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Summary

Objectives: Cartilage displacement and strain patterns were documented noninvasively in intact tibiofemoral joints in situ by magnetic reso-
nance imaging (MRI). This study determined the number of compressive loading cycles required to precondition intact joints prior to imaging,
the spatial distribution of displacements and strains in cartilage using displacement-encoded MRI, and the depth-dependency of these mea-
sures across specimens.

Design: Juvenile porcine tibiofemoral joints were cyclically compressed at one and two times body weight at 0.1 Hz to achieve a quasi-steady
state loadedisplacement response. A 7.0 T MRI scanner was used for displacement-encoded imaging with stimulated echoes and a fast spin
echo acquisition (DENSE-FSE) in eight intact joints. Two-dimensional displacements and strains were determined throughout the thickness of
the tibial and femoral cartilage and then normalized over the tissue thickness.

Results: Two-dimensional displacements and strains were heterogeneous through the depth of femoral and tibial cartilage under cyclic com-
pression. Strains in the loading direction were compressive and were maximal in the middle zone of femoral and tibial cartilage, and tensile
strains were observed in the direction transverse to loading.

Conclusions: This study determined the depth-dependent displacements and strains in intact juvenile porcine tibiofemoral joints using dis-
placement-encoded imaging. Displacement and strain distributions reflect the heterogeneous biochemistry of cartilage and the biomechanical
response of the tissue to compression in the loading environment of an intact joint. This unique information about the biomechanics of cartilage
has potential for comparisons of healthy and degenerated tissue and in the design of engineered replacement tissues.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Knowledge of deformations within the cartilage of intact
joints is useful in the study of healthy and degenerated ar-
ticular cartilage. Mechanical signals regulate gene expres-
sion and protein synthesis1 and modulate the biosynthesis
and degradation of various cartilage constitutive macromol-
ecules2. Disruption of the structure and function of cartilage
is characteristic of degenerative joint diseases like osteoar-
thritis, and chondrocyte metabolism correlates with cartilage
degeneration3. In addition, restoration of physiologic strains
in regenerated cartilage can be used as a design endpoint
in the functional restoration by the engineered construct4,5.
Although important information about the deformation of
cartilage can be determined experimentally in explanted tis-
sue, the intact joint environment is of utmost importance to
the biological and mechanical behavior of articular cartilage.
Considering the prevalence of osteoarthritis and the need to
understand and replicate the unique properties of cartilage,
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the distribution of deformations and strains within the carti-
lage of an intact joint is of paramount importance to
determine.

Various techniques can characterize deformation within
tissue, but few are well-suited for determining deformations
in an intact joint. Biomechanics methods, such as indenta-
tion6e8 and video microscopy9,10, provide important infor-
mation about cartilage but typically assess cartilage only
after removal from the joint. Various imaging techniques,
on the other hand, can evaluate tissue less invasively. Ul-
trasound has been used to evaluate mechanical properties
during osmotic swelling11, with indentation7, and under
compression12. These techniques, however, still require
proximity of the probe to the tissue of interest, requiring ar-
throscopy when used for intact joints. Although micro-com-
puted tomography is capable of measuring the thickness
and biochemical degeneration of cartilage13, the authors
are not aware of any applications of this technique to visu-
alize depth-dependent deformation. Therefore, a truly non-
invasive technique remains preferable for the examination
of deformations within an intact joint.

Magnetic resonance imaging (MRI) is a noninvasive tech-
nique used previously to investigate the deformation of the ar-
ticular surface14,15 and cartilage volume changes16.
However, these techniques do not capture deformation

mailto:cpneu@purdue.edu


1462 D. D. Chan et al.: MRI for tibiofemoral cartilage strains
patterns within the tissue and provide only nominal strain in-
formation. Two other MRI techniques, cartilage deformation
by tag registration17 and phase-contrast MRI18 have been
used to evaluate the heterogeneous deformation patterns
within full-thickness articular cartilage explants. The phase-
contrast MRI method combines displacement-encoded im-
aging with stimulated echoes (DENSE) and a fast spin
echo (FSE) acquisition to provide displacements at sub-pixel
precision18 and has been demonstrated in a single intact
joint19. Because most MRI techniques require multiple excita-
tions to acquire data for a complete image, tissue must either
be statically loaded to equilibrium or cyclically loaded to
achieve a quasi-steady state loadedeformation response20.

The purpose of this study was to document depth-depen-
dent displacement and strains in the cartilage of intact tibiofe-
moral joints in situ. To this end, the specific objectives were
threefold. The first was to determine the number of loading
cycles required to achieve quasi-steady state loadedeforma-
tion behavior in intact porcine tibiofemoral joints for different
load levels. The second objective was to use DENSE-FSE
to determine two-dimensional deformations and strains
through the thickness of the tibial and femoral cartilage in
multiple joints. A final objective was to compare deformations
and strains across specimens to identify depth-dependent
mechanical behavior in response to cyclic compression.
Methods
SPECIMEN PREPARATION
Fresh-frozen young porcine legs (approximately 4 weeks old) were ob-
tained from a local abattoir and remained frozen until use. Subcutaneous
soft tissue further than 3 cm from the joint line was removed, leaving the
Fig. 1. Diagram of loading apparatus (A) and MR image of an intact porcin
compression of an intact tibiofemoral joint in an MR scanner. The position
ner and an imaged slice taken through the joint are shown. Loading was a

pneumatic cylinder. The inset box defines the cropp
diaphyses clear of tissue for potting with polymethylmethacrylate into cus-
tom-machined end caps, which were positioned with the tibial end cap con-
centric to the tibial intermedullary canal. Each specimen was secured within
the apparatus so that movement in all degrees of freedom, except compres-
sionedistraction, was restricted.
DESIGN DESCRIPTION
A loading apparatus was designed to cyclically compress an intact stifle
within a 7.0 T MRI scanner (Bruker Medical GmbH, Ettlingen, Germany).
The components of the apparatus were restricted to plastics and other
non-ferromagnetic materials, with no metal located within the radiofrequency
(RF) coil to minimize artifacts generated by local magnetic fields (Fig. 1). The
loading apparatus was computer-controlled by an electro-pneumatics sys-
tem17 and cyclic compressive loads were applied with a custom-modified,
double-acting pneumatic cylinder (Bimba Manufacturing Co, Monee, IL).
DETERMINATION OF CYCLES TO STEADY STATE
Eight joints were cyclically loaded with the custom apparatus for 1000 cy-
cles at two times body weight and 0.1 Hz to determine the number of cycles
required for quasi-steady state loadedeformation behavior. The specimens
were attached so that the tibia was fixed to the actuating piston rod, with
the femur fixed to the apparatus (Fig. 1). Loads of 156 N were applied to rep-
licate twice the body weight of a 4-week-old porcine (8 kg21) for 1.5 s each
loading cycle19,22. Displacements of the tibia relative to the femur were mea-
sured using a laser displacement sensor (LB-081/1101(W), Keyence Corpo-
ration, Woodcliff Lake, NJ) during the loaded portion of every third loading
cycle. These results were then compared to those of a previous study of
joints loaded at one times body weight over 800 cycles19. Additional cycles
were used for two times body weight because specimens subjected to higher
load levels were expected to require additional cycles to reach quasi-steady
state20. The specimens were considered to have reached a quasi-steady
state loadedeformation behavior when the linearly regressed slope of dis-
placement with respect to time fell below a predetermined slope criterion17.
In addition, a creep criterion required that, after quasi-steady state behavior
is achieved, the standard deviation (SD) of displacements could not exceed
half the spatial resolution17.
e tibiofemoral joint (B). The loading apparatus (A) allowed for cyclic
ing of an intact joint through the magnetic isocenter of the MR scan-
pplied to the tibia, which was held fixed to the actuating piston of the
ed field of view shown in subsequent images.



1463Osteoarthritis and Cartilage Vol. 17, No. 11
DISPLACEMENT-ENCODED IMAGING
Eight additional intact tibiofemoral joints were used for displacement-en-
coded imaging with DENSE-FSE. Imaging was performed on a 7.0 T MR
scanner with displacement-encoded imaging with stimulated echoes
(DENSE23) and an FSE acquisition18. After selecting a sagittal slice through
the widest part of the contact area in the medial condyle, cyclic compression
was initiated. Displacement-encoded imaging did not commence until spec-
imens were cyclically loaded for a number of cycles equal to the mean num-
ber of cycles required for quasi-steady state plus two SDs, as found above.
Standard FSE sequences (3000 ms repetition time, 21.6 ms echo time,
256� 256 pixel matrix size, 64� 64-mm2 field of view, 1.5 mm slice thick-
ness) allowed for an estimation of the cartilage-on-cartilage contact area in
both condyles.

The DENSE-FSE MRI sequence, employing image parameters as previ-
ously reported19, was synchronized with the loading cycles using an electro-
pneumatics control system (Fig. 2). During each 10-s cycle, a 90� RF pulse
was followed by a phase-modulated 90� RF pulse, with the phase of the sec-
ond RF pulse modulated to eliminate acquisition artifacts24. A displacement-
encoding gradient was then applied between the first two RF pulses. The
specimen was then loaded, and an equal displacement-encoded gradient
was applied during the loading plateau, following a third 90� RF pulse. Dis-
placement-encoded gradients were applied in frequency- and phase-encode
directions, which correspond to loading and transverse directions. Imaging
data were then acquired using FSE before the end of the loading plateau.
TWO-DIMENSIONAL DISPLACEMENTS AND STRAINS
Displacement and strain fields were determined in each of the eight juve-
nile porcine tibiofemoral joints using DENSE-FSE at one times body weight
(78 N), because not all specimens loaded at two times body weight met the
creep criterion (see Results). After image acquisition, software (Paravision,
Bruker Medical GMBH, Ettlingen, Germany) was used to select spline-fit re-
gions of interest that encompass the femoral and tibial cartilage in the
loaded joint to create image masks for data analysis. For each scan set,
RF-phase-modulated DENSE-FSE data were combined using the CANSEL
method24 prior to Fourier transformation. Phase was unwrapped using a re-
gion-growing algorithm, and the phase common to both reference and dis-
placement-encoded images was eliminated by subtraction to determine
displacement-encoded phase. Displacements for each pixel within the re-
gion of interest (Dx) were then directly calculated18. Strains were then com-
puted from smoothed discrete displacement fields using a maximum
likelihood estimation25 for the GreeneLagrange strain tensor as previously
reported19.
Fig. 2. DENSE-FSE imaging synchronized loading cycles and MR image
citation of the tissue and acquisition of image data, which occur before and

ened area of contact (white arrows) and also motion of surroun
To compare displacements and strains between specimens, the midpoint
between the most anterior and posterior points of tibiofemoral contact was
first identified. A line in the direction of loading and passing through the se-
lected midpoint was then selected within the tibial and femoral cartilage
[Fig. 3(B)]. Data along this line of interest were then interpolated using
a spline fit to determine the displacements and strain for every 10% of the
thickness through the cartilage. This allowed for displacements and strains
along this line of interest to be compared between specimens. The thick-
nesses of the femoral and tibial cartilage were also measured along this
line of interest. Both the sample mean and standard error were computed
for the contact area on both medial and lateral contact surfaces, the depth
of the cartilage along the lines of interest, and the displacements and strains
also along the lines of interest.
STATISTICS
An unpaired two-sample Student’s t test, assuming different variances,
was used to determine whether the number of cycles to steady state be-
tween one and two times body weight was significantly different. All data
are presented as a mean� standard error, unless indicated as SD.
Results
DETERMINATION OF CYCLES TO STEADY STATE
Loading at two times body weight resulted in a significant
increase in number of cycles to steady state (P< 0.01)
compared to loading at one times body weight, which had
required 224� 161 (SD) loading cycles to reach quasi-
steady state19. Joints loaded to two times body weight
met the predetermined slope criterion for quasi-steady state
at 434� 142 (SD) loading cycles. However, four specimens
loaded at this level did not meet the creep criterion, with
a SD of displacements greater than half the spatial resolu-
tion (125 mm) after the quasi-steady state criterion was met.
Therefore, joints in this study were cyclically loaded at one
times body weight for 546 (¼224þ 2� 161) cycles prior to
any imaging, and results from specimens imaged with two
times body weight cyclic compression were not reported.
actions. Displacement-encoded gradients were applied during ex-
during loading, respectively. The deformed specimen shows a wid-
ding soft tissue, especially the meniscus (black arrows).



Fig. 3. Displacements in the loading and transverse directions for
both the tibial and femoral cartilage included rigid body and internal
motion. Tissue displacements as determined along a line of interest
are shown with respect to the depth from the articulating surface
(A). The line of interest was located parallel to the direction of load-
ing and passed through the midpoint of the contact between the
femoral and tibial cartilage. Displacements in the transverse and
loading directions varied through the thickness. An MR image of
a representative specimen (B) indicates the position of the line of in-
terest as well as the locations of every 20% of the thickness of the

tibial and femoral cartilage.
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TWO-DIMENSIONAL DISPLACEMENTS AND STRAINS
Cartilageecartilage contact area through the medial
and lateral condyles as estimated to be 19.6� 2.2 mm2

and 23.6� 1.5 mm2, respectively, with an average com-
bined area of 43.1� 3.3 mm2. Tibial and femoral cartilage
depth through the selected lines of interest averaged
2.9� 0.4 mm and 5.9� 0.3 mm, respectively, resulting in
an average 0.5� 0.1 ratio of tibial to femoral cartilage
thickness.

Heterogeneous displacement fields were observed in
both the loading and transverse directions in femoral and
tibial cartilage for all specimens (Fig. 3). Displacements in
the loading direction in the tibial cartilage averaged
�2.2� 0.2 mm along the line of interest through the entire
depth of the tissue, although variations were seen in individ-
ual specimens. Femoral displacements in the loading direc-
tion increased in an absolute sense from �0.6� 0.1 mm at
the surface (0% depth) to �0.7� 0.1 mm at the subchon-
dral bone interface (100% depth). Femoral and tibial
cartilage displacements in the transverse direction along
the entire line of interest were 0.5� 0.2 mm and
0.6� 0.2 mm, respectively.

In one representative specimen (Fig. 4), strains were het-
erogeneous throughout the tibial and femoral cartilage.
Maximal transverse strains were along the line of interest
in the femoral cartilage but posterior to that line in the tibial
cartilage. Maximal strains in the loading direction and in
shear were found near the middle of the cartilage, also
slightly posterior to the line of interest.

For the sample of eight specimens, strains in the loading
direction were greatest at 50% of the thickness of the fem-
oral cartilage, at a value of �3.6%� 1.0%, and at 50% of
the total tibial thickness, with a value of �0.4%� 0.2%
(Fig. 5). Tensile strains in the transverse direction in the fe-
mur had a maximum of 3.0� 0.4% at 70% of the thickness
of the cartilage from the surface. The maximum transverse
strain in the tibial cartilage, at the subchondral bone inter-
face, was 2.6� 0.5%. Shear strains in the femoral cartilage
were also maximal at the subchondral bone surface with
values of �1.0� 0.3%. Shear in the tibial cartilage had
a maximum of �0.2� 0.2% at 50% of the depth.
Discussion

In this study, the heterogeneous two-dimensional defor-
mations and strains of intact juvenile porcine tibiofemoral
joints were determined using displacement-encoded MRI.
Synchronized imaging and cyclic compression allowed for
consistent image acquisition over multiple excitations after
specimens were brought to a quasi-steady state loadede-
formation response. Displacement-encoded phase data of
DENSE-FSE images were then used to determine deforma-
tion fields and compute strains. Displacement and strain
values along a line through the contact area were normal-
ized to the thickness of the cartilage for comparison.

Specimens were defined as having reached a quasi-
steady state loadedeformation response when their change
in displacement over the total imaging time did not exceed
half the imaging resolution20. True steady state loadedefor-
mation response can be achieved with cyclically loaded car-
tilage explants17, but was not seen in intact joints used in
this study, where there is a greater quantity and variety of
viscoelastic tissues under load20. Nevertheless, because
the joint achieves a quasi-steady state loadedeformation
response, it is reasonable to assume that all constituent tis-
sues of the joint have also reached this criterion. Because
the same quasi-steady state criterion was applied to sets
of specimens loaded at one and two times body weight at
the same loading frequency, the difference (P< 0.01) in
the number of compressive load cycles to achieve the de-
fined quasi-steady state lies in the differences between
loading conditions. However, imaging at loads of two times
body weight was excluded from this study because the en-
tire joint failed to meet the creep criterion after a quasi-
steady state response was achieved.

Reliability of DENSE-FSE can be expressed as the abso-
lute precision and bias of this technique in measuring dis-
placement and strain. The precision of DENSE-FSE is
65 mm in displacement and 0.2% strain19, with no significant
strain bias18. Because fluid motion could influence the mea-
surement of displacements, the rate of fluid displacement18

was estimated to be 0.53 mm/s, given an applied pressure
of 1.9 MPa (a conservative estimate using the cartilageecar-
tilage contact area) and average thickness of tibial cartilage
(2.9 mm). Because all imaging occurred within 1.5 s, fluid
motion was negligible compared to the image spatial resolu-
tion and did not bias measured displacements.

The heterogeneous strain patterns determined in this
study highlight the importance of the loading environment
of an intact joint to the strain distribution. In newborn bovine



Fig. 4. Normal strains in the loading and transverse directions and shear strains for a representative specimen under cyclic compression at
one times body weight. Displacements were noninvasively determined using DENSE-FSE, and then smoothed displacement fields were used
to compute components of the GreeneLagrange strain tensor at each pixel location. Strains in the loading direction indicate compression near

the tibiofemoral contact area, and tensile strains were observed in the direction transverse to the loading axis.
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cartilage explants compressed between porous platens, ax-
ial strains were highest at the superficial zone and de-
creased nonlinearly through a 1-mm layer of cartilage9,
although the full cartilage depth was not investigated. Other
Fig. 5. Normal strains (in the transverse and loading directions) and
shear strains varied with depth through the thickness of the carti-
lage. Strains were normalized to the thickness of the femoral and
tibial cartilage from the articulating surface. Interpolated data are
shown for every 10% of the thickness of the cartilage, with 100%

at the subchondral surface of the region of interest.
studies have demonstrated maximal strains in the loading
direction at the articular surface of juvenile26,27 and adult
bovine articular cartilage26. Another study showed axial
compressive strains to be maximal in the middle of the
full-thickness young bovine cartilage18. The current study
also found compressive strains highest in the middle of
the cartilage and lower at both the subchondral and articular
surfaces. As discussed below, factors including unique joint
geometry, heterogeneous material properties, and the role
of other soft tissues in the joint (i.e., menisci, ligaments) in
supporting and redistributing the load could affect the distri-
bution of strains in the loading direction.

Differences in peak strains and strain distributions in the
transverse direction are also observed. Explant studies
have shown that transverse strains are tensile and maximal
at the articular surface18,26,27. In contrast, the transverse
strains in this study, which were normalized to the depth
of the cartilage, showed maxima at the tibial subchondral in-
terface (Fig. 5) and within the thickness of the femoral car-
tilage, although transverse strains at all levels of depth were
similar. Averaging over all specimens likely minimized de-
tailed and individual strain features, perhaps also explaining
the small difference between depths in the averages of
transverse-direction strains.

Previous studies have also differed in their findings of the
shear strain distributions in cartilage. One study found that
shear was maximal at the subchondral interface of young
bovine cartilage27, while another found that the maximum
shear occurred at the articular surface of immature carti-
lage26. Yet another study showed that shear strains were
minimal through the thickness of the cartilage when com-
pared to the magnitude of strains in the loading and trans-
verse directions18. In our study, shear strains along the
line of interest were close to zero in the tibial cartilage
and were minimal in the femoral cartilage. Because shear
strain distributions indicate the degree of matrix distortion
during loading, smaller shear strains would be expected
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where cartilage is distorted less. Differences in shear strain
between depths were also small, similar to transverse-di-
rection strains.

Strain patterns were attributed in part to the loading envi-
ronment, as influenced by the geometry and mechanical
properties of the surfaces in contact. Previous experimental
studies were performed with explants in contact with flat
and nonporous18,26,27 or porous9 surfaces, which are signif-
icantly stiffer than tissue within the joint. In our study, all
structures within the joint were intact, preserving joint geom-
etry and cartilage contact with other tissues of the joint.
Therefore, contact with surrounding tissues, especially the
opposing cartilage and menisci, should be considered in
the comparison of strains in an intact joint vs an isolated
explant.

Another contributing factor to strain patterns could be the
age of the animals used in this study. The solid matrix be-
comes denser, tissue thickness decreases, and zonal var-
iations become more apparent at approximately 1e3
months in porcine28. Because the specimens in this study
lie in this age range, it is reasonable that zonal variations in
mechanical properties are not as well defined as those
observed in adults. Also, because this age range marks
a period of rapid changes in the joint, much of the variance
in displacements and strains can be attributed to
biological heterogeneity. Therefore, differences in contact
geometry as well as age- and depth-dependent cartilage
properties create a unique loading environment and could
explain the variations in measured peak displacement
and strains.

Compared to unconfined compression testing of a carti-
lage explant, the cyclic loading of intact tibiofemoral joints
poses a new array of challenges. As discussed previously,
the presence of other tissues in the joint affects the ability of
the entire joint to reach a quasi-steady state loadedeforma-
tion response20. As opposed to explant experiments, there
are various contacting surfaces in the joint, including the
cartilageecartilage and the cartilageemeniscus interfaces,
so load can be transmitted through soft tissues other than
cartilage. Therefore, loads are distributed differently within
an intact joint compared to unidirectional compression of
cartilage explants. Even between similar specimens, strain
patterns can differ due to biological heterogeneity, as dis-
cussed previously. Additionally, testing an intact tibiofe-
moral joint involves the application of load through the
tibia, and rigid body motion must be considered in the inter-
pretation of displacement results. This is especially impor-
tant if there is minimal contact between tibia and femur
during the unloaded portion of each loading cycle. The chal-
lenges in measuring the mechanical response of intact
joints, however, are offset by the advantages gained from
the nondestructive determination of depth-dependent dis-
placements within an articulating joint.

Determination of the deformations and strains of articular
cartilage in intact joints is useful in many respects. The
magnitude and variations in normal deformations and
strains of intact joints can be used as baselines in studies
comparing degenerated or damaged tissue in animal
models. In particular, evaluation of changes in intact joints,
rather than those in cartilage explants or tissue cultures,
can reveal changes unique to degeneration of the whole
joint. Comparison of the mechanical environment and tissue
remodeling could reveal mechanisms of interaction be-
tween physical signals and biochemical changes29,30.
Detailed deformation fields are also useful for determining
and reproducing the biomechanical stimuli that affect indi-
vidual chondrocytes, information that is particularly
advantageous in engineering tissues for articular cartilage
repair31.

MRI, and displacement-encoded imaging in particular, of-
fers various advantages in computing displacement and
strain distributions in cartilage. While optical imaging
methods are able to characterize deformations and strains
throughout the thickness of a tissue, these techniques re-
quire the isolation of tissue from its physiologic environ-
ment10,26,32. On the other hand, MRI is a noninvasive
technique that can be used to visualize the deformation of
tissue without disrupting its surroundings. Previous MRI
studies include those that compare the thicknesses of un-
loaded and loaded cartilage33,34, track the displacement
of taglines within the volume of the tissue27, and use texture
correlation to estimate deformation fields35. The change in
thickness or volume, however, does not fully characterize
the mechanical changes that occur within the tissue. Tag-
line tracing and texture correlation allow for identification
of depth-dependent characteristics, but interpolation re-
mains necessary to determine the motion of the entire re-
gion of interest, limiting these techniques in their
resolution. One of the chief advantages of DENSE-FSE is
that it enables the measurement of displacement for individ-
ual pixels throughout the tissue18.

Among a plethora of applications, determination of de-
tailed displacement and strain distributions is important for
the validation of mathematical models. Previous finite ele-
ment contact models of biphasic cartilage layers36e39

have provided insight into the modes of load support37,
the importance of anisotropic36 and depth-dependent38 ma-
terial properties, and the role of cartilage surface geome-
try39, despite simplifications of cartilage morphology and
contact geometry. Whole joint models offer additional infor-
mation about tissue contact within intact joints40e42, al-
though validation of the modeled mechanical response
remains difficult and has been constrained to nominal thick-
ness changes40. Heterogeneous tissue displacements and
strain distributions measured noninvasively and within in-
tact joints, such as those reported in this study, can thus
be used to validate future cartilage contact models26,42.

While DENSE-FSE has determined strains through the
thickness of intact joints, there are limitations that must be
considered as this technique is advanced. The joints used
in this study are from a juvenile animal model because of
the physical (small size) constraints of the MR system
used for this study. Despite studies that show similarity in
adult and juvenile strain patterns26, there may still be limits
to the applicability of the deformation and strain fields in ju-
venile joints in comparison with adult cartilage. To achieve
the quasi-steady state load-displacement response re-
quired for our study, a cyclic loading and unloading fre-
quency was used that was typically lower than that
observed during walking. Thus the deformations observed
herein may be different from those during walking. Addition-
ally, because a quasi-steady state is used as the defining
point for initiation of imaging, creep in the intact joint may
still occur over longer lengths of time depending on the
loading conditions. This was seen in joints cyclically loaded
at two times body weight (imaging results not presented)
when that group failed to meet the creep criterion. Another
limitation is the time required for the specimens to reach
a quasi-steady state response followed by imaging time
for a single slice of interest at an adequate signal-to-noise
ratio. More extensive comparisons of displacements and
strains between different joints are also necessary to better
distinguish variations in the cartilage loading environment
and mechanical properties. Lastly, although DENSE-FSE
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can be used to determine three-dimensional displacements
and strains, this study was limited to two-dimensions be-
cause of imaging time constraints. Three-dimensional strain
fields in the articular cartilage of an intact joint would be
a next natural step with displacement-encoded imaging.
Faster image acquisition is necessary to allow additional im-
ages to be acquired within reasonable times at the same
signal-to-noise. A faster imaging method would also im-
prove possibilities of translating this technique to in vivo
for human clinical research.

In conclusion, this study has characterized the heteroge-
neous two-dimensional deformation and strains in the
cartilage of intact juvenile porcine tibiofemoral joints.
Heterogeneous strain distributions are attributed to depth-
dependent properties of cartilage and the loading environ-
ment of an intact joint. Displacement-encoded imaging in
intact joints offers an improvement over previous studies
of cartilage explants and also provides more detailed defor-
mation fields compared to MR techniques that examine only
nominal changes. This method has potential for validation
of mathematical models and studies of damaged and de-
generated cartilage. Further development of displacement-
encoded imaging shows potential for in vivo research
because the noninvasive nature of MRI is well-suited for
longitudinal studies.
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