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Interstitial Fluid Pressurization During Confined Compression
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Abstract—The objective of this study was to experimentally ~coelastic response is primarily contributed by the resis-
verify the well-accepted but untested hypothesis that cartilage jye drag of interstitial fluid flowing through the low-

interstitial fluid pressurizes variously under the action of an - . .
applied cyclical stress in confined compression over a range of Permeability collagen-proteoglyc.an matrix. Porous medla_
loading frequencies, contributing significantly to the cartilage Models have been proposed which describe this mechani-
dynamic stiffness. Eighteen bovine cartilage cylindrical cal response under various loading conditidiéand it
samples were tested under load control using a porous indenterhas been demonstrated from these theories that the dy-

in a confined compression chamber fitted with a microchip . . . . . .
pressure transducer at its bottom. Over a static stress of 13on@mic stiffening of cartilage under cyclical loading at
kPa, a cyclical stress of amplitude 33 kPa was applied with the various frequencies could be explained by the pressur-
indenter at frequencies ranging from 0.0001 to 0.1 Hz. The jzation of interstitial water which thus contributes to the
cartilage interstitial fluid pressure and deformation were mea- load support across the tissHe! Interestingly however,

sured simultaneously as a function of time. The displacement h h b . | ificati f thi
response at the lowest tested frequency was curvefitted in thelN€ré have been no experimental verifications of this

time domain to determine the linear biphasic material proper- Well-accepted dynamic interstitial fluid pressurization
titis, Ha=0.70+0.10 MPa andk0=2.4><1Q’16i0.§4>< 1(_)’16 mechanism. Furthermore, some studies have suggested
m’/N's. These properties were employed in the biphasic theory that intrinsic viscoelasticity of the cartilage solid matrix

to predict the interstitial fluid pressure response and compare it . S .
to experiment, resulting in nonlinear coefficients of determina- may also cgggr;bu-te- S|gn|f|cantly to the dynamic “?Sp‘?”se
““raising a question as to the relative im-

tion ranging fromr?=0.89+0.15 to 0.96-:0.03 depending on  Of cartilage; _ .
frequency. It was found for the samples of this study that above portance of flow-dependent and flow-independent vis-
a characteristic frequency of 0.00044 Hz, the magnitude and coelasticity in articular cartilage.

phase of fluid pressurization matched the applied stress, reduc- Understanding the role of interstitial fluid pressuriza-

ing the tissue strain at the impermeable bottom surface to . . . . . .
nearly zero. The findings of this study verify the hypothesis tion in the mechanical response of articular cartilage is
that cartilage dynamic stiffness derives primarily from flow- oOf great interest to various investigators. Theoretical po-
dependent viscoelasticity as predicted by the linear biphasic rous media analys&$®?? have demonstrated that fluid
theory; they demonstrate experimentally the significance of in- ,.eqq . rization contributes to supporting upwards of 90%
terstitial fluid pressurization as the fundamental mechanism of . . .
cartilage load support over a wide range of frequencies. Of the applied stress during contact of cartilage layers.
© 2000 Biomedical Engineering Society. Recently, direct experimental measurements of intersti-
[S0090-696400)00202-2 tial fluid pressurization during confined compression
creep and stress relaxatf8ri® have indeed confirmed
Keywords—Biphasic theory, Diarthrodial joints, Cartilage that upward of 90% of the total applied stress can be
stresses. supported by the interstitial fluid pressure for several
hundred seconds after loading. This suggests thatnfor
INTRODUCTION vivo loading situations where contact tractions can be
] ) ] ] ] typically as high as 12 MPa, the fluid pressure could act
Articular cartilage is a hydrated soft tissue which 4 ghielq the solid matrix of collagen by maintaining the
serves as the bearing material of diarthrodial joints. The effective collagen matrix stress at the level of, e.g., 1.2
"MpPa only. The implications of this mechanism are sig-

nificant not only in the understanding of cartilage me-
chanics and tribology>?>2°>3"put also cartilage biology,
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many studies and it is generally accepted that its vis-
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loading conditions the interstitial fluid of cartilage pres- P i PSPI
surizes. soluton
Since activities of daily living such as walking and
running typically involve cyclical loading, many re-
searchers have been interested in different aspects of the
tissue response to sinusoidal loading from the cellular to
the continuum level. Investigators have demonstrated
various cellular responses due to different loading stimuli
by applying either a cyclical lod8 or
displacement;®32%30at varying frequencies and ampli-
tudes, thereby observing biosynthetic responses in the
chondrocyte cell. Often, these responses have been asso-
ciated with only the applied strain or total stress, how-
ever, the influence of fluid pressure in those specific
loading configurations was not directly assessed. While
the correlation of biosynthetic response to fluid pressure FIGURE 1. Schematic of confined compression chamber
is not the focus of the present study, elucidating the "ith microchip pressure transducer.
mechanical environment of chondrocytes would be ben-
eficial and add to the interpretation of established find-
ings. The mechanical response of cartilage to cyclical cations averaged 0.05 mmDuring the preparation pro-
loading has also been studied both theoreti- cess, the specimens were kept moist in buffered physi-
callytt1621333435 and  experimentall§1011172130.36 - )04ic saline containing protease inhibitdBSPI: 2 mM
However, the extent and significance of interstitial fluid ethylenediamine tetra-acetate acid, 5 mM benzamadine,
pressurization under cyclical loading remains to be di- 10 mM N-ethylmaleimide, 1 mM phenylmethyl-sulfonyl
rectly demonstrated. Therefore, the objective of this fluoride, 0.15 M NaQl. The specimens were stored at
study is to verify experimentally the hypothesis that in- —80°C until ready for use, at which time they were
terstitial fluid pressurizes variously at different loading thawed and allowed to equilibrate in PSPI solution for
frequencies under the action of an applied cyclical stress1 h.
in confined compression, and that this pressurization can  The confined compression chamideiam=6.53 mm)
be predicted by the linear biphasic theory for soft hy- employed for this study incorporated a solid-state pi-
drated tissué§ which incorporates only flow-dependent ezoresistive microchip pressure transdu@ePC 1210-
viscoelasticity. The methodology employed for measur- 050G-3N; Lucas NovaSensor, Fremont, CA; range
ing interstitial fluid pressure at the articular surface is 0-345 kPa gauge pressure0.1% accuracy; linearity of
based on our earlier stutfyand is conceptually similar  0.1% of full-scale output; pressure port 1 mmdiam

cartilage =y

chamber

pressure port

microchip

|~ atmospheric
gage pressure

pressure port

to that of Oloyede and BrooAt. X1mm deep; frequency responsel kHz) bonded to
the bottom of the chamberFig. 1) as reported
MATERIALS AND METHODS previously®®* Each cartilage plug was placed with its

articular surface side facing the fluid-filled pressure port

Healthy calf(2—4 month carpometacarpal joints were of the microchip transducer in order to measure the car-
obtained from a local abattoir and stored for 4-5 h at tilage interstitial fluid pressure at the center of that sur-
4°C until preparation. The joint capsule was then dis- face. Both the side wall and bottom surface of the cham-
sected to expose the cartilage surfaces and a circularber were impermeable. Because of the slight mismatch
punch (diam=6.75mm was pressed perpendicularly between the chamber and specimen diameters, the carti-
onto the cartilage surface to core out cartilage-bone lage plug fit snugly within the chamber with no clear-
plugs. Each plug was placed on a freezing stadgcker ance along the side wall. Loading of the top surface of
Instruments, Fairfield, NJmounted on a sledge micro- the specimen was performed with a free-draining porous
tome (model 1400; Leitz, Rockleigh, Nith the articu- indenter(diam=6.30 mm, 50% porosity, 45—58m pore
lar surface face down and parallel to the blade. The size, permeability four orders of magnitude greater than
full-thickness plug was microtomed to remove residual cartilage, immersed entirely in the surrounding PSPI
subchondral bone and vascularized deep zone only, leav-bath to prevent capillary uplift effects.
ing the articular surface intact. The thickness of the plug  Eighteen specimens were tested under load control to
was measured using a custom micrometer thickness meadetermine the tissue response to an applied cyclical stress
surement device at three different locations on the sur- using a testing apparatus described previotfshnd the
face to provide an average thickness measurement for theconfined compression testing chamld€ig. 1). A data
specimen(the measurement variability over the three lo- acquisition and control program was created using
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Labtech Notebook(Laboratory Technologies Corpora-
tion, Wilmington, MA) which employed a feedback loop
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dependent deformation due to system compliance from
the LVDT measurements of cartilage deformation.

to compare a desired sinusoidal load to the actual applied To compare experimental results with theory, a curve-

load, measured by a load cébensotec, model 31, Co-
lumbus, OH, range=45 N). Depending on whether the

fitting program based on the linear biphasic thébmwas
first employed to determine the material parameters of

load was greater or less than the desired signal the pro-the tissue. The biphasic theory models cartilage as a
gram would actuate up or down a computer-controlled mixture of an intrinsically incompressible solid phase
stepper micrometeiOriel Corp., model 18515, Stratford, representing the collagen-proteoglycan-chondrocyte ma-
CT) connected to the porous indenter. The actual in- trix and an intrinsically incompressible fluid phase rep-
denter displacement was measured with a linear variableresenting interstitial water. Overall tissue compressibility
differential transformer (LVDT) (Schaevitz, model results from fluid transport into or out of the porous-
HR100, Hampton, VA Initially, a tare load of 4.5 N permeable solid matrix. The dissipative drag exerted by
(130 kPa was applied to ensure proper seating of the the fluid flowing relative to the low-permeability solid
specimen in the chamber; this tare load was maintained matrix imparts a viscoelastic response to the tissue. The
for the entire duration of the experiment. From previous general equations of the biphasic theory can be found
experiencé3? it has been observed that such relatively elsewheré; the reduction of those general equations for
elevated tare loads are required to provide sufficient lat- the configuration of confined compression has also been
eral confinement of the tissue and to prevent the appear-described previously®*"**and is summarized below.
ance of an initial jump in the surface displacement under The governing equation for confined compression of a
an applied load? an initial jump would otherwise be linear isotropic homogeneous biphasic material is given
indicative of a lateral tissue expansion that would violate by

the intended premise of a one-dimensional testing con-

figuration. Because it was possible to monitor the inter-
stitial fluid pressure at the interface with the pressure
port, the cyclical test was not initiated until the pressure
resulting from the application of the tare load returned to
nearly zero, indicating near-equilibrium conditions. Since
the protocol of this study called for long testing dura-
tions (up to ~30,000 $, near-equilibrium tare conditions
were assumed when the fluid pressure dropped below
threshold value of approximately 1.4 kiP&130 kPa to
minimize the tissue degradation that might occur as a
result of the testing duration. In the theoretical analysis,
it was thus necessary to provide a small adjustment to and the boundary condition at the bottom, impermeable
account for the fact that the tissue had not fully reached interface(z=0, Fig. 1 is

equilibrium at the initiation of sinusoidal loading, as de-
scribed below. Frequencies ranging from 0.0001 to 0.1
Hz for one batch of specimengroup I, and from
0.0005 to 0.05 Hz for another batdlgroup 1) were
tested at decade intervals.g., 0.0001, 0.001, ejcwith

an applied load amplitude of 1 KNotal stress amplitude

of 33 kPg; thus, the total load applied to the specimen
consisted of the tare load superposed with the sinusoidal
load. During these tests, the displacement at the
cartilage-porous indenter interfaceXh) was measured
with the LVDT, while simultaneously measuring the whereP,sin2xft is the applied total compressive stress
fluid pressure at the interface of the articular surface and of amplitude P, and frequencyf, and P, is a small
pressure port=0). Compliance of the entire system superimposed static compressive streéBg<P,) whose
was quantified prior to testing of the cartilage specimens value is adjusted to account for near-equilibrium experi-
by determining the load-displacement response of the mental conditions at the completion of tare loading, prior
apparatus in the absence of a test santipée, with the to the initiation of sinusoidal loading, as described
porous filter directly contacting the bottom of the test above. The boundary condition of E() derives from
chambey. The resulting compliance curve, which was the fact that the total stress at amys given by o(z,t)
found to be linear with a slope of 2.8om/N, was —p(z,t) + Hpdul/9z; however, at the free-draining po-
subsequently used to properly subtract the load- rous interfacep(h,t)=0. Note also thaitr(z,t) is uni-

Fu 1 au L
T kot O @
whereu(z,t) is the displacement of the solid phast,

is the aggregate modulus, akg is the permeability of
the tissue (assumed constant in the linear biphasic
atheor)b. The initial condition att=0 is

u(z,0)=0, 2

u(0t)=0.

For sinusoidal loading at the cartilage-porous indenter
interface g=h), the boundary condition is

ou =—Ppsin27ft—P
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form through the depth because of momentum conserva-

tion, i.e., o(z,t)=0(t), which can be used to evaluate
p(z,t) at anyz Solving Eq.(1) subject to Eqs(2) and
(3) yields’"3°
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displacement curve can be least squares fitted with the

theoretical biphasic solution of Ed4), evaluated atz
=h, to determine the specimen-specific material param-
etersH, and kg from the sinusoidal experiment con-
ducted at the lowest frequenéye., 0.0001 Hz for group

I and 0.0005 Hz for group JI However, in practice, it is
computationally more efficient to solve the partial differ-
ential equation of Eq(1), subject to the boundary con-
ditions of Egs.(2) and (3), using a numerical finite dif-
ference scheme, as done in this study, with the analytical
solution of Eq.(4) serving as a verification of the nu-

merical scheme. An added advantage of this approach is

that the ideal boundary condition for the applied sinusoi-
dal load[in Eq. (3) abovg can further be substituted
with the actual applied loadas measured during the
experimeny, which may deviate slightly from the desired
ideal sinusoidal function due to the testing apparatus’
controller and system dynamidshe deviation from an
ideal sinusoidal function was assessed using the total
harmonic distortioft). The quality of these curvefits was
assessed using the coefficient of determinatifodefined

by the expressidf

E(y_Yest)Z

r2=q- =7 et
S(y—y)?

®

wherey represents the observédxperimentdl variable,
Yest IS the estimatedtheoretical variable,y is the mean
value ofy, and summations are taken over all observa-
tions (all sampled time stepsOnce the parameteis,
and k, were determined from curvefitting the surface
displacement at the lowest frequency, they were em-
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ployed in the theory to predict the measured surface
displacement at all higher frequencies using &, and
to predict the measured interstitial fluid pressure at all
frequencies, at the impermeable interface0, given by

a

where the expression fan can be taken from Eq4)
although in practice its numerical solution is employed
instead. The quality of these predictions was similarly
assessed against experimental measurements using the
generalized nonlinear correlation coefficient of EB).

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

ou

,_0 92

ou
IO(OI)=HA(

7z 6

RESULTS

Eighteen specimens were tested in tothl=0.62
+0.08 mm, after tare loadingthe nine specimens of
group | were each tested fd¥ cycles(see below at the
loading frequencief=0.1Hz (N=4 cycles, 0.01 Hz
(N=4 cycles, 0.001 Hz(N=4 cycleg, 0.0001 Hz(N
=2 cycles and the nine specimens of group Il were
each tested af=0.05Hz (N=4 cycleg, 0.005 Hz (N
=4 cycles, and 0.0005 Hz(N=3 cycles. At the
completion of cyclical loading at each frequency, the
specimen was allowed to recover prior to initiating load-
ing at the next lower frequency. For all tesi, was set
to 33 kPa; the total harmonic distortion in the sinusoidal
profile of the applied cyclical stress ranged from an av-
erage of 1.8% at 0.0001 Hz to 10.6% at 0.1 Hz. The total
duration of testing, including tare loading, cyclical load-
ing and recovery time, averaged 30,000 s for group |
specimens tested in the range of 0.0001-0.1 Hz and
13,000 s for group Il specimens tested in the range of
0.0005-0.05 Hz. In the presentation of figures which
follows, all displacement and pressure results are re-
ported relative to the tare configuration where the tissue
sample is under an equilibrium compressive total stress
of 130 kPa and near-zero interstitial fluid pressure. The
average value of the adjusted offset paramBtgneeded
to account for near-equilibrium conditions was 2.0
+2.6 kPa. A typical curvefit for the displacemainth,t)
at 0.0001 Hz is shown in Fig.(&); curvefitting of all
nine specimens of group | at this frequency was achieved
with r2=0.98+0.04. Curvefitting of the nine specimens
of group Il at 0.0005 Hz yielded?=0.94+0.05. The
material properties determined from curvefitting the low-
est frequency displacement of all 18 specimens were
H,=0.70+0.10 MPa andk,=2.4x 10 16+0.64x 10 16
m*N's. Comparison of experimental and predicted fluid
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o experiment ufh,t) — curvefit ufh,t) 30 © experiment u(h,t) —— curvefit u(h,t)
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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.

pressurep(0t), producedr?=0.90+0.10 at 0.0001 Hz  ated from the steady-state response of Ej.(see the
[Fig. 2b), displayed with total stressr(t)] and r? AppendiX using the average value for the aggregate
=0.94+0.05 at 0.0005 Hz. An example of prediction of modulug’ and permeability. Also of interest are the cor-
displacement and pressure for the highest frequencies isresponding phase angle diagrams for the displacement
shown in Figs. &) and Zd), respectively. Correlations and pressure, shown in Figsbp and 3d), respectively.
between experimental data and theoretical predictions for
all frequencies are summarized in Table 1. The ampli-
tude of the displacement and pressure responses over the
entire frequency range, averaged over all specimens, are The objective of this study was to experimentally
shown in Figs. 8a) and 3c), respectively, together with  yerify the well-accepted but untested hypothesis that car-
the corresponding theoretical frequency response generjjage interstitial fluid pressurizes under dynamic loading,
thus contributing significantly to the dynamic stiffening

DISCUSSION

TABLE 1. Summary of the correlation coefficients for and flow-dependent viscoelasticity of this tissue. The ex-
predicted displacements and fluid pressure at various perimental results of this study demonstrated unequivo-
frequencies. cally that such pressurization does take place with in-

Frequency creasing loading frequencyFigs. 2b) and 3c)],

(H2) 12 displacement r2 fluid pressure concurrently with a decrease in tissue compliafieigs.
0.0001 0.902010 2(a), 2(c), and 3a)]; .conclus.,lve qgreement was also.
0.0005 0.96+003 found between the linear biphasic theory and experi-
0.001 0.96+0.03 0.91+0.05 ments as indicated by the ability not only to curvefit
0.005 0.78+0.13 0.95+0.02 displacements at low frequencies but also to predict fluid
0.01 0.90+0.04 0.91+0.05 pressure at all frequencies and displacements at the fre-
0.05 0.73+0.11 0.93+0.05

guencies other than that used for curvefittifigable 1

0.1 0.65+0.19 0.89+0.15 ) . .
and Figs. 2 and )3 Therefore, it is reasonable to explain
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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. (©)
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.

the observed experimental phenomena on the basis off <0.0001 HZ and more in phase with the applied stress
what is known from theory. Accordingly, the total stress [Fig. 3(b), f<0.0001HZ. Conversely, at high loading

in the tissue is a combination of the interstitial fluid frequenciesf>f,, the rate at which the load is applied
pressure and elastic stress due to deformation and strainyreatly exceeds the rate at which the fluid can flow with
of the solid matrix = —p-+Hadu/dz). The interaction  pegjigible resistance through the porous-permeable ma-
bet\/\{een these stres.s components_ varies as a.funct_lon %fix. Since fluid must nevertheless flow into and out of
Ioadmg frequepcy(Flg: 3. Accordmg.to the b|ph161355|c the tissue because of the requirement for conservation of
anaIyS|s_ of this conflne.d.compressmn p_robl@rﬁ,' mass, a large pressure gradient must build up inside the
there exists a characteristic frequency which marks the tissue to overcome the large drag force between the solid
transition between two regimes at opposite ends of the and fluid phases. This causes the pressure at the imper-
frequency spectrum; this characteristic frequency is given meable interface .to rise substantialKigs. 2c) and 3¢)

by f.=Hako/h? (the inverse of the “gel time o : )
anst;m,ﬁ,lg,zl,23 \(/vhich averages to 0_000%14 Hz for f>0.005HZ, coming into phase with the applied stress

the material properties and specimen thicknesses found F19- 3@]. This rise in pressure supports the majority of
in this study. For very low loading frequencieB<f., the total apphe.d stress through. most of the depth of .the
the tissue rate of deformation is sufficiently slow that USSU€ (except in a narrow region near the porous in-
interstitial water has ample time to flow in and out of the dentey, reducing the amount of elastic stress, strain, and
specimen with negligible drag against the solid matrix. deformation in the solid matri{Figs. 2a and 3a),
Consequently, the interstitial fluid pressurizes negligibly f>0.005HZ. Effectively, the amplitude of the fluid
throughout the depth of the tissue, including at the pres- pressure approaches that of the total applied st{&3s
sure port interfacdFig. 3(c)], and the majority of the  kPa whenf is much greater than 0.00044 He.g., at
applied stress must be supported by the elastic stress ir0.1 Hz in Fig. 2d)], signifying that nearly 100% of the
the solid matrix; the deformation of the cartilage plug is total stress outside of the narrow region near the porous
then greatest at those lower frequencigsg. 3(a), indenter is supported by interstitial fluid pressurization
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and that tissue strain is negligibly small where the fluid 30 - 50
pressure is high. It should be understood that the solid
collagen-proteoglycan matrix is still subjected to the hy-
drostatic pressure exerted by the surrounding interstitial =~
fluid, which may have biological implications in relation
to cartilage metabolisit?1>2°3038However, this hydro-  #m 15
static pressure does not cause measurable deformation o
the cartilage extracellular matrfx. 10 BPVE

At intermediate loading frequencie$~f_., the two 5
opposite trends compete to produce non-negligible tissue
deformation and interstitial fluid pressurization, as can be 0
observed, for example, &=0.0001 Hz in Figs. &) and 0.0001 0.001 0.01 0.1

. . . f (Hz)
2(b). Interestingly, there exists a range of frequencies
aboutf. where the interstitial fluid pressure amplituge  FIGURE 4. Displacement and pressure amplitude responses
exceeds that of the total applied stressThis can occur in confined compression cyclical loading as a function of
. . . . _loading frequency for the linear biphasic theory and the

when the elastic strain at the pressure port interface is gpye Tissue thickness, cyclical load amplitude, and mate-
tensile (relative to the tare configuratiprwhile the total rial properties for biphasic and BPVE models:  h=0.62 mm,
stress is compressivéand vice versp i.e., when the P,=33kPa, H,=0.70 MPa, ko=2.4X10"m%Ns. Additional
cyclical deformation most lags behind the total stress constants for BPVE = (Ref. 32): ¢=0.16, 7,=0.06s, 7,=201s

. (see the Appendix ).
[Fig. 3b)].

It is noteworthy that, the apparent tissue stiffness
G=o/(u/h),®? increases with frequency, as can be
construed from Fig. @), and as previously reported by ments for assessing the relative role of flow-dependent
others!'?! this can be explained by the increase in in- and flow-independent viscoelasticity; by comparing the
terstitial fluid pressure which supports greater load, as pressure amplitude responses from Fig. 4 with the ex-
verified experimentally, producing a concomitant de- perimental results of Fig.(8), it is observed that incor-
crease in tissue deformation. In confined compression, asporating intrinsic solid matrix viscoelasticity into the
the tissue displacement amplitude approaches zero withanalysis reduces the peak pressure amplitude and shifts it
increasing frequencyFig. 3@)], there is no upper limit  to the right, which results in a slightly greater deviation
to the increase in the apparent stiffnésfor example, at between theory and experiment. These results demon-
f=0.1Hz, G=20MPa yet the true solid matrix com- strate that the incorporation of flow-independent vis-
pressive tissue stiffness is 30 times smaller Hat coelasticity does not produce better agreement between
=0.70 MPa. theory and experiment in confined compression with cy-

The direct measurement of interstitial fluid pressure in clical loading, in the case of immature bovine cartilage.
this study firmly establishes that the viscoelastic responseBased on preliminary calculations not presented here, it
of cartilage is primarily contributed by the viscous drag is speculated that improved agreement between theory
of the interstitial fluid as it flows through the porous- and experiment is more likely to be achieved by incor-
permeable collagen-proteoglycan matrix, with the pres- porating the inhomogeneity of the material properties
sure gradient acting as the driving force. For the purpose through the tissue depfi,whereas the current analysis
of comparison, the effect of incorporating intrinsic solid assumed homogeneous properties.
matrix viscoelasticity in the theoretical analysis of dy- The results of this study emphasize the need to ac-
namic confined compression is presented in Fig. 4, wherecount for interstitial fluid pressurization when determin-
the pressure and displacement amplitude responses ar@ng cartilage stiffness under dynamic conditions to avoid
compared between the linear biphasic thébmnd the misleading interpretations of experimental results. They
linear biphasic poroviscoelastic(BPVE) theory (see the also clarify how cartilage, with a compressive stiffness
Appendix for a presentation of the governing equations as low as 0.70 MPa, can sustain physiologic compressive
The latter is a generalization of the former, modeling the tractions on the order of 12 MPa with no apparent dam-
solid matrix with the quasilinear viscoelasticity thedfy.  age, due to the contribution of interstitial fluid pressure.
Typical viscoelasticity material constants are obtained The aggregate modulus and permeability measured in
from the literature’? It can be observed from Fig. 4 that the current study are in the range of values reported
it is qualitatively easier to distinguish the responses of previously for bovine articular cartilade:t!:21:24:27.33
these two models from the pressure amplitudes, since theThe relatively low value of the permeability constant is
displacement amplitudes are less distinct for the given due to the elevated tare loads employed in this study,
choice of material constants. This finding further sup- which produced a tare equilibrium tissue strain of ap-
ports the usefulness of experimental pressure measureproximately 20% before sinusoidal loading was applied.
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The theoretical analysis performed in this study was coated on the bottom and in contact with fluid onlit
based on the tare configuration; thus, the specimen thick-was relatively straightforward to avoid air bubbles by
nessh employed in the analysis corresponded to the filling this chamber slowly using a syringe. Nevertheless,
tissue dimension after tare loading. The use of an infini- the actual measurements of pressure were relied upon to
tesimal strain biphasic analysis was justified because,determine whether air bubbles had formed while filling
relative to the tare configuration, the sinusoidal load pro- the test chamber with bathing solution; thus, in order to
duced tensile or compressive strains of &b the inter- make this determination early in the testing protocol, all
face with the porous filtgror less. specimens were tested starting with the highest loading
As noted earlier, for each of the two batches of nine frequency. This prevented randomizing the order of load-
specimens, the material properties were obtained bying frequencies which may otherwise have been appro-
curve-fitting the time-dependent surface displacement re- priate in light of the long testing duration and potential
sponse at only one of the tested frequencies for eachdegradation of the tissue mechanical properties. How-
sample(0.0001 Hz for group | and 0.0005 Hz for group ever, it was encouraging to find that the material prop-
II). The theoretical pressure resporiae all frequencies erties obtained by curvefitting the lagbwest frequency
and the theoretical displacement respotaeall frequen- test could properly predict the tissue response for all
cies other than that used for curvefittingere predicted earlier (higher frequencytests, thereby alleviating these
from the governing biphasic equations using the aggre- concerns.
gate moduluS and permeability determined from the For this study the fastest frequency allowable for the
curvefit at the lowest frequency. This approach served to testing device was 0.1 Hz since, under load control at
validate the biphasic model in confined compression by higher frequencies, the displacement would approach
demonstrating good theoretical predictions of multiple submicron value$Fig. 3(a)] that fall below the step size
experimental measurements on the same sample. Theof the device’'s stepper micrometer displacement actua-
reason for using the lowest, rather than any other of the tor. The influence of the displacement step size on the
tested frequencies, for curvefitting is that this frequency correlation between the experimental and theoretical dis-
was closest to the characteristic frequerigyof the tis- placement can be observed in the decreasing value of the
sue. As discussed above, there exists substantial intersti-displacementr? with increasing frequency in Table 1,
tial fluid flow throughout the depth of cartilage near this which can be attributed to the corresponding decrease in
frequency:*® and this fluid flow is governed in part by  “signal-to-noise” ratio (no such signal degradation oc-
the tissue permeability. At higher testing frequencies, the curs with the pressure transducer with increasing fre-
most substantial fluid flow is restricted to a narrow quency. Despite this limitation, there is no indication in
boundary layer near the porous filter, while at lower the observed experimental trends that the behavior of the
frequencies, the fluid flow is negligible. Thus, the fre- tissue would be any different than that predicted by
guencies used for the curvefitting procedure were se-theory at higher frequencie§Fig. 3). In the present
lected to yield a most representative value for the tissue study, apparatus compliance was measured prior to test-
permeability through the depth. Note that curvefitting the ing of the cartilage samples, and subtracted from the raw
experimental time-dependent displacement data at onedisplacement measurements prior to performing the theo-
loading frequency in the time domain, as performed in retical analysis. Therefore, the experimental and theoreti-
the current study, is a slightly different approach from cal results of Figs. &) and 3b) appear qualitatively
curvefitting the displacement amplitude and phase over different from equivalent results in the study of Frank
all values in the frequency domafrf! (see the Appen-  and Grodzinsk¥* who presented both analytical and ex-
dix). In the current study, by fitting in the time domain, perimental results that incorporate system compliance.
the material constants extracted from the curvefit were In this study it is found experimentally that interstitial
validated on the same sample by predicting the time- fluid pressurization develops at frequencies as low as
dependent response at other loading frequencies. 10 % Hz [Fig. 3©)]; thus, even a loading cycle which
As reported in our previous study,measurements of takes 2.8 h (10s) to complete results in significant in-
interstitial fluid pressure in cartilage can be performed terstitial fluid pressurization. It is reasonable to extrapo-
successfully as long as certain precautions are observedlate these results to physiological conditions in human
One of the most important aspects of these measure-diarthrodial joints by noting that all activities of daily
ments is to avoid the formation of air bubbles inside the living involve some amount of motion and deformation,
transducer since the compliance of these bubbles wouldat frequencies in excess of 1bHz, even in seemingly
inevitably cause a nearly complete loss of signal mea- static postures such as standing and sitting; the implica-
surement. Because of the small dimensions of the fluid tion of the experimental findings of this study is that a
chamber in the solid-state microchip transducer em- state of interstitial fluid pressurization is likely to occur
ployed in this study(a cylindrical hole 1 mm in diameter  at all times within normal articular cartilage, which may
and 1 mm deep, with the piezoresistive sensing elementhave important implications in our understanding of car-
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tilage metabolism and chondrocyte biology under physi- the case of a linear isotropic biphasic poroviscoelastic
ological conditions. This study complements previous re- material described by Mak a solution can be obtained
ports of interstitial fluid pressure measurements in by the same complex variables methdtf which has the
confined compression creep and stress-relaxdfidh.  form of Eq. (A1) with

Together, these studies strongly support the hypothesis

that fluid pressurization occurs under virtually all loading i27fh? 12
regimes of articular cartilage and that interstitial fluid B= 1+i2mfr ' (A2)
pressure effectively does not subside under loading. The Hakol 1+cClIn 2

agreement between theory and experiment reported in 1+i2mir

this study also provides support for theoretical analyses . )
of articular contadt>'%22 and experimental measure- wherec, 7, and 7, are three additional material con-
ments of cartilage frictioh?S which similarly refer to the stant_s describing th(_a.lntnnsm viscoelasticity of the solid
importance of interstitial fluid pressurization in the load Matrix. It can be verified that, wher=0 or 7, =175, the
support mechanism of articular cartilage. These findings solutu_)n reduces to the case of a linear isotropic biphasic
increase our understanding of cartilage mechanics andmaterial.
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