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Abstract

The topographical variations of the zonal properties of canine articular cartilage over the medial
tibia were evaluated as the function of external loading by microscopic magnetic resonance
imaging (UMRI). T2 and T1 relaxation maps and GAG (glycosaminoglycan) images from a total
of 70 specimens were obtained with and without the mechanical loading at 17.6 um depth
resolution. In addition, bulk mechanical modulus and water content were measured from the
tissue. For the bulk without loading, the means of T2 at magic angle (43.6 + 8.1 ms), absolute
thickness (907.6 + 187.9 um) and water content (63.3 £ 9.3%) on the meniscus-covered area were
significantly lower than the means of T2 at magic angle (51.1 + 8.5 ms), absolute thickness
(1251.6 + 218.4 ym) and water content (73.2 = 5.6%) on the meniscus-uncovered area. However
GAG (86.0 = 15.3 mg/ml) on the covered area was significantly higher than GAG (70.0 £ 8.8
mg/ml) on the uncovered area. Complex relationships were found in the tissue properties as the
function of external loading. The tissue parameters in the superficial zone changed more
profoundly than the same properties in the radial zone. The tissue parameters in the meniscus-
covered areas changed differently when comparing with the same parameters in the uncovered
areas. This project confirms that the load-induced changes in the molecular distribution and
structure of cartilage are both depth-dependent and topographically distributed. Such detailed
knowledge of the tibial layer could improve the early detection of the subtle softening of the
cartilage that will eventually lead to the clinical diseases such as osteoarthritis.
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Introduction

Avrticular cartilage is a layer of load-bearing tissue in synovial joint that absorbs shock,
distributes stress and provides a low-friction surface for joint motion. The tissue contains
three major molecular constituents in its extracellular matrix: the collagen fibers that are
organized into a depth-dependent zonal structure (commonly, SZ = the superficial zone, TZ
= the transitional zone and RZ = the radial zone), the proteoglycan (PG) that determines the
load-bearing property of the tissue, and a large amount of water molecules (1-3). Within the
tibia of a single knee joint, the molecular constituents can have complex topographical
variations in their interactions and concentrations at different surface locations, even just a
few millimeters apart (4-8). Subtle modifications to the molecular environment and
ultrastructure in cartilage could eventually lead to clinical diseases such as osteoarthritis
(OA) (9,10).

Magnetic resonance imaging (MRI) has been widely used in research and diagnostics to
visualize the morphological and molecular features of articular cartilage, because of its total
non-invasiveness and high sensitivity to molecular environment. Among the commonly used
MRI parameters, T2 relaxation time is sensitive to several molecular factors in cartilage
including water content, PG content and collagen fibril organization (11-13). A unique
feature of the T2 characteristics is its strong anisotropy in MRI, governed by the dipolar
interaction between water protons and the external magnetic field (11). In contrast, T1
relaxation time in high fiend MRI of cartilage is nearly isotropic and much less sensitive to
the influence of the dipolar interaction (11,14), although some clinical MRI studies at 1.5 T
observed the variation of T1 with the tissue depth (15,16). One approach to utilize T1 in
cartilage MRI is to soak/inject the paramagnetic contrast agents such as gadolinium (Gd),
which is charged and distributes inversely to the PG content in the tissue. This inverse
distribution of the Gd content enables the mapping of the cartilage glycosaminoglycan
(GAG) content by the acquisition of the before and after images (17,18).

Since articular cartilage is a load-bearing tissue, it is important to understand the tissue
properties as the function of external loading in order to better detect and manage the
cartilage degradation (19-22). Given the fact that the mechanical modulus of articular
cartilage is strongly depth-dependent (23), external loading of an intact specimen of articular
cartilage will cause different amounts of compressions at different tissue depths, more in the
surface portion and less in the deep portion of the tissue. To fully grasp the early degradation
of articular cartilage (which tends to be small and localized), it is important to comprehend
the topographical distributions of the cartilage properties at different tissue zones (depths)
and different tissue locations. Such detailed information, especially important to the
clinically important joints such as the tibia plateau in a knee joint, is largely lacking. This
deficiency is probably not surprising, since articular cartilage is a thin layer of tissue
(typically 0.5-3.5 mm, depending upon the particular joint) and the zonal measurement
requires microscopic resolution in MRI, which most clinical MRI does not possess.

Microscopic MRI (UMRI) was used to study small blocks of canine cartilage-bone
specimens from various locations of the medial tibial surface. Like human tissue, canine
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articular cartilage has poor intrinsic healing ability. Canine tibia-femoral joint is relatively
exposed and suited for studying the tissue damage and repair (20). However, the thickness of
canine cartilage is thinner than humans, which the high spatial resolution of uMRI becomes
extremely beneficial. In this project, the 17.6-um transverse resolution of uMRI was
adequate for resolving the complex features of the cartilage depth. We aimed to quantify
both topographical and zonal variations of the load-induced changes in the tissue properties
non-invasively, utilizing the strain-dependencies of both T1 and T2 relaxation times
(20,21,24-26). Quantitative knowledge of the topographical responses of cartilage’s
macromolecule matrix to external loading, in a depth-dependent manner, could improve our
understanding of the tissue’s resistance to external forces, the lack of the resistance signaling
the onset of the tissue degradation and the failure of the joint as a musculoskeletal organ.

Materials and methods

Sample preparation

Seven skeletally mature and healthy dogs (three females and four males, weighing ~19-32
kg) were sacrificed for a complex project, which was approved by the institutional review
committees. Each medial tibial plateau was divided into five rectangular specimens (Figure
1). Each specimen was ~3.0 mmx 2.5 mmx 4~5 mm in size and included the full thickness
of articular cartilage still attached to the underlying bone. These specimens were immersed
in physiological saline (154 mM NaCl in deionized water) that contained 1% protease
inhibitor cocktail (Sigma, MO) at 4 °C until imaging (never frozen). To prepare for imaging,
a specimen was sealed in a precision glass tube with an internal diameter of 4.34 mm
(Wilmad Glass, Buena, NJ), which was placed at room temperature (~20 °C) for ~4h. A total
of 70 specimens from the 14 medial tibias were imaged without loading; 61 out of the 70
specimens were re-imaged under static loading in a homemade loading device. The loading
device consists of two pieces of hard plastics, which can sandwich the specimen in between
(20). The specimen can be compressed in various amounts by the means of plastic micro
fasteners. The assembled device, together with the specimen, can be inserted into a 5-mm
diameter NMR tubes for MRI experiments.

MRI protocols

UMRI experiments were performed using a Bruker AVANCE Il 300 NMR spectrometer that
has a vertical bore superconducting magnet (7 T/89 mm) and micro-imaging accessory
(Bruker Instrument, Billerica, MA). A homemade 5 mm solenoid coil was used in all
experiments. Using the magnetization-prepared imaging sequences (11), T1-weighted
images were acquired at the magic angle (55°), which could minimize dipolar interaction to
spin relaxation, and T2-weighted images were acquired at two orientations (0° and 55°) with
respect to the external magnetic field Bg, in both the unloaded and loaded conditions. For
any one specimen, all images were acquired at the same slice location of the specimen. In
order to accurately determine the region of interest in imaging, a coronal pilot image was
taken to position the slice location and a sagittal pilot image was taken to align the articular
surface of cartilage to the desired orientation. The general imaging parameters were kept
constant in all experiments: the field of view was 0.45 cm x 0.45 cm; the imaging matrix
was 256 x 128; the inplane pixel size in the direction of the cartilage depth was 17.6 pm; the
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slice thickness was 0.8 mm; the repetition time was 1.5 or 0.5 s and the experimental time
was 6.5 or 2 h for the before or after Gd-soaked T1 experiments, respectively; the number of
accumulations was 12; and the echo time was 7.2 ms.

The T1 experiment followed the high-resolution approach of the dGEMRIC procedure (17),
where T1b refers to the data when the specimen was in equilibrium in the physiological
saline solution, and T1Gd refers to the data when the specimen was in equilibrium in 1 mM
gadolinium solution (Magnevist, Berlex, NJ). For any single experiment, T1-weighted
images used an inversion recovery imaging sequence with five inversion points (without Gd:
0,0.4,1.1,22,4.0s; with Gd: 0, 0.1, 0.3, 0.5, 1.0 s); T2-weighted images used a spin echo
imaging sequence, where the echo time of the contrast segment had five increments for both
at 0° and 55° (unloaded: 2, 8, 20, 40, 80 ms; loaded: 2, 18, 40, 80, 120 or 2, 18, 40, 70, 100
ms) and imaging time was 1.2 h. Both T1 and T2 images were calculated by a single
exponential decay on a pixel-by-pixel basis. The quantitative images of Gd-(DTPA)Z", fixed
charged density (FCD) and GAG concentration in the cartilage were calculated using the T1
images based on a set of three equations (27,28).

1 1 1
[Gdl, = 7+ {TlGd - T_le O

FCD = [Na™], * @_ %
b [Gd], [Gd],

502.5

[GAG), = - =

«[FCD] (3)

where T1b and T1Gd are the T1 values before and after the Gd-soaked, respectively; [ Gd];

and [ Gd], are the Gd concentrations in tissue and bath (soaking solution), respectively; Ris
the relaxivity of the Gd ions in saline; [Va*]p is the sodium concentration in the bath; FCD

and [ GAG];are the fixed charged density and the GAG concentration in tissue, respectively;
“7 #2” and “502.65” in Equation (3) are the estimates from the assumption that there are 2
mol of negative charges per mole of disaccharide with a molecular weight of 502.5 g/mol.

Since, the relaxivity (/) of the Gd ions is a function of the solid concentrations in a system.
It is common in the literature to estimate the / values of the tissue using a phantom (28),
where the solid concentration can be varied. In this project, the / values of articular cartilage
during loading was calculated based on the previous result (28), using Equation (4).

100 — Watercontent
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Together, the total imaging experiments from all unloaded and loaded specimens were 350
and the all experiments were performed within 8 days of the sacrifice.

Biomechanical protocol

Before harvesting the individual specimens from the tibia, a single step indentation
experiment was performed with ~10 g load by manual control on all 14 intact joints, at the
five locations on each medial tibia where the future imaging specimens would be harvested
(Figure 1). The testing used a 5-mm diameter round-tip indenter attached to the actuator of
an EnduraTec ELF 3200 system (Bose Corporation, Eden Prairie, MN). A joint was secured
to a multi-axial rotational table vise, which allowed the precise positioning of the testing
location to ensure perpendicularity between the cartilage surface and the indenter. The
indenting phase was used to determine the compressive elastic modulus of each location.
Since the ramp rate was manually controlled, a precise loading rate was difficult to obtain
and varied between each test. To obtain the loading rate, a linear fit was carried out through
the load-time data of each test. The slope of the fitted line, in units of grams per second, was
used for the loading rate. To calculate the compressive elastic modulus, the force was plotted
as a function of displacement and fitted linearly through the data points. The slope of the
fitting, in units of Newtons per millimeter squared, and the cartilage thickness from MRI
experiments were used to estimate the compressive elastic modulus at the testing location
using the equation proposed by Hayes (29). Since the indentation rate was generally
between ~2 and 10 g/s, an assumed Poisson’s ratio of 0.5 (30) was chosen to simulate an
incompressible material. This also simplified calculations since Poisson’s ratio was not
measured.

Water content protocol

Water content was measured from five skeletally healthy and mature dogs that were used for
an unrelated study. These dogs came from a source that had provided us with the nearly
identical tissues for over 10 years. The specimens were harvested using the identical
procedures as described earlier. From each cartilage-bone specimen, the cartilage was
carefully cut at the tissue-bone interface and placed back in a vial for hydration with saline.
Then on a damp kimwipe tissue paper, the excess water around the tissue block was wiped
off. The tissue was carefully weighed three times to estimate the experimental uncertainty. It
was then dried in an oven for several days until a constant dry weight was achieved. With the
wet and dry weight measurements, the water percentage was calculated.

Data and statistical analyses

To facilitate the quantitative comparison, a 10-pixel-wide region of interest was determined
in image analysis in all 2D T2, T1 and GAG images of all specimens, from which 1D
profiles were calculated. For the same specimen, the data were extracted from the same
location of all 2D images. The total thickness of the tissue was measured from the T2
intensity images at 55° and normalized in order to compare the varying profiles among the
specimens. The zonal boundaries were determined from the T2(0°) profiles, according to the
criteria established and validated previously (31,32). The RZ was further divided into two
equal halves (upper RZ1 and lower RZ2) for more accurate comparison. The bulk and zonal
T2, T1 and GAG values were averaged within the selected zonal regions for each specimen.
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All data from the 61 loaded specimens were analyzed for its bulk load-dependence; 19 of the
61 specimens were further analyzed for its zonal load-dependence. The strain level of each
specimen was determined by measuring the difference in the full-thickness tissue before and
after the cartilage was loaded. The location of the region of interest in image analysis
between the unloaded and loaded cartilage images of each specimen was identical, which
ensures an accurate determination of the strain-induced values. The ratio of the parameter
changes was defined as Ratio;:

Vo =V

i~ ViuL
ViuL

Ratiol. =

where 7/was the parameter to be analyzed [e.g. T2(0°), T2(55°), T1a, GAG and thickness],
UL and L represent the cartilage unloaded and loaded, respectively. The values of Ratio;
were plotted with strain, and the slopes and correlation rvalues were measured.

One-way ANOVA with Bonferroni correction was performed to test the differences: (1)
among the five locations to determine the topographical variations of each tissue parameter
at each independent tissue zone as well as bulk and (2) among sub-tissue zones to determine
the zonal variations of each tissue parameter at each of the five locations. Then, to simplify
the complex data, a Student’s #test was used to compare the meniscus-covered and the
uncovered areas at each zone and bulk per parameter independently. Furthermore, to
determine the topographical and zonal variations due to the external loading, a paired
Student’s #test was performed between the mean of each parameter before and after loading
at each zone and bulk at the meniscus-covered and uncovered areas. A p value of <0.05 was
considered an indication of statistical significance and a p value of <0.001 was considered an
indication of high statistical significance.

Morphology observations

The meniscus on every joint was intact; both layers of the femoral and tibial cartilage
appeared smooth with no visible evidence of damage. Each cartilage-bone specimen was
first imaged in its coronal slice [Figure 2(a) (unloaded) and c (loaded)], which was used to
determine a sagittal slice (Figure 2b) at which all subsequent experiments were carried out.
The sharpness of these intensity images was notably influenced by the variations of the
tissue within the 0.8-mm imaging-slice. The averaged thickness of the meniscus-covered
specimens (AMT, EMT and PMT) was found to be ~ 30% thinner than that of the meniscus-
uncovered specimens (CMT and IMT). Figure 3 showed a set of the quantitative T1, T2 and
GAG images from one specimen under 0% and ~28% strains, respectively. The difference in
the unloaded T2 images between 0° and 55° was the typical laminar appearance of cartilage
in MRI. At the magic angle (55°), the loaded T2 images of articular cartilage could appear
inhomogeneous, which was more notable at the edges of the specimens. Such appearance of
being darker at edges and brighter in middle was more profound with high strain levels at
CMT and IMT.
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The depth-dependent profiles of cartilage

Figure 4(a) is a set of the unloaded T2 profiles at both 0° and 55° in the absolute scale in
micrometers, which have the usual features as seen from these T2 results. Figure 4(b and c)
show a representative set of the loaded T2 profiles from the same regions of interest in the
same specimen at two orientations (0° and 55°) and two strains (0% and ~28%). Without the
loading (*), the T2(55°) profile (Figure 4b) is relatively homogeneous without a distinctive
peak while the T2(0°) profile has the usual single peak, centered at the TZ (Figure 4c).
When the tissue was loaded (OJ), the upper portion of the T2(55°) profile reduces more than
the lower portion of the profile (Figure 4b) and the T2(0°) peak shifted toward the deeper
part of the tissue (Figure 4c). The shifting of the T2(0°) peak confirms the previous
observation on the canine humeral cartilage (20), while the double peak at the T2(55°) was
confirmed only for a few high strain T2 profiles in this project (not shown).

The calculated GAG profiles of the same specimen were shown in Figure 4(d), when the
tissue was not loaded and loaded at ~28% strain. Several features are clearly visible in the
GAG profiles. First, the GAG profile when the tibial cartilage was not loaded has an
increasing trend from the surface to the radial zone, which is similar to the features in the
humeral cartilage (17). Second, the GAG concentration in the loaded tissue increased
significantly, both as the function of tissue depth and as the function of mechanical strain.
Third, the initial portion of the cartilage (SZ and TZ) has the largest increase in GAG, as
much as 110% at SZ, 90% at TZ, 30% at RZ1, 20% at RZ2 and ~30% averaged over the
entire profile.

Topographical variations of the zonal properties of unloaded cartilage

To facilitate the statistical comparison among all imaging data, the cartilage depth profile
was divided into four subtissue zones: SZ, TZ, RZ1 and RZ2. The zonal division was based
on the profile of T2(0°), as shown in Figure 4(a) (13,28). Table 1 shows both the
topographical and zonal variations of MRI parameters in articular cartilage from the medial
tibias, when the tissue was not loaded. Zonal wise, the values of T2(0°) had a typical bell-
curved shape as shown in Figure 4(a) (TZ>SZ>RZ1>RZ2) except at CMT
(SZ2>TZ>RZ1>RZ2); the values of T2(55°) were more homogeneous than those of T2(0°)
and the values of both T1Gd and GAG had an increasing trend monotonically from SZ to
RZ2. Not included in Table 1, the averaged values of the unloaded T1b on all locations were
also measured: TIb(AMT) =1.29 £ 0.05s, TIb(EMT) =1.22 £ 0.01 s, T1b(PMT) = 1.20
+0.155s, T1b(CMT) = 1.46 + 0.09 s and T1b(IMT) = 1.21 + 0.23 s. In addition, the averaged
bulk-GAG concentration was measured as 68.9 = 8.0 mg/ml, which was the average of 19
specimens from three additional skeletally healthy and mature dogs for a different
histochemical study.

To simplify the complex data, the five topographical regions were grouped into two areas,
the meniscus-uncovered area (UC) and the meniscus-covered area (C). Table 2 shows the
consolidated data with the results of the Student’s #test between the two areas. Most
parameters from each sub-tissue zone as well as the total tissue (bulk average) were
statistically significant or highly significant, except T2(0°) at RZ1 (p = 0.414), T2(55°) at SZ
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(p=10.058), and GAG content (ug) at RZ1 (p= 0.563). Several conclusions could be drawn
from this table.

The tissue thickness: The two surface zones (SZ and TZ) in the covered area
were thicker than the uncovered area, and vice versa at the two radial zones. This
was true for both the absolute thickness and the relative thickness. In contrast,
the total thickness (all zones) of the uncovered area was thicker than the covered
area, since the radial zones are much thicker than the surface zones.

T2(0°): The covered tissue had lower values than the uncovered ones in three of
the four zones, except at RZ1 where T2 in two areas were the same. The trend in
the bulk T2(0°) was the opposite — the covered area was higher than the
uncovered area.

T2(55°): The covered tissue had lower values than the uncovered ones in three of
the four zones, except at SZ where T2 in two areas were the same. The trend in
the bulk T2(55°) was the same.

T1Gd: The covered tissue had higher values than the uncovered tissue, which
were significant at all zones as well as the bulk average.

GAG concentration (mg/ml): The covered tissue had higher values than the
uncovered tissue, which were significant at all sub-tissue zones as well as the
bulk. These trends are consistent with the slope of the modulus-rate plot, where
the slope of the covered tissue had markedly higher that the uncovered tissue.

Total GAG (ug): The two surface zones (SZ and TZ) in the covered area had
higher values than the same zones in the uncovered area, and vice versa at the
two radial zones and the bulk average.

Water content: The covered tissue (63.3 = 9.3%) was significantly lower than
that of the uncovered tissue (73.2 + 5.6%).

Averaged strain dependencies of the zonal properties of cartilage

Because of the depth-dependent mechanical modulus in articular cartilage, different zones
should have different responses to external loading. Because of the topographical variations
of the unloaded cartilage (as in Table 2), the response of the individual zones to external
loading should also be topographically different. Table 3 summarizes the strain-dependent
cartilage properties averaged from all five topographical locations and only from the paired
data (i.e. each set of the unload and loaded data were from the same specimens). Several
strain-dependent changes of the zonal properties of the tissue can be seen clearly.

The tissue thickness: The SZ and TZ increased when loaded in both absolute
thickness (8.2% and 24%) and relative thickness (24% and 52%), while the RZ1
and RZ2 decreased when loaded in both absolute thickness (32% and 34%) and
relative thickness (9% and 11%).

T2(0°) and T2(55°): The values in all zones as well as the bulk decreased when
loaded. (T2(0°): 34% at SZ, 19% at TZ, 21% at RZ1, 19% at RZ2, 9% for the
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bulk; T2(55°): 37% at SZ, 25% at TZ, 19% at RZ1, 10% at RZ2, 16% for the
bulk).

. T1Gd: The values in the first three zones as well as the bulk increased when
loaded (56% at SZ, 48% at TZ, 15% at RZ1 and 13% for the bulk). The values at
RZ2 decreased by a small amount (2%) when loaded.

. GAG concentration (mg/ml): The values in all zones as well as the bulk
increased when loaded (108% at SZ, 99% at TZ, 42% at RZ1, 19% at RZ2 and
42% for the bulk).

. The total GAG (ug): The values of the two surface zones (SZ and TZ) increased
(152% and 139%) while these of two deep zones (RZ1 and RZ2) decreased (5%
and 20%) when loaded. These trends are consistent with the depth-dependent
zonal thickness in cartilage.

Topographical variations of the zonal properties of cartilage when loaded

Since each specimen was loaded manually when it was being imaged by UMRI, the amount
of tissue loading was not the same for all specimens. To determine the topographical
variations of the zonal properties of cartilage when it is being loaded, all paired imaging data
(unloaded versus loaded) were analyzed together using the linear regression correlation
method, as the strain-dependent ratios ((Load—Unload)/Unload). Figure 5 shows the ratios of
the GAG changes in both the meniscus-covered and uncovered areas. In these linear
regression plots, a larger slope indicates a stronger dependence on the strain; a narrower pair
of the dashed lines (the 95% confidence lines) indicates less scattering of the data; and a
positive or negative sign indicates the measurement increases or decreases with the strain.
All other measurements (relative thickness, T2(0°), T2(55°), T1Gd) were analyzed in the
same manner (the plots not shown). All slopes and rvalues of the correlation analysis were
summarized in Tables 4 and 5, where each point represented one data set. Several features
can be identified from these correlation analyses.

. The relative thickness: The uncovered area had higher slopes when compared to
the covered area at all sub-tissue zones. The positive slopes in the SZ and TZ
indicate an increase in the thickness; the negative slopes in the RZ1 and RZ2
indicate a decrease in the thickness. The larger increases in the uncovered tissue
are consistent with the smaller GAG concentrations in this region (c.f., the GAG
measurements in Table 2).

. T2: The tissue loading caused a reduction in T2 values in the bulk and all sub-
tissue zones at both 0° and 55° (c.f., Figure 4b and c), which is consistent with
the understanding that T2 is sensitive to the water content in the tissue.

. T1Gd and GAG concentration (mg/ml): The tissue loading caused an increase in
T1Gd in the bulk and all sub-tissue zones (c.f., Figure 4d), which is consistent
with the recent findings in the canine humeral cartilage regarding the
compromised nature of several competing effects when a Gd-soaked tissue is
compressed (26).
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. GAG (ug): The changes in the zonal averaged GAG content varied and the

surface portion of the tissue had the largest increases in the zonal GAG content.
The trends of the strain dependencies of GAG content was: SZ>TZ>RZ1>RZ2.
In contrast to the zonal GAG content, the total GAG in the bulk tissue stayed
constant, regardless of the strain, which was indeed the case as shown in Figure
6, where the slopes were approximately unity. The total GAG in the tissue when
averaged over the entire profiles were 11.6 + 7.1 g before loading and 11.7

+ 6.4 pg after loading (0= 0.602).

Discussion

This study demonstrates that significant variations in the biochemical and morphological
properties of articular cartilage exist topographically over the healthy canine tibial plateaus.
The use of UMRI was able to resolve at high resolution a number of MRI/tissue parameters
of cartilage quantitatively and non-destructively. Furthermore, the use of static loading
during the imaging was able to resolve the strain-dependencies of several tissue properties.
The fact that mechanical loading of cartilage can alter the characteristics of MRI/tissue
properties provides new insights to better understand the load-bearing performance of
articular cartilage in human, which worsens prior to the onset of the clinical lesions in joints.

Topographical variations of the bulk tissue properties over the medial tibia

The bulk properties of articular cartilage are known to have significant topographical
variations at different sites of a single joint surface. Among the properties that are known to
vary include the water content between the meniscus-covered and exposed areas, the
collagen fibril orientation of cartilage, the stiffness of cartilage in different animals, many
physical and optical properties of cartilage by different modalities of tissue imaging, and the
volume and thickness of cartilage in knee joints (7,29-32).

In this project, several cartilage properties were found to have topographical variations over
the medial tibial surface. These variations were more pronounced when one divides the
surface into two areas — the meniscus-covered area (AMT, EMT, PMT) and the uncovered
area (IMT, CMT), which are summarized in Tables 1 and 2. For example, the cartilage in the
covered area had lower water content, a thinner total thickness, a higher GAG concentration
and a higher mechanical modulus. These trends are mutually consistent, and also consistent
with the findings in the literature (29,33-35). In addition, the T2(55°) values are lower in the
covered area, which agrees with the trend in the uMRI GAG concentration.

Topographical variations of the zonal properties of cartilage

What are not commonly known in the literature are the topographical variations of the zona/
properties of articular cartilage, in a topographically complex joint such as the tibia. Such
information requires the knowledge of two critical pieces of information, the high-resolution
depth profiles of the tissue and the criteria that sub-divide the profiles into the discrete
zones. In this project, the division of the sub-tissue zones was based on the profiles of T2(0°)
of the specimen (Figure 4a), which has been validated by a correlation study between uMRI
and polarized light microscopy (31), and recently updated by a multi-modality correlation
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study (32). The zonal division data shown in Table 1 (the first row, the relative thickness)
showed clearly that the relative zonal thicknesses of SZ and TZ were higher in the covered
area, which resulted in the lower relative thicknesses of the two radial zones. This individual
histological zone-specific averaging and comparison method can be possible, only when a
pixel size is smaller than the thickness of the thinnest sub-tissue zone. Using uMRI, each
small pixel covers a uniform structure, and most importantly, when we average the pixels,
we average them in different thicknesses within their zones, which cannot be done in lower
resolution imaging.

In this study, several topographical variations of the zonal properties of the medial tibial
cartilage have been quantified by pMRI. As illustrated in Table 2, most differences between
the covered and uncovered areas are significant. The weakest correlations are for the values
of T2(0°), which is known to be strongly influenced by the dipolar interactions (11). It is
interesting to note that some of the topographical variations of the zonal properties match the
variations of the bulk properties, while some others do not. For example, the zonal
distributions of the GAG concentration match the bulk property, i.e. the covered area has a
consistently higher GAG concentration in all topographical sites, which agrees with the
finding of Samosky et al. (33) in their T1Gd experiments. By comparison, the zonal
distributions of the T2(0°) values had a less clear matching, which could be due to a variable
degree of residual dipolar coupling that is common in T2 experiments.

Topographical variations of the zonal properties of loaded cartilage

The primary function of articular cartilage is its ability to bear load, which is mechanistically
determined by the complex relationships among the molecular concentrations/structures and
the interactions among the molecular constitutions in the extracellular matrix in the tissue.
While the effects of loading on bulk cartilage thickness or volume have been investigated
(36,37), the effect of loading on the zonal properties in cartilage is largely absent. Based on
the knowledge of a strongly depth-dependent modulus in articular cartilage (23), it is
reasonable to assume that the SZ of the tissue would deform larger and more easily than the
RZ. The consequences of an external loading include the deformation of the collagen
structures and a non-linear loss of the molecular constituents (water, ions) from the tissue.
This load-bearing property of cartilage is measured in this imaging project as the load-
induced changes, shown graphically in Figure 5 and summarized in Table 3 (the statistical
analysis) and Tables 4 and 5 (the correlation slopes, whose absolute values are proportional
to the rates of the changes and whose sign indicates a positive or negative change). Several
trends can be found in this set of data.

Strain dependencies of the relative thickness—We observed that the relative
thickness of the SZ and TZ of cartilage increased due to mechanical loading and that the
relative thickness of the SZ and TZ of cartilage in the uncovered area increased more than
the covered area. Consequently, these changes caused the relative thickness of the RZs to
decrease in loading, differently for the covered and uncovered areas. This type of non-
uniform deformations in cartilage has been observed in some early studies (34,35), where
bulk compression on the tissue causes different strains at different tissue depths (23,38).
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These results confirmed the collagen fibers were more deformed in the uncovered area than
the covered area (36).

Strain dependencies of T2—T2 relaxation is sensitive to, among several other factors,
the amount of water molecules and the orientation or packing of collagen fibers in the tissue.
Loading on cartilage causes a number of structural modifications in cartilage such as
exudation of water, decrease in water mobility, alteration of collagen fibril orientation,
increasing molecular interactions and electrostatic forces. The higher loading causes shorter
and more anisotropic T2 relaxation in cartilage, because the water is expelled from the
cartilage tissue with loading and the amount of collagen is same in a smaller volume, which
causes stronger couplings between water and macromolecules in cartilage. This is indeed the
observation in this project, where all slopes for the T2 measurements (at both 0° and 55°) are
negative (Tables 4 and 5). For the bulk T2, the slopes at the magic angle were steeper than
those at 0°, which suggests that the highest sensitivity of T2 to loading occurs when the
tissue is oriented at the magic angle. Because when the collagen fibrils in the cartilage tissue
are oriented at the magic angle, the nuclear dipolar interaction in cartilage is minimized. In
contrast, when the tissue is oriented at the 0°, the nuclear dipolar interaction has the most
influence to spin relaxation, which could overshadow T2 reduction from loading. This result
is also consistent with the findings in the literature (20,21,37,39,40). In addition, it is
indicative that the superficial and transitional zones have the largest changes due to loading
(Tables 4 and 5), which reflects again the depth-dependent mechanical modulus of the
tissue. These load-induced trends of T2 relaxation could be used in both clinical diagnostics
to detect the tissue softening due to lesions and mechanical testing to measure the tissue
stiffness.

Strain dependencies of T1Gd and GAG—The values of T1Gd and GAG concentration
were found to increase with the loading with significant correlation at each zone as well as
bulk for both covered and uncovered areas, where the uncovered area seems to be affected
more by strain than the covered area. For both covered and uncovered areas, the SZ and TZ
had wider prediction intervals and higher slopes than RZs (Figure 5), which indicates that
the GAG concentration at the surface tissue changes more and is more sensitive to loading
than the RZs. This set of the results are consistent with an earlier finding from our lab that
the value of T1 in the compressed cartilage could be reduced or increased, depending upon
the concentration of the Gd ions in the solution (41). This knowledge is related to the
clinical situations where the Gd transport was found to influence the interpretation of bulk
dGEMRIC analysis /n vivo human knee (42). This set of data demonstrates that the
topographical variations of the zonal values of T1 in a structurally complex organ such as
knee should be carefully examined in any quantitative effort to detect the local lesions in
cartilage.

Total amount of GAG—Depth-wise, the averaged zonal GAG content increased at SZ and
TZ and decreased at RZs significantly. It is clear that the surface portion of the tissue had the
largest increases in the zonal GAG content since this part of the tissue is the softest and
hence underwent more compression under a nominal overall stain. Consequently, this
portion of the tissue would “gain” more GAG content when compressed. In contrast to the
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zonal GAG content, the total GAG in the tissue should stay constant when the tissue is
compressed, which is indeed the case (Figure 6). Overall, the total amount of GAG in ug is
conserved before and after loading as we hypothesized that the total amount of the GAG in
bulk cartilage would not be affected by loading, because the size of GAG molecules is too
big to diffuse out of a healthy tissue during loading.

Experimental limitations and assumptions

There are several limitations and assumptions in this project that should be clarified. First,
an averaged and strain-dependent T1b values was used instead of a strain-dependent T1b
profile in the calculation of the GAG amount. As it is known, the T1b profile of articular
cartilage is nearly isotropic and has minimal depth-dependency (11). Only a limited number
of T1b experiments per block were performed in this project due to the time constraint.
Second, we assumed that the macromolecules in cartilage would not diffuse out due to
loading because of its large size. Third, the loading of the cartilage specimen in our MRI
experiments was done manually. To compare the profiles and values of different samples,
which would be under somewhat different strains, we calculated the data from various
strains and made a fit to the plot of the parameter profile. Fourth, the loading rate of the bulk
mechanical experiments (on the EnduraTec instrument) varied throughout each test, due to a
manual control of the indenter displacement, i.e. the loading rate did not stay constant for an
individual test. To account for this issue, an average load rate was calculated through
regression line fitting of a stress-strain curve. Finally, although it is desirable to use a
repetition time at least 2.5 times the T1 relaxation in MRI experiment, it is practically never
possible in both the clinic (where the patient scan time is limited and patient movement
needs to be minimized) and the lab research (when the total experimental time for all fresh
specimens is limited). This shortened repetition time however does not affect the calculation
of T1 and T2 relaxations in the magnetization prepared imaging sequences (11).

Conclusions

We demonstrated the significant topographical and zonal variations in the properties of
canine tibial cartilage as the functions of external loading. These variations include the tissue
thickness, T2, T1Gd and GAG. Significant correlation between the strain and cartilage
properties demonstrates the potentials for high-resolution MRI experiments for
biomechanical assessment. To the best of our knowledge, this is the first quantitative study
of topographical and zonal variations of MRI parameters with different strains using UMRI
at 17.6 um resolutions. Since a softened cartilage deforms more under a fixed loading,
quantitative knowledge of strain dependent regional and zonal variations of cartilage in knee
joints can provide valuable insights to the evaluation of cartilage degradation and
malfunction. Such detailed knowledge of the strain-modified MRI/tissue parameters would
be great benefit for the diagnosis and possible future treatment of OA, and ultimately, in the
prevention of articular diseases.
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Figure 1.
The topographical locations of the specimens on the surface of a left medial tibia. In the

meniscus-covered area, there are anterior medial tibia (AMT), exterior medial tibia (EMT)
and posterior medial tibia (PMT) specimens. In the meniscus-uncovered area, there are
central medial tibia (CMT) and interior medial tibia (IMT) specimens.
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Figure 2.

(a) The coronal intensity images without loading, which are used to define the slice location
of the subsequent sagittal images in (b). (c) The coronal intensity images under loading. The
white bar indicates 1 mm. The display intensities of all images in the figure are the same.

(a)

CMT
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T2(0°) T2(55°) TIGd GAG

Figure 3.
Quantitative MRI images of a specimen without loading (a) and while loaded (b). The angle

was defined as the angle between the articular surface of cartilage and the direction of the
magnetic field (Bg). The T2(55°) and T1Gd images were acquired at 55° and rotated in the
image analysis.
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Figure 4.
A representative set of 1D uMRI profiles from a single specimen. (a) T2 profiles with zonal

divisions at 0° (solid dots) and 55° (open squares). (b) T2 profiles at 55°. (c) T2 profiles at
0°. (d) GAG profiles. [In b and c, the solid dots are for the unloaded (UL) profiles and the
open squares are for the loaded (L) profiles at the strain of 27.7% and the all profiles were
normalized to compare the profiles of the UL and L, setting 0 at the surface and 1 at the
cartilage-bone interface.].
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Figure 5.

A representative set of the load-induced changes of GAG ((L-UL)/UL) at different zones in
the meniscus covered (left) and uncovered areas (right). Since SZ and TZ had wider
prediction intervals and higher slopes than RZs, it can be predicted that the GAG
concentration at the surface tissue could change more and be more sensitive to loading than
the deep tissue. The dashed line showed the 95% confidence intervals and the dotted line
showed the 95% prediction intervals.

Connect Tissue Res. Author manuscript; available in PMC 2019 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leeetal.

Loaded GAG [pg]

Page 22

154

* Bulk
0O SZ
O TZ
® RZ1
V RZ2

! v T v T v I
0 ’ 10 15 20
Unloaded GAG [pg]

Figure 6.
The bulk and zonal contents of GAG (in mg unit) before and after the loading. The solid line

showed the slope of 1, the dashed line showed the 95% confident intervals and the dotted
line showed the 95% prediction intervals.
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