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Abstract

The topographical distributions of the zonal properties of articular cartilage over the medial tibia
from an experimental osteoarthritis (OA) model were evaluated as the function of external loading
by microscopic Magnetic Resonance Imaging (UMRI). T2 relaxation times and cartilage
thicknesses were measured at 17.6um resolution from 118 specimens, which came from thirteen
dogs (six 8-week and seven 12-week after surgery), with and without mechanical loading. In
addition, bulk mechanical modulus was measured topographically from each tibia surface. The
total thickness decreased significantly under the external loading, in which the relative thickness
of the superficial zone (SZ) and the transitional zone (TZ) increased whereas the radial zones
(RZs) decreased. In the bulk data, T2(55°) decreased significantly (p<0.001) at all OA-time-
points, but T2(0°) decreased without significance (p>0.05) at 8-week. Complex relationships were
found in the zonal tissue properties as a function of external loading with the progress of OA. T2
in the superficial zone changed more profoundly than the same properties in the radial zone as the
function of external loading at all OA time-points. This study confirms that the OA affects the
load-induced changes in the molecular distribution and structure of cartilage, which are both
depth-dependent and topographically distributed. Such detailed knowledge of mechanobiological
changes in specific tibial cartilage zones and locations with OA progress could improve the early
detection of the subtle softening of cartilage that accompany pre-clinical stages of OA.
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1. Introductions

Degeneration of cartilage is a hallmark of osteoarthritis (OA), which is the most common
type of arthritis (Murphy L, 2008). Since articular cartilage is a load-bearing tissue
(Alhadlag and Xia, 2004, 2005; Brama et al., 2009a; Eckstein et al., 2002), compressive
loading on cartilage can introduce some complex consequences (Chen et al., 2001), resulting
in various changes in the molecular environment and ultrastructural network of the tissue
(Lee et al., 2014a). Since the mechanical properties of cartilage are closely related to the
degradation of cartilage, a sensitive technique for non-destructively detecting the structural,
topographical, and functional changes in cartilage would be invaluable for the diagnostic
monitoring of OA progression and for the efficacy evaluation of OA treatment.

MRI has been used extensively in cartilage imaging, including the parameters and protocols
of T2 relaxation, T1rho relaxation, sodium MRI, and gadolinium-contrasted imaging
(Fragonas et al., 1998; Xia, 1998; Xia and Elder, 2001). T2, the spin-spin relaxation time,
reflects the dynamic motion of the water molecules in cartilage and is sensitive to the
interactions of water with the macromolecules (mainly collagen fibers and proteoglycans),
which monitors the integrity and anisotropy of the extracellular matrix (Xia, 1998). For
example, T2 value was found to increase in OA cartilage, which reflects the loss of
proteoglycan and softening of the tissue (Alhadlaq et al., 2004; Dunn et al., 2004; Jones et
al.; Stahl et al., 2007). Correlation between T2 and the mechanical properties of cartilage
were also established in both human and animals (Lee et al., 2014a; Nissi et al., 2007;
Wayne et al., 2003).

Two major difficulties in cartilage imaging are its complex topographical variations and its
strong depth-dependent properties. The topographical variations refer to the fact that all
cartilage measurements (including biomechanical and biochemical properties of articular
cartilage) are known to vary with different locations on the surface of a single joint
(Alhadlag and Xia, 2005; Alhadlag et al., 2004; Brama et al., 2009b; Jurvelin et al., 2000;
Lee et al., 2014a; Weiss et al., 1968; Xia, 2000; Xia et al., 2003). The depth-dependent
(zonal) properties refer to the anisotropic and nonlinear profiles of many cartilage properties
across its thin thickness (Alhadlaq and Xia, 2005; Alhadlaqg et al., 2004; Lee et al., 2014a),
which are caused largely by the spatial structure of the collagen matrix in cartilage from the
superficial zone (SZ), to the transitional zone (TZ), to the radial zone (RZ). Since
mechanical modulus in cartilage is depth-dependent, the responses to external loading in
cartilage must also be depth-dependent (Alhadlag and Xia, 2005; Alhadlaqg et al., 2007;
Alhadlag et al., 2004; Xia et al., 2008). Consequently, the response of cartilage to external
loading should be both topographically and disease dependent (Lee et al., 2014b), which
implies the need of high resolution imaging in such study. Understanding that T2 is highly
sensitive to the early progression of OA when the tissue is not compressed (Alhadlag et al.,
2004), we hypothesized in this project that the strain-dependency of the zonal properties of
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cartilage T2 could predict the biomechanical properties of degenerated cartilage. We aimed
to investigate the loading-induced modifications to both topographical and depth-dependent
properties of cartilage (tissue thickness and T2) in meniscus-covered and uncovered areas on
the medial tibia of the canine knee at different OA time-points of the experimentally
developed disease.

2. Materials and Methods

2.1. Cartilage specimens

With the approval of local institutional review committees, thirteen skeletally matured dogs
underwent the anterior (cranial) cruciate ligament transection (ACLX) in one knee. The
contralateral knees of all animals received no surgery. The dogs were sacrificed 8-week (6
dogs) and 12-week (7 dogs) post-surgery. As such, the OA-time points of the specimens
were: 8X: the specimens from the 8-week post-surgical knees, 8C: the specimens from the
8-week contralateral knees, 12X: the specimens from the 12-week post-surgical knees, and
12C: specimens from the 12-week contralateral knees. (In addition, the data of 61 specimens
from 14 healthy knees from the previous control study were also used in the compative
analysis (Lee et al., 2014a).) From each medial tibial plateau, five rectangular specimens
(3.0x2.5x4~5 mm3) were harvested (Lee et al., 2014a). All specimens were immersed in
saline with 1 mM gadolinium (Magnevist, Berlex, NJ) at 4°C until imaging. The specimen
was placed at room temperature (~20°C) for about 4 hours before UMRI. A total of 118
specimens from 26 medial tibias were imaged twice before and after loading, both times
inside a 4.34-mm glass tube (Alhadlaq and Xia, 2004; Lee et al., 2014a). The tissue loading
was carried out manually in a custom-made non-magnetic loading device (Alhadlaq and Xia,
2004; Lee et al., 2014a).

2.2. Biomechanical protocols

Before harvesting the individual specimens from the tibia, a single step indentation
experiment was performed on all thirteen intact joint surfaces. An approximately 10-grams
load was applied to the tissue surface by a 5 mm diameter round-tip indenter that was
attached to the actuator of an EnduraTec ELF 3200 system (Bose, Eden Prairie, MN). The
compressive elastic modulus was calculated at the five testing locations using the equation
proposed earlier in the literature (Hayes et al., 1972). Since the indentation rate was
generally between approximately 2 and 10 grams per second, an assumed Poisson’s ratio of
0.5 was chosen to simulate an incompressible material (Mow et al., 1989).

2.3. pMRI protocols

UMRI experiments were carried out using a Bruker AVANCE 11 300 spectrometer with a
vertical-bore superconducting magnet (7T/89mm) and a micro-imaging accessory (Bruker
Instrument, Billerica, MA). Using a magnetization-prepared T2 sequence (Xia, 1998), T2-
weighted images were acquired at two orientations (0° and 55°, between the surface normal
axis and the magnetic field direction) at the same slice location of the specimen, both before
and after loading. The echo time of the contrast segment had five increments for both at 0°
and 55° (Unloaded: 2, 8, 20, 40, 80 or 90 ms; Loaded: 2, 18, 40, 80, 120 or 2, 18, 40, 70,
100 ms); the echo time of the 2D mapping segment was 7.2 msec. T2 was calculated pixel-

J Biomech. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 4

by-pixel by a custom routine using a single exponential fitting in MatLab (the MathWorks,
Natick, MA). FOV was 4.5 mm; matrix size was 256x128; slice thickness was 0.8 mm;
transverse resolution was 17.6 pm.

2.4, Statistical Analyses

Four sub-tissue zones were defined along the depth of cartilage: Sz, TZ, the upper radial
zone (RZ1) and the lower radial zone (RZ2) (Lee et al., 2014a; Lee and Xia, 2013; Xia et al.,
2001). T2 values were averaged in all sub-tissue zones, as well as over the entire tissue as
the bulk. If the shape of T2(0°) profile did not resemble a typical bell-shape, the zones were
divided using the averaged relative zonal thickness at each location from the bell-shape
T2(0°) profiles from a related study (Lee et al., 2014b). The strain level was determined by
the difference between unloaded and loaded total thickness. Only paired data from the same
specimen that was imaged twice, once loaded and once unloaded, were analyzed. To
determine the modifications to the topographical and zonal variations due to the external
loading, (1) a student t-test was performed between each parameter before and after loading
at each OA-time-point (paired) and (2) differences of each parameter before and after
loading between 8X vs 8C, 12X vs 12C, and 8X vs 12X; and (3) one way ANOVA test with
Bonferroni was performed for differences of each parameter among N vs 8X vs 12X. A p-
value of less than 0.05 was considered an indication of statistical significance. The
difference of T2 values due to loading was normalized. Using the linear regression
correlation method, the normalized strain-dependent T2 was plotted as a function of the
strain; and the slopes and correlation r-values were measured. The slopes were compared to
determine the topographical variations of the zonal properties of cartilage while it was being
loaded.

3. Results

3.1. Morphological Observations

Fig 1 showed a set of the T2 images from an 8-week OA (8X) specimen, a 12-week OA
(12X) specimen, and a normal (N) specimen (Lee et al., 2014a) at 0° and 55° both before (a,
b) and after (c, d) loading. At 0°, most specimens had a typical laminar appearance of
cartilage, regardless of loaded or not. At the magic angle (55°), which minimizes the dipolar
interaction to spin relaxation, all unloaded cartilage (8C, 12C and most of 8X and 12X) had
homogeneous appearance that was similar to the normal cartilage, while some 8X and 12X
cartilage surface appeared fibrillated.

3.2. The Depth-dependent Profiles of Cartilage With and Without Loading

Fig 2 shows a representative set of the T2 profiles at 0° (a) and 55° (b), from the same
specimen (an 8X specimen) at both unloaded and loaded (L) states. All T2(0°) profiles of N,
8C, 12C specimens and most T2(0°) profiles of the 8X specimens had the bell-shape curve;
in contrast, many T2(0°) profiles of the 12X specimens lost the shape (i.e., the initial dip in
T2 profile), indicating surface fibrillation. When the OA progressed from normal to 12X, the
values of T2 at both 0° and 55° increased. The values of loaded T2 at both 0° and 55°
decreased significantly (relative to the unload tissue), more reduction near the cartilage
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surface than those near the bone interface. In addition, the depth of the peak location of the
highest T2 value in the 0° profiles increased towards the deep tissue with loading.

3.3. Averaged Strain Dependencies of the Zonal Properties of Cartilage

The zonal averaged T2s from the meniscus-covered 8X specimens were compared in Fig 3,
between the paired unloaded and loaded tissues. A gentler slope in these plots means that T2
reduces more when the tissue is compressed (i.e., the tissue is easier to be deformed by the
strain). Several trends can be recognized. (1) The slopes of the linear fit were less than 1 at
all zones and bulk for both 0° and 55°, indicating a reduced T2 when the tissue is
compressed. (2) The largest reduction of T2 was in the surface tissue, consistent with the
fact that surface tissue is softer than the deep tissue. (3) The least reduction of T2 is in the
deepest tissue (RZ2), clustered nearly perfectly around the slope = 1 line, indicating little
reduction upon the amount of compression. (4) The bulk values, being averaged over the
entire profiles, clustered and spread closer to the diagonal line, (T2 at 0° having a
slope=0.94 while T2 at 55° having a slope=0.83). Table 1 summarizes the zonal properties
of articular cartilage at all topographical locations, the average strain values for the tissue
blocks, and the averaged bulk moduli values for the whole medial tibia. General conclusions
with regarding to the average changes of the zonal properties of the tissue as the function of
the strain can be identified. (1) Zonal T2 values: T2(0°) in all zones as well as bulk
decreased when loaded; T2(55°) values in all zones as well as the bulk decreased
significantly except TZ (p=0.147), RZ1 (p=0.347), and RZ2 (p=0.734) of 12C and RZ2
(0.324) of 12X. These trends can be better understood when referring to Fig 2, which
showed a distinct difference in the lower half of the tissue between 0° and 55° orientations.
(2) Thickness: both SZ and TZ increased while both RZ1 and RZ2 decreased when loaded,
in both absolute thickness and relative thickness at all OA-time-points. The relative
thickness of SZ and TZ increased significantly except 12X (p=0.075) and those of RZ1 and
RZ2 significantly decreased at all OA time points. These changes were due to the non-linear
compression of the depth-dependent collagen matrix. (3) Modulus: both 8X and 12X had
lower modulus than their contralateral specimens. Interestingly, the modulus of both groups
of contralateral specimens had larger standard deviations than their OA groups, indicating
more heterogeneous stiffness in the contralateral tibias.

3.4. Topographical Variations of the Strain Dependencies of the Zonal Properties of

Cartilage

Fig 4 showed the differences of the zonal T2 due to the tissue loading as the function of OA
progression, in the meniscus-covered and uncovered areas at both orientations. T2
differences were significantly increased with OA in SZ for both the covered and uncovered
areas. Between 8X and 12X, T2 differences due to the tissue loading showed significantly
different while those between Contralateral and OA were not significantly different. At each
OA time-point, the differences of T2(0°) were the largest in the surface tissue (SZ) and
smallest in the deepest tissue (RZ2), which agrees with the non-linear trend of the
mechanical modulus in articular cartilage. Fig 5 shows the linear regression correlation
plots, for zonal T2 ratios as the function of strain. Each regression plot contains
approximately two segments: a sloped segment (0-30%) and a nearly constant segment
(over 30%). All slopes in the sloped segments were measured from the fitted lines; their
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values and the correlation r-values were summarized in Table 2. Several features can be
identified from the correlation analyses. (1) T2: The trends of T2 reduction due to the
external loading were consistent for all OA-time-points at both 0° and 55°, which were also
consistent with the normal tissue (Lee et al., 2014a). The T2 values reduced in the bulk and
in nearly all zones except RZ2 of 8C. For T2(0°), the covered area had steeper slopes when
compared to the uncovered area at all OA-time-points except the bulk of 8X. For bulk
T2(55°), the covered area had gentler slopes when compared to the uncovered area at all
OA-time-point except 12C. (2) The relative thickness: All SZ and TZ have the positive
slopes while all RZ1 and RZ2 have the negative slopes, which confirmed the understanding
of the zonal change in cartilage under loading. The differences of the slopes between the
covered and uncovered areas of all OA tissues were smaller than those of the contralateral
tissues.

Fig 6 visually summarizes the bulk values of T2(0°) slopes in Table 2 and the mechanical
modulus of the specimens from Table 1. The distribution of the slopes can be divided into
three groups. Group A only contains the covered areas in both contralateral tissues as well as
the healthy tissue, which are well separated from the other two groups of specimens and
show that the same amount of T2 changes occur at much higher modulus. In contrast, the
uncovered areas in both contralateral and healthy tissues (group B) have lower modulus. The
same is true for both covered and uncovered areas of the OA specimens (group C, having
8X and 12X specimens), which also had lower modulus when compared to the healthy
tissue. There was no significant difference between the covered and uncovered areas in the
OA tissues.

4. Discussion

Load bearing ability of articular cartilage is the primary function of the tissue in the organ
(joint), which is weakened by OA progression. A simple external loading of cartilage would
lead to both strain- and depth-dependent modification of many molecular concentrations,
structures, and interactions in the extracellular matrix of the tissue (Buckwalter and Lane,
1997), caused primarily by the deformation of the collagen structure and the loss of water
and ions from the tissue. While the effects of loading on bulk measures of cartilage with OA
have been studied, the effect of loading on the zonal properties in cartilage with OA is
largely absent (Herberhold et al., 1998; Mizrahi et al., 1986; Nag et al., 2004; Xia et al.,
2011), due to the requirement of high resolution in non-destructive imaging. In a previous
study of healthy cartilage, SZ of the tissue would found to deform greatly and with minimal
resistance compared to RZ of the same tissue (Lee et al., 2014a), due to the depth-dependent
mechanical modulus of articular cartilage. This study aimed to characterize the strain-
dependent zonal properties of the medial tibial cartilage at different stages of early OA in the
ACL surgery model, which is likely to cause topographically distributed damage to the
surface tissue.

4.1. Strain dependencies of the relative thickness in OA tissue

The trends of the thickness changes of the OA tissue at most OA-time-points were found to
be similar to the trends of the normal tissue (Lee et al., 2014a), that is, the relative
thicknesses of the surface cartilage (SZ, TZ) increased when the tissue was loaded, and the
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relative thicknesses of the deep cartilage (RZ1, RZ2) decreased due to loading. These
changes reflected the fact that the collagen fibers in the upper part of the radial zone (just
under TZ) were flattened under compression and hence increased the portion of the tissue
that contained the horizontal fibers, which compensated the reduction of the original surface
tissue (Alhadlag and Xia, 2004, 2005). This resulted in the reduction of the absolute
thickness of the two radial zones. Topographically, the relative thicknesses of SZ and TZ
cartilage in the uncovered area were also found to increase more than the covered area in the
8-week group (8X); however, the trend was reversed at 12-weeks OA specimens (12X). In
most cases, the differences of the slope of relative thickness between the uncovered and
covered areas decreased with OA (except TZ of 8X). These topographical variations of the
depth-dependent deformations in OA cartilage have been observed in previous studies
(Alhadlaq et al., 2004; Mow and Guo, 2002), where the bulk compression caused different
strains at different tissue depths. Since a steeper slope can be interpreted as the tissue being
more deformable with strain, our results indicated that (1) the collagen matrix of SZ was
more deformable in the uncovered area than the covered area when the tissue was healthy,
and (2) the difference in the resistance to deformation became smaller between the covered
and uncovered areas with OA progression. These two experimental observations could be
interpreted collectively as the following. When cartilage is healthy or in early OA, there are
differences in cartilage deformability between the uncovered and covered areas on tibia
(since not all tibial locations have the same compressive modulus). The progression of OA
degrades the tissue, which will cause more damage to the harder part of the tibial surface.
Consequently, the differences in the resistance to deformation would become smaller
between the covered and uncovered areas with OA progression.

4.2. Strain dependencies of T2 in OA tissue

T2 relaxation reflects the mobility of protons in the water molecules of the tissue, modulated
by the interactions between water and macromolecules, mainly the orientation and packing
of the collagen fibers in the tissue. Early OA cartilage is known to have decreased
proteoglycan contents, deteriorated collagen network, and increased water contents. All
these degradation events will increase the mobility of water in OA tissue, which can be
detected by the elevate T2 values in OA cartilage. An external loading on cartilage would
cause the tissue to lose its water (and ions), modify its collagen orientation, increase the
solid concentrations and increase the molecular interactions between water and
macromolecules. All these loading events will reduce the mobility of water in OA tissue,
which causes the reduction of T2 values in cartilage. Consequently, the influences of an
external loading to OA cartilage will have competing effects to T2.

Due to the minimization of the dipolar interaction, the T2(55°) profiles are more
homogeneous (c.f., Fig 2) and response more uniformly to loading compared to the T2(0°)
profiles. Indeed, the slopes of the T2(55°) measurements are universally negative for all
tissues in both 8-week and 12-week groups (except RZ2 at 12C). In contrast, the slopes of
the T2(0°) measurements contain more complex trends, which are further influenced
differently by the degeneration of cartilage. When averaged together, the slopes of the bulk
T2 at the magic angle were steeper than those of 0° at 8 weeks, which was the same as in the
normal tissue (Lee et al., 2014a). This consistent trend from the healthy to 8-week post
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surgery suggests that the highest sensitivity of T2 to loading occurs when the tissue is
oriented at the magic angle, when the nuclear dipolar interaction in cartilage is minimized.
When the tissue is oriented at 0°, the nuclear dipolar interaction has the strongest influence
to spin relaxation, which could overshadow any small T2 change due to loading and OA. In
contrast, at 12-week OA, the slopes at 0° were steeper than those at the magic angle, which
suggests that the sensitivity of T2 to loading can be changed in OA development, likely due
to the deformation of the collagen fibril network in the diseased tissue. In addition, the
superficial and transitional zones have the largest changes due to loading at all OA-time-
points, which reflects again the depth-dependent mechanical modulus of the tissue. These
load-induced trends of T2 relaxation and relative thickness could be used in both clinical
diagnostics to detect the tissue softening due to lesions and mechanical testing to measure
the tissue stiffness.

4.3. Experimental limitations and assumptions

Several limitations and assumptions in this complex project should be considered when
interpreting our results. First, we used the averaged relative zonal thickness data from the
typical bell-shaped T2(0°) at each OA time point, when a T2(0°) profile lost this bell-shaped
curve (due to the disruption of collagen fibril network), since any disruption should still be
at the early stages and hence the zonal proportions like to change little. Second, the loading
of the cartilage specimen in our UMRI experiments was done manually. To compare the
profiles and values of different samples, which would be under different strains, we plotted
the T2 data from various strains as the rates of the T2 changes vs. strains (Fig 5); then we
fitted a slope to the changes that is strain independent. Third, the loading rate of the bulk
mechanical experiment (EnduraTec instrument) did not stay constant for each test because
displacement of the indenter was manually controlled. Therefore, a mean load rate was
calculated through regression line fitting of a stress-strain curve to account for this factor.
Fourth, the UMRI experiments were carried out with the specimens in saline with Gd
contrast agent. This was done to save the total experimental time, so that we could complete
all experiments for all specimens harvested from the same set of joints in a few days. (We
do not use frozen samples in this project.) This approach became possible because the
presence of gadolinium will reduce the value of T2 by ~10% (Nieminen et al., 2004). Since
we are comparing the T2 values between OA vs contralateral tissues by the same approach,
our comparison in this project is valid. Finally, the experiments were performed on 7T
magnet at room temperature, which are somewhat different from clinical MRI (1.5~3T at
body temperature). However, uMRI is a perfect tool for a functional study of articular
cartilage due to its ability to resolve fine tissue structures and its sensitivities to the
molecular environment. The “scaling law” in cartilage imaging (Xia, 2007) could lead future
developments of useful procedures from microscopic to clinical resolutions, allowing
successful diagnosis and management of cartilage lesion in human with mechanically
induced joint diseases and injuries.

5. Conclusions

This study provides the direct evidence that the trends of the T2 changes in articular
cartilage can be modified with the compression of cartilage. The magnitude of these changes
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was found to be highly dependent on the sub-tissue zone and amount of strain, where the
larger changes occurred in SZ and TZ as compared to the deep tissue or the bulk value
(similar to the low resolution imaging). Topographically, as OA progresses, the differences
between the meniscus-covered and uncovered areas become smaller as the function of
loading. This study demonstrates that the consequences of mechanical compression to
articular cartilage can be measured by using the change of T2 in all sub-tissue zones by
MRI. Since cartilage is a load-bearing tissue, monitoring the response of tissue
characteristics as the function of strain serves as the functional study of cartilage and joint.
This detailed knowledge of the topographical mapping and the strain-modified cartilage
properties by the non-destructive MRI would be beneficial for the diagnosis and possible
future treatment of OA.
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Figure 1.

A representative set of the quantitative MRI T2 images at two orientations (0° and 55°) in
the magnetic field By (pointed upward), from three specimens (Normal-N, 8wk OA-8X,
12wk OA-12X) without loading (a, b) and being loaded (c, d). The display intensities of all

images in the figure are 0 to 100.
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Figure 2.

A representative set of the depth dependent T2 profiles at 0° (a) and 55° (b), before and after
loading (L) at ~30% strain.
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Figure 3.
A representative set of the paired and averaged T2 data at 0° (left) and 55° (right) before and

after loading with linear regression in bulk (a, b), SZ and TZ (c, d), and RZ1 and RZ2 (e, f)
from the meniscus-covered regions of 8X specimens. Each data point represents the
averaged zonal T2 value both before (horizontal) and after loading (vertical) of the same
specimen. The solid line has a slope of 1. The slopes of linear fit less than one indicates the
T2 values decreased with loading.
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Figure 4.
Average zonal differences of T2 before and after loading at each OA-time-point for both the

meniscus-covered and uncovered areas at 0° (a) and at 55° (b).
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Figure 5.
A representative set of the load-induced changes of T2 ratio of the bulk (a), the SZ and TZ

(b), and the RZ1 and RZ2 (c) in the meniscus-covered area at 8-weeks contralateral. Each
dot represents 10 averaged T2 values.
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Page 17

The distributions of the slopes of the load-induced changes of bulk T2(0°) ratio of at each
OA-time-point versus mechanical modulus. Solid color represents the meniscus-covered
area and the empty ones represent the uncovered area.
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