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Abstract Many studies have proved that noninvasive
sodium MR imaging can directly determine the cartilage
GAG content, which plays a central role in cartilage
homeostasis. New technical developments in the recent
decade have helped to transfer this method from in vitro to
pre-clinical in vivo studies. Sodium imaging has already
been applied for the evaluation of cartilage and repair tis-
sue in patients after various cartilage repair surgery tech-
niques and in patients with osteoarthritis. These studies
showed that this technique could be helpful not only for
assessment of the cartilage status, but also predictive for
osteoarthritis. However, due to the low detectable sodium
MR signal in cartilage, sodium imaging is still challenging,
and further hardware and software improvements are nec-
essary for translating sodium MR imaging into clinical
practice, preferably to 3T MR systems.

Keywords Sodium MR imaging - Cartilage - Repair
tissue - Osteoarthritis

Introduction

Since the intrinsic repair capacity of articular cartilage is

very limited, cartilage health is very important for the
health of the whole joint.
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Mechanical injury is a major cause of articular cartilage
destruction in young patients. Different surgical cartilage
repair techniques have been developed for treatment of
cartilage defects. One of the goals of these procedures is to
replace the defect with a newly produced tissue that has an
identical structure, composition and biomechanical prop-
erties as native articular cartilage [1]. Thus, noninvasive
biochemical MR imaging methods might be useful for the
evaluation of repair tissue and efficacy of different repair
surgery techniques.

Osteoarthritis (OA) is a leading cause of chronic dis-
ability in the elderly population and the most common form
of arthritis in synovial joints [2]. Although radiography or
morphological MR imaging may be useful for assessing
structural changes in knee OA and can indicate the need for
knee joint replacement, both techniques are insensitive to
biochemical changes in the cartilage, which occur in early
stages of OA before morphological changes appear [3].

Various MR techniques have been developed for non-
invasive biochemical evaluation of articular cartilage and
to repair tissue. The most prominent methods are T2
mapping, delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage (dAGEMRIC) [4], T1p mapping
[5], glycosaminoglycan chemical exchange saturation
transfer (gagCEST) [6] imaging and sodium MR imaging
[7]. Besides articular cartilage, sodium imaging was also
used for evaluation of other musculoskeletal tissues such as
the Achilles tendon [8] or skeletal muscles [9].

The goal of this review is to describe the advances in
sodium MR imaging of cartilage as a potential biomarker
for evaluation of OA and for examining the efficacy of
cartilage repair surgery. In the following chapters, we
provide a short description of the cartilage composition, an
overview of sodium MR properties and sodium pulse
sequences, evaluation of the glycosaminoglycan (GAG)
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content in cartilage, basic information and recent sodium
imaging studies on repair tissue and OA cartilage.

Composition of Normal Cartilage

Articular cartilage contains a small amount of chondro-
cytes (~2 % of total cartilage volume) nested in an
extracellular matrix. The main components of the matrix
are water, collagen and proteoglycans [10].

The relative concentration of water increases from about
65 % in the deep zone up to 80 % in the superficial zone of
cartilage. About 30 % of water is trapped in the collagen
fiber network; the rest appears as a gel with dissolved
inorganic ions (such as sodium), and most of it can flow
through the extracellular matrix by applying pressure to the
cartilage [11]. High frictional resistance against water flow
is one of the mechanisms that helps cartilage to withstand
heavy loads.

Collagen contributes 10-20 % of cartilage wet weight.
Type II collagen is the principal molecular component
(90-95 % of total collagen) in hyaline cartilage and forms
fibers intertwined with proteoglycans. Other collagen types
are present in much smaller amounts in the matrix and help
to stabilize the type II collagen network [12]. Collagen
fibers are responsible for tensile and shear strength in
cartilage.

Proteoglycans (PG) can exist either as protein mono-
mers (<5 % of cartilage wet weight) or aggregates of
monomers attached to hyaluronic acid fibers via special-
ized link proteins (5-7 % of cartilage wet weight). Each
PG monomer contains one or multiple sulfated GAG side
chains covalently attached to a central protein core [10].
The most common PG in cartilage is aggrecan with
100-150 GAG side chains. The GAGs contain a high
concentration of negatively charged sulfate and carboxyl
groups, and thus provide negative fixed charge density
(FCD) to the cartilage. This results in two important
physical properties of PGs. The negative FCD attracts
positively charged ions (mainly sodium), and thus sodium
ions are in balance with the PG content in the cartilage.
Since PGs are hydrophilic, the water molecules are pumped
by osmotic pressure into the cartilage. Additionally, the PG
macromolecules remain separated because of the strong
electrostatic repulsive force between GAGs. Through this
mechanism, PGs are responsible for the compressive
stiffness of cartilage [13].

Sodium MR Properties

The sodium MR sensitivity is 9.3 % of the proton MR
sensitivity, and the sodium in vivo concentration in healthy
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femoral cartilage is about 320 times lower than the proton
one. Moreover, sodium in biological tissues exhibits very
short biexponential transversal relaxation times (T2). As a
result of these factors, the sodium signal-to-noise ratio
(SNR) in cartilage is about 3,400 times smaller compared
to the proton SNR. Thus, sodium MR imaging is chal-
lenging, and sodium images are acquired with lower SNR
(10-40), lower resolution (2-5 mm) and longer measure-
ment times (10-30 min) than proton images.

Sodium has a spin number of 3/2, which results in
specific MR properties. In addition to the magnetic dipole
moment, sodium also exhibits a quadrupole moment,
which arises from the non-spherically symmetric distribu-
tion of the electric charge in the nucleus. When a nucleus
with the quadrupole moment interacts with an electric field
gradient (e.g., the gradient formed by electrons surrounding
the nuclei in a molecule), a quadrupolar interaction takes
place and affects the NMR properties of sodium. Based on
the molecular environment of sodium, the following four
motional regimes are possible: (1) fast isotropic motion, (2)
slow isotropic motion, (3) slow anisotropic motion and (4)
fast anisotropic motion [13]. Multiple quantum filtered
sequences have been proposed to distinguish between dif-
ferent sodium environments. However, these sequences
suffer from even lower SNR compared to conventional
single-quantum sodium MR imaging [14—-16]. In biological
tissues, sodium nuclei can be found only in the first three
regimes. Using conventional sodium MR imaging, we can
only distinguish between two different sodium motional
regimes—fast and slow.

Sodium in the fluid is in fast isotropic motion. The rapid
tumbling of sodium ions results in a very rapid fluctuation
of the electric field gradient orientation, and thus quadru-
polar interaction is ‘averaged’ to zero. In this environment,
both T1 (~63 ms) and T2* (~34 ms) relaxation times
decay mono-exponentially.

Sodium in tissues is either in slow isotropic or slow
anisotropic (ordered structures, e.g., collagen fibers)
motion. In these cases, quadrupolar interaction dominates
the relaxation, and T1 and T2 decay is bi-exponential, with
a short T2 component (T2*gyort) of ~0.9 ms, long T2
component (T2* ong) of ~ 13 ms and two T1 components
with similar relaxation times of ~20 ms. In this regime,
multiple quantum filtered sequences can be used to deter-
mine the degree of order in the tissue.

Pulse Sequences for Sodium MR Imaging

Due to the very short bi-exponential T2 values of sodium
in tissues, sequences suitable for acquiring images at short
echo times (TE) are useful for sodium MR imaging. The
first sodium images of articular cartilage in vivo were
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Fig. 1 Schematic representation of a Cartesian, b radial projection and ¢ twisted projection k-space trajectories

acquired by Reddy et al. [7] using Cartesian 3D gradient
echo sequences (GRE) with TE of 2 ms at 4T. The
Cartesian trajectory is illustrated in Fig. la. In order to
increase SNR in the GRE images, TE can be minimized by
using a nonselective radiofrequency pulse and an asym-
metric readout (partial echo). To further reduce TE in the
GRE sequence, optimal gradient switching patterns toge-
ther with the variable echo time (VTE) train (dynamically
reduced TE toward the k-space center) [17] were recently
combined in the VTE-GRE sequence [18] and used for
sodium MR imaging [19]. The main advantage of Cartesian
GRE sequences is their robustness.

More advanced non-Cartesian ultra-short echo time (UTE)
imaging techniques can acquire sodium images with TE
below 1 ms. Short TE in UTE sequences is achieved by
sampling the data from the center toward the periphery of the
k-space using either radial (Fig. 1b) or spiral trajectories
(Fig. 1c). The most widely used type of UTE sequence for
sodium MR imaging is a 3D radial projection technique [20].
The SNR of this method was further improved by the density-
adapted radial projection technique, where the density of
acquisition points along the projections is modified, and thus
the k-space is sampled in a more efficient way [21]. Twisted
projection imaging (TPI) is another approach for sodium MR
imaging with efficient k-space sampling and improved SNR
[22, 23]. Many other techniques, such as 3D cones [24],
acquisition-weighted stack of spirals [25] and FLORET [26],
were inspired by TPI. The data acquired with non-Cartesian
UTE sequences are reconstructed by using regridding
reconstruction [27-29] or nonuniform fast Fourier transform
algorithms [30, 31]. Although the UTE sequences can provide
more SNR than Cartesian sequences, they are also more prone
to artifacts rising from gradient imperfections and off-reso-
nance effects [32].

Evaluation of GAG Content with Sodium MR Imaging

It was shown that the negative FCD of cartilage correlates
with the GAG concentration of cartilage [33]. Since the

negative FCD of cartilage is in equilibrium with positively
charged sodium ions, sodium MR imaging was proposed to
be a sensitive method for the evaluation of the GAG con-
tent in the cartilage. In early works, sodium MR spec-
troscopy was employed to explore the relationship between
the sodium signal and PG content of enzymatically treated
(trypsin, papain) cartilage [34-36]. Lesperance et al. [37]
found that sodium in cartilage is 100 % MR visible, and by
using the ideal Donnan theory, they estimated the FCD of
cartilage from the sodium content measured by MR spec-
troscopy. Later studies have demonstrated that the sodium
content in cartilage measured by sodium imaging is pro-
portional to the cartilage GAG content [38—40]. Thus,
sodium MR imaging can be useful for direct and nonin-
vasive evaluation of the GAG content in native, OA car-
tilage and cartilage repair tissue.

For the evaluation of the GAG concentration and FCD
in the cartilage, signal intensities from sodium images need
to be converted into sodium concentration values [41]. The
quantification of the sodium concentration is performed by
measuring the subject together with agarose/saline phan-
toms of known sodium concentration (usually
100-350 mM) (Fig. 2a) and of relaxation times similar to
cartilage relaxation times (usually 6-10 % agar of the
phantom’s wet weight). Sodium signal intensity from
phantoms corrected for their relaxation times is then plot-
ted against their sodium concentration, and a calibration
curve is obtained by linear fitting of plotted data (Fig. 2b).
Sodium intensities from cartilage are then pixel-by-pixel
fitted to the calibration curve to produce a tissue sodium
concentration map. Since the water fraction in cartilage is
about 75 %, the values in the concentration maps are
divided by a factor of 0.75 [39, 40]. The sodium concen-
tration in the healthy cartilage was found to be
240-280 mM [39, 40].

For correct evaluation of sodium concentration, sodium
relaxation times in the cartilage need to be calculated.
Madelin et al. [42] measured sodium relaxation times using
the UTE radial sequence in knees of eight healthy volun-
teers at 7T. Relaxation times were evaluated in four knee
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Fig. 2 Quantification of sodium concentration in bovine cartilage.
a Sagittal sodium 3D-GRE image of bovine patella and four saline/
agarose phantoms of different concentrations (150-300 mmol/l).
b Mean calibration curve obtained from four different slices of a

cartilage regions (patellar, trochlear, femorotibial medial
and femorotibial lateral cartilage), and the authors reported
similar T1 (~ 20 ms), but different T2*gyorT (0.5-1.4 ms)
and T2* ong (11.4-14.8 ms) in different regions. As
shown by Staroswiecki et al. [43], T2* values were not
significantly different between 3T and 7T. This study also
verified a linear increase of SNR with the magnetic field
strength and showed about 2.3-times higher sodium SNR in
cartilage at 7T compared to 3T. On the other hand, Madelin
et al. [44] showed that the SNR efficiency is only ~ 1.4
times higher at 7T compared to 3T. This study also dem-
onstrated high reproducibility and repeatability of sodium
quantification using radial sequences with and without fluid
suppression at 3T and 7T, which is comparable to other
proton-based MR imaging techniques for assessing artic-
ular cartilage. This is a very promising result for further 3T
studies on sodium imaging of cartilage.

Cartilage Injury and Repair
Background

Hyaline cartilage is avascular tissue. Thus, its response to
injury differs from that of other tissues, and its intrinsic
reparative capacity is very low [10, 45, 46]. In addition, the
immobilized chondrocytes cannot migrate from healthy car-
tilage to the injury site. Mechanical injury can cause direct
damage to the extracellular matrix, or the damage can be
mediated by chondrocytes via reduction of biosynthetic
activity and expression of matrix-degrading enzymes. Studies
on animal models have shown that high impact loads to the
joint can lead to a loss of tissue integrity, degradation of
mechanical properties or cell death [47].
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The result of the cartilage response to injury depends on
several factors such as defect depth and location, the
patient’s age, defect size, etc. Usual symptoms of cartilage
injury are local pain, swelling, locking, pseudo-locking and
catching. Isolated chondral defects were found in 4 % of
arthroscopies, while a much higher percentage (40-70 %)
of defects has been found in combination with ligament
and/or meniscus injuries [46]. Thus, the cartilage health is
very important for the health of the whole joint. Since
untreated osteochondral defects in adults often lead to early
onset of OA, symptomatic defects should be treated.

The goal of cartilage repair surgery techniques is to
restore the cartilage surface and function, to allow pain-
free motion of the joint and to prevent further cartilage
degeneration by providing cartilage repair tissue that has
the same composition, structure and mechanical properties
as native articular cartilage [1]. Articular cartilage defects
are currently treated with a number of different surgical
interventions, which can be divided into three groups: (1)
bone marrow-stimulating techniques, (2) auto-/allo-graft-
ing techniques and (3) advanced -cell-based repair
techniques.

(a) Pridie drilling [48] and microfracture (MFX) [49] can
be considered marrow-stimulating techniques. These
procedures create multiple holes in the subchondral
bone in the defect area to fill it with the material
coming from the bone marrow. Ideally, the cells
should differentiate into chondrogenic cells that
produce cartilage [50]; however, these techniques
usually result in the formation of fibrous repair tissue.
Knutsen et al. [51] noted that most of the biopsies
from repair tissue of patients 2 years after MFX were
composed mainly of fibrocartilage tissue, which
degenerates with time.
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(b) Osteochondral grafting (mosaicplasty) [52] and peri-
osteal grafting [53] rely on the filling of lesions with
an autograft. In mosaicplasty, cylindrical osteochon-
dral plugs are taken from non-load-bearing areas of
an affected joint and placed into the osteochondral
defect. Benefits of mosaicplasty are that the lesion is
filled with mature hyaline cartilage and that it allows
treatment of both osteochondral and chondral defects.
Limitations of this technique are problematic produc-
tion of a smooth convex cartilage surface, suboptimal
reconstitution of the subchondral layer and usually
insufficient lateral integration of the repair site [54].

(c) Advanced cell-based repair techniques such as autol-
ogous chondrocyte implantation (ACI) use donor-
derived chondrocytes (mostly autografts) to recon-
struct the cartilage defect. ACI was the first cell
engineering approach to the treatment of cartilage
lesions [55, 56]. In the third generation of ACI, such
as in matrix-associated autologous chondrocyte trans-
plantation (MACT), the pieces of cartilage are taken
from a non-load-bearing donor site, and extracted
chondrocytes are cultured in 3D scaffolds (matrices)
in vitro for several weeks [57]. In the second step, the
cultured cartilage is implanted into the chondral
defect. Although the ACI can produce a hyaline-like
repair tissue in some specimens, this tissue is not
histochemically or morphologically identical to hya-
line cartilage, and fibrocartilage can be found in some
of the samples [58]. Although there were no signif-
icant differences in the histological quality of repair
tissue between the patients after ACI and MFX
2 years after surgery, ACI patients more often showed
hyaline-like repair tissue than MFX patients [51].

Sodium MR Imaging of Cartilage Repair

Several studies used sodium MR imaging for the evalua-
tion of tissue after cartilage repair surgery. The first sodium
MR images of patients after MACT cartilage repair were
published by Trattnig et al. [59¢] in 2010. The authors
measured 12 patients with a mean time of 56 months after
MACT surgery in femoral cartilage and compared the
results of sodium imaging at 7T with dGEMRIC (another
GAG-sensitive MR technique) at 3T. The mean value of
the magnetic resonance observation of cartilage repair
tissue (MOCART) score [60], a scoring system for the
evaluation of the morphological appearance of repair tis-
sue, was 75 (range, 45-95). A 3D-GRE sequence opti-
mized for sodium imaging was used together with a
sodium-only birdcage knee coil. The sodium normalized
values were significantly lower in repair tissue
(mean =+ standard deviation: 174 + 53) than in normal-

appearing reference cartilage (267 &+ 42). Similarly,
dGEMRIC measurements showed significantly lower
postcontrast T1 values in repair tissue (510 £ 195 ms) than
in reference cartilage (756 £ 188 ms). Moreover, a strong
correlation was found between sodium imaging and
dGEMRIC in MACT patients. The authors concluded that
sodium imaging allows for differentiation of repaired tissue
from native cartilage in patients after MACT repair without
the application of contrast agent.

To validate and evaluate the potential of the gagCEST
technique as a biomarker for GAG content in cartilage,
Schmitt et al. [6] compared sodium imaging with gagCEST
in five MFX and seven MACT patients. A strong correla-
tion between sodium and gagCEST values proved the
sensitivity of this method to GAG content in native carti-
lage and repair tissue.

In the study by Zbyn et al. [61¢], sodium MR imaging at
7T was used to evaluate repair tissue after two different
types of cartilage repair techniques: bone marrow stimu-
lation (BMS) techniques (Pridie drilling and MFX) and
MACT. For more accurate comparison between repair
techniques, each MACT patient was matched with one
BMS patient according to age (mean, ~ 37 years), post-
operative interval (mean, ~33 months) and defect loca-
tion. Sodium images were measured with 3D-GRE
sequences using a sodium-only birdcage knee coil, and
ROIs were drawn in the reference cartilage and cartilage
repair tissue. For both the BMS and MACT groups of
patients, sodium normalized values were significantly
lower in repair tissue than in reference cartilage. However,
the main finding of this study was that sodium normalized
values were significantly higher in MACT (210 £ 36) than
in BMS (164 + 31) repair tissue. On the other hand, the
morphological appearance of the repair tissue, evaluated by
the MOCART scoring system, was not different between
BMS and MACT patients. The results suggest a higher
GAG content and therefore repair tissue of higher quality
in MACT than in BMS patients. Sodium imaging can
distinguish between repair tissues with different GAG
contents (Fig. 3) and thus can be useful for non-invasive
evaluation of the performance of new cartilage repair
techniques.

Due to the low resolution of sodium images, partial
volume effects from surrounding tissues such as bone or
synovial fluid (sodium concentration of 140-150 mmol/1)
influence the accuracy of the sodium content measurements
in cartilage. To minimize contamination from synovial
fluid, triple quantum filtering techniques [16], inversion
recovery (IR) methods [62] or relaxation-weighted sodium
imaging [63] can be employed. The goal of the study by
Chang et al. [64¢] was to evaluate cartilage repair and
native tissue using 7T sodium MR imaging with and
without fluid suppression. After different cartilage repair
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Fig. 3 Proton density-weighted MR images with fat suppression (left
column) and color-coded sodium 3D-GRE images (right column)
from a patient after MFX treatment (upper row) and a subject after
MACT surgery (lower row). The area of cartilage repair tissue is
located between the arrows. Color scale represents the sodium signal
intensity values

procedures (e.g., MFX, osteochondral grafting, MACT,
juvenile cartilage implantation) and with a median follow-
up of 26 weeks (range 12-151 weeks), 11 patients were
measured with a radial UTE sequence using a sodium-only
birdcage knee coil. Fluid suppression was achieved using
an IR preparation with an adiabatic inversion pulse [65].
The sodium concentration was calculated in repair tissue,
adjacent native cartilage and native cartilage in the knee
compartment not involved in surgery. Sodium concentra-
tions were not significantly different between repair tissue
and both types of native cartilage when using sequences
without fluid suppression. This could be caused by heter-
ogeneity of mean sodium concentrations in repair tissue
due to the variety of repair procedures. However, when
using fluid suppressed sequences, the mean sodium con-
centration in repair tissue (108.9 £ 29.8 mmol/l) was sig-
nificantly lower compared to adjacent native cartilage
(204.6 £ 34.7 mmol/l) or native cartilage in a different
knee compartment (249.9 + 44.6 mmol/l). Thus, fluid
suppressed sodium imaging seems to be more accurate in
the assessment of sodium concentration in repair tissue.
Additionally, a significantly lower sodium concentration
was found in adjacent native cartilage when compared to
native cartilage in different knee compartments. This is in
accord with in vitro studies that demonstrated that the
number of viable chondrocytes increases with the distance
from the site of injury [66].

@ Springer

Osteoarthritis
Background

Knee OA is associated with structural changes in the whole
joint, including degradation of cartilage, ligaments,
menisci, subchondral bone changes and synovial inflam-
mation [67]. The diagnosis of OA is based on patient’s
medical history, clinical symptoms (loss of function, pain)
and radiographic evidence (joint space width) [67]. The
goal of a treatment is to improve the knee function and
relief from symptoms. The most frequent treatment of end-
stage arthritis is knee joint replacement.

Although radiography is the current standard for
evaluating structural modifications in joints in trials of
potential disease-modifying OA drugs, it has many limi-
tations (e.g., the sensitivity and precision) [68]. Morpho-
logical MR imaging is a non-invasive alternative that
detects the presence of OA with high specificity compared
to radiography or arthroscopy, and provides comprehen-
sive evaluation of the whole joint [69]. MR imaging of
knee OA includes assessment of the cartilage thickness
and volume [70], synovitis, synovial fluid effusions,
lesions in the bone marrow and meniscal damage. A loss
of thickness in medial compartment cartilage is a sensi-
tive quantitative parameter that correlates with radio-
graphic joint space width and seems to be a strong
predictor of the need for knee replacement [71]. Although
MR imaging may be a viable alternative to radiography
for the assessment of structural changes in knee OA and
prediction of the knee replacement, both techniques are
insensitive to biochemical changes in the cartilage, which
occurs in early stages of OA before the morphological
changes [3].

Detection of early events in OA, when the disease
process is potentially reversible, is of major interest in
cartilage imaging. GAG molecules have been considered
to play a central role in cartilage homeostasis [72]. The
equilibrium between synthesis and degradation of carti-
lage matrix molecules is altered in pathologic conditions
[73]. For instance, increased levels of aggrecan
393ARGS fragments in the synovial fluid of patients
with OA and knee injury have been proposed to reflect
early pathology [74, 75]. Early stages of OA are sug-
gested to be characterized by changes in the organization
and composition of the extracellular matrix, such as a
decrease in cartilage GAG content. However, the
mechanisms associated with early OA are not entirely
understood, and there are conflicting data on whether the
GAG content is elevated [76—78], unchanged [79, 80] or
decreased [81, 82] in early OA.
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Sodium MR Imaging of OA Cartilage

After validation in in vitro studies and in studies on animal
models [83], sodium MR imaging was performed on vol-
unteers and OA patients. Wheaton et al. [40] measured
sodium images with UTE radial sequences in nine healthy
asymptomatic volunteers and three patients with symptoms
of early OA using a surface coil at 4T. The mean sodium
content measured in the patellae of the nine healthy volun-
teers was 254 mmol/l, which corresponded to a mean FCD
measurement of —182 mmol/l. Sodium maps for the sub-
jects with symptoms of OA revealed cartilage regions with
significantly lower FCD (—108 to —144 mmol/l) when
compared to the FCD of healthy volunteers. These results
suggest that sodium MR imaging might be a useful method
for monitoring the changes in GAG content of OA cartilage.

The first 7T sodium MR images from OA patients were
published by Wang et al. [84¢]. Sodium images were
acquired from five asymptomatic volunteers and five clin-
ically diagnosed OA subjects using UTE radial sequences.
The sodium concentration was calculated in three ROIs:
patellar, medial femorotibial and lateral femorotibial car-
tilage. The mean sodium concentration in cartilage of
volunteers ranged from 240 to 280 mmol/l. The sodium
concentration in OA patients was significantly smaller,
30-60 % lower compared to volunteers. The authors con-
cluded that sodium imaging may be a useful for physio-
logic OA imaging and clinical diagnosis. Unfortunately,
due to very thin cartilage (especially in OA patients), low
resolution and blurring in sodium images, the authors were
not able to distinguish among patellar, femoral and tibial
cartilage, and the evaluated ROIs probably included signal
from both cartilage and synovial fluid.

To evaluate contamination from synovial fluid, Madelin
et al. [85¢+] calculated the cartilage sodium concentration
in 19 healthy volunteers and 28 OA patients using 7T
sodium imaging with and without fluid suppression. The
first eight volunteers and six patients were measured with a
sodium-only birdcage knee coil; the rest of the subjects
were measured with a homemade eight-channel double-
tuned proton/sodium knee coil. Measurements with fluid
suppression were achieved by using an IR preparation with
an adiabatic inversion WURST pulse in the UTE radial
sequence [65]. The cartilage sodium concentration was
evaluated in the patellar, femorotibial lateral and femoro-
tibial medial ROIs on four consecutive sodium maps. The
mean sodium concentration over all cartilage ROIs mea-
sured with radial sequence without fluid suppression was
similar between healthy subjects (192 mmol/l) and OA
patients (174 mmol/l). When fluid suppression was
applied, the difference between the mean sodium concen-
tration over all cartilage ROIs in healthy subjects
(~243 mmol/l) and in OA patients (~ 194 mmol/l)

IRW

R3D

[(mM]
400

350
300
250
1200

1150

100

Fig. 4 Sodium concentration maps from a control subject (upper
row) and from a patient with OA (lower row). Sodium images were
acquired with fluid suppression using IR (IRW) and without fluid
suppression (R3D). Note that the difference in cartilage sodium
concentration between the control and OA patient is higher with the
fluid-suppressed radial sequence than with the radial sequence
without fluid suppression. From [85¢°], with permission

increased. The mean sodium concentration in cartilage
from IR with WURST was found to be a significant pre-
dictor of OA and early OA (only patients with a Kellgren-
Lawrence score of 1 or 2). An example of sodium MR
imaging of OA cartilage with and without fluid suppression
is shown in Fig. 4. Evaluation of the cartilage sodium
concentration with fluid-suppressed MR imaging at 7T is a
potential biomarker for OA.

Conclusions

Recent studies proved that sodium MR imaging can directly,
in a noninvasive and quantitative manner, assess the cartilage
GAG content, which plays a central role in cartilage homeo-
stasis in native and OA cartilage as well as in repair tissue.
Since native reference cartilage (adjacent or more distant from
the repair site) is available in sodium imaging of repair tissue,
the sodium concentration is not the critical parameter, and
ratios between native and repair sodium signal intensities can
also be compared between patients. From this point of view,
sodium imaging of OA cartilage is more demanding and
requires quantification of the sodium concentration. Addi-
tionally, OA cartilage is thinner than native cartilage, and
partial volume artifacts are therefore more pronounced in OA
applications. This issue of sodium imaging can be overcome
by introducing fluid-suppressed sequences, which allow
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evaluation of sodium signal from cartilage without contami-
nation coming from synovial fluid [65]. Moreover, by using
dual-tuned proton/sodium radiofrequency coils, sodium
imaging can be combined with other MR techniques (e.g.,
morphological imaging, T2 mapping, diffusion-weighted
imaging) to assess other cartilage components (e.g., water
content, collagen matrix). Such a combination of biomarkers
might provide more accurate insight into cartilage degenera-
tion or maturation of repair tissue. However, acquisition times
of sodium imaging must be reduced to acquire a complete
imaging protocol in less than 1 h.

Previous in vitro studies showed changes in T1 and T2*
relaxation times of cartilage after enzymatically induced
(trypsin, papain) PG depletion [34-36]. Thus, different T1
and T2* relaxation times can also be expected in OA carti-
lage and repair tissue. The general limitation of the sodium
concentration quantification is the use of sodium T1 and T2*
values from native cartilage also for quantification of the
concentration in OA cartilage and in repair tissue, which
might result in bias from ‘true’ sodium concentrations. To
overcome this limitation might be difficult as the measure-
ment of sodium relaxation times is more time consuming
than morphological sodium imaging. However, the infor-
mation on cartilage relaxation times might improve the
sensitivity and specificity of sodium imaging in evaluating
degenerative changes in cartilage.

Sodium MR imaging is a challenging method. However,
new technical developments in the recent decade have
enabled transferring this technique from in vitro to pre-
clinical in vivo studies. The advent of whole-body ultra-
high-field MR systems [43, 86], dedicated radiofrequency
phase-array coils [87] and optimized MR sequences [65] has
provided higher SNR, higher spatial resolution in the images
and/or shorter measurement times. Moreover, compressed
sensing applications for the acceleration of sodium imaging
acquisition with undersampling are very promising [88, 89].
However, more research is necessary on both software and
hardware to translate sodium MR imaging of cartilage into
clinical practice, preferably to 3T MR systems.

Acknowledgments Funding support provided by the Austrian
Science Fund (FWF) P 25246 B24 and by the Vienna Spots of
Excellence of the Vienna Science and Technology Fund (WWTF):
Vienna Advanced Imaging Center—VIACLIC FA102A0017.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

Compliance with Ethics Guidelines
Conflict of Interest Stefan Zbyh, Vladimir Mlyndrik, Vladimir

Juras, Pavol Szomolanyi and Siegfried Trattnig declare that they have
no conflicts of interest.

@ Springer

Human and Animal Rights and Informed Consent This article
does not contain any studies with human or animal subjects
performed by the author.

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

e« Of major importance

1. Buckwalter J, Mow V. Cartilage repair in osteoarthritis. Phila-
delphia: WB Saunders Co; 1992.

2. Lawrence RC, Felson DT, Helmick CG, et al. Estimates of the
prevalence of arthritis and other rheumatic conditions in the
United States Part II. Arthritis Rheum. 2008;58(1):26-35.

3. Burstein D, Bashir A, Gray ML. MRI techniques in early stages
of cartilage disease. Invest Radiol. 2000;35(10):622-38.

4. Bashir A, Gray ML, Burstein D. Gd-DTPA(2-) as a measure of
cartilage degradation. Magn Reson Med. 1996;36(5):665-73.

5. Duvvuri U, Reddy R, Patel SD, et al. T1rho-relaxation in articular
cartilage: effects of enzymatic degradation. Magn Reson Med.
1997;38(6):863-7.

6. Schmitt B, Zbyn S, Stelzeneder D, et al. Cartilage quality assessment
by using glycosaminoglycan chemical exchange saturation transfer
and (23)Na MR imaging at 7 T. Radiology. 2011;260(1):257-64.

7. Reddy R, Insko EK, Noyszewski EA, et al. Sodium MRI of human
articular cartilage in vivo. Magn Reson Med. 1998;39(5):697-701.

8. Juras V, Zbyn S, Pressl C, et al. Sodium MR imaging of Achilles
tendinopathy at 7 T: preliminary results. Radiology.
2012;262(1):199-205.

9. Weber MA, Nagel AM, Wolf MB, et al. Permanent muscular
sodium overload and persistent muscle edema in Duchenne
muscular dystrophy: a possible contributor of progressive muscle
degeneration. J Neurol. 2012;259(11):2385-92.

10. Buckwalter JA, Mankin HJ. Articular cartilage.1. Tissue design
and chondrocyte-matrix interactions. J Bone Joint Surg Am.
1997;79A(4):600-11.

11. Mow VC, Ratcliffe A, Poole AR. Cartilage and diarthrodial joints
as paradigms for hierarchical materials and structures. Biomate-
rials. 1992;13(2):67-97.

12. Poole AR, Kojima T, Yasuda T, et al. Composition and structure
of articular cartilage—a template for tissue repair. Clin Orthop
Relat Res. 2001;391:526-33.

13. Borthakur A, Mellon E, Niyogi S, et al. Sodium and T1rho MRI
for molecular and diagnostic imaging of articular cartilage. NMR
Biomed. 2006;19(7):781-821.

14. Wimperis S, Wood B. Triple-quantum sodium imaging. J] Magn
Reson. 1991;95(2):428-36.

15. Hancu I, Boada FE, Shen GX. Three-dimensional triple-quantum-
filtered (23)Na imaging of in vivo human brain. Magn Reson
Med. 1999:;42(6):1146-54.

16. Borthakur A, Hancu I, Boada FE, et al. In vivo triple quantum
filtered twisted projection sodium MRI of human articular carti-
lage. J Magn Reson. 1999;141(2):286-90.

17. Ying K, Schmalbrock P, Clymer B. Echo-time reduction for
submillimeter resolution imaging with a 3D phase encode time
reduced acquisition method. Magn Reson Med. 1995;33(1):82-7.

18. Deligianni X, Bar P, Scheffler K, et al. High-resolution Fourier-
encoded sub-millisecond echo time musculoskeletal imaging at 3
Tesla and 7 Tesla. Magn Reson Med. 2013;70(5):1434-9.



Curr Radiol Rep (2014) 2:41

Page 9 of 10 41

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Haneder S, Juras V, Michaely HJ, et al. In vivo sodium (Na)
imaging of the human kidneys at 7 T: preliminary results. Eur
Radiol. 2013;24(2):494-501.

Nielles-Vallespin S, Weber MA, Bock M, et al. 3D radial pro-
jection technique with ultrashort echo times for sodium MRI:
clinical applications in human brain and skeletal muscle. Magn
Reson Med. 2007;57(1):74-81.

Nagel AM, Laun FB, Weber MA, et al. Sodium MRI using a
density-adapted 3D radial acquisition technique. Magn Reson
Med. 2009;62(6):1565-73.

Boada FE, Gillen JS, Shen GX, et al. Fast three dimensional
sodium imaging. Magn Reson Med. 1997;37(5):706-15.

Boada FE, Shen GX, Chang SY, et al. Spectrally weighted
twisted projection imaging: reducing T2 signal attenuation effects
in fast three-dimensional sodium imaging. Magn Reson Med.
1997;38(6):1022-8.

Gurney PT, Hargreaves BA, Nishimura DG. Design and analysis
of a practical 3D cones trajectory. Magn Reson Med.
2006;55(3):575-82.

Qian Y, Boada FE. Acquisition-weighted stack of spirals for fast
high-resolution three-dimensional ultra-short echo time MR
imaging. Magn Reson Med. 2008;60(1):135-45.

Pipe JG, Zwart NR, Aboussouan EA, et al. A new design and
rationale for 3D orthogonally oversampled k-space trajectories.
Magn Reson Med. 2011;66(5):1303-11.

Osullivan JD. A fast sinc function gridding algorithm for fourier
inversion in computer-tomography. IEEE Trans Med Imaging.
1985;4(4):200-7.

Sedarat H, Nishimura DG. On the optimality of the gridding
reconstruction algorithm. IEEE Trans Med Imaging. 2000;19(4):
306-17.

Schomberg H, Timmer J. The gridding method for image-
reconstruction by fourier transformation. IEEE Trans Med
Imaging. 1995;14(3):596-607.

Greengard L, Lee JY. Accelerating the nonuniform fast Fourier
transform. Siam Review. 2004;46(3):443-54.

. Fessler JA. On NUFFT-based gridding for non-Cartesian MRI.

J Magn Reson. 2007;188(2):191-5.

Atkinson IC, Lu A, Thulborn KR. Characterization and correc-
tion of system delays and eddy currents for MR imaging with
ultrashort echo-time and time-varying gradients. Magn Reson
Med. 2009;62(2):532-7.

Maroudas A, Muir H, Wingham J. The correlation of fixed
negative charge with glycosaminoglycan content of human
articular cartilage. Biochim Biophys Acta. 1969;177(3):492—
500.

Paul PK, O’Byrne EM, Gupta RK, et al. Detection of cartilage
degradation with sodium NMR. Br J Rheumatol. 1991;30(4):318.
Jelicks LA, Paul PK, O’Byrne E, et al. Hydrogen-1, sodium-23,
and carbon-13 MR spectroscopy of cartilage degradation in vitro.
J Magn Reson Imaging. 1993;3(4):565-8.

Insko EK, Kaufman JH, Leigh JS, et al. Sodium NMR evaluation
of articular cartilage degradation. Magn Reson Med. 1999;41(1):
30-4.

Lesperance LM, Gray ML, Burstein D. Determination of fixed
charge density in cartilage using nuclear magnetic resonance.
J Orthop Res. 1992;10(1):1-13.

Borthakur A, Shapiro EM, Beers J, et al. Sensitivity of MRI to
proteoglycan depletion in cartilage: comparison of sodium and
proton MRI. Osteoarthr Cartil. 2000;8(4):288-93.

Shapiro EM, Borthakur A, Gougoutas A, et al. 23Na MRI
accurately measures fixed charge density in articular cartilage.
Magn Reson Med. 2002;47(2):284-91.

Wheaton AJ, Borthakur A, Shapiro EM, et al. Proteoglycan loss
in human knee cartilage: quantitation with sodium MR imaging—
feasibility study. Radiology. 2004;231(3):900-5.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Shapiro EM, Borthakur A, Dandora R, et al. Sodium visibility
and quantitation in intact bovine articular cartilage using high
field (23)Na MRI and MRS. J Magn Reson. 2000;142(1):24-31.
Madelin G, Jerschow A, Regatte RR. Sodium relaxation times in
the knee joint in vivo at 7T. NMR Biomed. 2011;25(4):530-7.
Staroswiecki E, Bangerter NK, Gurney PT, et al. In vivo sodium
imaging of human patellar cartilage with a 3D cones sequence at
3 T and 7 T. J Magn Reson Imaging. 2010;32(2):446-51.
Madelin G, Babb JS, Xia D, et al. Reproducibility and repeat-
ability of quantitative sodium magnetic resonance imaging
in vivo in articular cartilage at 3 T and 7 T. Magn Reson Med.
2012;68(3):841-9.

Buckwalter JA, Rosenberg LC, Hunziker EB. Articular cartilage:
composition, structure, response to injury, and methods to facil-
itating repair. In: Whit EJ, editor. Articular cartilage and knee
joint function. Basic science and arthroscopy. New York: Raven
Press; 1990. p. 19-56.

Shelbourne KD, Jari S, Gray T. Outcome of untreated traumatic
articular cartilage defects of the knee: a natural history study.
J Bone Joint Surg Am. 2003;2:8-16 85-A Suppl.

Buckwalter JA, Mankin HJ. Articular cartilage.2. Degeneration
and osteoarthrosis, repair, regeneration, and transplantation.
J Bone Joint Surg Am. 1997;79A(4):612-32.

Pridie KH. A method of resurfacing osteoarthritic knee joints.
J Bone Joint Surg Br. 1959;41B:618-9.

Steadman JR, Rodkey WG, Singleton SB, et al. Microfracture
technique for full-thickness chondral defects: technique and
clinical results. Oper Tech Orthop. 1997;7(4):26-32.

Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation
in the repair of full-thickness defects of articular-cartilage. J Bone
Joint Surg Am. 1993;75A(4):532-53.

Knutsen G, Engebretsen L, Ludvigsen TC, et al. Autologous chon-
drocyte implantation compared with microfracture in the knee—a
randomized trial. J Bone Joint Surg Am. 2004;86A(3):455-64.
Matsusue Y, Yamamuro T, Hama H. Arthroscopic multiple
osteochondral transplantation to the chondral defect in the knee
associated with anterior cruciate ligament disruption. Arthros-
copy. 1993;9(3):318-21.

Ritsila VA, Santavirta S, Alhopuro S, et al. Periosteal and peri-
chondral grafting in reconstructive surgery. Clin Orthop Relat
Res. 1994;302:259-65.

Horas U, Pelinkovic D, Herr G, et al. Autologous chondrocyte
implantation and osteochondral cylinder transplantation in carti-
lage repair of the knee joint—a prospective, comparative trial.
J Bone Joint Surg Am. 2003;85A(2):185-92.

Brittberg M, Lindahl A, Nilsson A, et al. Treatment of deep
cartilage defects in the knee with autologous chondrocyte trans-
plantation. N Engl J Med. 1994;331(14):889-95.

Peterson L, Minas T, Brittberg M, et al. Treatment of osteo-
chondritis dissecans of the knee with autologous chondrocyte
transplantation—results at two to ten years. J Bone Joint Surg
Am. 2003;85A:17-24.

Marcacci M, Berruto M, Brocchetta D, et al. Articular cartilage
engineering with Hyalograft (R) C—3-year clinical results. Clin
Orthop Relat Res. 2005;435:96-105.

Roberts S, McCall IW, Darby AJ, et al. Autologous chondrocyte
implantation for cartilage repair: monitoring its success by
magnetic resonance imaging and histology. Arthritis Res Ther.
2003;5(1):R60-73.

® Trattnig S, Welsch GH, Juras V, et al. 23Na MR imaging at 7 T
after knee matrix-associated autologous chondrocyte transplan-
tation preliminary results. Radiology. 2010; 257(1): 175-84.
Relevant pre-clinical study using sodium MR imaging for the
evaluation of cartilage repair tissue and OA cartilage.
Marlovits S, Singer P, Zeller P, et al. Magnetic resonance
observation of cartilage repair tissue (MOCART) for the

@ Springer



41

Page 10 of 10

Curr Radiol Rep (2014) 2:41

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

evaluation of autologous chondrocyte transplantation: determi-
nation of interobserver variability and correlation to clinical
outcome after 2 years. Eur J Radiol. 2006;57(1):16-23.

® Zbyn S, Stelzeneder D, Welsch GH, et al. Evaluation of native
hyaline cartilage and repair tissue after two cartilage repair sur-
gery techniques with 23Na MR imaging at 7 T: initial experience.
Osteoarthritis Cartilage. 2012; 20(8): 837-45. Relevant pre-

clinical study using sodium MR imaging for the evaluation of

cartilage repair tissue and OA cartilage.

Rong P, Regatte RR, Jerschow A. Clean demarcation of cartilage
tissue 23Na by inversion recovery. J Magn Reson. 2008;193(2):
207-9.

Nagel AM, Bock M, Hartmann C, et al. The potential of relax-
ation-weighted sodium magnetic resonance imaging as demon-
strated on brain tumors. Invest Radiol. 2011;46(9):539-47.

* Chang G, Madelin G, Sherman OH, et al. Improved assessment
of cartilage repair tissue using fluid-suppressed Na inversion
recovery MRI at 7 Tesla: preliminary results. Eur Radiol. 2012;
22(6): 1341-9. Relevant pre-clinical study using sodium MR
imaging for the evaluation of cartilage repair tissue and OA
cartilage.

Madelin G, Lee JS, Inati S, et al. Sodium inversion recovery MRI of
the knee joint in vivo at 7T. J Magn Reson. 2010;207(1):42-52.
Tochigi Y, Buckwalter JA, Martin JA, et al. Distribution and
progression of chondrocyte damage in a whole-organ model of
human ankle intra-articular fracture. J Bone Joint Surg Am.
2011;93(6):533-9.

Bijlsma JW, Berenbaum F, Lafeber FP. Osteoarthritis: an update
with relevance for clinical practice. Lancet. 2011;377(9783):
2115-26.

Hunter DJ, Guermazi A. Imaging techniques in osteoarthritis. PM
R. 2012;4(5 Suppl):S68-74.

Menashe L, Hirko K, Losina E, et al. The diagnostic performance
of MRI in osteoarthritis: a systematic review and meta-analysis.
Osteoarthr Cartil. 2012;20(1):13-21.

Eckstein F, Wirth W. Quantitative cartilage imaging in knee
osteoarthritis. Arthritis. 2011;2011:475684.

Eckstein F, Kwoh CK, Boudreau RM, et al. Quantitative MRI
measures of cartilage predict knee replacement: a case-control
study from the osteoarthritis initiative. Ann Rheum Dis.
2013;72(5):707-14.

Heinegard D. Proteoglycans and more—from molecules to biol-
ogy. Int J Exp Pathol. 2009;90(6):575-86.

Heathfield TF, Onnerfjord P, Dahlberg L, et al. Cleavage of fi-
bromodulin in cartilage explants involves removal of the N-ter-
minal tyrosine sulfate-rich region by proteolysis at a site that is
sensitive to matrix metalloproteinase-13. J Biol Chem.
2004;279(8):6286-95.

Struglics A, Larsson S, Pratta MA, et al. Human osteoarthritis
synovial fluid and joint cartilage contain both aggrecanase and
matrix metalloproteinase-generated aggrecan fragments. Osteo-
arthr Cartil. 2006;14(2):101-13.

Larsson S, Lohmander LS, Struglics A. Synovial fluid level of
aggrecan ARGS fragments is a more sensitive marker of joint

@ Springer

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

disease than glycosaminoglycan or aggrecan levels: a cross-sec-
tional study. Arthritis Res Ther. 2009;11(3):R92.

Adams ME, Brandt KD. Hypertrophic repair of canine articular
cartilage in osteoarthritis after anterior cruciate ligament tran-
section. J Rheumatol. 1991;18(3):428-35.

Matyas JR, Ehlers PF, Huang D, et al. The early molecular natural
history of experimental osteoarthritis. I. Progressive discoordinate
expression of aggrecan and type II procollagen messenger RNA in
the articular cartilage of adult animals. Arthritis Rheum.
1999;42(5):993-1002.

Lorenzo P, Bayliss MT, Heinegard D. Altered patterns and syn-
thesis of extracellular matrix macromolecules in early osteoar-
thritis. Matrix Biol. 2004;23(6):381-91.

Maroudas A. Glycosaminoglycan turn-over in articular cartilage.
Philos Trans R Soc Lond B Biol Sci. 1975;271(912):293-313.
Lorenz H, Wenz W, Ivancic M, et al. Early and stable upregu-
lation of collagen type II, collagen type I and YKL40 expression
levels in cartilage during early experimental osteoarthritis occurs
independent of joint location and histological grading. Arthritis
Res Ther. 2005;7(1):R156-65.

Grushko G, Schneiderman R, Maroudas A. Some biochemical
and biophysical parameters for the study of the pathogenesis of
osteoarthritis: a comparison between the processes of ageing and
degeneration in human hip cartilage. Connect Tissue Res.
1989;19(2—4):149-76.

Yagi R, McBurney D, Laverty D, et al. Intrajoint comparisons of
gene expression patterns in human osteoarthritis suggest a change
in chondrocyte phenotype. J Orthop Res. 2005;23(5):1128-38.
Wheaton AJ, Borthakur A, Dodge GR, et al. Sodium magnetic
resonance imaging of proteoglycan depletion in an in vivo model
of osteoarthritis. Acad Radiol. 2004;11(1):21-8.

* Wang L, Wu Y, Chang G, et al. Rapid isotropic 3D-sodium
MRI of the knee joint in vivo at 7T. ] Magn Reson Imaging.
2009; 30(3): 606—14. Relevant pre-clinical study using sodium
MR imaging for the evaluation of cartilage repair tissue and OA
cartilage.

** Madelin G, Babb J, Xia D, et al. Articular cartilage: evaluation
with fluid-suppressed 7.0-T sodium MR imaging in subjects with
and subjects without osteoarthritis. Radiology. 2013; 268(2):
481-91. Relevant pre-clinical study using sodium MR imaging for
the evaluation of cartilage repair tissue and OA cartilage.
Regatte RR, Schweitzer ME. Ultra-high-field MRI of the mus-
culoskeletal system at 7.0T. J Magn Reson Imaging. 2007,
25(2):262-9.

Qian Y, Zhao T, Wiggins GC, et al. Sodium imaging of human
brain at 7 T with 15-channel array coil. Magn Reson Med.
2012;68(6):1807-14.

Lustig M, Donoho D, Pauly JM, Sparse MRI. The application of
compressed sensing for rapid MR imaging. Magn Reson Med.
2007;58(6):1182-95.

Madelin G, Chang G, Otazo R, et al. Compressed sensing sodium
MRI of cartilage at 7T: preliminary study. J Magn Reson.
2011;214(1):360-5.



	Sodium MR Imaging of Articular Cartilage Pathologies
	Abstract
	Introduction
	Composition of Normal Cartilage
	Sodium MR Properties
	Pulse Sequences for Sodium MR Imaging
	Evaluation of GAG Content with Sodium MR Imaging
	Cartilage Injury and Repair
	Background
	Sodium MR Imaging of Cartilage Repair

	Osteoarthritis
	Background
	Sodium MR Imaging of OA Cartilage

	Conclusions
	References


