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Objective: This study aims to characterize the deformations in articular cartilage under compressive
loading and link these to changes in the extracellular matrix constituents described by magnetic reso-
nance imaging (MRI) relaxation times in an experimental model mimicking in vivo cartilage-on-cartilage
contact.
Design: Quantitative MRI images, Ty, T, and Ty, relaxation times, were acquired at 9.4T from bovine
femoral osteochondral explants before and immediately after loading. Two-dimensional intra-tissue
displacement and strain fields under cyclic compressive loading (350N) were measured using the
displacement encoding with stimulated echoes (DENSE) method. Changes in relaxation times in
response to loading were evaluated against the deformation fields.
Results: Deformation fields showed consistent patterns among all specimens, with maximal strains at
the articular surface that decrease with tissue depth. Axial and transverse strains were maximal around
the center of the contact region, whereas shear strains were minimal around the contact center but
increased towards contact edges. A decrease in T, and T;, was observed immediately after loading
whereas the opposite was observed for T;. No correlations between cartilage deformation patterns and
changes in relaxation times were observed.
Conclusions: Displacement encoding combined with relaxometry by MRI can noninvasively monitor the
cartilage biomechanical and biochemical properties associated with loading. The deformation fields
reveal complex patterns reflecting the depth-dependent mechanical properties, but intra-tissue defor-
mation under compressive loading does not correlate with structural and compositional changes. The
compacting effect of cyclic compression on the cartilage tissue was revealed by the change in relaxation
time immediately after loading.

© 2018 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

In vivo assessment of the mechanical behavior of articular
cartilage-on-cartilage contact under compressive loading could
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provide insights into cartilage mechanics in healthy and diseased
joints. In osteoarthritis, with disease progression, the mechanical
properties of the tissue change, affect the cellular response and
contribute to matrix damage. Therefore, non-invasive monitoring
of intra-tissue deformation could serve as a unique biomarker for
tissue damage and disease progression.

1063-4584/© 2018 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Articular cartilage is an anisotropic and inhomogeneous mate-
rial with depth-dependent mechanical properties due to variation
in composition and structure of the extracellular matrix. The depth-
wise variation in collagen orientation and concentration controls
the tensile and dynamic compressive stiffness of articular carti-
lage'?. Likewise, the depth-wise variation in proteoglycan con-
centration creates local variation in osmotic pressure and swelling
and is therefore primarily responsible for the static compressive
stiffness>>. Increased water content will decrease the aggregate
compressive modulus of cartilage®.

Depth-dependent mechanical behavior of articular cartilage is
often evaluated using optical imaging techniques, such as tracking
of fluorescently labeled cells®’ or image pattern tracking with
digital imaging correlation® ', However, these techniques are
invasive and require cutting the tissue through its thickness, to
expose the surface to be imaged. Consequently, the mechanical
response during loading is inherently hampered by the loss of
cartilage integrity and can therefore not easily be translated to
clinical applications.

To measure load-induced displacements, defined as the differ-
ence between the final and initial point in the tissue throughout the
cartilage thickness, magnetic resonance imaging (MRI) by tag
registration'>'> or displacement encoding with stimulated echoes
(DENSE)'*~'® have been used. Displacement encoding with stimu-
lated echoes (DENSE) MRI allows measuring intra-tissue displace-
ments from a fixed encoding time using the phase signal'>'°.
Previous DENSE studies with cartilage explants were performed
with indenters'4, which are significantly stiffer than cartilage tis-
sue. Therefore, cartilage-on-cartilage contact would be more real-
istic in mimicking the synovial joint, and thus more relevant when
studying cartilage pathology in vivo.

Furthermore, quantitative MRI relaxometry, relates to the
structure and composition of the cartilage matrix'”. The depth-wise
anisotropic T, signal has been linked to orientation changes in the
collagen network””?! and water content®”. Ty, strongly correlates
with changes in proteoglycan content’>>* and T; with the water
content?>%>,

It is intuitive to expect external loading of articular cartilage to
change the orientation of the collagen fibers, the concentration of
proteoglycans, and water shifts, which consequently may affect the
relaxation times. Several studies have documented a decrease of
717, 1,74, and T;,***" under applied loading. However, it is
less clear if these changes relate to the loading-induced mechanical
deformations and if they persist after loading.

The goals of this study are two-fold. First, we describe
displacement and strain patterns of cartilage-on-cartilage contact
in explants under cyclic compressive loading emulating in vivo
condition in a synovial joint. Second, the load-induced deformation
fields were related to local changes in the structure and concen-
tration of the cartilage constituents as reflected in Ty, T, and Ty ,. We
hypothesized that compressive loading would decrease T;, T, and
Ty, especially in the contact regions that experience high strains,
due to matrix compaction and water extrusion.

Methods
Sample preparation

Eight stifle joints from 9-month-old bovines were obtained from
a slaughterhouse within 1 day of slaughtering. The selection of this
age range was motivated by the comparable thickness of the bovine
cartilage to human cartilage and its good health®'. Osteochondral
explants with 30 mm diameter were harvested from the load-
bearing area of medial and lateral femoral condyles. The sub-
chondral bone layer of the explants was potted using bone cement

(VersoCit2, Struers, Denmark) for fixation in the sample holder.
After preparation, the explants were immersed in phosphate
buffered saline (PBS) and stored at 8°C for maximally 5 days.

Applied loading

A custom built loading apparatus was designed, similar to Chan
et al., 2009, to cyclically compress the two paired osteochondral
explants within a MRI system [Fig. 1(A)]. A double-acting pneu-
matic cylinder applied 350N compressive load (representing =0.33
times body weight) to the explants during 2.0 s constant loading
followed by 1.4 s unloading [Fig. 1(B)], inducing an average contact
stress of 2.78 + 1.47 MPa, representative for moderate activities of
daily living in humans>?. The explants were aligned with opposing
surfaces perpendicular to the loading direction; the lateral explant
served as the indenting explant and the medial explant was fixed.
To prevent dehydration and susceptibility artefacts at the cartilage
interface during imaging, the explants were submerged in
degassed PBS (sonicated for 30 min).

Before DENSE image acquisition, the osteochondral explants
were cyclically loaded for =500 cycles [Fig. 1(B)—(C)]. This resulted
in a steady state load-deformation response, with standard devia-
tion of the displacements below half the spatial resolution
(58.6 um) of the MRI image'%>.

MRI acquisition

All MRI data were acquired on a horizontal 9.4 T MRI system
(BioSpec 94/20USR, Bruker Medical GMBH, Ettlingen, Germany)
using a quadrature birdcage coil with a 72 mm internal diameter.

First, a high-resolution 2D T,-weighted RARE anatomical refer-
ence scan was acquired. Before and immediately after the loading
protocol, quantitative relaxation time measurements were
collected for a single image slice through the center of the cartilage
explants [Fig. 1(A)]. T; mapping was conducted using a variable
repetition time (TR) of 220, 350, 500, 1000, 2000, and 4000 ms with
RARE readout (RARE-VTR). T, was assessed through multi-echo
spin echo sequence with echo time (TE) of 11.5, 23, 34.5, 46, 57.5,
69, 80.5, and 92 ms. The spin-lock durations (TSL) of the Ty,
sequence were 10, 20, 40, 60, 80, 100, 120, 140, 160, and 180 ms.

A DENSE sequence measured the orthogonal cartilage dis-
placements during compressive loading (=1200 cycles). Two data
sets with a displacement-encoding gradient area of 2.55 /mm in
the x-direction and 1.92 t/mm in the y-direction were acquired. A
reference scan, without displacement-encoding gradient, was also
acquired to eliminate displacement-independent phase contribu-
tions. Each scan used four phase cycled repetitions for cosine and
sine modulation (CANSEL) to eliminate the anti-echo and T; decay
artifacts*®, and 40 averages to improve the SNR. For image readout,
a steady-state free precession (SSFP) sequence was used. An over-
view of all acquisition parameters and scan durations can be found
in supplementary table S1.

Image reconstruction and data analysis

Both opposing cartilage layers were manually segmented in the
DENSE and relaxation images using the polygon selection tool in
Image]>. Pixel-by-pixel maps of the relaxation time constants were
determined to the equations below using a Levenberg—Marquardt
mono-exponential curve-fitting algorithm® in Python 3.4.1 (Py-
thon Software Foundation, https://www.python.org/):

S(TR) = So(1 — exp(~TR/Ty))
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Fig. 1. A) Schematic diagram of the loading apparatus and imaging space. B) The loading profile was gated with the protocol for the displacement encoding with stimulated echoes
(DENSE) imaging to ensure precise timing; the encoding gradient was applied prior to loading at 0.15 s. After the mixing period (0.15—-0.65 s), the displacement images were
acquired during the loaded phase (0.65-2 s). C) Quantitative imaging protocol; anatomical scan (RARE), relaxation measures (Tq, T, Tq,) and displacement encoding with
stimulated echoes (DENSE) during compressive loading: =500 cycles of pre-loading were applied followed by =~ 1200 cycles during DENSE imaging.

S(TE) = Spexp(—TE/T,)

S(TSL) = Spexp( — TSL/Ty,)

where S is the image signal at a given time point —TR for T; maps,
—TE for T, maps or —TSL for Ty, maps, and Sy the initial magneti-
zation. Variation in T, throughout the cartilage depth was analyzed
to verify maturation®.

The DENSE raw data were processed off-line using MATLAB
(20153, The Mathworks, Natick, MA). The phase-modulated data
were recombined using CANSEL?® to isolate the displacement-
encoded echo, before applying a two-dimensional inverse Fourier
transform. Subsequently, first-order phase correction of the
opposing cartilage layers was performed on the reference scan and
applied to the displacement-encoded images. Next, the corrected
phases were unwrapped using a region-growing algorithm®’ with
manual correction of pixels which presented +27 difference with
its neighbors. Phase differences between the reference scan and the
displacement-encoded scans were converted into transverse (dX)
and axial displacement (dY). Displacements were smoothed using a
two-dimensional robust locally weighted linear regression method,
with matrix size of 256. Strains were then computed using a
maximum likelihood estimation of the deformation gradient
tensor>®, Green-Lagrange strain data were reported as transverse
(Exx) and axial components (E,y), with the corresponding shear
strain (Exy).

Cartilage thickness was computed perpendicular to the
segmented articular surface. Each surface was divided in seven sub-
regions of equal width as function of the transverse location with
five zones describing the contact area (CA1 — CA5) and two adja-
cent zones without contact (NC1 & NC2) (Fig. 2). In view of the
limited spatial resolution, three parallel cartilage layers of equal
thickness (2—4 pixels per layer) were identified throughout the

cartilage depth based on the cartilage masks; superficial zone (SZ),
middle zone (MZ), and deep zone (DZ). In each subdivision, dis-
placements, strains and relaxation measures were averaged to
compare regional trends between explants across the transverse
location and tissue depth.

To evaluate deformation, the average cartilage thickness profile
across the contact area before and after loading was compared
using a paired samples t-test.

To analyze the cartilage deformation parameters (dX, dY, Exx,
Eyy, Exy), a repeated measures linear mixed-effects (LME) model
with explant (medial/lateral), transverse location (NC1, CA1-CA5,
NC2), tissue depth (SZ, MZ and DZ), and their interactions as fixed
effects, with medial explant, the central contact region (CA3) and
DZ as reference categories and using subjects as grouping variable.
The model was fitted using maximum likelihood estimation. The

I D7 | |MZ | | sz

NC1 CA1

CA2 CA3 CA4 CA5 NC2

Fig. 2. Locations of the cartilage sub-regions used for statistical analysis of displace-
ment and strain distributions in both explants (medial — top, lateral — bottom of the
image). Comparisons were made at three tissue depths; deep zone (DZ), middle zone
(MZ) and superficial zone (SZ) and at different transverse locations; two zones without
contact (NC1, NC2) and five zones that describe the contacting area (CA1-CA5).
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interaction terms were only retained when the full model did show
significant interactions. The coefficients of the regression model
were reported as significantly different from zero at 5% significance
levels.

Similarly, differences in relaxation times (AT, AT,, and ATy,)
before and after loading, with respect to depth, transverse location,
and explant, were compared. To account for individual differences,
between subject variation was modeled as a random effect.

To evaluate the association between the change in cartilage
composition and structure immediately after loading and the tissue
deformation during compressive loading a two-tailed Pearson's
linear correlation test was used. For all three tissue depths, the
strain fields were correlated to the difference in relaxation times
before and after loading, including the average values for each
transverse location to account for the measurement noise. Given
clustering of the data, the assumption of independence has been
violated and no P-value can be reported.

All statistical processing was performed with MATLAB (2015a,
The Mathworks, Natick, MA).

Results

The average contact region between the two indenting explants
was 13.45 + 2.48 mm, applying an average contact stresses of
2.78 + 1.47 MPa (assuming a circular contact area). After loading,
the average cartilage thickness decreased significantly from
1.77 + 0.35 mm to 1.67 + 0.31 mm (P = 0.003) (Fig. 3).

Figure 4 represents displacements (A), strains (B) and relaxation
times before (C) and immediately after loading (D) in a represen-
tative sample.

The average axial displacement was maximal (83.65 + 35.75 um)
at the middle of the cartilage—cartilage contact region and
decreased significantly towards the edges of the contact region (CA1,
CA5) and non-contacting regions [Fig. 5(D)—(F)]. The transverse
displacements left from the central contact region (CA2) were
significantly lower compared to the central contact region whereas
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Fig. 3. Average cartilage thickness throughout the contact region before and imme-
diately after loading.

the regions to the right (CA4, CA5 and NC2) were significantly higher
[Fig. 5(A)—(C)]. Tissue in the non-contacting region was deformed as
well, especially in the transverse direction. Displacements in axial
and transverse direction were significantly higher in the SZ
compared to the DZ. The transverse displacements in the lateral
explants were significantly higher compared to the medial explant,
while the opposite was observed for axial displacements (Fig. 5(C)
and (F)).

For the transverse displacements, two-way interactions were
found for location and layer, explant and location, and explant and
layer. The axial displacements main effects presented an interaction
between layer and location. These interaction effects are described
in supplementary fig. S1.

The magnitudes of axial (Eyy), transverse (Eyx) and shear (Eyy)
strains displayed depth and location varying distribution
[Figs. 4(B) and 6]. Overall, the magnitude of the tensile transverse
and compressive axial strains were highest at the center of the
cartilage—cartilage contact region and decreasing towards the
contact edges. Regions without contact and CA1 region presented
significantly lower transverse and axial strains compared to the
middle contact region [Fig. 6(C) and (F)]. Highest shear were
found between the center of the contact region and non-
contacting areas, where the strains were lowest. Only CA2 and
NC1 present a decrease in shear strains compared to the contact
center [Fig. 6(I)]. The strains decreased with depth from the
articular surface. However, only the axial and transverse strains
were significantly higher in the SZ compared to the DZ. The shear
strain in the lateral cartilage explant was significantly lower
compared to the medial explant [Fig. 6(I)]. No significant differ-
ence between both explants was observed for the transverse and
axial strains.

The main effects of the transverse strains were subjected to
interactions between location and layer and explant and location.
Shear strains presented negative interaction between explant and
transverse location. No interaction effects for compressive strains
were observed. The interaction effects for transverse and shear
strain are presented in supplementary fig. S2.

Immediately after loading, the T, and Ty, decreased, whereas
the T; increased [Figs. 4(C and D) and 7]. The decrease in T, and T,
was significantly higher for the MZ and SZ compared to the DZ. The
T; of the SZ was significantly less increased in the SZ compared to
the DZ [Fig. 7(A)—(C)]. The absolute change in T, and T; were
higher for the non-contacting areas compared to the central con-
tact region, however only significant for one side [Fig. 6(C) and (I)].
For the other locations and T, no significant changes were observed
[Fig. 7(F)]. The lateral explant presented significantly lower abso-
lute change in Ty, and T;. The main effects of all changes in relax-
ation times were subjected to significant interaction effects
between explant and tissue depth (supplementary fig. S4).

The intercept term, reflecting the between subject variation was
significantly different from zero, in all deformation and relaxom-
etry linear mixed models, indicating variability between samples
(supplementary Fig. S1, Fig. S2, Fig. S4). five explants showed
variation in T, indicative of a five layer structure, the remaining
three showed a seven layer structure (supplementary fig. S3(B)).

At group level, strains presented no correlations with the
observed changes in relaxation times, independent of tissue depth.
A complete overview of the correlations terms between relaxation
parameters and strains is presented in Table I.

Discussion
The objectives of this study were to evaluate the displacements

and strains of intact bovine articular cartilage under physiological
loading conditions and to evaluate their effect on cartilage structure

Please cite this article in press as: Zevenbergen L, et al., Cartilage-on-cartilage contact: effect of compressive loading on tissue deformations and
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A Transverse displacement (dX)

| I

0.15mm -0.1

B Transverse strain (Exx)

0 3500 ms 0

Axial strain (Eyy)

Axial displacement (dY)

Shear strain (Exy)

-10 0 10%

150ms 0
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Fig. 4. Two-dimensional displacement (A), strain (B) and Ty, T, and T;, relaxometry data before (C) and after loading (D) within the articular cartilage layers of a representative
sample. The displacements and strains were determined by DENSE during cyclic compressive loading along the Y-axis. The top cartilage layer represents the medial osteochondral
explant (static) and the opposing layer the lateral explant (indenting). The Ty, T, and Ty, relaxometry maps were acquired before and immediately after loading using variable

repetition time (TR), echo time (TE) and spin-lock durations (TSL), respectively.

and composition through displacement-encoded MRI synchronized
with compressive loading and quantitative MRI relaxometry (Tq, T
and Ty,). This approach allows to maintain tissue integrity under
unconfined compression and to study extended cartilage-on-
cartilage contact region.

In agreement with studies in bovine and human'®, hetero-
geneous displacement and strain fields throughout the cartilage
were observed, with axial and shear strains being larger than the
transverse strain. This can be explained by the higher tangential
tensile modulus of articular cartilage compared to its axial
compressive modulus>°. These findings seems to contradict other
studies that report minimal shear strains compared to the axial and
transverse strains by evaluating one line of interest at the middle of
the contact®'46, In this study, we observed similar results at the
contact center. However, evaluating a broader region of interest, the
importance of shear strain during compressive loading becomes
evident.

10,11

Within the contact zone of approximately 13.45 mm, maximal
axial and minimal transverse displacements were observed
around the center. Moving towards the edges, axial displacements
decreased but transverse displacements increased. Consequently,
axial and transverse strains were compressive and tensile,
respectively, in the contact region with their maximum around the
contact center, showing the expected Poisson effect. As a result,
the shear strains were near zero around the center of the contact
region but increasing towards the edges of the contact zone. These
findings agree with the observed strains in the human patellofe-
moral joint” during cartilage-on-cartilage contact where tissue
integrity was sacrificed and the in vivo results of a tibiofemoral
joint!>18,

The largest gradient in shear strain was observed at the edges of
the contact region, indicative of expansion away from the center of
pressure. This confirms that not only tissue in the contact region
but also adjacent tissue plays an important role in redistributing

Please cite this article in press as: Zevenbergen L, et al., Cartilage-on-cartilage contact: effect of compressive loading on tissue deformations and
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Fig. 5. Transverse (dX) and axial displacements (dY) at selected regions of interest in the medial (A&D) and lateral cartilage layers (B&E). Displacements were calculated at different
tissue depths (DZ = deep zone, MZ = middle zone, SZ = superficial zone) for different transverse locations (NC1, NC2 = non-contacting areas, CA1 — CA5 = contact zone) (Fig. 3).
Data are expressed as mean + standard deviations, n = 8. Pane C and F represent the linear mixed effect model estimates describing the spatial distribution of the transverse and
axial displacements. The horizontal lines represent the 95% confidence intervals for the main parameter estimates, the corresponding P-values are given on the right vertical axis.
Each model included tissue depth (DZ, MZ, SZ), transverse location (NC1, CA1-CA5, NC2) and explant (med-lat) as fixed effects and subjects as a random effect. The medial explant,
central contact region (CA3) and DZ served as reference categories. A negative estimate value indicates that the compared parameter is lower than the reference parameter. The
interaction effects and intercept for the described models are presented in supplementary material figure S1.

the applied loads. The transverse displacements and shear strains
indicate lateral expansion of the tissue shearing away from the
contact point, even towards the non-contacting areas. Especially
the superficial tissue bulges towards the zone without contact
inducing significantly higher displacements and strains in this zone
compared to the DZ. The circular shape of the non-congruent
femoral condyles in the absence of surrounding tissue (in partic-
ular the menisci), may over-emphasize this effect. However, it
mimics the in vivo situation more than experiments where cartilage
is indented using an indenter with different mechanical properties
than native cartilage. The location-dependency of the strain fields
under unconfined compressive loading emphasizes the importance
of larger explants or in vivo whole-joint analysis.

A significant depth-dependent variation in compressive axial
and shear, but not transverse tensile strain was found. The maximal
compressive strain in axial direction is located at the articular
surface and decreases significantly towards the cartilage-
subchondral bone interface. This corresponds with previous
studies in young®'® and adult"® bovine articular cartilage and re-
flects the increased compressive modulus of cartilage with distance
from the articular surface®”1°,

In contrast, minimal increase in transverse tensile strains from
the DZ towards the SZ were found. This effect can be related to a
depth-dependent decrease in intrinsic tensile modulus from the
articular surface. This property is mainly controlled by the depth-

wise variation in collagen fibril orientation. Our results therefore
suggest that the orientation of the collagen network is optimized
such that the cartilage has a greater uniformity in tensile strains
parallel to the articular surface through the thickness of the artic-
ular cartilage layer. Similar findings in immature and mature
cartilage have been observed®?!>15,

Comparable with axial compressive strain, elevated shear
strains were found in the SZ decreasing towards the DZ. This is in
contrast with studies on mature articular cartilage®'> that re-
ported the opposite shear strain distribution. Our results are
however in agreement with observed shear strain distribution in 6-
week-old immature bovine cartilage®. Therefore, the relative
immaturity of the bovine explants (9 months) in our study needs to
be taken into account when interpreting the cartilage behavior, as
discussed below.

Relaxation times were measured before and immediately after
loading to investigate the effect of loading history on collagen
concentration and orientation (T3), proteoglycan content (T7,) and
water content (T; and Ty). Our study presented a decrease in T, and
Ty, relaxation time throughout the cartilage depth immediately
after loading, conform to previous studies?®%3? but in conflict with
Nebelung et al., 2017%’. The conflicting results between studies may
be attributable to differences in study design (e.g., in vitro/in vivo),
specimen selection, age, loading regimen, imaging protocol, and
segmentation approach.
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Fig. 6. Green—Lagrange strains; transverse (Exx), axial (Eyy) and shear (Eyy) at selected regions of interest in the medial (A, D&G) and lateral cartilage layers (B, E&H). Strains were
calculated at different tissue depths (DZ = deep zone, MZ = middle zone, SZ = superficial zone) for different transverse locations (NC1, NC2 = non-contacting areas, CA1 —
CA5 = contact zone) (Fig. 3). Data are expressed as mean + standard deviations, n = 8. Pane C, F and I represent the linear mixed effect model estimates describing the spatial
distribution of the transverse, axial and shear strains. The horizontal lines represent the 95% confidence intervals for the main parameter estimates, the corresponding P-values are
given on the right vertical axis. Each model included tissue depth (DZ, MZ, SZ), transverse location (NC1, CA1-CA5, NC2) and explant (med-lat) as fixed effects and subjects as a
random effect. The medial explant, central contact region (CA3) and DZ served as reference categories. A negative estimate value indicates that the compared parameter is lower
than the reference parameter. The interaction effects and intercept for the described models are presented in supplementary material figure S2.

Immediately after the loading, we observed a significant change
in cartilage thickness, which suggests compaction of the solid
matrix. Additionally, during the different loading cycles (=1700
repetitions) the interstitial water content could be redistributed
within the matrix or extruded to the surrounding fluid. Indeed, the
decrease in T, reflected the extrusion of water content’” and
altered orientation of the collagen fibrils>®?!, especially in the SZ.
The reduction of Ty, suggests a relative increase in proteoglycan
concentration’>>* as the cartilage volume was reduced due to the
loading protocol and water was extruded from the cartilage, rather
than an actual increase in proteoglycan concentration. Contra
indicative for these findings is the increased T; after loading, which

positively correlates with the water content®”. This suggests that

water concentration was increased within the tissue, especially in
the DZ of the medial explant [Fig. 7(A) and (C)]. This suggests that
following loading, part of the interstitial water content was moved
to the DZ instead of being extruded from the cartilage surface given
the differences in permeability throughout cartilage depth*!. The
increased T in the superficial and MZ might be due to partial re-
covery of the cartilage after the applied loading*?, although con-
flicting with previous observations under compressive loading”®?.

In this study, we found differences in MRI relaxation measures
and deformation patterns between the medial and lateral explant
under similar loading conditions. These differences could be

Please cite this article in press as: Zevenbergen L, et al., Cartilage-on-cartilage contact: effect of compressive loading on tissue deformations and
structural integrity of bovine articular cartilage, Osteoarthritis and Cartilage (2018), https://doi.org/10.1016/j.joca.2018.08.009




8 L. Zevenbergen et al. / Osteoarthritis and Cartilage xxx (2018) 111

A oz vz [ sz c AT, p-value
800 f
_ 0 med-lat —— <0.0001
2 Ea00}
2, NC1 — 0.001
< 0 CA1 —— 0.06
s s . s s : : CA2 —f— 0.49
B CA3 CA4 —_— 0.83
CA5 — 0.11
_ NC2 t—— 0.10
S
(0]
5 pz MZ — 0.06
sz —_— 0.0004
-400  -200 0 200 400 600
D F AT, p-value
_ o 0 med-lat ——— 0.32
S £
T — _ L
2 20 NC1 —_— 0.78
T ol CA1 . 0.93
CA3 CA2 —_— 0.86
E CA4 —_— 0.79
0 CA5 —_— 0.79
= NC2 —_— 0.73
S £
Q = _ L
T 20 Dz MZ —_— 0.0009
T 40l S7 —— <0.0001
-15 -10 -5 0 5
G | ATy, p-value
_ med-lat — <0.0001
©
©
ke NC1 — 0.03
CA1 —_— 0.07
CA2 — 0.52
H CA3 CA4 —_— 0.08
CA5 — 0.47
_=2@ 0 NC2 — 0.12
S E
[0]
T 40 D7 M2 — 0.0001
< Sz —— <0.0001
-80 | | | | | . . [ L L L . .
S T 2 02 F 2 08 40 30 20 -10 0O 10 20
pd (@) (@) (@) (@) (@} pd

Estimate [ms]

Fig. 7. Difference in cartilage Ty, T, and Ty, relaxation times (immediately after — before loading) at selected regions of interest in the medial (A, D&G) and lateral explant (B, E&H).
Relaxation parameters were calculated at different tissue depths (DZ = deep zone, MZ = middle zone, SZ = superficial zone) for different transverse locations (NC1, NC2 = non-
contacting areas, CA1 — CA5 = contact zone) (Fig. 3). Data are expressed as mean =+ standard deviations, n = 8. Pane C, F and I represent linear mixed effect model estimates
describing the spatial distribution the relaxation time difference (ATy, AT, & ATy,). The horizontal lines represent the 95% confidence intervals for the main parameter estimates, the
corresponding P-values are given on the right vertical axis. Each model included tissue depth (DZ, MZ, SZ), transverse location (NC1, CA1-CA5, NC2) and explant (med-lat) as fixed
effects and subjects as a random effect. The medial explant, central contact region (CA3) and DZ served as reference categories. A negative estimate value indicates that the
compared parameter is lower than the reference parameter. The interaction effects and intercept for the described models are presented in supplementary material fig. S4.

Table I

Pearson's linear correlation coefficients between the average changes in relaxation
time (AT, AT, and AT,,) at the three different tissue depths (deep zone (DZ),
middle zone (MZ), superficial zone (SZ)) before and immediately after loading and
the respective average strains (Exx, Eyy, Exy). Data from all explants at different re-
gions of interest are pooled together (n = 80). None of the correlations were sta-
tistically significant

AT] ATZ AT] P

DZ MZ Sz DZ MZ Sz DZ MZ Sz
Exx 002 -010 -009 0.12 -011 -0.02 0.10 0.06 —0.05
Eyy, 007 0.03 0.08 0.13 -0.16 0.15 -0.06 -0.09 -0.00
Exy 021 -018 -0.15 022 0.03 0.20 0.11 0.14 -0.10

attributed to the anatomical variation in composition and me-
chanical properties among various regions in the knee joint*.
However, we have to take into account that during the deformation
measurements the lateral explant was indenting towards the
medial explant. During this movement, it might be that the explant
was slightly tilted due to the impact. Since no movement artefacts
were observed in the DENSE images, the movement was consistent
during the loading and did not jeopardize the displacement results.
Nonetheless, this effect may explain some of the described inter-
action effects for the deformation parameters, most clearly
observed in the shear strains, and contribute to the observed
variability across samples.

Please cite this article in press as: Zevenbergen L, et al., Cartilage-on-cartilage contact: effect of compressive loading on tissue deformations and
structural integrity of bovine articular cartilage, Osteoarthritis and Cartilage (2018), https://doi.org/10.1016/j.joca.2018.08.009




L. Zevenbergen et al. / Osteoarthritis and Cartilage xxx (2018) 1-11 9

Finally, this study is the first to relate the strain patterns under
compressive loading to the spatially varying changes in T;, T, and
T1, immediately after loading. Unexpectedly, although the strain
patterns and relaxation times changed after loading, for none of the
three tissue layers correlations were found. This finding seems to
suggest that despite the large tissue deformations occurring,
immediately following loading the tissue recovers towards a new
equilibrium state that is not directly related to the deformations
observed during compressive loading. Recently, Linka et al., 2017
reported correlations between T, differences and the matrix con-
stituents and fiber orientations calculated using a computational
model during static compressive loading. In contrast, our data
shows that difference in relaxometry data before and immediately
after loading cannot be used as a surrogate of cartilage mechanics
during cyclic compressive loading.

A first confounding factor explaining the variability in defor-
mation patterns as well as relaxometry measures is the age of the
animals used in this study. Although the animals did not reach full
skeletal maturity at 9 months*’, most of them presented similar
structural organization as shown by the variation in T, throughout
depth (Fig. 53)°¢. The development of the collagen architecture,
formation of pyridinoline crosslinks and local changes in proteo-
glycan distribution during maturation increased the tensile and
compressive modulli*®**” and affect the MR relaxation times*S.
Therefore, the mechanical response of developing articular carti-
lage under similar loading would result in higher strains compared
to skeletal matured tissue. Furthermore, it could be hypothesized
that the lack of a fully calcified cartilage layer in the immature
tissue will limit the anchorage of the cartilage to the subchondral
bone, reducing the shear strains in the DZ. On the other hand, the
division of the cartilage depth in three equal zones may obscure
depth-specific variation. To better describe this variation, increased
spatial resolution of the MRI images is needed.

A second set of confounding factors contributing to the vari-
ability across samples, relates to the MRI protocol. The orientation
and shape of the articular surface with respect to the applied
magnetic field could add to the spatial variability in relaxation
times across samples, especially T,*°. However, this influence is
expected to be minimal as the orientation of the explants before
and after loading was similar, and the curvature of the explants was
small*®. Additionally, the role of temperature effects resulting from
thermal exchange during magnetization needs to be further
elucidated. A temperature change will alter relaxometry measures
as documented in water and agarose constructs’’. The phenomena
may therefore obscure the local changes due to loading and induce
more overall change in relaxometry parameters, as observed in this
study especially in T;. To date temperature effects in articular
cartilage are not documented.

In conclusion, we demonstrated here that displacement enco-
ded imaging combined with relaxometry (T;, T, and T;,) can
noninvasively monitor the cartilage biomechanical properties and
biomarkers indicative of biochemical content over time. As such
early symptoms of cartilage degeneration could already be associ-
ated with changes in cartilage mechanics and constitution prior to
morphological signs at joint level. This would allow earlier and
targeted treatment. The deformation fields reveal complex defor-
mation patterns reflecting the depth-dependent mechanical
properties under cartilage-on-cartilage compressive loading. The
effect of cyclic compressive loading on the compaction of the
cartilage tissue is reflected in the change in relaxation time
immediately after loading. This unique experimental model could
be used to study cartilage pathology (e.g., defects, osteoarthritis), in
a controlled environment. Furthermore, the results of this study
could be used to validate computational models that calculate tis-
sue deformation.
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