
gel system.Biomaterials19:1179–1188, 1998.

8Buschmann, M. D. Numerical conversion of transient to h
monic response functions for linear viscoelastic materialsJ.
Biomech.30:197–202, 1996.

9Buschmann, M. D., Y. A. Gluzband, A. J. Grodzinsky, J.
Kimura, and E. B. Hunziker. Chondrocytes in agarose cult
synthesize a mechanically functional extracellular matrix.J.
Orthop. Res.10:745–758, 1992.

10Buschmann, M. D., J. Soulhat, A. Shirazi-Adl, J. S. Jurvel
and E. B. Hunziker. Confined compression of articular ca
lage: Linearity in ramp and sinusoidal tests and the imp
tance of interdigitation and incomplete confinement.J. Bio-
mech.31:171–178, 1998.

11Frank, E. H., and A. J. Grodzinsky. Cartilage electromech
ics. II. A continuum model of cartilage electrokinetics an
correlation with experiments.J. Biomech.20:629–639, 1987.

12Fung, Y. C. B. Quasi-linear viscoelasticity of soft tissues.
Biomechanics: Mechanical Properties of Living Tissues, N
York: Springer, 181, pp. 226–237.

13Gray, M. L., A. M. Pizzanelli, A. J. Grodzinsky, and R. C
Lee. Mechanical and physicochemical determinants of



-
on

e
in

of

ess

-
es-

sic

y-
rti-

ses

ar
s-

lar
.

s.

.
ted
by

.
in

on

.
u-

,
of

h.
lib-
-

-
ur-

n
s-
ed

ar-

f
.

.
ti-
ng a

cal

159Interstitial Fluid Pressurization
chondrocyte biosynthetic response.J. Orthop. Res.6:777–
792, 1988.

14Guilak, F., B. A. Best, A. Ratcliffe, and V. C. Mow. Instru
mentation for load and displacement controlled studies
soft connective tissues.Biomech. Symp.,ASME, AMD
98:113–116, 1989.

15Guilak, F., B. C. Meyer, A. Ratcliffe, and V. C. Mow. Th
effects of matrix compression on proteoglycan metabolism
articular cartilage explants.Osteoarthritis Cartilage2~2!:91–
101, 1994.

16Guilak, F., R. L. Spilker, J. K. Suh, and V. C. Mow. A
biphasic finite element model of the mechanical response
articular cartilage to cyclic compression.J. Biomech. Eng.in
press.

17Higginson, G. R., and J. E. Snaith. The mechanical stiffn
of articular cartilage in confined oscillating compression.IM-
echE.8:11–14, 1979.

18Holmes, M. H., W. M. Lai, and V. C. Mow. Singular per
turbation analysis of the nonlinear, flow-dependent compr
sive stress relaxation behavior of articular cartilage.J.
Biomed. Eng.107:206–218, 1985.

19Kelkar, R., and G. A. Ateshian. Contact creep of bipha
cartilage layers: Identical layers.J. Appl. Mech.66:137–145,
1999.

20Kvalseth, T. O. Cautionary note aboutR2. Am. Stat.39:279–
285, 1985.

21Lee, R. C., E. H. Frank, A. J. Grodzinsky, and D. K. Ro
lance. Oscillatory compressional behavior of articular ca
lage and its associated electromechanical properties.J. Bio-
mech. Eng.103:280–292, 1981.

22Macirowski, T., S. Tepic, and R. W. Mann. Cartilage stres
in the human hip joint.J. Biomed. Eng.116:11–18, 1994.

23Mak, A. F. Apparent viscoelastic behavior of articul
cartilage—The contributions from the intrinsic matrix vi
coelasticity.J. Biomech. Eng.108:123–130, 1986.

24Mansour, J. M., and T. Matsumoto. Permeability of articu
cartilage from small joints.Trans. Annu. Meet. - Orthop. Res
Soc.23:479, 1998.

25McCutchen, C. W. The frictional properties of animal joint
Wear 5:1–17, 1962.

26Mow, V. C., J. S. Hou, J. M. Owens, and A. Ratcliffe
Biphasic and quasilinear viscoelastic theories for hydra
soft tissue. In: Biomechanics of Diarthrodial Joints, edited
V. C. Mow, A. Ratcliffe, and S. L-Y. Woo. New York:
Springer, 1990, Vol. II, pp. 215–260.

27Mow, V. C., S. Kuei, W. M. Lai, and C. G. Armstrong
Biphasic creep and stress relaxation of articular cartilage
compression: theory and experiments.J. Biomed. Eng.
102:73–84, 1980.

28Oloyede, A., and N. D. Broom. Is classical consolidati
theory applicable to articular cartilage deformation?Clin.
Biomech.6:206–212, 1991.

29Parkkinen, J. J., M. J. Lammi, H. J. Helminen, and M
Tammi. Local stimulation of proteogylcan synthesis in artic
lar cartilage explants by dynamic compression in vitro.J.
Orthop. Res.10:610–620, 1992.

30Sah, R. L. Y., Y.-J. Kim, J.-Y. H. Doong, A. J. Grodzinsky
A. H. K. Plaas, and J. D. Sandy. Biosynthetic response
cartilage explants to dynamic compression.J. Orthop. Res.
7:619–636, 1989.

31Schinagl, R. M., M. K. Ting, J. H. Price, and R. L. Sa
Video microscopy to quantitate the inhomogeneous equi
rium strain within articular cartilage during confined com
pression.Ann. Biomed. Eng.24:500–512, 1996.

32Setton, L. A., W. Zhu, and V. C. Mow. The biphasic poro
viscoelastic behavior of articular cartilage: Role of the s
face zone in governing the compressive behavior.J. Bio-
mech.26:581–592, 1993.

33Soltz, M. A., and G. A. Ateshian. Experimental verificatio
and theoretical prediction of cartilage interstitial fluid pre
surization at an impermeable contact interface in confin
compression.J. Biomech.31:927–934, 1998.

34Suh, J. K. Dynamic unconfined compression of articular c
tilage under cyclic compressive load.Biorheology 33:289–
304, 1996.

35Suh, J. K., Z. Li, and S. L.-Y. Woo. Dynamic behavior o
biphasic cartilage model under cyclic compressive loadingJ.
Biomech.28:357–364, 1995.

36Torzilli, P. A., R. Grigiene, C. Huang, S. M. Friedman, S. B
Doty, A. L. Boskey, and G. Lust. Characterization of car
lage metabolic response to static and dynamic stress usi
mechanical explant test system.J. Biomech.30:1–9, 1997.

37Wayne, J. S. Load partitioning influences the mechani
response of articular cartilage.Ann. Biomed. Eng.23~1!:40–
47, 1995.


