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Abstract
Osteoarthritis (OA) is a degenerative disease which affects the synovial joints of around 20 million
Americans. It is characterized by progressive changes in cartilage structure, leading to fissures,
and total erosion of articular cartilage, causing pain and limiting mobility. There is currently no
treatment that can effectively slow the progress of the disease or regenerate damaged cartilage,
and there is no method available to diagnose the more mild and moderate damage that occurs in
the early stages of the disease. Magnetic resonance imaging (MRI) shows great promise in imaging
and diagnosing cartilage damage due to its excellent soft tissue contrast and the ability to use
specific scan sequences and contrast agents to quantify macromolecular contents. MRI has been
widely investigated both in vitro and in vivo, but establishing an accurate diagnostic method is still
a major challenge due to large patient variability, even in healthy populations.
This thesis focuses on two innovations in MRI of cartilage: zonal analysis of cartilage MR
parameters and the non-invasive determination of the collagen content of cartilage with MRI. We
apply these innovations in three systems: in a surface degradation model meant to mimic early
stages of OA, a classification algorithm to diagnose the type and severity of induced degradation,
and to the classification and prediction of the compressive modulus of cartilage explants cultured
with inflammatory cytokines. We found that zonal analysis of cartilage is much more sensitive to
degradation than full thickness averages, that collagen content is an important classifier of
damaged cartilage, and that using zonal MRI parameters we can predict the compressive modulus
of cartilage explants in a high accuracy.
This research furthers our understanding of the MR evaluation of articular cartilage and reveals
the necessity of considering zonal-dependent properties of articular cartilage. Furthermore,
combining zonal analyses and chemical contents of the cartilage tissue quantified from MRI allows
xiii

us to better classify damaged cartilage and predict its mechanical properties. Future work includes
examining the current strategy with human OA tissues, and shortening MRI scan time to enhance
clinic translatability.

xiv

1. Introduction
1.1 Introduction
Osteoarthritis (OA) is a cartilage degenerative disease affecting around 20 million people in the
US [1]. OA is often triggered by injury or aging, is typically advanced with catabolic events and
inflammation, and eventually leads to significant degradation or even total loss of cartilage [2],
[3]. As articular cartilage has important biomechanical functions including friction reduction and
load distribution, the tissue damage has severe outcomes: ineffective load support and even
destruction of articular joints [4]. Unfortunately, cartilage has very limited ability to repair itself,
and surgical intervention or total joint replacement is often necessary for restoring physiological
function of the joint.
Magnetic resonance imaging (MRI) has emerged an important non-invasive approach to
characterize articular cartilage for disease diagnosis and tissue repair. MRI is often considered the
most capable imaging modality for cartilage imaging because of its non-invasive nature, excellent
soft tissue contrast, and quantitative outputs regarding tissue structure and chemical contents.
These features are especially important for long-term non-invasive monitoring of cartilage
degradation or regeneration following cartilage repair surgery.
1.1.1

Cartilage Composition and Structure

The main components of articular cartilage are type II collagen, proteoglycans (PGs), and water.
The mechanical properties of cartilage depend heavily on the collagen and PG content and
structure [4], [5], [6], [7]. Collagen fibers are arranged in an inhomogeneous manner throughout

Portions

of this chapter previously appeared as:
A.K.M. Fleck and LQ. Wan, “Magnetic resonance imaging of healthy, diseased, and regenerated cartilage,” Curr.
Tiss. Eng., vol. 4, no. 2, p. 111-121, Jul. 2015.
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the layers of the cartilage: In the deep zone they are arranged perpendicular to the subchondral
bone, and in the superficial zone they form a thin, highly aligned layer right at the cartilage surface.
The middle, or transition zone, is more disorganized, as the fibers transition from perpendicular to
the bone to parallel to the surface in a manner that has been described as an arch (Figure 1-1) [8],
[9], [10]. The collagen fibers allow the cartilage to keep its shape and give it mechanical strength
under tension and shear stresses. PGs have a less complicated architecture: A protein core is
covalently attached to many negatively charged glycosaminoglycan (GAG) side chains. These
highly solvated “bottle-brush” macromolecules create the compressive strength of the cartilage by
increasing the osmotic pressure inside the cartilage and preventing water from flowing freely [11],
[12]. Osteoarthritis attacks both the collagen and the PGs of cartilage, decreasing the mechanical
strength and stiffness and disordering the collagen architecture [13].

Figure 1-1: Cartilage structure. The orientation of collagen fibers changes depending on the zone, from
perpendicular to the bone in the calcified cartilage and deep zones, to parallel with the surface in the superficial
zone. The arrangement and morphology of the chondrocytes also change from hypertrophic and arranged
along the collagen axis in the deep zone to flattened along the collagen fiber orientation in the superficial zone
[10]. Reproduced with permission.

1.1.2

OA Damage

The initial event that causes the cartilage degradation is not definitively known. Post-traumatic
OA, which occurs after a traumatic joint injury such as an ACL tear or a bone-cartilage fracture
can initiate the degradation cascade, as can overuse of the joint, or more generalized inflammation
caused by obesity or aging (Figure 1-2) [14], [15], [16], [17]. Once degradation is initiated, the
2

Figure 1-2: There are a constellation of biochemical, genetic and structural factors that contributed to the
instigation and progression of OA [17]. Reproduced with permission.

cartilage breakdown generally begins in the superficial zone, with increased water content and
disrupted collagen structure, as shown in Figure 1-3 [18]. Because it is difficult to assess OA
longitudinally in vivo, it is unknown if GAG or collagen breaks down first, or if they degrade
together. In vitro studies have shown that collagen degrades more easily if the surrounding GAG
is degraded first [19]. It has also been shown that strained collagen is more resistant to degradation
than relaxed collagen [20]. As the osmotic pressure from the negatively charged GAGs stress the
collagen fibers, this may indicate a mechanism for the sequential degradation of the two
extracellular matrix (ECM) components.
Once the smooth, well-aligned collagen fibers of the superficial layer have been disrupted, the
smooth articulation of the two opposing joint surfaces become a much higher friction interaction,
3

Figure 1-3: OA degradation begins with a small injury, mechanical or chemical, which then disrupts the
superficial layer of collagen fibers and cells. As the disease progresses the cells and ECM in deeper layers are
disrupted until the cartilage is eroded [18]. Reproduced with permission.

causing more damage to the surrounding tissue. Immunostaining of the lubrication protein lubricin
show high levels of localization in OA focal defects and appear to be the tissue’s attempt to restore
normal levels of friction to the interaction [21]. Furthermore, once a focal defect loses GAG
content, the mechanical inhomogeneities can lead to overloading of the surrounding tissue and
further disease progression [22]. As OA progresses, anabolic synthesis and catabolic degradation
become further unbalanced and the tissue erodes completely. In its final stages, the cartilage can
erode all the way down to the bone, limiting mobility and causing pain.
4

1.1.3

Conventional Radiography vs MRI

Conventional clinical imaging of diseased and repaired joints includes X-ray imaging and
morphological MRI. Traditional X-ray only images hard tissue and can only pick up and diagnose
changes in the underlying bone, including osteophytes and joint space reduction. As these changes
are quite dramatic, they occur late into degeneration and X-ray cannot be used to image more
subtle changes that take place only in cartilage. Morphological MRI is a longer, more expensive
process that gives many more details about the cartilage morphology than X-ray. Many different
scan sequences can be used, but they all visualize gross morphology of the cartilage, including
defects where cartilage has been lost or become hypertrophic, as well as regions of hyper- or hypointensity. Quantitative MRI consists of “maps of meaningful physical or chemical variables that
can be measured in physical units and compared between tissue regions and among subjects” [23].
These scans are more sensitive to changes in tissue biochemical content and structure than
weighted images and can be used to create diagnostic criteria for damaged or repaired tissue. In
the near future, quantitative MRI is used experimentally, to assess the progression of cartilage
degeneration, or to assess the impacts of OA treatments such as microfracture [24], [25], or gene
therapy [26]. Further advances in MRI methods could allow us to answer important questions
about disease progression and treatment effectiveness.

1.2 T2 Imaging
T2 MRI measures the spin-spin relaxation of protons and is the time that protons that have been
transversely aligned are 1/e, or ~37% relaxed. Multiple images are taken at different echo times,
and then equation
𝑆(𝑇𝐸) = 𝑆0 𝑒 −𝑇𝐸/𝑇2 + 𝐶
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(1-1)

is fitted, where S0 is the signal at time zero, with no weighting, TE is the echo time and C is a
fitting constant. In environments where water is confined in some way, such as biological tissues,
T2 tends to be much shorter than T1.
The MRI parameter T2 is a product of both proton density (water content), collagen content and
collagen orientation [27], [28]. T2 mapping studies on healthy humans have shown that T2
changes with cartilage zone, increasing monotonically from deep zone to superficial zone [29],
[30], [31]. In vitro studies found that T2 varied dramatically with cartilage topography and
compartment, as well with tissue depth [32], [33]. Comparisons of young and old healthy subjects
showed that T2 in the superficial zone increases with age, although it was still significantly lower
than the symptomatic OA subjects [34]. T2 does not seem to be directly related to compressive
stiffness [35], [36].
Collagen orientation can be investigated using the “Magic Angle” effect of T2-weighted imaging.
Many studies have shown a laminar appearance of T2-weighted images due to the interactions
between water associated with oriented collagen and the magnetic field [37], [38], [39], [40], [41],
[42], [43], [44]. T2-weighted studies of cartilage samples rotated in the magnetic field showed that
this effect was minimized around 55°, causing that angle to be nicknamed “magic” [37], [40], [45].
T2 has two components, a baseline isotropic value and an anisotropic component dependent on
the angle (θ) between the collagen molecules and the B0 magnetic field with the form
(3 sin2 𝜃 − 1)2 [37], [38], [40], [45], [46]. When the lamina shown by magic angle imaging are
compared to polarized light microscopy of the same samples there is good correlation between the
orientation of the collagen molecules (and therefore the accepted demarcations of the cartilage
zones) and the boundaries of the MRI lamina [39], [47], [48], [49], [50], [51]. These striations also
change in thickness and intensity under compressive force, indicating a change in collagen fiber

6

orientation under loading [52]. When comparing the appearance of cartilage from typically loaded
and unloaded areas, the loaded areas have more clearly visible striations [32], [33], [53], [54].
Degradation of collagen and disruption of collagen architecture changes T2 measurements, but
proteoglycan depletion has no effect [27]. Multiple groups have studied normal and spontaneously
degenerated bovine cartilage and found that T2 measurement increased with signs of degeneration
[55], [56], [57], [58]. Increased water content is also a sign of early OA that can be assessed well
with T2 scans [59], [60], [61]. Studies of patients with OA show that T2 increases with increasing
symptoms [29], [30], [62], [63]. Although test-retest reproducibility for each patient has been
shown to be less than 10%, variation between subjects is quite large and, as a result, using T2 to
diagnose OA shows poor results [29], [62], [64], [65].

1.3 Gadolinium Enhanced T1 Imaging
T1 is a measure of the spin-lattice relaxation of water and measures the timepoint where spins that
1

have been aligned longitudinally are1 − 𝑒, or ~67% recovered. Multiple images are taken at many
relaxation times, and fitted to
𝑆(𝑇𝑅) = 𝑆0 ∗ (1 − exp (

𝑇𝑅
)) + 𝐶
𝑇1

(1-2)

where S0 is the signal at time zero, TR is the relaxation time and C is a fitting error parameter. T1
measurements of cartilage in the absence of contrast agents are fairly homogenous across the
cartilage depth. However, gadolinium (Gd) can be used as a contrast agent, as it decreases T1
significantly. This imaging modality is called dGEMRIC (delayed gadolinium-enhanced MRI of
cartilage). If Gd is conjugated to a negatively charged ion (usually diethylene triamine pentaacetic
acid, creating Gd-DPTA2-), at equilibrium it is distributed through the cartilage inversely to the
concentration of negatively charged GAGs ([GAG]). Therefore, change in T1 can be correlated
with gadolinium concentration ([Gd]) using:
7

[𝐺𝑑 𝐷𝑃𝑇𝐴2− ]𝑡𝑖𝑠𝑠𝑢𝑒 =

1
1
1
[
− 0]
𝑅 𝑇1 (𝐺𝑑) 𝑇1

(1-3)

where R is the relaxivity of Gd in the tissue, T1(Gd) is the calculated T1 constant in the presence
of Gd and T10 is calculated without Gd [66].
[Gd] has been correlated to the fixed charge density (FCD) in the cartilage as measured by sodium
MRI and to [GAG] measured with safranin-O [66], [67], [68], [69]. Many studies do not take the
T10 scan due to time pressure, instead using only T1(Gd) as a measure. Resulting calculated [Gd]
and [GAG] are very similar to the parameters calculated with T10 scans and have good
reproducibility in vivo [70], [71], [72]. In vitro experiments are done by immersing the sample in
a Gd-DPTA2- solution. In vivo determination of gadolinium weighted T1 utilizes a commercial
gadopentetate dimeglumine solution (Magnevist), which is injected either intravenously or directly
into the joint capsule. An intravenous protocol that was tested found that exercise was necessary
to facilitate contrast agent diffusion into the cartilage. Using appropriate time windows for the
knee (2-3 hours) and hip (30-90 minutes), a test-retest reproducibility of 15% was found for
region-of-interest (ROI) analysis of the articular cartilage [73]. In vitro studies have found that it
took the gadolinium ions over 3.5 hours to achieve steady-state diffusion the deep zone [74], [75].
This is an issue for in vivo studies as the Gd in the superficial zone may begin to wash out before
the deep zone has achieved equilibrium [76]. This could lead to overestimation of the GAG content
of the deep zone. However, these same studies all show that dGEMRIC shows measurable
sensitivity to [GAG] before full equilibrium has been reached [73], [74], [76].
dGEMRIC has been correlated to mechanical properties in vitro [35], [55], [69], [71], [77], [78],
[79]. Since [GAG] is a primary predictor of compressive modulus in cartilage, and dGEMRIC is
a measure of [GAG], it is logical that dGEMRIC could predict mechanical properties of cartilage.
Studies have found that bulk measurements of T1(Gd) and [GAG] correlate well with both
8

Young’s Modulus and dynamic modulus of healthy bovine cartilage [77], [78], [79]. However
other studies have been less conclusive. Nissi et al found no correlation between mechanical
properties and calculated [GAG], however they mentioned that their samples might not have been
mature [71].
While T1 without contrast agents correlates weakly with OA risk factors, contrast agents make
cartilage degradation much more obvious [80]. The original proof of concept experiments were
done on chemically damaged cartilage to create a large variation in [GAG] [67], [68]. Spatial
distribution of [GAG], as calculated from T1(Gd) scans, correlates very well with optical density
of safranin-O in healthy samples and in samples chemically degraded with chondroitinase,
although the correlation was worse in the deep zone, where, as mentioned earlier, T1(Gd) may
overestimate [GAG] [81], [82]. In spontaneously degraded bovine samples, dGEMRIC was a
better predictor of tissue integrity than T2 or T1 without contrast enhancement [55]. Investigations
of human knees before and after arthroplasty found that in vivo measures of T1(Gd) correlated
with [GAG] found using biochemical assays [66]. However, T1(Gd) may not be accurate in areas
with extreme physical damage (such as fibrillation) due to the increased water content in these
areas [83]. As with most MRI parameters, the large inherent variability in values between patients
indicates that T1(Gd) may not be able to reliably diagnose OA in vivo [84].
The major downside to dGMERIC is the inconvenient amount of time necessary to allow the
contrast agent to infiltrate the cartilage, as well as the necessity of doing multiple scans to assess
the cartilage with and without contrast agent. The second downside can be mitigated by taking all
scans with contrast agent and back-calculating the other parameters (specifically T2) but the first
cannot [85]. T1(Gd) is capable of detecting the change in [GAG] associated with degeneration or
repair but varies too widely between subjects to be used as a diagnostic tool for OA [84]. T1(Gd)
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can reliably distinguish fibrous repair cartilage from hyaline-like repair cartilage, and in the best
cases cannot distinguish between hyaline repair and control tissue. This method can be improved
by comparing the change in T1 of the surrounding synovial fluid to normalize the contrast by the
[Gd] in the joint capsule [86].

1.4 Diffusion Imaging
Diffusion imaging measures the mobility of the water protons as a function of an applied field
gradient pulse. Diffusion-weighted imaging (DWI) creates a semi-quantitative estimate of the
relative diffusivity of each voxel while diffusion mapping takes multiple diffusion-weighted
images with different gradients and fits each voxel to:
𝑆(𝑇𝐸)
𝛿
= exp (−𝛾 2 ∗ 𝐺 2 ∗ 𝛿 2 ∗ (∆ − ) 𝐷) = exp(−𝑏 ∗ 𝐷)
𝑆0
3

(1-4)

where S0 is the signal intensity without diffusion weighting, S is the signal weighted by the
diffusion gradient, γ is they gyromagnetic radius, G is the strength of the gradient pulse, δ is the
duration of the pulse, Δ is the time between pulses and D is the calculated diffusion coefficient
[87]. If diffusion mapping is done in multiple directions (called diffusion tensor imaging, or DTI),
a diffusion tensor with six independent components can be calculated [88]. From the diffusion
tensor many parameters can be calculated, including the trace of the diffusion tensor (also called
the apparent diffusivity coefficient (ADC)), the fractional anisotropy (FA) of the diffusion and the
first eigenvector, which gives the primary direction of diffusion [89].
Healthy articular cartilage shows zonal variation in ADC, FA and direction [31], [90], [91], [92],
[93]. Calculated diffusion coefficients monotonically decrease from the superficial layer (1.30 ±
0.08 *10-3 mm2/s) to the deep zone (0.72 ± 0.11 *10-3 mm2/s) [91]. Comparisons between proton
density and diffusivity in canine cartilage showed that ADC decreased proportionately to water
content for the first third of the cartilage depth, but decreased more quickly than the water content
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for the deepest two-thirds of the cartilage [31]. Comparisons of FA and first eigenvector with
collagen orientation using scanning electron microscopy and polarized light microscopy have
found good correlation between the direction of the collagen fibers and the degree of orientation.
Zonal heights calculated using DTI correlate well to heights found with other methods [90], [91],
[94]. Both simulations and examinations of degraded cartilage have confirmed that ADC is
primarily dependent on [GAG] and FA is only dependent on the collagen orientation [95], [96],
[97], [98]. DTI can also be used to predict mechanical properties of tissue: ADC was shown to
correlate with viscosity coefficient in porcine knee and with compressive modulus in engineered
cartilage constructs [99], [100].
Studies of degenerated articular cartilage have shown that diffusivity increases with decreasing
GAG content [98], [101], [102], [103]. There is evidence that an increase in porosity is the cause
of the increased diffusivity, not exclusively the depletion of the GAGs [104], [105]. In vitro studies
of human cartilage with OA have shown that samples with a higher OARSI grade (as defined by
Osteoarthritis Research Society International) have higher diffusion coefficients [106]. ADC also
correlates with the equilibrium modulus of osteoarthritic cartilage [77]. One study of healthy and
OA human patients found test-retest reproducibility of less than 10%. The authors were able to
differentiate between the groups with a specificity of 0.88 and a sensitivity of 0.8 using only ADC
measurements [64]. However the clinical use of ADC as a measure of degradation may be limited
as not all samples have a correlation between ADC and OA severity, and those that did correlate
showed a smaller difference between healthy and OA cartilage than dGEMRIC calculations [107].
Changes in FA are harder to quantify as anisotropy is quite low even in healthy cartilage and is
heavily influenced by noise in the scan. However, studies of GAG-depleted cartilage treated with
trypsin have shown that the GAG content of the cartilage has no effect on FA [102], [103], [104].
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Since OA causes changes in the collagen organization of the cartilage as well as the GAG content,
FA may be able to indicate cartilage damage due to OA. In samples of osteoarthritic human
cartilage, Raya et al found reduced FA in the deep zone but not in the superficial or medial zones
[64], [106]. Raya et al were able to differentiate between OA and healthy patients using the
difference in FA with a specificity of 1 and a sensitivity of 0.8 [64].

1.5 Classification Algorithms
Research into classification of cartilage degradation using MRI has mainly focused on
differentiating degraded cartilage from healthy cartilage, in the hopes that the classification
methods could be used to diagnose OA in patients and inform treatment. While currently MRI is
not routinely used to assess cartilage damage due to high cost, refining these methods gives greater
power to researchers trying to answer questions about the progression of OA in humans.
Longitudinal MRI studies of both the general population, and of people who have undergone a
joint trauma such as a cartilage fracture, will answer important questions about the first stages of
the disease, as well as what joint geometries or other factors may act as protective or accelerating
factors for OA. However, to obtain high quality useful data, the studies must capture informative
parameters that reliably assess cartilage structure and health. We perform studies on a variety of
in vitro models in order to create methods that we believe will translate well to in vivo assessment
of human OA.
Classification algorithms run the gamut from fairly simple linear combinations of variables, like
Fisher’s Discriminant analysis [108], to extremely complicated methods powered by machine
learning. Because of the natural high variation between subjects, no current method can accurately
predict normal vs pathologic cartilage on its own. Studies of enzymatically degraded bovine nasal
cartilage, engineered cartilage tissues, and trypsin degraded bovine cartilage have found that T1 is
12

the best univariate classifier of cartilage degradation but does not exceed an accuracy of ~85%
[109], [110], [111]. Studies are much more successful when they use multiple parameters to assess
cartilage health [78], [110], [112]. Support vector machine analysis of engineered cartilage
explants found 98% accuracy in group prediction using the magnetization transfer constant (Km)
and ACD [109], and in enzymatically digested bovine nasal cartilage found an accuracy of 100%
in extensively degraded cartilage and 94% in mildly degraded group using T1, Km and ADC [113].
Other multivariate algorithms such as Gaussian clustering [114], fuzzy clustering [110], and
Mahalanobis distance matrix algorithms [115] have shown accuracy between 65% and 90%.
There are tradeoffs inherent in these types of studies, where large data sets are necessary to use
more complex algorithms and to test the produced algorithms on new data sets that were not
included in the training data. This has led some researchers to use nasal bovine cartilage threaded
on rods, which allows many samples to be imaged at once, but sacrifices imaging articular cartilage
structural properties, which may lead to erroneous conclusions about which variables are most
impactful in classifying degradation [110], [111], [113]. Other tradeoffs include scan time, which
incentivizes groups to use shorter scans, for example diffusion weighted imaging instead of a full
diffusion tensor imaging that allows anisotropy to be measured. Although quantitative MRI
methods have not been widely adopted in the clinic, quantitative MRI remains a promising way of
non-invasively determining regenerated cartilage health.

1.6 Innovations and Specific Aims
While MRI investigation of cartilage damage has been explored extensively in the literature, there
are still areas for further study. To begin with, though the zonal structure of cartilage is often
references and credited for cartilage’s remarkable mechanical properties, almost all MRI studies
ignore the remarkable differences in MR parameters caused by the different macromolecular
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content and structure in the different zones. In some cases, this is understandable: cartilage is thin
and in vivo studies of full joints have low resolution, leading to a cartilage thickness of only a few
pixels. However, even in these cases, the major changes in the joint often occur in the superficialmost layer of pixels, with smaller changes in deep zone tissues. In this work we show that
overlooking the zonal variation in cartilage MR parameters neglects vital information and leads to
measurements that are far less sensitive to cartilage degradation than full thickness averages.
Secondarily, MR investigations of cartilage have tried to correlate MR parameters with structural
information such as the biochemical content and organization of the ECM competent. Many
groups have been successful in measuring the GAG content, either through T1(Gd) imaging or
through sodium imaging, and structural information about the direction and extent of collagen
alignment can be deduced from T2 “magic angle” imaging, however, quantitative measurements
of water and collagen content have not been explored.
My goal was to merge these two overlooked areas of MRI analysis of cartilage to increase the
ability to detect changes in ECM and predict mechanical properties. To that end, the specific aims
of this work are:
Aim 1: Increase sensitivity of MRI to mild surface degradation by calculating biochemical
content parameters and differentiating the analysis by zone.
The purpose of this aim was to test the sensitivity of zonal analysis vs typical full thickness
averages used in most clinical studies. This aim also investigated the feasibility of calculating
water and collagen content using non-invasive MRI parameters. We hypothesized that zonal
averages would be more sensitive to mild surface degradation than full thickness averages, and
that we could calculate water and collagen contents, as well as the more traditionally used GAG
content.
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Aim 2: Using zonal MRI and biochemical parameters, classify samples by degradation type.
The purpose of this aim was to apply the biochemical measurements and zonal analysis validated
in the previous aim to develop classification algorithms to distinguish different levels and types of
surface degradation from control healthy cartilage. We hypothesized that zonal analysis would
allow for better classification than full thickness averages, and that biochemical measurements
would have large impacts on the separation algorithm.
Aim 3: Predict the mechanical properties and classification of cultured explant samples using
the MRI analysis.
This aim applied the MRI analysis protocols developed in the previous aims to bovine cartilage
damaged in a different method: through culturing with inflammatory enzymes. These samples have
undergone more severe damage than the samples in the previous aims, so we also explored the
ability of full thickness and zonal averages of MRI parameters to predict the mechanical response
of the explant tissues. We hypothesized that zonal averages would be more sensitive to degradation
than full thickness averages, and that zonal measurements would be more accurate in predicting
classification and mechanical properties.
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2. Zonal MRI of Enzymatically Degraded Cartilage 
2.1 Introduction
Osteoarthritis (OA) is a degenerative disease affecting the synovial joints of an estimated 27
million people in the United States [1]. Current treatments are unable to regenerate the damaged
cartilage and early diagnosis of OA is critical for utilization of treatments slowing or reversing the
damage [116], [117]. Early stages of OA are associated with damage or loss of both collagen and
glycosaminoglycans (GAGs) in the tissue, as well as an increase in water content [13]. Current
imaging techniques used to diagnose OA include X-ray imaging and morphological MRI. X-ray
only images hard tissues, and therefore, without contrast agents, can only diagnose OA when
significant damage, such as joint space narrowing and osteophyte growth, has already occurred.
Morphological MRI is sensitive to soft tissues including articular cartilage and is used to image
gross morphology including regions of hypo- or hyper-intensity or areas where cartilage has been
eroded. Eroded cartilage occurs in mid- or late-stage OA, and no imaging techniques are currently
used clinically to diagnose early OA. Quantitative MRI is a promising technique for detecting
early changes in cartilage composition and mechanical properties [118].
Zonal variation in cartilage structure is integral to its mechanical function. The concentration of
collagen, GAG and water vary with cartilage depth, and the orientation of cartilage changes
dramatically from surface to the osteochondral interface [4]. OA damage is also zonal in nature,
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originating at the surface of the cartilage and moving progressively deeper into the tissue as the
disease progresses [106], [117], [119]. While current analyses depend on full thickness averages
of MR parameters to assess cartilage health, differentiating by zone may increase sensitivity to
early stages of OA damage.
The negatively charged contrast agent gadolinium can be used to determine the fixed charge
density (FCD) of cartilage tissue by comparing alterations of the T1 relaxation constant with the
addition of a contrast agent. This approach has been widely validated both in vitro and in vivo.
Water content is not often measured quantitatively with MRI; T2 has been used as a rough estimate
of water content [59], but it also is highly dependent on collagen content and orientation. Early in
the investigation of spin-relaxation properties of cartilage, Xia et al. (1994) reported on the proton
density of bovine explants normalized to the intensity of the bath solution. We adapted this method
here to calculate the water fraction of the tissues. Collagen content has, as far as we are aware,
never been determined through MRI techniques. However, as the density of cartilage does not
change appreciably with changing ratios of GAG and collagen [120], and cartilage consists mainly
of only these three components (with a small fraction of cells), we developed a method for
calculating collagen content using only non-invasive MRI parameters.

2.2 Materials and Methods
2.2.1

Sample Preparation

Bovine stifle joints from young (under 30 months) animals were obtained from a local abattoir
(NY Custom Processing) and dissected within 24 hours. Samples (approximately 1 cm x 1 cm x 2
cm) were cut from patella that were glossy and had no gross morphological damage. Control
samples (n = 6) were immediately imaged, while damaged samples were incubated at 37° C in
serum free DMEM (ThermoFisher Scientific) supplemented with 1% penicillin-streptomycin
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(Sigma-Aldrich) and the target enzymes. Surface degradation was induced with 0.2 units/mL
chondroitinase ABC (cABC, Sigma-Aldrich), for 22 hours (n = 4), or 30 units/mL collagenase
type II (Worthington Biochemical) for 14 hours (n = 4), or sequentially (cABC then collagenase,
n = 5). Samples were rinsed in saline and transferred to sample tubes for MRI (Figure 2-1). Sample
orientation in the magnetic field was chosen to minimize the effects of the “magic-angle” effect
on the T2 and T2-weighted scans [37].
2.2.2

Quantitative Magnetic Resonance Imaging and Analysis

MRI was performed on a Bruker AVIII 13 cm 7T Horizontal Bore Scanner using a 23mm
quadrature TR volume coil. Samples were immersed in 0.15 M saline before T1 (T1 RARE; TE =
12.5 ms; TR = 100, 300, 500, 700, 900, 1500, 3000 ms; 1 repetition, RARE factor 1) and T2
(MSME; TR = 15 s; TE = 10.5, 21, 35.5, 42, 52.5, 63 ms; 1 repetition) imaging. Samples were

Figure 2-1: A) Sample patella used for these experiments. B) MRI experimental set-up. Orientation was chosen
so that the T2 “magic angle” effect caused by the orientation of the B0 field would be consistent between scans.
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then incubated overnight at 4 °C in 1 mM gadolinium-diethylenetriamine pentaacetic acid (GdDTPA) (Sigma-Aldrich) in 0.15 M saline overnight, and then brought to room temperature before
another T1 scan and diffusion tensor imaging (DTIStandard; TE = 12.5 ms, TR = 700 ms; b = 100,
300, 550; 6 directions, 1 repetition). Resolution was 0.126 x 0.126 mm with a slice thickness of 2
mm.
MRI was analyzed using a combination of Paravision 5.1 (Bruker) and custom-written MATLAB
(MathWorks) code. T2 was calculated from the T2 fitting equation:
𝑆(𝑇𝐸) = 𝑆0 𝑒 −𝑇𝐸/𝑇2 + 𝐶

(2-1)

where TE is the echo time, C is an error term for curve-fitting, T2 is the fitted parameter and S0 is
the signal intensity at time zero, which is a measurement of the total proton content (or water).
Diffusion tensor imaging allowed us to solve for both the apparent diffusion coefficient (ADC)
and the fractional anisotropy of the diffusion using the Stejskal-Tanner equation:
𝑆(𝑇𝐸)
𝛿
= exp (−𝛾 2 ∗ 𝐺 2 ∗ 𝛿 2 ∗ (∆ − ) 𝐷) = exp(−𝑏 ∗ 𝐷)
𝑆0
3

(2-2)

where S0 is the signal intensity without diffusion weighting, S is the signal weighted by the
diffusion gradient, γ is they gyromagnetic radius, G is the strength of the gradient pulse, δ is the
duration of the pulse, Δ is the time between pulses and D is the calculated diffusion coefficient
[87]. If diffusion mapping is done in multiple directions (called diffusion tensor imaging, or DTI),
a diffusion tensor with six independent components can be calculated [88]. From the tensor, the
eigenvalues can be calculated. ADC is then calculated by averaging the eigenvalues, while FA is
calculated using:

𝐹𝐴 = √

(𝜆1 − 𝜆2 )2 + (𝜆2 − 𝜆3 )2 + (𝜆1 − 𝜆3 )2
2 ∗ (𝜆1 2 + 𝜆2 2 + 𝜆3 2 )
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(2-3)

where λ1 is the first eigenvalue, λ2 is the second eigenvalue, and λ3 is the third eigenvalue. Perfectly
isotropic diffusion will have an FA of 0, as λ1 = λ2 = λ3.
T1 and T1(Gd) were calculated using the T1 fitting equation:
𝑆(𝑇𝑅) = 𝑆0 (1 − 𝑒 −𝑇𝑅⁄𝑇1 )

(2-4)

where TR is the relaxation time, S0 is the signal intensity at time zero, and T1 is the fitted
parameter.
2.2.3

Non-Invasive Measurements of Biochemical Content

GAG content ([GAG]) was calculated from T1 and T1(Gd) using ROI analysis as described
previously, using R = 4.4 [67]. Briefly, the concentration of fixed charges inside the cartilage can
be calculated from the concentration of the negatively charged Gd-DTPA using the Donnan model.
The concentration of Gd-DTPA is found using:
1
1
1
(
− )
𝑅 𝑇1(𝐺𝑑) 𝑇1

[𝐺𝑑-𝐷𝑇𝑃𝐴2− ] =

(2-5)

where R is the relaxivity of the Gd-DTPA in (mM-sec)-1. Fixed charge density (FCD) of the tissue
is then calculated with:
𝐹𝐶𝐷 =

[𝑁𝑎 + ]𝑏 √[𝐺𝑑-𝐷𝑇𝑃𝐴2− ]𝑡
√[𝐺𝑑-𝐷𝑇𝑃𝐴2− ]𝑏

−

[𝑁𝑎+ ]𝑏 √[𝐺𝑑-𝐷𝑇𝑃𝐴2− ]𝑏
√[𝐺𝑑-𝐷𝑇𝑃𝐴2− ]𝑡

(2-6)

where the subscript b indicates the concentration of the solute in the bath and the subscript t
indicates the concentration in the tissue.
GAG content was then calculated using:
𝑔
502.5
𝑚𝑜𝑙
𝐺𝐴𝐺 = 𝐹𝐶𝐷 ∗ (
) ∗ 10−3
2
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(2-7)

Water content (φw) was found using the S0 term from the T2 scan. Proton density was found by
averaging the S0 term over a region of interest (ROI) in the saline and dividing the proton density
of each pixel of the tissue by the average to determine the tissue water content.
Collagen content was calculated by assuming the solid matrix of bovine articular cartilage (ρsolid)
has a density of 1.323 g/mL [120]. The mass fraction (in mg/mL) of the solid fraction was found
by subtracting the water fraction from the tissue volume and multiplying by solid fraction density.
Collagen content (in mg/mL) was then found by subtracting GAG content (in mg/mL) from the
total solid matrix. The equation is:
[𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛] = (1 − 𝜙 𝑤 ) ∗ 𝜌𝑠𝑜𝑙𝑖𝑑 − [𝐺𝐴𝐺]

(2-8)

The density of the solid matrix does not change significantly with enzymatic degradation and so
we assume that any zonal differences are also not significant [121].
Zonal variation in parameters was calculated using a custom MATLAB script. An ROI from the
center of the sample containing the full cartilage thickness was specified. The uppermost 20%
designated as superficial zone, the next 30% as medial zone, and the lower 50% as deep zone [4].
ROI averages were taken by averaging all the voxels within the zones.
2.2.4

Univariate Statistical Analysis

Univariate comparisons of MRI variables were performed in Minitab 17. Assumptions for
normality (Anderson-Darling) and similar variance (F-tests for normal samples, Levene’s test for
non-normal samples) were checked before choosing the appropriate comparison test. T-tests (with
or without assumptions for similar variance) and Mann-Whitney U test were used to compare
control to degradation groups with statistical significance set at 0.05. Chemical quantification was
assessed with one-way ANOVA with Tukey post-hoc tests.
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2.2.5

Biochemical Analysis and Histology

Half of the punch was processed for histology by fixing in 4% paraformaldehyde before paraffin
embedding and sectioning. Sections were deparaffinized and rehydrated before being stained with
Safranin O and Fast Green [122]. The other half of the punch was weighed before being frozen in
OCT for zonal sectioning. Zonal sectioning was achieved by slicing the cartilage sample into 100
µm slices and dividing the top 20% into superficial zone, the middle 30% into medial zone, and
the bottom 50% into deep zone. Each zone was rinsed, rehydrated and weighed before being
digested in papain overnight. The dimethylmethylene blue (DMMB) assay was used to quantify
sGAG content of the tissue while the hydroxyproline assay was used to quantify collagen content
(with a factor of 10 g hydroxyproline per 1 g of type II collagen) [123], [124].

2.3 Results
2.3.1

Magnetic Resonance Imaging and Analysis

Representative images for each group are shown in Figure 2-2, with a full-thickness ROI drawn
on Figure 2-2A. The images show values within expected ranges for all measured MRI parameters,
with swelling and degradation evident in the enzyme treated groups compared to the control group.
There is some field inhomogeneity present in the T2 scans, however it affects only the periphery
of the samples, which was not analyzed.
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Figure 2-2: Representative magnetic resonance images of cartilage scans. A-F) Control, G-L) chondroitinase
M-R) collagenase and S-X) sequential. Full thickness region of interest is shown on the T1 figure (A). ROIs
were chosen from the center of the tissue, where the magnetic field was homogenous and edge effects were
negligible.

2.3.2

Univariate Statistical Analysis

MR parameters were within reported ranges (Table 2-1). Statistics for normality and similar
variance are shown in Table 2-2 and Table 2-3 respectively. Zonal analysis for the superficial zone
was consistently more sensitive to enzymatic degradation than full thickness averages. Medial
zone averages showed significant differences for the sequential group in T1, T1(Gd), and ADC.
Full thickness averages showed significant changes in only sequential T1 and ADC. Deep zone
averages showed statistically different values only for T1 of the sequential group. MRI-derived
physical parameters (water content, GAG content and collagen content) are shown in Figure 2-3.
Again, the superficial zone was more sensitive to degradation than the full thickness averages. The
medial zone showed similar trends to the superficial zone for water and collagen content but was
not statistically significant. None of the groups were significantly different from the control in the
deep zone. As we deliberately induced superficial degradation and chose our analysis area to
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Table 2-1: MR variables of full-thickness, superficial and medial zones of bovine cartilage. Data is shown as mean ± standard deviation. * and **
indicate significant differences at p < 0.05 and p < 0.01, respectively, when compared to the control. Sequential degradation showed the strongest
effects of enzymatic digestion on the MR variables. Superficial zone averages were able to detect significant changes in the tissue due to collagenase
degradation.
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Table 2-2: P-values from Anderson-Darling tests for normality. Statistically significant (p < 0.05) data sets do not follow a normal distribution and are
bolded.

Table 2-3: Data sets that were flagged as having a non-normal distribution were tested using a two sample
Kolmogorov-Smirnov test for equal variance. All samples were shown to have equal variance.

Full
Superficial

Medial

cABC

Collagenase

Sequential

T1(Gd)

0.991

0.991

0.921

GAG
Water
Content
T1(Gd)

0.991

0.991

0.921

0.435

0.890

0.970

0.991

0.890

0.847

GAG

0.991

0.435

0.846

minimize edge effects, this outcome is expected.
Among the conventional MRI parameters (i.e., T1, T1 (Gd), T2, ADC, and FA as shown in Table
2-1), cABC treatments did not lead to significant changes to full thickness, superficial or medial
zones, while collagenase caused significant changes in T1, ADC, and FA in the superficial zone,
but not in the middle zone or full-thickness cartilage. Sequential treatments with both enzymes
caused the most prominent changes with significant increases in T1 and ADC in both zones and
full-thickness cartilage. In addition, significant changes were also observed in T2 and FA of
superficial zone and in T1(Gd) of the middle zone under sequential treatments.
Among MR derived chemical contents (water, GAG, and collagen content) shown in Figure 2-3
the full thickness average of water increased with degradation but was only significant for the
sequential degradation (0.81 ± 0.04 for the control vs 0.88 ± 0.05 for the sequential degradation
group; p = 0.028). In the superficial zone, a significant increase of water was observed due to the
collagenase treatment, possibly due to tissue swelling resulting from the loss and damage of
collagen fibrils in the superficial zone. No significant differences in water content between any
two groups were detected for the medial-zone cartilage.
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Figure 2-3: Chemical contents quantified from MRI for full-thickness bovine cartilage and its superficial and
medial zones. A) Water fraction, B) GAG content and C) collagen content of cartilage zones, measured using
MRI. Superficial zone water and collagen contents are more sensitive to degradation than full thickness
averages. *and ** represent significant differences at p < 0.05 and p < 0.01, respectively.
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GAG content was less sensitive to the enzyme treatments than water. Full thickness average of the
GAG content showed that GAG content was lower in the sequentially treated samples, but the
effect was not significant. While no significant differences of GAG in the superficial zone were
found to associate with enzymatic treatments, the medial zone did show a significant decrease in
GAG content for the sequentially degraded samples, dropping from 42 ± 10 mg/mL to 21 ± 9
mg/mL (p = 0.017). These results could be partially attributed to the significantly lower GAG
content in the superficial zone in comparison to the medial zone [125].
Full thickness collagen content was significantly decreased in the sequentially degraded group,
from 209 ± 51 mg/mL to 130 ± 56 mg/mL (p = 0.039). Superficial collagen content was sensitive
to collagenase degradation, decreasing significantly from 132 ± 22 mg/mL in the control group to
74 ± 34 mg/mL in the collagenase treated group (p = 0.010), and 44 ± 25 mg/mL (p < 0.001) in
the sequential degradation group. The sequentially treated group also showed significant decreases
in collagen content when compared to the cABC treated group.
In summary, our results suggest that collagenase had more apparent MR-visible effects on cartilage
degradation, causing the loss of collagen content in the superficial zone and the swelling of the
entire tissue, but cABC treatment contributed to a GAG loss in the medial zone.
2.3.3

Biochemical Analysis and Histology

DMMB analysis of zonal GAG content showed similar trends as the MRI measurements, although
full thickness DMMB was significantly reduced for the sequential group (Figure 2-4) while the
full thickness average of the MRI measurement only trended towards reduction (p = 0.0828).
Histology confirms this, showing similar levels of GAG in the medial and deep zones for both
cABC and collagenase treatments, while sequential treatment showed significant depletion (Figure
2-5).
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Figure 2-4: Chemical quantification of experimental groups. (A) DMMB analysis of zonal GAG content. (B)
Zonal collagen content assessed with the hydroxyproline assay. Sequential groups had significantly reduced
GAG in the medial, deep and full thickness samples. No statistically significant changes were found in the
collagen content. Samples were compared with a one-way ANOVA with Tukey post-hoc test.

Chemical quantification of the collagen content in the cartilage found no significant differences
between any group, indicating that the MRI measurement may be more sensitive than the
hydroxyproline assay. Fast Green staining of collagen showed a lessening in the intensity of the
stain in the superficial zone, especially when compared to the medial zone staining (Figure 2-5).
This confirms the depletion of the superficial collagen content measured by MRI.
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Figure 2-5: Histological assessment (Fast Green/Safranin O stains) of cartilage. Histology confirmed the MRI
results, showing no changes to the GAG content of the medial and deep zones with chondroitinase or
collagenase treatment, but intense depletion with sequential treatment. Collagenase treatment resulted in a
superficial zone with disrupted collagen structure and less intense staining. In normal samples the darkest
region of Fast Green is the very thin superficial layer, while in collagenase treated samples the darkest region
is in the medial zone, indicating a depletion of superficial collagen. Scale bars are 300 µm.

2.4 Discussion
We determined MRI parameters and derived chemical contents of bovine articular cartilage under
enzymatic degradation, showed that zonal analysis is more sensitive to minor degradation than full
thickness averages, and showed for the first time that the collagen content of the cartilage measured
non-invasively through MRI can help identify collagen degradation in cartilage.
Our novel, non-invasive collagen content measure was sensitive to degradation with collagenase.
Our reported collagen and GAG contents are consistent with previously reported values using an
optical imaging method [126]. To the best of our knowledge, this is the first description of a
quantitative MR measurement of the collagen content in cartilage. Recently, Hatcher et al.
examined collagen content in OA cartilage but did not report any correlation between collagen
content and specific MR parameters [127]. Collagen content and organization is not usually
emphasized in studies of cartilage degradation; recent studies have been more interested in
diffusivity and fixed charge density than collagen [30], [111], [128]. FA is sensitive to degradation
by both collagenase and cABC and has been suggested as an important diagnostic marker for OA
[106]. Interestingly, degradation using trypsin to target proteoglycans does not result in a change
in FA [102]. Our study indicates that collagen content and orientation are important markers for
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enzymatic degradation of bovine cartilage and should be further investigated in osteoarthritic
human cartilage.
Enzymatic digestion has been used to model OA damage in many MRI studies of OA [118].
Although it does not mimic the mechanical degradation induced by over-loading the tissue, much
of the tissue damage caused by OA is created by biochemical instigators (matrix
metalloproteinases, ADAMTs, IL-1, TNF and other inflammatory cytokines) [13]. Actual
occurrences of OA show great variation in cartilage health over the surface of the joint, and human
OA joints are obtained through total joint arthroplasty, which gives researches access only to tissue
that is too damaged for conservative treatment [129]. Therefore, enzymatic digestion is used in
this study to create reproducible and mild degradation. Sequential treatment resulted in more
severe degradation than either chondroitinase or collagenase treatment individually, indicating that
the enzymes may work synergistically.
A minor concern is that our use of an automated zonal classification system does not consider
changes in tissue volume due to swelling. We chose to use standardized fractions of depth to
measures the zones to minimize user variability, but we were then unable to use landmarks in the
MRI images to separate the zones. Presumably the swelling of the tissue occurs mostly in the
superficial zone and we have not adjusted the assigned fractions to take this into consideration.
However, without doing more experiments to ascertain exactly how much each zone swells it is
difficult to correct this. Our analysis showed significant changes in the superficial zone and more
minor changes in the medial zone, so our methods are robust enough that the small changes caused
by swelling have not impacted our analysis.
Overall, we have shown that zonal analysis greatly enhances MRI sensitivity to enzymatic
degradation. Furthermore, we have non-invasively measured all three major components of
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cartilage: water, GAG and collagen. We believe that these innovations could enhance the efforts
of researchers to investigate the progression of OA in vivo, as well as to enhance studies of
potential OA treatments. These methods could be used to identify patients with early stage OA to
test bioactive drugs on, or to monitor changes in cartilage health and ECM composition with
treatment.
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3. FDA Classification of Enzymatically Degraded Cartilage Using
MRI
3.1 Introduction
The early diagnosis of OA opens new possibilities for treatment as well as for evaluating changes
to the joint structure following this treatment [130]. A successful classification method would be
able to classify an unknown cartilage sample to a specific clinical diagnosis with a high degree of
sensitivity and specificity. For example, in post-traumatic OA (PTOA), often induced by sports
injuries, there is interest in prophylactic treatments given at the time of injury, or of surgical repair
[131]. Effective MR imaging could track treatment effectiveness before significant cartilage
erosion has occurred, and potentially identify risk factors for further damage or indicate when a
different treatment course is necessary before such treatment becomes ineffective. While these
methods are not currently wide-spread in clinics, many research studies of PTOA and of potential
bioactive OA treatments would benefit from such a diagnostic criteria. Univariate classifications,
such as T1, diffusivity, and Km [109], [110], [111], have been investigated for cartilage, but
because there is a high degree of inter-patient variability (and even high variability within one
patient’s joint depending on location and loading [129]), there is overlap between healthy and
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diseased groups in all MRI investigations thus far and a univariate method cannot be used for
accurate diagnosis. Therefore, multiparametric methods could be beneficial for the classification.
Quantitative MRI has been used in many cases to classify degraded cartilage using a variety of
statistical methods. Enzymatic degradation using chondroitinase, trypsin, collagenase and
combinations of chemicals have been used to model degradation from OA [27], [56], [104], [111].
Unlike previously studied classification methods, which include cluster analysis [114], Euclidean
distance classification analysis [111], and multivariate support vector machine analysis [109],
[132], we employed Fisher discriminant analysis (FDA). FDA operates on projections with linear
combinations of selected input variables [108]. This approach has several advantages for
quantitative MRI: taking into account all samples instead of focusing on those at the border of
clusters in hyper dimension, allowing for the analysis of input variables that may be inherently
correlated (such as water content, T1, and diffusivity of articular cartilage in MRI), permitting easy
visualization of group separability, and finally providing statistics or scores for clinical translation
in the future.
Our previous work with MRI and enzymatically degraded cartilage showed that zonal averages of
quantitative MRI parameters, especially in the superficial zone, are more sensitive to degradation
than full thickness averages. Because we found virtually no changes in the deep zone cartilage, we
have decided to exclude the data from the deep zone and only used superficial and medial zone
averages for classification.
The aim of this study is to classify enzymatic cartilage degradation using only non-invasive MRI
parameters that could be applied to the diagnosis of early OA. This discriminant analysis relies on
routine MRI measurements and MR-derived chemical contents (water, GAG and a novel collagen
content measurement). We hypothesize that zonal variations in MR parameters are a more
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powerful classifier of degradation groups than full thickness averages, and that biochemical
measurements of tissue content are more important to classification than classic MRI variables.

3.2 Materials and Methods
3.2.1

Sample Preparation and MRI

Quantitative MRI data from the previous chapter was used for further FDA analysis. Briefly, bonecartilage plugs were taken from bovine patella, subjected to enzymatic degradation with cABC,
collagenase, or both enzymes sequentially. MRI was conducted, with and without the negatively
charged contrast agent Gd-DTPA, and T1, T1(Gd), T2, ADC, FA, water content, GAG content
and collagen content were calculated, as described in the previous chapter. Full thickness zonal
averages of the quantitative parameters were measured, as were zonal parameters.
3.2.2

Multivariate Statistical Analysis

To better understand overall differentiation phenomena, FDA [108] was used to characterize the
data. FDA is a standard multivariate technique to find projection directions that separate the
observations of two or more samples, or data clusters, according to an objective function that is
based on the squared distance of the clusters centers (between-cluster variation) over the variance
of the projected observations (within cluster variation). The maximum number of projection
directions is equal to the number of data clusters minus one, which yields standard plots showing
the projections in various ways. These plots include univariate, bivariate and trivariate
representations of the projections, which are given as linear combinations of the original variables.
For the four enzyme treatments in this study we created three orthogonal vectors. The first
projection direction yielded the largest separation of the four cases; the second one, being
constrained, produced the second largest separation and, consequently, the third direction showed
the weakest separation. All four cases were analyzed using this method with both full thickness
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averages (eight variables including T1, T2, T1(Gd), GAG, water, collagen, ADC and FA) and
zonal averages from the superficial and medial zones (eight variables for each zone and sixteen in
total). Projections of the samples onto these orthogonal vectors produced scatter plots showing
distinct clusters that were analyzed visually.
3.2.3

Maximum and Minimum Variable Sets

Minimum variable sets, consisting of the fewest variables that would still create full separation of
the groups, were found by systematically removing sets of variables and assessing the resulting
separation visually and with the FDA objective function (J-value). The maximum variable set was
found the same way and consists of all the variables that increased the separation of the groups.
3.2.4

Variable Ranking

After these variable sets were found, they were ranked by removing each input variable in turn and
evaluating the effect on the FDA objective function (J-value). Ranked minimum and maximum
variable sets were tabulated for all four groups together, and for each enzyme-treated group vs
control.

3.3 Results
3.3.1

Multivariate Statistical Analysis

Figure 3-1A-B summarizes the results of applying FDA using full thickness averages of all eight
MR and MR-derived parameters, yielding a distinct separation between the control (black crosses)
and sequential (green x’s) degradation groups. In contrast, cABC (blue empty circles) and
collagenase (red filled circles) groups could not be distinctively separated, indicating that full
thickness averages are not sensitive enough to differentiate the levels of degradation modeled by
the single-enzyme treatment. The zonal-based analysis (Figure 3-1C-D) showed that the
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Figure 3-1: FDA analyses for separating all four groups. A) 2D projections of FDA using only full thickness
averages of MR variables. B) 3D representation of full thickness FDA. C) 2D projections of FDA using all
sixteen zonal variables. D) 3D representation of FDA using all sixteen zonal variables.

superficial and medial MR parameters yielded clear and distinct separation for all four groups with
sixteen variables (eight superficial averages, eight medial averages).
3.3.2

Maximum and Minimum Variable Sets

When using a maximum variable set of thirteen variables a separation comparable to the full
variables set was achieved (Figure 3-2A-B). When reducing the number of variables from sixteen
to a minimal set of six variables, a distinct separation could still be achieved (Figure 3-2C-D).
We compared each treatment to the control individually to examine which variables had the largest
effect on their separation and determined minimum and maximum variable sets (Table 3-1). The
minimum variable sets included collagen content and/or orientation (FA) as crucial to separation
in all cases. In the control vs collagenase analysis, superficial T1 and superficial FA comprise the
minimum variable set. For control vs sequential incubation, collagen markers are sufficient for
complete and distinct separation. For all four treatments, the minimum variable set increased to
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Figure 3-2: Maximum and minimum variable sets achieved good separation. A) 2D projections of FDA using
the thirteen maximum set variables. B) 3D representation of FDA using the thirteen maximum set variables.
C) 2D projections of FDA using the six zonal variable minimum set. D) 3D representation of FDA using the six
zonal variable minimum set.

six. The maximum variable sets flagged more commonly studied variables, including ADC,
T1(Gd), and T2. While these more commonly examined variables are sensitive to degradation and
contribute to separation, they are not crucial to the discriminatory power of the model.
3.3.3

Variable Ranking

The variables of the maximum sets were ranked by impact on J-value (Table 3-1). The J value
measures the separability of the groups, and a higher value indicates more separation. Collagen
content or orientation (FA) was ranked as the most important variable in every comparison, as the
two most important variables for control vs sequential incubation and as the top three most
important variables for control vs cABC and the full four-group comparison.
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Table 3-1: Minimum and maximum variable sets sorted by impact on the separation. Superficial variables
are marked with a superscript “s” and medial variables are marked with an “m.” In all cases, collagen
content or orientation (measured by FA) were the most important variables to classification analysis.

Control vs cABC
Min. Set

FAm
FAs
Collagen s

Max. Set

FAm
FAs
Collagens
T1(Gd)s
T1m
ADCm

Control vs
Collagenase
Min. Set

FAs
T1s

Control vs Sequential

Max. Set

Min. Set

FAs
T1m
T1(Gd)m
T1s
Collagens

Collagens

Full Comparison

Max. Set

Collagens
Collagem
T1(Gd)s
T2m
ADCm

Min. Set

Max. Set

FAs
Collagens
FAm
φws
Collagem
φwm

FAm
Collagem
FAs
T2s
Collagens
φws
T2m
T1s
φwm
T1(Gd)s
ADCs
T1m
ADCm

3.4 Discussion
We used FDA to rank MR variables to find those that had the most effect on model separation.
We achieved full separation with six zonal parameters and showed that collagen content and
orientation is crucial to separating degraded and control cartilage samples.
FDA analysis of the enzymatic degradation showed that zonal analysis is much more sensitive
than full thickness averages of MR parameters. Full thickness FDA with eight variables could
separate the sequentially degraded group from the control but could not separate the single enzyme
treatment groups. Zonal FDA showed full separation of all four groups with a minimum set of six
variables. The inclusion of both superficial and medial ROIs for the same variables (such as FA,
collagen, and water content) in the minimum variable sets again corroborates the finding that
gradients in the tissue revealed by zonal analysis are of great importance to tracking degradation.
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Our novel, non-invasive collagen content measure was critical to FDA separation of the groups.
Other MR variables that contributed to the separation analysis included commonly studied
variables such as T1(Gd), ADC, and T2. T1 was found to be necessary for the separation of control
and collagenase groups. T1 is rarely emphasized as an important variable in cartilage degradation
studies, but it was one of the best univariate specifiers for bovine nasal cartilage that was depleted
of 84% of the original GAG mass [111], [114], indicating that it may be a powerful specifier in
degraded cartilage. Surprisingly, cABC individually had no significant effects on any of the
individual parameters (although FA showed a trend towards increasing in the medial zone).
Nevertheless, FDA managed to clearly separate the cABC treatment from both healthy cartilage
and the two other degradation treatments. This indicates the robust nature of the analysis and shows
great promise in diagnosis of early stages of OA when individual parameters may not be sensitive
enough to show the small changes in tissue composition and structure that occur.
Our FDA method was complicated by the fact that many of our variables are related. GAG was
calculated from T1 and T1(Gd), and collagen concentration was calculated from GAG and water.
All MR variables are correlated to some extent with the water content of the tissue, resulting in
covariance among variables. However, none of these variables are linearly proportional, ensuring
that each variable contributes unique information to the FDA analysis.
We further investigated the differences in separating power between water, collagen and GAG in
the control vs sequentially incubated comparison, which had only one variable (superficial
collagen) in the minimum variable set and was the simplest model. Superficial collagen alone has
the same separation power as superficial water and GAG combined and is slightly better than
superficial water alone (Figure 3-3). Superficial collagen in this comparison has a J value of 1.38
(Figure 3-3 A), matching the J value of superficial water and GAG (Figure 3-3 B), while superficial
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water alone has a slightly lower J value of 1.28 (Figure 3-3 C), and superficial GAG has no ability
to separate the groups with a J of 0.10 (Figure 3-3 D). When water content is substituted in for
collagen in the other one-vs-one comparisons, the separability was also reduced slightly, although
classification power was retained (Figure 3-4). The similar separation power of water and collagen
contents can be explained by the high correlation coefficients between these two variables
(between -0.96 and - 0.98 depending on zone). FDA ignores variables that do not contain new
information from the analysis, which explains the exclusion of water content in any of the one on
one minimum variable sets. However, collagen and water (in both superficial and medial zones)
are in the minimum variables set when all four groups are compared (Table 3-1). If we exclude
any of these parameters from the analysis, the separation between collagen and sequential

A

B
J = 1.38

J = 1.38

C

D
J = 0.10

J = 1.28

Figure 3-3: Comparisons of FDA using three chemical contents: water, GAG and collagen. A) the control vs
the sequentially treated group separated by just superficial collagen. The collagen content measure is a linear
combination of superficial water content and GAG content. Collagen alone has identical separation to the water
and GAG content FDA, shown in B). However, compared to just (C) water content is slightly worse than
collagen and (D) GAG content is incapable of separating the two groups.
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Figure 3-4: Replacing collagen with water reduces separation in one-on-one comparisons, both by visual
comparison and by J value. A-B) Control vs cABC with the minimum variable set including superficial collagen
content (A) and replacing superficial collagen content with superficial water fraction (B). C-D) Control vs
cABC with the maximum variable set with superficial collagen content (C) and replaced by superficial water
fraction (D). E-F) Control vs collagenase maximum variable set (minimum variable set did not include collagen
content) with superficial collagen content (E) replaced by superficial water content (F).

degradation groups fails, although the separation of the healthy control from any of the degraded
groups is not affected (Figure 3-5). We therefore conclude that although collagen and water are
highly correlated, they contain unique information essential for separation and that collagen has a
slight but consistent edge in importance for the separation of groups.
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Figure 3-5: Water and collagen content contain unique information necessary to achieve full separation of the
treatment groups. A) The minimum variable set without superficial water content. B) The minimum variable
set without superficial collagen content. C) The minimum variable set without medial water content. D) The
minimum variable set without medial collagen content.

In general, classification of damaged cartilage has proved to be challenging, due in part to the large
inter-patient variability, even in healthy joints. There is wide variability in structure, thickness and
mechanical properties even of healthy cartilage in the same joint, depending on the loading profiles
it is exposed to [32], [33], [133]. Because of this, 100% separation is rarely achieved, and the fact
that all our samples could be grouped without overlap is very encouraging.
The major obstacle to clinical or in vivo research translation of multi-parametric MRI techniques
is the long scan time. In this study, to guarantee data quality, we used conventional pulse sequences
which require long scan times to get accurate estimation of water content and diffusion properties
[134]. It is worthy of investigation to examine whether accurate determination of these variables
can be obtained through faster scan sequences in the future. While we cannot be certain that the
parameters that were shown to be most important in enzymatically degraded bovine cartilage are
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the same as in human OA cartilage, the similarity of our results with the few studies that have
studied comparable parameters is encouraging.
Overall, this study demonstrates that classification of enzymatically degraded cartilage is greatly
improved by separating parameters by cartilage zones and that collagen content and orientation is
the most impactful measurement to separate and to diagnose the difference between healthy and
enzymatically degraded articular cartilage.
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4. Classification and Prediction of Mechanical Properties in
Cultured Explants Using MRI
4.1 Introduction
Cytokines such as interleukins (such as IL-1α) and tumor necrosis factor alpha (TNF-α) mediate
matrix catabolism through matrix-degrading enzymes such as matrix metalloproteinases and
aggrecanases [135], [136]. These cytokines are elevated in OA and have been used to assess
cartilage degradation in explant cultures many times [137], [138]. As a step towards in vivo
translation, we wanted to assess if our previously developed MRI analysis protocols would be
effective in classifying cytokine-induced cartilage damage.
In the previous chapters we examined tissue damage caused by enzymes targeted towards only
one component of the ECM. Degradation of cartilage explants in culture with inflammatory
cytokines offers another model with reversed tradeoffs. While the enzymatic surface degradation
model was precise and mild, with an emphasis on maintaining tissue structure attached to the bone,
the tradeoff of was a non-cellular degradation pathway. Inflammatory cytokines offer a cellmediated degradation pathway, with the tradeoff of more severe and unpredictable degradation
and tissue swelling due to the explants’ separation from the subchondral bone.
Support vector machines (SVM) is a commonly used classification algorithm. SVM classification
of bovine nasal cartilage subjected to pathomimetic degradation showed 100% classification for
extensive degradation and 94% for mild degradation [113]. Here we hypothesized that the zonal
analysis would provide a better classification than the full thickness averages.
Partial least squares (PLS) regression is ideal for studies involving more predictors than
observations, and when the predictors have a high degree of multi-collinearity [139]. PLM has
been used in brain MRI studies to predict depression [140] and cognitive impairment due to
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Alzheimer’s [141], and in cartilage studies to predict physical properties using optical coherence
tomography [142] and OA stage using Fourier transform infrared imaging [143]. In this study, we
hypothesized that zonal averages would provide a better prediction of compressive modulus than
full thickness averages.
This study uses cartilage treated with IL-1 for 4 weeks of culture to examine if multivariate zonal
MRI is effective classifier (using SVM), and if these MR variables can predict the compressive
modulus using PLS regression.

4.2 Methods
4.2.1

Tissue Culture

Cartilage explant tissues were harvested from bovine stifle joints (NY Custom Processing) from
animals younger than 30 months that had no gross anatomic defect or blood in the synovial fluid.
Explants were harvested from the femoral condyles with 4 mm biopsy punches. Explants in this
study were taken from four different animals.
Explants were cultured in serum-free chemically defined chondrogenic media (high glucose
DMEM, 1% penicillin-streptomycin, 0.1 µM dexamethasone, 50 µg/mL l-proline, 1% sodium
pyruvate, 1% ITS, 50 ng/mL L-ascorbic 2-phosphate). Explants were treated with control media
and media supplemented with 25 ng/mL IL-1α to induced inflammatory degradation. Explants
were cultured for 28 days, with media changes every other day.
4.2.2

Mechanical Analysis

Unconfined compression testing was performed using a custom built mechanical tester as
previously described [144]. Briefly, the thickness of the explant was measured, and then, using a
solid metal platen, a tare load of 0.02 N was applied to the explant (submerged in PBS) for 300
seconds. Then a stress relaxation test was performed using 10% compressive strain for 1,000
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seconds. After that, a dynamic mechanical test was performed with a 1% strain, applied at multiple
frequencies from 0.1 Hz to 1 Hz for 10 cycles each.
4.2.3

MRI Analysis

MRI was performed using a Bruker AVIII 13 cm 7T Horizontal Bore Scanner using a 23 mm
quadrature TR volume coil. Briefly, the samples were threaded onto a string that was wrapped
around a PDMS sample holder to ensure that all samples were aligned and could be imaged in one
plane. Care was taken to construct a sample holder and a fixation system that would not constrict
the sample in any way, so that free-swelling images could be taken without worry that local strain
would change water content or ECM structure.
The samples were immersed in saline, imaged using T1 (RAREVTR; TE = 13.5 ms; TR = 100,
226.5, 381.1, 579.8, 858.2, 1327.5, 3500 ms, RARE factor 1) and T2 (MSME; TR = 15 s; TE =
10.5, 21, 31.5, 43, 52.5, 63, 73.5, 84 ms; 1 average) scans, then incubated in 1 mM Gd-DTPA for
4 hours and rescanned using T1(Gd) (RAREVTR; TE = 13.5 ms; TR = 100, 232.7, 403.3, 642.7,
1046.9, 3000 ms, RARE factor 1) and DTI (DTIStandard; TE = 19 ms; TR = 700 ms; b = 100,
300, 550; six directions, 1 average) scan sequences. Resolution was 0.125 x 0.125 mm with a slice
thickness of 1 mm.
MRI reconstruction was done with Paravision 6.0.1 and zonal analysis was performed with a
custom MATLAB program, as described in the previous chapters.
4.2.4

Biochemical Analysis

After the explants had undergone MRI and mechanical testing, they were halved diametrically.
One half was digested overnight in papain for biochemical analysis. sGAG and collagen contents
were assessed with the DMMB and hydroxyproline assays respectively [124].
4.2.5

Statistical Analysis
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Univariate comparisons of variables were performed in Minitab 17. Assumptions for normality
(Anderson-Darling) and similar variance (F-tests for normal samples, Levene’s test for non-normal
samples) were checked before using the appropriate comparison tests. T-tests were used to
compare normal samples, while the Mann-Whitney U test was used to compare the non-normal
samples.
A support vector machine (SVM) was run to classify the two groups using a custom MATLAB
program. SVM works by designing a “street” of maximum width through the high-dimensional
space with the designated groups on either side. The outside edge of the “street” intersects with
the data points, but the wider the street, the more separable the groups are [145]. Both full thickness
and zonal MRI variables were used as classifiers. Variable reduction was done by systematically
removing variables and assessing the impact on the average distance of each cluster from the
dividing line. Cross-validation was performed by leaving one sample out of the model and then
using the SVM to predict which group the sample would fall into. Cross-validation penalizes
overfitting in models, which is a concern in samples such as this with small sample sizes and many
possible predictor variables.
Partial least squares (PLS) regression was performed to predict the equilibrium compressive
modulus of the tissues using both zonal and full-thickness MRI variables [139]. PLS is similar to
principal component analysis in that it creates component vectors out of the predictor variables,
but instead of maximizing the variance, it maximizes covariance with the variable we wish to
predict. PLS is useful when using variables that may have correlated values, such as MRI variables
(which are all correlated to water content). Variable reduction was performed by systematically
leaving variables out and assess their effect on the R2 value of the model, as determined with crossvalidation.
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4.3 Results
4.3.1

Biochemical Analysis

The sGAG percentage was significantly reduced from 2.9% to 0.45% by weight (p = 0.0001) while
collagen weight percent was not significantly affected by the treatment (p = 0.172). Figure 4-1
shows the respective weight percentages of these molecules.

Figure 4-1: sGAG content (A) was significantly reduced by IL-1 treatment, while collagen content (B) was
unaffected by cytokine treatment.
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4.3.2

Mechanical Analysis

Mechanical properties were significantly reduced from 4 weeks of IL-1 treatment, for both
equilibrium modulus and dynamic modulus. Figure 4-2 shows a reduction from 60 kPa to 26.4 kPa
for the equilibrium modulus, and from 32.7 kPa to 21.2 kPa for dynamic modulus.

Figure 4-2: Mechanical properties were significantly reduced by IL-1 treatment. A) Equilibrium modulus was
reduced to approximately 50% by the treatment. B) Dynamic modulus was reduced to 64% of control group.
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Figure 4-3: MRI images of explants. The top four samples are IL-1 treated, while the bottom three samples are
control. A) Reference image used to draw ROIs. B) T1 showed expected values. C) T1(Gd) showed surprisingly
low T1 constants (indicating high Gd concentration) in the periphery of the tissue, while central regions showed
lower levels of Gd, indicating higher GAG content. D) T2 map. E) Water fraction map. F) FA map. G) ADC
map.
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4.3.3

MRI Analysis

MRI images are shown in Figure 4-3. The top four samples are IL-1-treated, while the bottom
three are control samples. The second sample from the top has two fissures in the surface,
presumably from damage caused during mechanical testing. Calculated values are within expected
ranges except for T1(Gd) scan, which shows unexpectedly low T1 values, indicating
high Gd concentration. In both the reference image, and in T1(Gd) there is clearly a region of
higher signal (and lower [Gd]) in the center of the tissue, indicating that the negative fixed charges
(and therefore the GAG) are concentrated in the center of the sample. There are some portions of
the DTI scan where low signal impaired the ability to accurately calculate the diffusion tensor,
leading to values of zero for ADC and values of 1 or above for FA. These voxels were removed
from the averages of the ROIs and were therefore excluded from analysis. The thread holding the
samples in place is also visible in the reference image and in the water fraction image: these areas
were excluded from analysis.
Averages of full thickness and zonal MRI variables are shown in Figure 4-4. Zonal averages are
more sensitive to IL-1 degradation than full thickness averages, although the results are less
dramatic than the zonal analysis in the previous chapters, probably because the degradation in this
experiment was more severe, and multiple MRI parameters were significantly changed with this
treatment (T1, water fraction, ADC). T2 shows the most dramatic zonal changes of the parameters
studied here; the superficial and medial zone saw large increases in T2 with IL-1 damage, while
the deep zone T2 was significantly reduced. In the full thickness ROI, those changes average out
and are not significant, while each zone shows a significant change. Zonal averages are referred to
with a prefix indicating their zone. For example, superficial T1 will be referred to as sT1. Medial
and deep T1 will be referred to as mT1 and dT1 respectively.
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Figure 4-4: Changes in zonal MRI parameters. A) T1 was significantly increased in damaged samples in full
thickness and superficial averages. Medial and deep zone averages trended towards an increase but were not
significant. B) T1(Gd) showed no significant changes with IL-1 treatment. C) T2 showed no changes in full
thickness averages because an increase in the superficial and medial zones was counteracted by a decrease in
deep zone T2. D) Water content was significantly increased in full, medial and deep zone averages. E) Fractional
anisotropy showed no significant changes with IL-1 treatment, although treatment caused a trend towards
lower FA. F) ADC significantly increased with treatment in full thickness, medial and deep zone averages.

4.3.4

Support Vector Machine Classification

SVM classification showed good separation for full thickness variables (Figure 4-5 A). Zonal
analysis showed a smoother classification (Figure 4-5 B), but both models able managed the
separation. As zonal analysis was not required for separation in this case, variable reduction was
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performed with full thickness averages (Figure 4-5 C). The minimum variable set consisted of T1,
T2 and FA.

Figure 4-5: SVM Classification of Samples. Blue indicates IL-1 treated samples, red indicates control samples.
A) Full thickness average SVM classification. B) Zonal average SVM classification. C) Minimum variable set
SVM classification.

Partial Least Squares Regression
PLS can be run with multiple components, and in this analysis, we examined the regression with
both one component (Figure 4-6) and with two components (Figure 4-7). For one component PLS,
full thickness averages of the MRI variables (R2 = 0.48) performed worse than zonal variables (R2
= 0.68). Reducing the zonal variable set to three variables (dT1, dT1(Gd), and dADC) increased
the R2 to 0.77. Two component analysis performed worse with full thickness variables (R2 = 0.42)
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and all zonal variables (R2 = 0.57), however with variable reduction the R2 of this model increased
to 0.95, almost a perfect prediction.

4.4 Discussion
T1(Gd) in this study did not behave as expected, with extremely high values of [Gd] concentration
in the peripheral areas of the tissue, leading to our inability to accurately calculate the fixed charged
density of the tissue in those areas, and therefore an inability to assess the GAG and collagen

Figure 4-6: Partial least squares analysis with one component. A-B) Full thickness averages showed moderate
predictive ability, with a high loading values for T1, Phi and ADC. C-D) Using all the zonal parameters
increased the predictive power of the model, with high loading values in zonal T1, T2, Phi and ADC. E-F)
Reducing the variables to three (dT1, dT1(Gd), dADC) further increased the predictive power of the model.
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Figure 4-7: Partial least squares analysis with two components. A-B) Full thickness averages showed moderate
predictive ability (although it is slightly lower than one component analysis), with a high loading values for Phi,
T1(Gd) and ADC. C-D) Using all the zonal parameters increased the predictive power of the model (again,
lower than one component analysis), with high loading values in zonal T1, T2, Phi and ADC. E-F) Reducing
the variables to three (dT1, dT1(Gd), dADC) increased the predictive power of the model to R2 = 0.95.

contents of the tissues. The results suggest a partition coefficient of over 1 (and in some areas over
2) for Gd-DTPA in these samples. While we cannot be sure what caused this to happen, the
literature offers multiple options. First, the relaxivity of gadolinium is a complicated phenomenon
that can be affected by protein content, viscosity, and local structure such as alignment [146]. Most
studies have assumed that the relaxivity of gadolinium in tissues is the same as in the bathing
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solution (between 3 and 4.5 sec-1 generally, depending on scan sequence and magnetic field
strength), and that the relaxivity is the same in degraded and intact tissues. However, one study of
gadolinium relaxivity in different concentrations of milk proteins has shown that the relaxivity can
increase to 7.4 in 40% skim milk protein [147], and that the relaxivity in intact and trypsin
degraded cartilage is significantly different [68]. Furthermore, these explants have swelled
considerably during their culture time, which has certainly impacted the ECM structure and the
concentration and arrangement of the negative charges, as well as the water content compared to
cartilage that is still attached to bone. It is unclear how these parameters would affect gadolinium
relaxivity, but it is certainly possible they have. Another possibility is that the pH of the tissue has
changed due to the long time in culture, and the tissue is in fact positively charged and attracting
the Gd-DTPA. The isoelectric point of healthy cartilage is thought to be somewhere between pH
2.5 and 3.5, and at low pH (approximately below 4) collagen becomes positively charged [148].
As the concentration of GAG, and therefore negative charges, has been reduced by IL-1 and long
culture time, the explants would be more sensitive to fluctuations in collagen charge than more
intact samples. Studies of cartilage pH in situ have shown that OA cartilage is more acidic than
healthy tissue [149]. The last potential explanation is that conditions have caused the Gd-DTPA to
dissociate, and the positively charged Gd2+ ions have bonded to the periphery of the negatively
charged tissue, in a manner analogous to an ion exchange resin. Also possible is that two or more
of these potential mechanisms are acting in concert and amplifying each other. Further studies are
necessary to investigate and explain this phenomenon.
The zonal variation is less sensitive in this study than in the previous two chapters. While zonal
variation is still significantly more sensitive than the full thickness average for T2, full thickness
averages were significantly different with treatment for all other variables that showed differences
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within the zones (T1, water content and ADC). Furthermore, while superficial zone variables were
the most sensitive to degradation in the previous chapters, for the most part in this study superficial
zone cartilage was the least sensitive to damage. As the previous chapters explicitly analyzed a
surface degradation model, this was expected. Furthermore, the major changes in theses samples
came from GAG loss and swelling, not from significant collagen loss. Since the superficial zone
has the lowest concentration of GAG of all zones, it was least impacted by these degradative
changes.
Even without the measurements of GAG and collagen content, SVM created a model with good
separation with minimum variables. Three variables, T1, T2, and FA, made up the minimum
variable set. This is interesting, as only T1 showed a significant difference between full thickness
averages of control and IL-1 treated groups. T1 again shows up as an important and often
overlooked classifier of degraded cartilage.
This study showed a surprising and until now unseen ability to predict compressive modulus from
zonal MRI parameters (R2 = 0.95 with cross validation). The three variables that predict the
equilibrium compressive modulus have been investigated as MRI variables of interest before. T1
has been shown to be one of the most powerful univariate classifiers for degradation. Diffusivity
is dependent on both the porosity/density of the tissue and the charges and osmotic pressure in the
tissue. Although T1(Gd) did not appear to have a relationship to GAG content from the zonal
averages, it is still flagged as one of the effective predictors of compressive modulus. This
predictive capability deserves more thorough investigation in multiple models, as it is a
staggeringly high correlation coefficient, not just for MRI prediction of mechanical properties, but
for any biological system. Previous studies have been satisfied with correlation coefficients of
between 0.6 and 0.8 [78]. It is possible that this predication was more successful than previous
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efforts because separating the tissue from the bone removed the effects of prestress, and of the
transfer of load from the cartilage to the bone through the aligned cartilage. These samples were
under free swelling conditions when they were mechanically tested, with altered deep zone
organization when compared to in situ tissue. If that is the case, these results would be less effect
when applied in vivo. However, this is still a very promising result that deserves further
investigation.
This study is a proof of concept that shows that our MRI analysis techniques work with samples
that have been treated with inflammatory cytokines. This is a promising step in the journey to
apply these techniques to clinically relevant studies in vivo. Our prediction of the equilibrium
compressive modulus of these explanted tissues is also a very promising result and should be
explored further.
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5. Conclusions and Future Work
5.1 Conclusions
Osteoarthritis is one of the leading causes of disability in developed nations and its impact is
expected to increase as the population ages over the next decades. There are currently no FDA
approved bioactive treatments for OA, and often treatments that have been promising in animal
trials fail in clinical trials [130]. Part of the problem is that treatments tested in animals and in
humans are in the different stages of OA. A late stage of OA is often too late for the treatments to
effectively regenerate the eroded tissue. Accurate diagnosis of OA especially early-stage OA
would allow prophylactic treatments to be tested and deployed. The studies in this thesis further
this goal to diagnose and study early OA by exploring techniques to make common measurement
more sensitive to low levels of degradation (using zonal differentiation) and by adding new
parameters that can be noninvasively determined from MRI that were shown to be powerful
classifiers of degradation in both enzymatically and cytokine treated tissues. We also showed here
that the MRI parameters examined effectively classify cartilage in explant culture, which shows
promise in translation to other in vitro studies such as evaluating engineered cartilage tissues.
Finally, we were able to predict compressive modulus with a high degree of accuracy with MRI
derivable parameters, which further our ability to effectively evaluate the mechanical properties
of cartilage in vivo.

5.2 Future Work
The possible next step in these studies is to examine human cartilage from knee arthroplasties due
to OA and see if the same predictors from our enzymatically degraded bovine studies are relevant
to clinical conditions. There are a few complications to this study, foremost, that in many studies
of cartilage obtained through arthroplasty, the “healthy” controls are area of cartilage that appear,
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from gross morphological examination, to be undegraded. As cartilage is truly a whole joint
disease, it seems unlikely that there have not been subtle changes in ECM structure or composition
while the disease progressed enough to make arthroplasty a necessary treatment. Therefore, truly
healthy human control tissues, such as cadaveric tissue or joint tissues that have been removed due
to an unrelated health condition are necessary before this study can proceed. Furthermore, cartilage
that is eroded, or even fissured, is more damaged than the tissue these studies targeted. Indeed, the
healthy-appearing tissue in severely OA joints may be similar to the mildly degraded “early OA”
samples we wish to identify.
One major barrier to the clinical translation of these methods is the long scan times involved.
T1(Gd) imaging is already mildly controversial due to the amount of time between injection of the
contrast agent and the actual scan, and adding a pre-scan, as well as a full diffusion tensor scan,
not to mention the T2 mapping scan with a very long relaxation time to allow accurate calculation
of water content, makes these scans as reported here long, and therefore too expensive to be
routinely used clinically. While there are tips and tricks to make each individual scan slightly
shorter, a promising research avenue is MRI fingerprinting. Briefly, this method works by creating
a pseudo randomized acquisition sequence that covers the k-space of interest and results in a
unique signal, or “fingerprint” that can be modeled to find the individual parameters of interest
[150], [151]. If this method can be expanded to include diffusion information, then the scan times
necessary to obtain T1, T2, DTI and water content measurements may be dramatically reduced, to
the point that clinical studies would become feasible.
There are many other options the could be explored, including adding other MRI scan types to the
analysis. Many papers in the literature investigated T1ρ and magnetization transfer; it is possible
that our analysis could be more sensitive or our scan time lower with those techniques. A large-
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scale study on the relationship between MR parameters and mechanical properties would allow us
to draw firmer, and more clinically relevant, conclusions about the feasibility of predicting
mechanical properties non-invasively in vivo. MRI of cartilage and osteoarthritis is an interesting
field with much work left to do.
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