
easur-
efor-
lyze
truct
de-
to 1)
00 N
MRI

mate-
-state

aced
pneu-
cylin-
ples

time
ples

MR
ting
ith a

was
ges of
ed by
ber

9 for
cycle
e was
t,
With

create

ce-
C. P. Neu
Biomedical Engineering Graduate Group,

University of California at Davis,
Davis, CA

M. L. Hull1

Biomedical Engineering Graduate Group,
University of California at Davis,

Davis, CA;
Department of Mechanical and Aeronautical

Engineering,
University of California at Davis,

Davis, CA

Toward An MRI-Based Method to
Measure Non-Uniform Cartilage
Deformation: An MRI-Cyclic
Loading Apparatus System and
Steady-State Cyclic Displacement
of Articular Cartilage Under
Compressive Loading
Recent magnetic resonance imaging (MRI) techniques have shown potential for m
ing non-uniform deformations throughout the volume (i.e. three-dimensional (3D) d
mations) in small orthopedic tissues such as articular cartilage. However, to ana
cartilage deformation using MRI techniques, a system is required which can cons
images from multiple acquisitions of MRI signals from the cartilage in both the un
formed and deformed states. The objectives of the work reported in this article were
design an apparatus that could apply highly repeatable cyclic compressive loads of 4
and operate in the bore of an MRI scanner, 2) demonstrate that the apparatus and
scanner can be successfully integrated to observe 3D deformations in a phantom
rial, 3) use the apparatus to determine the load cycle necessary to achieve a steady
deformation response in normal bovine articular cartilage samples using a flat-surf
and nonporous indentor in unconfined compression. Composed of electronic and
matic components, the apparatus regulated pressure to a double-acting pneumatic
der so that (1) load-controlled compression cycles were applied to cartilage sam
immersed in a saline bath, (2) loading and recovery periods within a cycle varied in
duration, and (3) load magnitude varied so that the stress applied to cartilage sam
was within typical physiological ranges. In addition the apparatus allowed gating for
image acquisition, and operation within the bore of an MRI scanner without crea
image artifacts. The apparatus demonstrated high repeatability in load application w
standard deviation of 1.8% of the mean 400 N load applied. When the apparatus
integrated with an MRI scanner programmed with appropriate pulse sequences, ima
a phantom material in both the undeformed and deformed states were construct
assembling data acquired through multiple signal acquisitions. Additionally, the num
of cycles to reach a steady-state response in normal bovine articular cartilage was 4
a total cycle duration of 5 seconds, but decreased to 33 and 27 for increasing total
durations of 10 and 15 seconds, respectively. Once the steady-state respons
achieved, 95% of all displacements were within67.42mm of the mean displacemen
indicating that the displacement response to the cyclic loads was highly repeatable.
this performance, the MRI-loading apparatus system meets the requirements to
images of articular cartilage from which 3D deformation can be determined.
@DOI: 10.1115/1.1560141#
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Introduction

The experimental study of non-uniform deformation through
the volume~i.e. three-dimensional~3D! deformation! of articular
cartilage in response to loading is important to provide a comp
hensive understanding of the properties of the normal and
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eased tissue. Investigations of 3D deformation may provide
increased understanding of the process of mechanical signal t
duction, where the 3D deformation of the extracellular cartila
matrix influences the deformation experienced by individu
chondrocytes@1,2#. Experimental investigations of 3D deforma
tion may also be useful in the verification of various analytic
constitutive models@3# and computational models@4#. Moreover
investigations of 3D deformation may allow for the detection
possible disease sites in the tissue by identifying localized a
where the stiffness of the tissue has changed from normal@5#.

Methodologies that make use of magnetic resonance ima
~MRI! have demonstrated the ability to measure 3D cartilage
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formation noninvasively@6,7#. In contrast to previous experimen
tal methods designed to investigate depth-dependent properti
cartilage@8–10#, noninvasive MRI methods allow for experimen
tation without the use of excised samples. MRI methodolog
have been employed to measure surface deformations~i.e. depth
and volume changes! in cartilage both in vitro and in vivo
@6,7,11–18#. However, to our knowledge no MRI-based metho
ology has been developed to measure 3D cartilage deforma
throughout the volume of the tissue.

Unique motion-sensitive MRI pulse sequences, such
DANTE ~Delays Alternating with Nutations for Tailored Excita
tion! @19#, can potentially be used to identify and track the mov
ment of specific surface and interior points hence enabling n
uniform deformations to be determined throughout the en
cartilage volume. This pulse sequence provides the ability
‘‘tag’’ or label regions of tissue by locally perturbing the intrins
magnetization of the tissue with a combination of magnetic fi
gradients and radio-frequency pulses. The labeled tissue reg
~often appearing as a grid pattern of thintag linesin images! may
be tracked in sequential images and used to calculate deforma
Such techniques have been used primarily in cardiac applicat
@20–22#, but have potential for calculating deformation in sm
orthopedic tissues such as articular cartilage.

While MRI provides an exceptional opportunity to examine 3
deformation, the realization of an MRI-based method to meas
the 3D deformation of cartilage presents a unique set of c
lenges. An apparatus is required to load the tissue within the M
scanner and must be constructed from materials~e.g. nonferro-
magnetic! that do not introduce any image artifacts. Further,
apparatus must impose cyclic loading on the cartilage w
within an MRI scanner because a long period of time is requi
to image the thin cartilage~less than 5 mm thick on the tibia
plateau! at a high spatial resolution~e.g. 50mm!. For example, it
is estimated that a simple MRI fast spin echo acquisition of
data will take at least 16 minutes~repetition time: 3000 ms; phas
encode steps: 512; echo train length: 16; number of excitation
slices: 10!. However, the tag lines created using the motio
sensitive MRI pulse sequences, and thus the contrast necess
observe deformations, decay on the order ofT1 of the cartilage
~770 ms at 1.5 T, and greater than 1000 ms at 7.05 T@23#!. Be-
cause this time is considerably shorter than that required for
simple 3D MRI acquisition, the cartilage must be cyclica
loaded to allow for the acquisition of portions of the data need
for a complete 3D image during each loading cycle. Over ma
cycles, the portions of data can be assembled and processed
complete 3D images. Thus, one objective of this study was
design an apparatus that applies cyclic compressive loads an
erates in the bore of an MRI scanner. A second objective wa
demonstrate that the apparatus and MRI scanner can be suc
fully integrated to observe 3D deformations in a phantom mate
with MRI properties similar to that of articular cartilage.

A potential problem in applying this methodology to measu
cartilage deformation is that the tissue exhibits viscoelastic beh
ior ~e.g. stress relaxation and creep! @24#, and so motion artifacts
may obscure MR images assembled over many loading cyc
Consequently, the loading cycle must be carefully chosen so
the deformation between successive cycles is repeatable. Pre
investigations of cyclic creep indicate that after a number
cycles, biological tissues reach a steady-state, or repeatable d
mation, in response to an applied load provided that the reco
period is sufficiently long@25#. Accordingly, the number of load
ing cycles necessary to achieve the steady-state response
specific recovery period must be determined so that this num
of loading cycles can be applied prior to imaging. Image acqu
tion during cyclic loading will commence once a steady-state d
placement response has been achieved. Thus, the third obje
was to develop a method for determining the number of lo
Journal of Biomechanical Engineering
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cycles necessary to achieve a steady-state displacement res
for a viscoelastic material and to demonstrate the method u
samples of normal bovine articular cartilage.

Methods

Cyclic Loading Apparatus Design. An apparatus was de
signed as an electro-pneumatic system to cyclically load cartil
samples inside an MRI scanner~Fig. 1!. Pneumatically, the com-
ponents consisted of a compressor~T-150HP, Thomas Industries
Inc., Sheboygan, WI!, pressure servovalve~QB1TFEE100-S896,
Proportion Air, McCordsville, IN!, solenoid valves~S5SS9D, IR
Fluid Products, Bryan, OH!, and a custom double-acting pneu
matic cylinder. The operating pressure of the compressor was
at 0.76 MPa. The servovalve was capable of regulating the p
sure between 0 and 0.69 MPa to the solenoid valves and cylin
Additionally, the pressure servovalve was the key componen
the system, as it regulated the pressure to a60.2% full-scale
accuracy. Thus, the servovalve provided a consistent suppl
pressure to the cylinder and allowed for consistent subseq
loading of cartilage samples. This component also allowed for
controlled application of various loading magnitudes by varyi
its pressure output.

Electrically, the apparatus was controlled by a computer r
ning custom Visual C11 ~v6.0, Microsoft Corporation, Seattle
WA! and data acquisition software~NI-DAQ; National Instru-
ments Corporation, Austin, TX!. A counter was established usin
the NI-DAQ software to allow for precise timing~10 ms resolu-
tion! of events in the system. The computer directly provided
command signal~between 0 and 10 V! to the servovalve to contro
the pressure to pneumatic components, and indirectly provi
command signals~5 V! to the solenoid valves via electrical relay
to control the direction of air flow to the cylinder, as well as th
subsequent motion of the double-acting cylinder piston rod. T
computer also provided a command signal~5 V! to the MRI scan-
ner to trigger image acquisitions~discussed subsequently!. Fi-
nally, a laser system~LB1101, Keyence Corporation, Woodclif
Lake, NJ! was mounted to the apparatus to monitor displaceme
of the piston rod. This laser system has been shown in our la
ratory to measure displacement with a precision of62.4mm @26#.

A loading mechanism was designed to load the cartila
samples within the restricted bore of the MRI scanner~Fig. 1(B)).
The piston rod of the cylinder extended through a cantilever s
tion of the loading mechanism to the tissue sample holder wh
loading occurred. Ultimately, the tissue will be loaded within
small horizontal MRI scanner bore, which is approximately
mm in diameter, in a Biospec 70/30 system with micro-imagi
gradients~7.05 Bruker Medical GMBH, Ettlingen, Germany!. The
motion-sensitive MRI experiments to be described later were c
ducted on this system. With the loading mechanism interface
the MRI scanner, tissue samples~maximum geometry 21.6
318.0315.0 mm3) were placed at the scanner isocenter. If d
sired, then tissue samples could be submerged in a 0.15 m
sodium chloride solution to mimic thein vivo environment~Fig.
2~A!!. To fix the cartilage to the apparatus, the tissue sample s
chondral bone was attached rigidly using ethyl cyanoacrylate
an orthorhombic Delrin mount~geometry 21.6318.033.8 mm3)
~Fig. 2(B)). Additionally, a flat-surfaced and nonporous indent
was used to load the samples in unconfined compression.

The loading mechanism was constructed from materials
minimized the introduction of MR image artifacts. The cylind
was machined from Delrin, a material that has been used in
vious studies of static loading inside an MRI scanner witho
detrimental effects@7#. Additionally, rubber cylinder diaphragm
~KD-4L, Illinois Pneumatics, Roscoe, IL! were used with a mo-
lybdenum disulfide powder lubricant to provide a low-friction se
between the Delrin piston and the cylinder. However, other sys
components~e.g. compressor! were constructed from metallic
APRIL 2003, Vol. 125 Õ 181
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Fig. 1 Electro-pneumatic schematic „A… of the cyclic loading apparatus depicting the relation-
ship between electronic „gray dashed arrows … and pneumatic „black solid arrows … compo-
nents. Details of the loading mechanism are also shown „B…, including the pneumatic cylinder,
cantilever section, and sample holder. Rubber diaphragms „not shown … were used to provide a
low-friction seal between the Delrin piston and the cylinder. A laser displacement measurement
system „not shown … was also mounted to the apparatus.

Fig. 2 Photographs of a cartilage sample within the sample holder „A… and affixed to a Delrin
mount „B…
, APRIL 2003 Transactions of the ASME



Journal of Biom
Fig. 3 Timing diagram of the compressive load application and MRI signaling for two arbitrary
loading cycles. Load is applied once during each cycle with variable total cycle duration, re-
covery time, and interval of constant loading. A TTL signal is sent to the MRI scanner prior to
the onset of compression to trigger the DANTE pulse sequence and image the cartilage sample
both prior to and after deformation.
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components. These components were connected to the pneu
cylinder by plastic tubing greater than 2 m in length to ensure an
adequate and safe distance from the scanner.

The cyclic loading mechanism provided uniaxial compress
loads to the cartilage. In a typical experiment~Fig. 3!, the mecha-
nism compressed the cartilage to a maximum load of 400 N wh
was achieved approximately 200 ms after load application c
menced. This load magnitude was chosen because when ap
over a typical sample area of 100 mm2, a pressure of 4 MPa wa
created which can be developed easily on the tibial plateau o
human knee joint during walking@27,28#. The load magnitude
constant loading period, recovery time, and total cycle dura
were all variable and computer-controlled.

A series of experiments were performed to determine the r
tionship between the load developed by the cyclic loading mec
nism and the command signal given to the pressure servovalv
the computer. The load developed by the cyclic loading mec
nism was measured in three independent experiments in which
command signal magnitude to the pressure servovalve was s
2.5, 3.0 and 3.5 Volts. The mechanism compressed a load
rated at a maximum load of 1112 N~LC307-250, Omega Engi-
neering, Inc., Stamford, CT! ten times during each experimen
with a 5-second total cycle duration. The load magnitude w
averaged over all constant loading periods. The correlation c
ficient was calculated from the load versus command signal
using a linear regression analysis.

Integration of the Apparatus and MRI Scanner. Integra-
tion of the cyclic loading apparatus and MRI scanner was acc
plished via an electrical TTL trigger signal transmitted from t
apparatus to the scanner~Fig. 3!. This trigger signal synchronized
the DANTE pulse sequence and image acquisitions directly to
compression cycles provided by the loading mechanism. Sync
nization ensured acquisition of images with minimal motion a
facts. In a typical experiment~Fig. 3!, one signal was sent to th
MRI scanner prior to loading.
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A phantom material~Sylgard 527 Silicone Dielectric Gel, Dow
Corning, Midland, MI! was imaged in both the unloaded an
loaded states to demonstrate the functionality of the MRI-cyc
load apparatus system for creating images assembled ove
peated load cycles from which 3D deformations could be de
mined ultimately. This material hasT1 andT2 properties similar
to articular cartilage@29#. A phantom material rather than articula
cartilage was used because the phantom material can also be
to verify the 3D strain calculations ultimately of interest. Th
apparatus was configured for a 20 N cyclic load magnitude~for
the compliant gel! with a 5-second total cycle duration. The pha
tom material was imaged in an undeformed state just prior to
load application with a DANTE pulse sequence~to apply the tag
lines! followed by a fast spin echo pulse sequence to create
image of the tag lines in the phantom material. The phantom
then deformed with the applied load, and then imaged again w
a fast spin echo pulse sequence to capture the tag lines in a
formed state. The values of the DANTE and fast spin echo im
ing parameters are given in the caption of Fig. 6.

Load Cycle for a Steady-State Response.Cartilage samples
were tested to determine the load cycle to achieve a steady-
displacement response. Articular cartilage samples were harve
from the proximal metacarpals of four fresh-frozen normal ad
bovine specimens. The harvested sample geometry was app
mately 10.0310.0 mm2 cross-sectional contact area and 4.0 m
depth. The 4.0 mm depth consisted of approximately 2.0 mm
cartilage and 2.0 mm of underlying cortical bone. The corti
bone was not removed because it provided an effective rigid
face with which the sample was affixed to the apparatus. In
much as the modulus of cortical bone exceeds that of the carti
by more than 1000-fold@30#, the deformation of the bone contrib
uted negligibly to the deformation of the sample. Once harves
the samples were attached to the Delrin mounts and refriger
overnight prior to testing.

Cartilage samples underwent a specific unconfined and c
APRIL 2003, Vol. 125 Õ 183



184 Õ Vol. 125
Fig. 4 Response of a typical cartilage sample to cyclic loading. Data for every third cycle was
recorded and depicted. The slopes of two groups of cycles „3–30 and 57–84… are shown and
were used to determine the cycle at which the cartilage sample reached a steady-state re-
sponse. Based on a predetermined slope criterion described in the text, steady-state was de-
termined to begin at cycle 57. An expanded view of cycle 198 shows a small amount of creep
resulting from the period of constant loading.
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pressive loading history on successive days to determine
steady-state viscoelastic response to the apparatus~Fig. 3!. All
cartilage samples were loaded with 200 cycles on respective
with a 1.5-second interval of constant 400 N loading during e
loading cycle. The durations of the complete cycles were 5,
15, and 5 seconds on days one, two, three and four respecti
Between successive days, the samples were immersed in a s
solution and allowed to recover overnight in a refrigerator. B
cause the results of testing on days one and four were not diffe
~explained in the Results section!, the overnight recovery was
sufficient to fully recover the cartilage. The order of sample te
ing on any given day was randomized.

The number of cycles required to reach a steady-state visco
tic response in the cartilage samples was determined using a
determined slope criterion based on MR imaging parameters a
linear regression analysis to avoid motion artifacts in the imag
The independent and dependent variables for the regression a
sis were time and displacement, respectively. It was estim
previously that the total imaging time for a simple 3D MRI a
quisition was 16 minutes. Assuming that 32 phase encode s
~e.g. 16 from two different slices each with an echo time of 6
ms! can be acquired during each loading cycle, the period of d
analyzed during each loading cycle is only 217.6 ms, and the t
number of loading cycles required for the 3D acquisition is 1
~512@phase encode steps/slice#310 @slices#/32 @phase encode
steps/loading cycle#!. Further, we required that the total cycl
, APRIL 2003
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creep of the cartilage during the 160 cycles be no more than
mm, which corresponds to half of the desired high image spa
resolution of 50mm. The criterion for reaching a steady-sta
response in the cartilage was that the slope of the regre
data be less than 25@mm#/(total cycle duration@s/cycle#
3160@cycles#) where the total cycle duration was either 5, 10
15 seconds, depending upon the test.

Inasmuch as data was recorded for every third cycle, group
ten data cycles~i.e. 28 load cycles! were analyzed at a time usin
the aforementioned slope criterion and considered to represen
sample data. First the slope of cycles 3 through 30 was calcul
and compared to the slope criterion. If the slope was greater
the criterion, then the slope of cycles 6 through 33 was analyz
This process continued until the slope of a group of data cyc
was less than the criterion. At this point, the first cycle of t
group of ten was considered the cycle at which a steady-s
response was achieved in the cartilage. The analysis desc
herein is illustrated in Fig. 4, where the slope of the cycles
through 30 as well as 57 through 84 are superimposed on typ
data. The slope of the data for cycles 57 through 84 was less
the criterion, and thus the steady-state response for this partic
data began at cycle 57. Further, the variability of the displacem
data was investigated for all cycles for which the test was de
mined to be at steady-state. The range for which all of the d
placement data was within 95% of the mean displacement
calculated using plus and minus two standard deviations.
Transactions of the ASME
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verify that the cartilage samples were fully recovered on each
and to justify testing the cartilage on successive days, the me
of the number of cycles necessary to reach steady state on
one and four~i.e. the two tests with identical total cycle duration!
were compared using a pairedt-test.

Results
A linear and highly correlated relationship was found betwe

the load developed by the cyclic loading mechanism and the c
mand signal given to the pressure servovalve by the comp
~Fig. 5!. The highest standard deviation was 2.3% of the mean

Fig. 5 Graph illustrating the highly correlated relationship be-
tween the load developed by the apparatus and the command
signal sent to the pressure servovalve by the computer
Journal of Biomechanical Engineering
day
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en
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N load. Further, the standard deviation was approximately 1.8%
the mean 400 N load. These results indicate that cyclic cartil
loading may be accurately specified and controlled by the pres
servovalve.

Images of a phantom material were successfully captured w
the use of the system created by integrating the cyclic load
apparatus and the MRI scanner with the pulse sequences~Fig. 6!.
The DANTE parameters produced a grid pattern of tag lin
spaced approximately 1 mm apart. The fast spin echo param
rested in voxel dimensions of 783783500 microns3 and were
sufficient to demonstrate deformation of the phantom mater
The timing of the apparatus and MRI scanner allowed for
acquisition, assembly, and visualization of images depicting
material in undeformed and deformed states. From these im
data, detailed deformation information may be extracted.

Testing of the cartilage samples on successive days had n
fect on the results presented in this study. The mean numbe
cycles needed to reach a steady-state response on day one~5 sec-
ond total cycle duration! was 48.8610.8 cycles, and was nearl
identical to the 49.5618.2 cycles needed to reach a steady-st
response on day four~again, 5 second total cycle duration follow
ing 3 days of testing; p50.926). Thus testing of samples on su
cessive days was justified.

All of the cartilage samples tested (n54) reached a steady
state response to the three different unconfined and compre
load cycles~Fig. 4!. Qualitatively, the cartilage initially followed
an exponential creep curve, but then reached a plateau re
where no further noticeable creep occurred throughout the d
tion of the loading cycles. Also, an expanded view of the displa
ment versus time graph for the last cycle shows that less tha
mm of displacement occurred during the period of constant lo
ing.

The number of cycles needed to reach a steady-state respon
the cartilage samples depended upon the total cycle duration~Fig.
7!. For increasing total cycle duration, a decreasing numbe
cycles were needed in order to achieve a steady-state resp
Once the steady-state response was achieved, 95% (6 two stan-
dard deviations! of all data was on average within67.42mm of
the mean, indicating that the displacement response to the c
loads was highly repeatable. Of note, this range of data inclu
Fig. 6 Images of phantom material in undeformed „A… and deformed „B… states. DANTE tag
lines are seen to deform with the tissue, thus permitting the calculation of deformation on the
material surface and throughout the interior. DANTE imaging parameters were radiofrequency
„RF… pulses Ä20; RF pulse duration Ä4 ms; inter-pulse duration Ä100 ms; magnetic field gradi-
ent strength Ä20.0 Gauss Õcm. Fast spin echo imaging parameters were: TR Ä5000.0 ms; TE
Ä6.8 ms; number of echoes per TR Ä8; field of view Ä2.00Ã2.00 cm2; image matrix size Ä256
Ã256 pixels 2; number of excitations Ä1; slice thickness Ä0.5 mm.
APRIL 2003, Vol. 125 Õ 185
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creep over all cycles for which the cartilage samples were
steady-state, as well as the creep during each constant loa
period.

Discussion
This study was motivated by the need for detailed informat

regarding the non-uniform deformation of articular cartila
throughout the volume~i.e. 3D deformation! under compressive
loading. Recent MRI techniques have shown potential for
measurement of 3D deformation in small orthopedic tissues s
as articular cartilage. As steps in capitalizing on this potential,
objectives of this study were to 1! design and evaluate the perfo
mance of an apparatus to apply cyclic compressive loads and
erate in the bore of an MRI scanner, 2! demonstrate that the ap
paratus and MRI scanner can be successfully integrated to obs
3D deformations, and 3! develop a method for determining th
number of load cycles necessary to achieve a steady-state
placement response for a viscoelastic material and to demons
the method using bovine articular cartilage. The key results w
that ~1! the cyclic loading apparatus applied loads with high p
cision, 2! images of a phantom material in both undeformed a
deformed states were captured using an MRI scanner and the
paratus thus demonstrating the potential to measure 3D defo
tion in cartilage,~3! cartilage samples reached steady-state
sponse for all loading cycles specified herein, and~4! a decreasing
number of cycles were needed in order to achieve a steady-
response as the total cycle duration~and thus the recovery time!
was increased.

The apparatus provided repeatable loading within the magn
environment of the MRI scanner. The small standard deviat
~1.8%! of the mean 400 N load indicated that load-controll
compression was applied with good repeatability over many lo
ing cycles using this apparatus. Further, although a 400 N l
magnitude was used in this study, the load magnitude could
varied over a range of values. Based on the possible comm
signal values for the pressure servovalve~0–10 V range!, and an
extrapolation of the linear relationship found herein, it is reaso
able to expect that load magnitudes may be specified betwe
and greater than 1000 N, although the relationship between

Fig. 7 Graph illustrating the relationship between the number
of cycles needed to reach steady-state response in the carti-
lage samples and the total cycle duration
186 Õ Vol. 125, APRIL 2003
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command signal and load magnitude may not be linear over
entire range. Additionally, the demonstration of the MR images
the phantom material~Fig. 6! indicates that the apparatus fun
tioned and operated properly within the MRI scanner.

The cyclic loading apparatus used to cyclically load cartila
within an MRI scanner is unique in relation to previous cyc
loading apparatus designs. Previous designs have been im
mented using a cam and follower assembly@31# and a load cell
with microprocessor-based feedback@32#. Other designs have
been employed to examine the biosynthesis response of cart
during mechanical loading@33#. These previous designs wer
similar to the cyclic loading apparatus described herein in t
they allowed for the application of a wide range of loads~as high
as 500 N!. Additionally, the previous designs allowed for rap
loading~as short as 20 ms in one apparatus!. However, the previ-
ous designs typically employed metallic and electric compone
that rendered them inappropriate for our MRI application. A se
rate MRI-based study of cartilage deformation during static m
chanical loading employed a pneumatic apparatus constructe
part from Delrin @7#. In contrast to the apparatus used in th
study, our apparatus provides rapid and repeatable cyclic loa
required for the MRI application discussed herein.

The integration of the cyclic loading apparatus and MRI sc
ner with the pulse sequences to capture images of the phan
material in undeformed and deformed states has several imp
tions. First, the function of the apparatus was unaffected by
harsh MRI environment. Due to the design of the apparatus,
result was expected. Second, the phantom material used for d
onstration in this study can now be replaced by other mater
such as articular cartilage. When loaded appropriately and ima
using the MRI scanner with the pulse sequences, images ca
assembled which illustrate deformations of tag lines through
the volume of the cartilage.

Although it has been known for some time that biological t
sues reach a steady-state response to cyclic loading@25#, to the
authors’ knowledge the number of cycles needed to reach ste
state response for any loading cycle has not been specifically
termined in cartilage. One study investigating the deformation
sponse to cyclic loading of cartilage noted that specim
approached a steady-state response in as few as 200 cycles@34#,
although the specific number of cycles was not calculated. In c
trast to that study, we found that the number of load cycles
quired to reach a steady-state response was less than 50 fo
loading protocols specified herein, and that the number of cy
decreased as the total cycle duration~and hence the recovery tim
between cyclic loads! increased. Although the number of cycles
reach steady-state as a function of the recovery time was
known, this result was expected based on the viscoelastic beha
of the cartilage in unconfined compression where rapid relaxa
may be attributed to the ease of fluid flow from the tissue@35#.

The steady state response of the cartilage to the cyclic loa
applied by the apparatus is critical to the successful imaging of
cartilage within the MRI scanner. As mentioned previously, it
necessary that a sufficient number of preconditioning cycles
applied to the cartilage to avoid detrimental effects caused by
cartilage viscoelasticity which introduces motion artifacts in im
ages acquired over long periods of time due to creep. The ch
of such preconditioning cycles applied prior to imaging depen
on the relationship between the number of cycles until steady s
is achieved and the total cycle duration. Any of the three to
cycle durations studied here are appropriate to achieve a st
state response prior to imaging. However, a 5-second total c
duration is most appropriate if minimum total imaging time
desired. It is also important to apply more preconditioning cyc
than the mean listed due to the variability observed between
tilage samples. A conservative estimate is the mean numbe
preconditioning cycles needed to reach a steady-state resp
plus two times the standard deviation. This amounts to 77 prec
ditioning cycles for a 5-second total cycle duration.
Transactions of the ASME
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The usefulness of the steady-state data extends beyond the
application presented herein. The steady-state data may add
ally aid in the experimental verification of theoretical constituti
models describing cartilage viscoelastic behavior. Specifica
this data may be compared to either analytic or numerical res
of cartilage loading@4,35# in cyclic unconfined compression. Th
data presented is also valuable in experimental testing of carti
to determine material properties~e.g. compressive modulus durin
cyclic testing! where knowledge of the number of preconditionin
cycles prior to the steady-state response is necessary. How
the data is limited to normal bovine metacarpal cartilage expla
and further testing is required to determine the steady-state
sponse in either normal human or diseased cartilage.

One unexpected behavior of the cartilage displacement
sponse was that the nature of the response depended o
sample being tested. It was observed that the cartilage disp
ment response of the first sample tested on any given day did
match the exponential creep response of other samples show
Fig. 4. The creep response of the first sample was typically ex
nential for approximately 20–40 cycles, then linear for appro
mately 15–30 cycles, and finally exponential for 15–30 cyc
before reaching a steady-state response. The differences in
cartilage displacement response of the first sample tested ca
attributed to an altered loading behavior of the apparatus.
possibility is that friction in the pneumatic cylinder changed d
ing the initial loading cycles as the distribution of lubricant us
with the rubber diaphragms in the cylinder also changed. A
consequence of this behavior, no data from the first sample te
on a particular day in this study was included in the analysis.

The result that the displacement response of the first sam
tested on a given day was atypical has implications for the us
the apparatus when imaging cartilage in MRI experiments. O
implication is that an additional number of cycles need to be
plied prior to inserting the cartilage in the apparatus, thus allow
the apparatus to ‘‘warm-up’’ and hence avoid an unpredicta
displacement response in the cartilage. Additionally, this re
implies that the displacement response of the cartilage while in
MRI scanner should be monitored to ensure that the steady-
criterion has been met and that it remains satisfied. Accordin
the displacement response will be monitored using a fiber o
displacement sensor in future MRI experiments.

In summary, the contributions of this paper are as follows:

• The design of an MRI-compatible cyclic loading appara
was described and the performance evaluation demonstrated
highly repeatable cyclic loading and functionality in an MRI sca
ner.

• The cyclic loading apparatus was integrated with an M
scanner programmed with appropriate pulse sequences to pro
a system which provided images of a phantom material in both
undeformed and deformed states assembled from repeated a
sitions during cyclic loading.

• A methodology for determining a load cycle to achie
steady-state cyclic displacement of viscoelastic materials was
sented and the number of preconditioning loading cycles
achieve steady-state response in normal bovine articular cart
was determined for three different load cycles.

Based on these contributions, the foundation is now laid to
quire images of articular cartilage in the undeformed and
formed states and determine the corresponding 3D deformati
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