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INTRODUCTION

Imaging the physiology of cartilage tissue holds promise for an early detection of
osteoarthritis (OA), the most common joint disease whose prevalence will only increase due
to an aging population (1). The disease is characterized by focal cartilage damage, changes
in the subchondral bone, mild synovitis, and thickening of the joint capsule in synovial
joints. Key to understanding the pathology of the disease is to appreciate that the
biochemistry of cartilage tissue underlies its special purposes of control over joint loading
and motion. Only a small fraction of the volume of cartilage is occupied by cells
(chondrocytes) that facilitate construction, repair and degradation of the extracellular matrix
(ECM) in response to stimuli. Water occupies 70% of the volume of the ECM (1) while the
major solid constituents (Figure 1) are aggrecan (5% w/v) and type II collagen (20% w/v).

The early stage of OA is associated with an increase in enzymatic degradation by matrix
metalloproteinases resulting in glycosaminoglycan (GAG) aggrecan depletion and
degradation of the collagen network. In cartilage, GAG side chains are made of continuously
repeating disaccharides containing carboxyl and sulfate functional groups and are both
negatively charged under physiological conditions. The negative charge GAG confers on
cartilage is the fixed charge density (FCD). Gorton originally proposed a model for the
physiology of connective tissues in which a high polysaccharide content induces an osmotic
pressure that is resisted by the network of collagen (5). In this model, the presence of highly
electronegative and immobile GAG macromolecules results in an influx of sodium ions to
maintain electro-neutrality. Since then, Maroudas extended this model by introducing the
Donnan equilibrium to describe the flux of charged ions across a semi-permeable membrane
in the presence of a charged but non-exchanging GAG restricted to a single compartment
(6,7). In this model, the low hydraulic permeability of GAG counterbalances resistive loads
by its swelling pressure while collagen provides tensile and shear strength. Therefore, GAG
loss in early OA initiates a cascade by which osmotic pressure is reduced and joint
compression permanently disrupts the cartilage leading to thinning, fracturing and
subsequently pain (8,9).

Radiographic imaging is the current gold standard in imaging technology to detect advanced
stages of OA. Lacking sensitivity to soft tissues, this x-ray based technique measures joint
space narrowing (JSN) to indirectly gauge the extent of damage to cartilage. In addition,
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outcome instruments for assessment of OA in patients such as the Knee Injury and
Osteoarthritis Outcome Score (KOOS), an extension of the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), is also used to determine mobility and pain in
a specific joint (2,3). However, radiography, along with nuclear medicine scans,
arthrography, and computed tomography (CT) scans, are limited in their use because they
are unable to detect early cartilage abnormalities (4). Conventional T and T, MRI can
directly visualize all diarthrodial tissues, including cartilage, bone, synovium, menisci, and
ligaments and has substantial advantages over radiography (10-12). Due to the high
morbidity of OA, therapeutic interventions are particularly necessary but current methods
are restricted to management of pain and surgical interventions (13). However, improving
outcomes require development of more effective interventions that can slow or reverse the
course of the disease. In this context, there is a requirement for strong diagnostic
information sensitive to the early stages of the disease, where cartilage appears intact on
radiographs.

The aim of this review is to highlight new MRI-based techniques that exploit spin dynamics
between endogenous macromolecules of cartilage. These include T and T, relaxometry,
Chemical Exchange Saturation Transfer (CEST), Magnetization Transfer (MT), all proton-
based MRI techniques, and sodium MRI. Most of these techniques have been developed to
specifically detect the GAG component of cartilage, which is the more important element
due to the ostensibly limited contribution of collagen to the initiating steps of OA (14). Only
the salient features of these methods are described here with a limited literature review. The
reader is referred to specialized reviews on each topic described.

T4 p Relaxometry

Ty 0 MRI is an alternative to conventional T; and T, MRI (15) by its use of a long-duration,
low-power radiofrequency (RF) referred to as spin-lock (SL) pulse applied to the
magnetization in the transverse plane. The magnetization is effectively spin-locked around
an effective B field created by the vector sum of the applied B and any off-resonant
component. The spin-locked magnetization will relax with a time constant T , the spin-
lattice relaxation in the rotating frame, during the RF field. The B field attenuates the effect
of dipolar relaxation, static dipolar coupling, chemical exchange and background gradients
on the signal resulting in a Ty  that is always greater than T,. Ty, is influenced by the
exchange of hydroxyl (-OH) and amide (—NH) protons on the PG side-chain (16).

Quantitative T|_ MRI relaxation maps (relaxometry) reflecting the biochemical composition
of cartilage are created by fitting the signal intensity of T, weighted MR images as a
function of the duration of the SL pulse while the amplitude of SL pulse (yB~0.1-few kHz)
is fixed (15). In this manner, spatial maps of T _ values related to macromolecular
composition of tissues can be visualized and analyzed. There has been considerable amount
of work on biological tissues using T _-spectroscopy and imaging dealing with tumors,
muscle, myocardium, blood flow and cartilage (17-27).

Several studies had reported that the non-averaged dipolar interaction between water protons
associated with collagen is the predominant contributor to relaxation in cartilage (28). T o
dispersion MRI, where the amplitude of the SL pulse amplitude is also varied, can be used
to detect spectral density components in cartilage that are in the neighborhood of yB{. The
effect of spin-locking reduces the laminar appearance in cartilage as demonstrated by Akella
et al in an orientation-dependent MRI experiment of cartilage plugs (29). In this study, a
typical laminar appearance was present in T) MRI when the normal to the surface of
cartilage was parallel to By but absent in T;  MRI of the same cartilage specimen. In
addition, T _ values were consistently greater than T at all orientations throughout the
cartilage layers, a result of spin-locking the magnetization.
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Several studies have demonstrated the efficacy of T MRI in detecting early tissue
pathology with increasing values in OA-affected cartilage compared to normal tissue (30).
T MRI was also demonstrated to quantitatively evaluate meniscus and cartilage matrix in
animal models as well as in patients with acute anterior cruciate ligament (ACL) injuries
(31,32). Studies on arthroscopically-confirmed early grades of chondromalacia have
demonstrated the potential of T|  mapping method in detecting earliest molecular changes in
cartilage in vivo (33). Recently, a multicenter study of OA subjects has shown that larger
changes were observed in T compared to T», cartilage volume, and thickness
measurements (34) however, the reproducibility of T, relaxometry was better than Ty,

T2 Relaxometry

MT MRI

CEST MRI

The spin-spin relaxation time (T;) has been shown to be sensitive to the water content and
the concentration and anisotropic organization of type II collagen in cartilage (35). T, has
been shown to decrease from ~70ms measured in the superficial articular surface of cartilage
to ~30ms in the sub-chondral (36) possibly as a result of the change in collagen structure and
orientation through the depth (Figure 3). The orientation dependence of T, (i.e. Ty
anisotropy) stemming from static dipolar interaction between water molecules associated
with oriented collagen has been clearly demonstrated in cartilage plugs imaged at high field
(28). Several laminae are visible corresponding to the physiologic zones of different
collagen fiber orientations in the tissue. While T» mapping can be readily performed even
online on some of the newer MRI scanners, its potential for detecting early OA, particularly
its sensitivity to PG depletion, remains inconclusive (37,38).

Magnetization Transfer (MT) MRI is a method of indirectly detecting macromolecules in
cartilage by exploiting the chemical exchange phenomenon between ‘free’ water and water
‘bound’ to collagen (39). MRI is performed by off-resonance (Av~2-10kHz) saturation of
the broad bound spins and observing the decrease in the narrow free water signal (40-43).
MT contrast is mediated by the dipolar cross relaxation and exchange rate and relative
fractions of the bound and free water fractions. The MT effect is visible on a ‘z-spectra’,
where the longitudinal magnetization of the free water is plotted as a function of the
frequency offset of the saturation pulse. MT MRI is primarily sensitive to the content and
orientation of collagen and is not sensitive to GAG in cartilage (44). While quantitative MT
MRI is restricted primarily to basic research studies, MT ratio (MTR) imaging is used in
clinical research since this method computes a quantitative difference image acquired with
and without off-resonance saturation and can be performed within a reasonable scan time
(45).

Chemical Exchange Saturation Transfer is a method to directly detect exchangeable solute
protons in tissues by constant irradiation and saturation of their chemically shifted
magnetization (46,47). The CEST signal is detected as a reduction in the water signal after
the saturated spins undergo chemical exchange with water (48), provided the exchange is
more rapid than the T of either site. The asymmetric distribution of labile protons around
the central water peak in cartilage is readily detected in the difference image obtained after
saturating symmetrically on either side of the water. A very homogeneous By, is necessary
for a robust estimation of the difference signal. Furthermore, care must also be taken to
avoid the direct saturation of the water peak due to the close resonances of labile species of
interest.

In spite of these stringent requirements, solutes in the nanomolar to millimolar range have
been reliably detected using this approach in vitro (49-52) and in vivo (53,54). The
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feasibility of CEST MRI to reliably detect GAG in vivo was recently demonstrated in
cartilage of the knee joint (55) by comparing it with sodium MRI of the same joint (Figure
4). However, the ‘gagCEST’ approach (56) should be limited to high field scanners such as
7T since —OH protons n cartilage are only 1ppm downfield from the water resonance and
exchange at a rate of ~1000 s~! (57). Hence, the —OH chemical shift is only 129Hz at 3T
and CEST MRI would introduce a substantial direct water saturation. Further, the slow to
intermediate exchange limit (i.e. chemical shift between exchanging site and water, Ao >
exchange rate, k), required for optimal CEST effect is not fulfilled in the case of -OH
protons at 3T. However, at 7T and higher fields, the larger frequency separation of -OH
resonance from water fulfills both the (A®w>k) condition and also reduces the direct water
saturation effect. These factors enable a more reliable quantification of GAG at 7T using the
gagCEST approach (55).

Several groups have demonstrated feasibility of sodium MRI in the detection of cartilage
degeneration in OA (58-62). As a spin-3/2 nucleus with a non-zero quadrupolar

moment, 23Na exhibits bi-exponential relaxation in tissues, i.e. fast and slow components of
T, and Ty* (63,64). In cartilage, the negative charge on GAG side-chains attracts Na+ ions
(65). Under normal concentrations in cartilage (~300mM) sodium produces an osmotic
gradient that results in a swelling pressure in cartilage (6,7). These findings were based on
the fact that Donnan equilibrium holds for cartilage equilibrated in very dilute solutions
(66). The loss of the PG during the early onset of OA lowers FCD, thereby reducing [Na]
and osmotic pressure in the tissue providing the rationale for sodium MRI as a biomarker for
cartilage pathology.

The gyromagnetic ratio (y) of 22Na requires 4-fold stronger gradients in order to obtain
sodium images of equal pixel size to that of conventional proton MRI. Consequently,
sodium MRI pulse sequences are forced to image at a long echo time (TE) of 22 ms, which
is deleterious due to the short T, of sodium in tissues. For this reason radial imaging
strategies have been employed to decrease TE (<200us) to enable sodium MRI with high
SNR (67). Sodium in cartilage is under the influence of a non-isotropically or incompletely
averaged quadrupolar interaction, which leads to biexponential relaxation rates and the
generation of multiple quantum coherences (68). Several groups have studied sodium in
biological tissues using multiple quantum filtered (MQF) NMR (69,70). While sodium MQF
signal is more sensitive to the macromolecular content and arrangement in the extracellular
matrix, it is at best an order of magnitude less in amplitude than the conventional single-
quantum sodium MRI signal and impractical for routine clinical imaging (15). Sodium MRI
has been implemented on clinical MRI systems to map [Na] in the human knee joint (Figure
5), where higher fields (7T and greater) produce higher quality images. However, in spite of
these efforts, sodium MRI is still a long ways away from being a clinical tool for the
diagnoses of early OA due to inherently low SNR and the requirement for special hardware.

MRI based on conventional T and T, contrast is able to provide excellent images of
cartilage morphology, but unable to detect changes in cartilage biochemistry and
physiology. While OA progression is multi-factorial and slow progressing disease, its early
stages involve the breakdown and loss of GAG and collagen from the extracellular matrix.
Several MRI-based methods have targeted these macromolecules as markers of disease
progression. These include i) Ty, relaxometry, a biomarker sensitive to proton exchange
between —OH groups in GAG and water but also influenced by collagen, ii) T, relaxometry
that is more related to collagen orientation and tissue hydration, iii) MT MRI, which is
sensitive to large macromolecules such as collagen by measuring the effect of off-resonance
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saturation of the exchanging protons between collagen and water, iv) CEST MRI, similar to
MT but sensitive to —OH group in GAG, and v) sodium MRI, which despite lower
sensitivity, highly specific to GAG content.

These are some of the most promising non-invasive technologies available for detecting
early cartilage degeneration. While restricted to research, these methods have been applied
to clinical research by several groups and indeed show promise in evaluating OA in humans
by demonstrating their sensitivity and specificity to cartilage physiology and biochemistry as
well as the ability to detect progression of the disease. In order for these methods to be
translated to clinical practice, larger multi-center studies will be required to develop standard
protocols, determine grading schemes, and ultimately establish the utility of these methods.
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Schematic of cartilage extracellular matrix (ECM). Sodium is incorporated in to the ECM to
balance the fixed charge density (FCD) of negatively charged Chrondroitin Sulfate (CS) and
Keratan Sulfate (KS) subgroups of the Aggrecan monomer, the main glycosaminoglycan

(GAG) constituent in the ECM.
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Figure 2.

(A) Ty, relaxation map from a 30-year-old male with no history of knee injury and no knee
pain. Patellar cartilage is homogenously, smoothly varying and has a characteristic increase
in Ty, from the deep cartilage adjacent to the subchondral bone to the superficial cartilage
adjacent to the synovium. The ROI drawn at the cartilage surface had a Ty, = 41.7ms.
Arthroscopic photographs (middle panel) and Ty, relaxation map (B) from a 48-year-old
male patient observed at arthroscopy to have grade 2 patellar chondromalacia and a torn left
medial meniscus, for which a partial medial meniscectomy was performed. Focal elevated
medial patellar Ty, was observed with a patellar ROI Ty, = 49.2-62.7ms simultaneously
with thinning cartilage (33).
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(A) Variation in T, values with normalized distance from subchondral bone (0.0) to articular
surface (1.0) in three age groups (18-30, 31-45, and 45-60 year olds, listed as young adult,

adult and mature adult, respectively). The colored areas represent 99.99% confidence

interval of mean T, along the thickness of cartilage. T is related to both collagen and water
content, as evident by low and high T, values, respectively (71). (B) T, maps obtained in
knee cartilage in a 51-year-old man after anterior cruciate ligament repair show higher T»

values (yellow) in the medial (left panel) and lateral (right panel) tibio-femoral

compartments, findings indicative of deterioration of the integrity and orientation of the

collagen network (72). Color scale is in milliseconds.
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Figure 4.

(A) gagCEST and (B) 23Na images from OA patient’s distal femoral cartilage demonstrating
correlation between GAG and sodium values. Color bars on A and B represent MTR 5y
values summed over offsets from 0-1.3ppm shifted from water and the sodium signal
intensity, respectively (55).
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Figure 5.

In vivo (A) single and (B) triple quantum filtered (TQF) 23Na MR images of the knee of a
healthy 27-year-old male volunteer using Twisted Projection Imaging (TPI) obtained on a
3T scanner (59). Image C is the corresponding proton image of the same location. Sodium
images were acquired in 10 minutes with a voxel size of 60cc. The arrow in A points to an
artery visible in the single quantum image and not visible in the TQF image (B). Proton
anatomic Image (D) and high-resolution (1x1x2 mm?3=6¢c) sodium image (E) from the full
3D volume acquired using 3D Cones sequence on a 7T scanner (73). Overlay of the color-
mapped sodium image onto the anatomic data (F) shows higher sodium signal in the patellar
cartilage than in the subcutaneous region. 7T 23Na MRI (F) shows better delineated cartilage
due to a thinner slice and reduced partial volume artifact compared to the image at 3T (A).
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