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Abstract Early detection of knee osteoarthritis (OA) is
of great interest to orthopaedic surgeons, rheumatologists,
radiologists, and researchers because it would allow physi-
cians to provide patients with treatments and advice to slow
the onset or progression of the disease. Early detection can
be achieved by identifying early changes in selected fea-
tures of degenerative articular cartilage (AC) using non-
invasive imaging modalities. Magnetic resonance imaging
(MRI) is becoming the standard for assessment of OA. The
aim of this paper was to review the influence of MRI on the
selection, detection, and measurement of AC features asso-
ciated with early OA. Our review of the literature indicates
that the changes associated with early OA are in cartilage
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thickness, cartilage volume, cartilage water content, and
proteoglycan content that can be accurately, consistently,
and non-invasively measured using MRI. Choosing an MR
pulse sequence that provides the capability to assess carti-
lage physiology and morphology in a single acquisition and
advanced multi-nuclei MRI is desirable. The results of the
review indicate that using an ultra-high magnetic strength,
MR imager does not affect early OA detection. In conclu-
sion, MRI is currently the most suitable modality for early
detection of knee OA, and future research should focus
on the quantitative evaluation of early OA features using
advances in MR hardware, software, and data processing
with sophisticated image/pattern recognition techniques.

Keywords Osteoarthritis - Articular cartilage -
Magnetic resonance imaging - MR pulse - Multi-nuclei -
Segmentation

Introduction

Osteoarthritis (OA) is a joint disease characterized by the
degeneration of the underlying articular cartilage (AC) tis-
sue in any joint, though it commonly affects the knee [1,
2]. Early detection of OA, where changes to the affected
knee components may still be reversible, is of great inter-
est to orthopaedic surgeons, physicians, and researchers
working in orthopaedics [3]. At the very least, early detec-
tion allows physicians to begin hyaluronic acid treatment,
which can reduce the degeneration of articular cartilage
[4], as well as dispense advice on weight control and
lifestyle changes [5]. Physicians can also advise patients
with a predisposition for OA to avoid performing activi-
ties involving excessive movement of the knee or taking
up certain sports [6].

@ Springer



Rheumatol Int

Fig. 1 Schematic representa-

tion of articular cartilage
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The onset and progression of knee OA can be assessed
by measuring changes associated with AC degeneration.
AC is a fibrous tissue that is naturally stiff, yet deforma-
ble, which maintains the mechanical function of articulat-
ing bones. Smooth articulation of the joint depends on the
AC composition and structure. AC is composed of water
(60-80 %) and chondrocytes that are encased by extracel-
lular matrix (ECM), as shown by schematic representation
in Fig. 1. The ECM of AC is composed of type II colla-
gen (5-10 %) and proteoglycans (PG) (10-20 %). All three
components act together to provide the mechanical support
(mechanical behaviour) necessary for smooth functioning
of AC [7]. An imbalance in these molecular compositions
results in cartilage abnormalities that lead to its degenera-
tion. Structural (morphology) and molecular compositional
(physiology) changes in articular cartilage have been used
to detect and monitor the progression of OA at various
stages using different modalities [8]. However, the suc-
cessful measurement of morphological and physiological
changes in certain features associated with AC degenera-
tion depends on using an accurate, non-invasive, and high-
resolution modality during the early stages of OA.

A number of non-imaging [quantitative ultrasound
(QUS), vibro-arthrography (VAG), and electrical imped-
ance plethysmography (EIP)] and imaging [X-ray, ultra-
sound, computed tomography (CT), nuclear imaging
(scintigraphy), scanning acoustic microscopy (SAM),
and magnetic resonance imaging (MRI)] have been
used to assess various physiological and morphological
changes associated with early degeneration of AC. MRI
is often considered the most capable imaging modality
because it allows the measurement of the structural and
molecular contents of AC by means of images, provid-
ing quantitative information despite its non-invasive,
non-ionizing, and in vivo nature [9, 10]. This paper pro-
vides an important perspective on the selection of several
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morphological and physiological features and grading
systems that can be used to detect and monitor early knee
OA non-invasively using MRI. In particular, features that
change relatively rapidly and can be assessed by MRI are
reviewed. An additional, in-depth discussion is included
to demonstrate the suitability of MRI and influential
MR parameters such as field strength, nuclei, and pulse
sequences for the non-invasive detection of early OA in
the following sections.

Selection of early knee OA features

The successful detection of early knee OA depends
on the selection of features associated with AC degen-
eration that change relatively rapidly. Over the last two
decades, the majority of research has focused on deter-
mining assessment features in three different categories:
(1) features based on morphological measurements of
AC, (2) features based on the mechanical and electrical
properties of AC, and (3) features based on the molecu-
lar composition of AC. However, the detection of fea-
tures that change rapidly is limited by the sensitivity of
the imaging or non-imaging modality, its non-invasive
nature, and the in vivo capabilities used for the assess-
ment. The various features that have been used to detect
OA at different stages of disease progression are sum-
marized in Table 1.

The features listed in Table 1 have been measured using
various imaging and non-imaging modalities that are sum-
marized in Table 2 (morphological), Table 3 (biomechani-
cal and bioelectrical), and Table 4 (physiological).

As shown in Tables 2, 3 and 4, MRI has been used to
measure most of the features listed in Table 1. However, in
all three categories, there are certain features that are more
desirable to detect OA at an early stage.
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Table 1 List of OA related

Morphological Biomechanical/bioelectrical properties Molecular composition
features [7]

Joint width space Biometric impedance Water

Inflammation Hydraulic permeability Proteoglycans

Osteophytes Fluid pressure Collagen fibrillar network

Cartilage thickness Electrokinetic phenomena Collagen content

Cartilage surface area
Cartilage volume

Cartilage roughness

Young’s modulus/stiffness

Table 2 Modalities and morphological features of cartilage

Modality Morphological features References

X-ray Joint width space, osteophytes [11,93,94]

Computed tomography (CT) Joint width space, osteophytes, cartilage surface area, cartilage integrity [95-98]
(quality), cartilage volume; cartilage roughness

Nuclear imaging (scintigraphy) Joint width space, inflammation, osteophytes [99-101]

Ultrasound Inflammation, osteophytes, cartilage thickness, cartilage surface area, [34, 102-104]

cartilage integrity (quality), cartilage roughness

MRI Joint width space, osteophytes, cartilage thickness, cartilage surface area, [20, 21, 28, 79, 84, 105-107]
cartilage integrity (quality), cartilage volume, cartilage roughness

Table 3 Modalities and biomechanical/bioelectrical properties of cartilage

Modality Biomechanical/bioelectrical properties References
Quantitative ultrasound (QUS) Acoustic impedance young’s modulus/stiffness [17, 30, 34, 108]
Vibro-arthrography (VAG) Vibration signal analysis [18, 109, 110]
Electrical impedance plethysmography (EIP) Bioelectric impedance [31, 111]
Scanning acoustic microscope (SAM) Acoustic impedance [30, 112]

MRI (@MRI) Hydraulic permeability Young’s modulus/stiffness [35, 36, 113]

Table 4 Modalities and

Molecular composition features ~ References

. Modality
molecular composition features
of cartilage Quantitative ultrasound (QUS)
MRI (gMRI)

Proteoglycan content [16, 17,34, 114]

Collagen content

Collagen fibrillar network

Water content

Proteoglycan content [10, 16, 22, 4042, 45-48, 59, 60, 62]
Collagen content

Collagen fibrillar network

Water content

Suitability of morphological features

Research studies have demonstrated that changes in certain
morphological features (thickness, volume, and roughness)
can be seen at OA grade 1 or 2, while other features such
as joint width space and osteophytes show only minute
changes in the early stages of OA and are thus indicative
of severe OA grades [11-13]. A number of studies have

reported that disturbances in the collagen fibrillar network
of AC that result in increased cartilage surface roughness
may be the first morphological features that can be meas-
ured [14, 15]. Changes in cartilage surface roughness can
be detected using QUS indentation methods, which lead
to better sensitivity and specificity in diagnosing OA at an
early stage. However, QUS indentation methods are not rec-
ommended for clinical use because of their invasive nature;
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Table 5 Correlation and accuracy in measuring thickness and volume of AC using MRI

Feature Study  Validation method

Correlation

Accuracy/precision Human/animal

Cartilage thickness  [27] Needle probe

r=10.88, p <0.0001

MD (0.00 + 0.23) Bovine (in vitro)

[28] Direct measurement r=0.92 Accuracy-PD (8.9 %) Human (in vivo)
[115]  Validated computerized algorithm  — Precision-55 um (mean lateral Human (in vivo)
thickness)
Cartilage volume [29] Directly measured volumes r = (0.90-0.98) Accuracy-PD (1.1-2.8 %) Swine (in vitro)
[85] Semi-automated method ”>091 % Error-0.89 % Human (in vivo)

MD mean difference, PD pairwise difference, AD average difference

they require an ultrasound probe to be in direct contact with
extracted cartilage from the joint [16]. Although MRI has
the capability to detect the fibrillation that forms roughness
at the superficial articular surface, doing so remains chal-
lenging because the superficial surface of articular cartilage
is only a few millimetres thick [17]. The knee joint vibra-
tion signal acquired using VAG is a useful indicator of carti-
lage surface roughness [18]. However, this method requires
that the knee be in flexion during the VAG signal recording,
which makes it uncomfortable, in particular for OA patients
with severe pain, and is thus not suitable for clinical use.

Researchers have found that roughness of the AC sur-
face causes changes in AC thickness and integrity (vol-
ume, area, and curvature) [19]. Therefore, studies on the
morphology of AC are moving towards the measurement
of cartilage thickness and volume over wide areas using
non-invasive MRI [20-23]. The measurement of changes
in cartilage thickness may provide an early indication of
degeneration and can be used as morphological features
to detect early OA. A decrease in the thickness of AC has
been reported with the progression of OA. In a 3-week
longitudinal study, the AC thickness was measured in the
tibial cartilage from knee MR images of in vivo rat. Car-
tilage thickness decreased by 18 % at week 1 and 25 % at
week 3 [24]. In another longitudinal study over a period
of 36 months, cartilage thickness was evaluated from MR
images of nine OA patients. The results showed a signifi-
cant decrease of 0.85 % per year in the tibio femoral car-
tilage and 2.43 % per year in the femoral condyle cartilage
[21]. In a third longitudinal study, a decrease in cartilage
volume at the rate of ~5 % per year was observed in 123
OA patients [25]. A decrease of ~2.8 % in healthy cartilage
has also been reported [26]. The studies measuring correla-
tion, accuracy, and precision during volume and thickness
measurement using MRI are shown in Table 5.

Based on Table 5, cartilage thickness measured using
MRI on bovine cartilage has been validated against nee-
dle indentation with a significant correlation (r = (.88,
p < 0.0001) [27]. In this study, the accuracy of the method
was determined by taking the mean difference between the
thickness measured from MR images and an indentation

@ Springer

method, and the results showed little difference in cartilage
thickness (mean 0.00 £ 0.23 mm), indicating the accuracy
of the measurement [27]. Very few studies have investi-
gated the precision of MR cartilage thickness measure-
ments, but one reported a precision in the range of 55 um
for minimum thickness to 77 pm for maximum thickness
measurement on MR images [28]. For cartilage volume, the
small pairwise difference (1.1-2.8 %) measured from the
comparison of values derived from MR images to the val-
ues measured using direct measurement of the volume of
extracted cartilage indicates the utility of MR images for
volume computation [29]. Therefore, the measurement of
morphological features associated with cartilage degenera-
tion, including the volume and thickness of cartilage, can
be measured successfully using MRI.

Suitability of biomechanical/bioelectrical features

Imbalances in the biochemical composition of AC lead to
AC degeneration that can be evaluated through its electro-
mechanical properties. Several of the electromechanical
property-based features have been discussed previously
[17, 30-33]. Similar to the morphology-based AC features,
the changes in electromechanical property-based features
vary at different stages of OA. Changes in certain features
can be observed at the early degeneration stages, while
others appear at later stages. At least one study has shown
that the Young’s modulus of AC reflects that the stiffness of
cartilage during early OA [33] decreases, suggesting it is a
suitable feature to assess early degeneration [33]. The sev-
eral studies that have measured Young’s modulus using MR
analysis are listed in Table 6.

Values of Young’s modulus measured using QUS show
a positive and linear correlation (r = 0.993, p < 0.05) with
values of dynamic modulus measured using mechanical
indentation methods, with an approximate of 6.2 % error
[34]. However, QUS involves the use of a mechanical test-
ing device where the cartilage is compressed physically and
requires the cartilage to be invasively dissected from joint.
As depicted in Table 6, the studies that measure Young’s
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Table 6 Correlations between mechanical indentation and MR-based measurements of the dynamic Young’s modulus of AC

Feature Study Validation method Correlation Accuracy/precision Human/animal
Young’s modulus [36] Mechanical indentation r=0.681 - Bovine (in vitro)
[35] Mechanical indentation 7 =0.79, p <0.001 - Bovine (in vitro)

[16] Mechanical indentation

r=0.50, p <0.01 -

Bovine (in vitro)

Table 7 Correlation between AC features and MR parameters

Feature Study Molecular content Validation method Correlation Human/animal cartilage
Water [47] Water Freeze-drying r=0.885, p <0.0001 Rat (in vivo)

[50] Water Freeze-drying r=0.82, p<0.01 Bovine (in vitro)
Proteoglycan [40] PG Spectrophotometer assay r=20.85 p<0.01 Bovine (in vitro)

[44] PG Dimethyl methylene blue (DMMB) ?=08 Bovine (in vitro)

modulus using MRI were conducted earlier and involve
an indirect correlation of MR parameters with Young’s
modulus. MR techniques such as gadolinium-diethylenetri-
aminepentaacetic acid (Gd-DTPA?) contrast enhancement
imaging and corresponding T1, relaxation signals to cal-
culate the negative fixed charge density (nFCD) of AC have
been correlated with the dynamic Young’s modulus of AC
(** = 0.79, p < 0.001 [35]; r = 0.681 [36]; and r = 0.50,
p < 0.01 [16]), but do not yield good correlation. The meas-
urement of Young’s modulus as a feature of OA to assess
changes during AC degeneration non-invasively has not yet
proven effective, and further investigations are required.

Suitability of molecular composition (physiological)
features

Because any changes occurring at the early stage of AC
degeneration are due to an imbalance in biochemical com-
position, measuring this type of feature should also enable
detection of early OA [33, 37]. At the very beginning,
disruption of the collagen fibrillar network releases PGs,
which influence the microstructural integrity of AC [38].
These disruptions can be visualized using scanning electron
or confocal microscopy to identify microstructural changes
in the cartilage [39], but these techniques are invasive by
nature and require physical dissection of the AC. Any dis-
turbance in the collagen fibrillar network of AC will lead to
loss of PG content, which may further result in an increase
in water content [14, 38]. A recent study reported that the
significantly decreased PG content of the superficial zone
of AC in the early stage of OA [38] can be measured using
MRI [40-44]. Similarly, alterations in AC water content
have been associated with early OA by several researchers
[45—47]. The water content has been found to increase with
increasing grades of OA [48, 49]. The studies estimating

the correlation between MR parameters and AC molecular
composition features are shown in Table 7.

The water and PG content of AC can usually be meas-
ured using QUS and qMRI. The QUS parameters such as
reflection coefficient are associated with the water content
of AC [34], as well as the PG content [16]. However, as
indicated earlier, the QUS method requires the invasive dis-
section of cartilage from the joint. MRI is capable of assess-
ing changes in the PG and water contents of AC that occur
in the early stages of AC degeneration [10, 41, 42, 47, 50—
52]. The water content of AC can be measured using MRI
T1 and T2 relaxation parameters. Studies have reported
a positive correlation between T1 relaxation (r = 0.88,
p < 0.0001) and water content [47], as well as T2 relaxa-
tion (r = 0.82, p < 0.01) [50] with water content. In order
to measure the PG content, hydrogen MR-based parameters
such as Tlp, delayed gadolinium-enhanced MRI of carti-
lage (AGEMRIC) (which requires intravenous injection of
Gd—DTPA2’), and sodium MRI have been used. A positive
correlation was found between the T1p parameter and PG
content (> = 0.80) [44] and between sodium signals on
sodium MR and PG content (r = 0.85, p < 0.01) [40]. For
validation, the MR parameter values were compared with
the absolute PG content of AC measured using freeze-dry-
ing and biochemical methods. Therefore, in order to assess
the physiological changes associated with AC degeneration,
water and PG are the most suitable parameters that can be
accurately and non-invasively measured using MRI.

Based on the studies discussed above, the morphological
features such as volume and thickness of AC and molecu-
lar composition features such as water and proteoglycan
are the most desirable features that can be accurately and
non-invasively measured using MR data to detect OA in the
early stages. To increase the efficiency of early OA detec-
tion, measurement of more than one feature in combination
is suggested.
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Fig. 2 MR images of a knee
acquired in vivo at 1.5 T.
Hydrogen ('H)-based (a) and
sodium (**Na)-based (b) MR
images

Role of MRI for early OA detection

Magnetic resonance imaging (MRI) can assess the morpho-
logical and physiological properties of the tissues within
the knee joint at different stages of OA progression. Even-
tually, changes during the preclinical stages of OA, where
the symptomatic OA features are not yet known, may be
detected by analysing MR data [53, 54]. MRI facilitates the
measurement of changes in features that are useful for early
OA detection and monitoring. One advantage of using the
MR modality to measure early OA morphological features
is that it provides better accuracy because of the excellent
anatomical structure presented in the images. In particu-
lar, changes in the underlying physiology of degenerating
AC can be measured using MRI to provide a quantitative
assessment. However, the sensitivity of the measured mor-
phological and physiological features using MRI is influ-
enced by the choice of several contributing factors such as
the selection of nuclei, magnetic field strength, and imag-
ing sequence.

Selection of nuclei

The human body is composed of a large amount of water
molecules. Therefore, hydrogen (‘H) nuclei-based MR
scanning is performed in most clinical practices. MRI
based on the localization of the different amounts of water
molecules in body organs, which usually change due to any
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pathological disease conditions. In 'H-based MR imaging,
different amounts of water in an organ translates to the tis-
sue contrast that provides the diagnostic capabilities for
identifying the clinical changes between normal and dis-
eased organs. However, 'H is not the only nucleus used to
perform MR scans; any nuclei that have an odd-numbered
net spin such as phosphorus (*'P), sodium (**Na), fluorine
("F), and carbon ('3C) can be used [8, 43, 55-58]. Each
of the nuclei used to perform MRI has its own advantages
and suitability that depends on the body part to be scanned.
For example, the composition of cartilage is rich in sodium,
and one can acquire >*Na nuclei-based MR images in order
to extract more information about the knee joint along with
'H-based MR images. An example of MR images acquired
using hydrogen- and sodium-based nuclei of the same sub-
jecton at 1.5 T MR scanner is shown in Fig. 2.

The MR image based on sodium nuclei (Fig. 2b) pro-
vides high contrast in the sodium-rich cartilage region.
However, several tissues are not visible, and where tis-
sues are visible, their boundaries are somewhat blurred.
The 'H-based MR image shows several tissue types, but
the contrast between the soft tissues, including the car-
tilage region, is low. In most cases, a nucleus other than
'H is chosen based on the biochemical composition of
the region of interest in a particular human organ and the
amount of change in that nucleus during pathology. How-
ever, performing MR scanning using other nuclei requires
the instalment of a specialized coil on the MR scanner that
allows for excitation of the corresponding nucleus [58].
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Hydrogen ('H) nuclei-based MR scanning is used to
assess morphological changes because it provides excel-
lent anatomical detail of the synovial joint. Physical defects
during OA progression can be detected from hydrogen-
based MR images [9]. As discussed earlier, '"H-based MR
data are used to measure the volume and thickness of car-
tilage with high correlation (>0.90), minimal error (mini-
mum of 0.89 %), and high precision (55 pm). Thus, for
the measurement of the morphology of AC, 'H-based MR
imaging is suitable. However, this may not be true for the
measurement of the physiological AC features. For carti-
lage physiological measurements, 'H-based qMRI param-
eters such as T1, T2, Tlp, and T1g, relaxation times were
found to be associated with the detection of early changes
in the biochemical components [22, 32, 46, 50, 59].

The quantitative assessment of T1 and T2 MR relaxation
times can be performed to measure increased water content
of AC during early OA using 'H-based MR data. The T1g,
relaxation time of '"H MRI is associated with the PG con-
tent of AC. In this measurement, the Gd-DTPA2™~ contrast
enhancement agent is injected into the body before the MR
scan. The measurement of T1, relaxation is time intensive
[40, 60] and requires the acquisition of baseline signals
prior to the addition of Gd-DTPA*~ [60]. Sodium (**Na)
MR imaging of AC, which is rich in sodium concentra-
tion, can supplement '"H MR data, is non-invasive, and does
not require a contrast agent. A direct measurement of PG
depletion in degenerating AC can be made using sodium
MRI because the loss of PG content results in a decreased
concentration of sodium [48]. The PG content of AC main-
tains the fixed charge density (FCD) of the tissue through
its negative charges. Sodium ions, on the other hand, are
positively charged and are attracted to the FCD. Therefore,
any changes in the negative FCD can be directly correlated
to the changes in positive sodium ions [41, 42]. This rela-
tionship allows the loss of PG that is correlated to the loss
of FCD [61] to be measured using sodium-based MRI.
Therefore, many researchers are focusing on the measure-
ment of PG content using sodium (¥*Na)-based MRI [40,
41, 56, 57, 60, 62, 63].

Despite these advantages, sodium MRI remains difficult
to apply because of the required field strengths (>3 T) to
obtain a significant signal-to-noise ratio (SNR, 12:1) and
good anatomical images. In addition, sodium MRI requires
a stronger gradient than 'H-based MRI [64]. In order to
overcome the problems associated with sodium MRI, one
can use the advances in MR software and hardware. The
development of radio-frequency (RF) coils and parallel
imaging techniques such as sensitivity encoding (SENSE)
[65] and simultaneous acquisition of spatial harmonics
(SMASH) [66] allow for good resolution and high SNR at
moderate (<3.0 T) field strengths on clinical sodium MR
scanners. In addition, recent studies have reported that

a direct measurement of sodium concentration, which is
associated with changes in the PG content of AC, can be
made with sodium MRI using a specialized radio-fre-
quency (dual-tuned) coil [56-58]. Furthermore, a study
using sodium MR on a 1.5 T MR scanner showed not only
the applicability of the direct measurement of AC sodium
concentration, but also the morphological measurement of
AC [9]. To achieve this, MR data can be acquired using a
dual-tuned knee coil without changing the position of the
coil or the subject, and additional post-processing on the
acquired data is performed using advanced image process-
ing techniques that make the morphological measurement
of AC feasible [67, 68].

Selection of MR pulse sequences

The choice of which MR pulse sequence to image cartilage
tissue play a large role in the resulting image. In particular,
it can increase the visibility of the cartilage, give better con-
trast in the cartilage compared to the surrounding tissues,
and result in higher SNR and a faster scan time. Although
a large numbers of sequences are available for cartilage
imaging, they originate from two fundamental sequences:
the spin echo (SE) and gradient echo (GRE) [55]. However,
there are variants of each of these fundamental MR pulse
sequences. In this review, we have summarized the com-
monly used MR pulse sequences for morphological imag-
ing of cartilage as shown in Table 8.

In order to image cartilage morphology, most research-
ers have used the standard pulse sequences provided
by the MR machine vendors. Standard 2D sequences
include T1-weighted imaging, proton density (PD), and
T2-weighted imaging with or without fat suppression. In
addition, 3D spoiled gradient echo (SPGR) and fast low-
angle shot (FLASH) sequences are also used to evalu-
ate cartilage morphology [62]. Furthermore, in order to
improve the visualization of cartilage pathology, additional
fat suppression techniques are used in combination with the
above-listed sequences [3]. High-resolution 2D images can
be acquired using a traditional sequence with an acquisition
time of about 2—3 min. Although 2D FSE/TSE images pro-
vide good results for detecting cartilage defects, they suffer
from blurring and low contrast between tissues [69]. From
Table 8, it can be seen that the 3D GRE sequence is best
suited for morphological imaging within a reasonable scan
time [70, 71].

Advances in pulse sequence development have dem-
onstrated MRI’s capability to provide morphological and
biomechanical information on AC using a single-pulse
sequence. The double-echo steady state (DESS) sequence
has been reported as suitable for performing a single
scan to measure cartilage anatomy because it produces
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Table 8 Commonly used pulse sequences for cartilage imaging

Pulse sequence

Variants and abbreviations Key features/achievements

Relation to early cartilage degeneration
detection

Spin echo sequences FSE
TSE
MESE
3D—GRE sequences GRE/GRASS/FFE

SPGR/Flash/T1-FFE

High-resolution 2D images
Short scan time (2—5 min) [69]
MESE-scan time (about 10 min)

High-resolution 3D images

Scan time (about 8 min 30 s) [56]
Less SNR efficient®

Excellent results in detecting cartilage
defects

MESE best suited for T2 relaxation
mapping (water content) [22, 72]

Accurate cartilage thickness measurement
[27,70]

Depiction of structure is good

Best suited for morphological imaging
[71]

Multi-echo sequences DESS High-resolution 3D images More sensitive to superficial lesions
Suited for both morphology DESS provides universal cartilage
and physiologic assessment [71] discrimination [72]
Bright signal on cartilage and synovial
fluid
Scan time (about 10 min) [98] Technique not yet validated [71]
Driven equilibrium sequences DEFT Suffers from artefacts Cartilage to fluid contrast is high
Longer scan time (about 11 min) Less fat suppression may lead to
difficulties in cartilage thickness
measurement [116]
Choosing the right MR parameter is No blurring of high spatial frequencies
difficult
Steady-state sequences bSSFP/TrueFISP/ Produce 3D images Off-resonance artefacts in imaging
FIESTA/bFFE cartilage [8]
FEMR Shorter scan time (1-1.5 min) [69] High contrast on cartilage for thickness
FS-SSFP Better SNR compared to FSE measurement [69]
LCSSFP Transient artefacts Less blurring and superior image contrast

[69]

FSE f spin echo, TSE turbo spin echo, MESE multi-echo spin echo, GRE gradient recalled echo, GRASS gradient acquisition in the steady state,
FFE fast field echo, SPGR spoiled gradient echo, Flash fast low-angle shot, T/-FFE T1-weighted fast field echo, DESS double-echo steady-state
sequences, DEFT driven equilibrium Fourier transform, SSFP steady-state free precision, bSSFP balanced steady-state free precision, TrueFISP
true fast imaging with steady-state precession, FIESTA fast imaging employing steady-state acquisition, bFFE balanced fast field echo, FEMR
fluctuating equilibrium MR, FS-SSFP fat-saturated SSFP, LCSSFP linear combination SSFP [79]

# The ratio of SNR to the square root of total imaging time

high-resolution anatomical images and uses a different echo
time to evaluate the T2 relaxation times. DESS also facil-
itates the acquisition of MR images in less scanning time
with narrow slice thickness [71]. The osteoarthritis initia-
tive (OAI) has developed protocols for knee imaging using
MRI. They suggest that knee MR images acquired using the
DESS sequence are able to provide universal discrimina-
tion of AC [72]. To date, the 3D SPGR and DESS sequences
have been found to provide the best high spatial resolution
images and anatomical structure visualization of cartilage.
This is because the slice thickness and element size of the
images influences the spatial resolution. Spatial resolution
can be improved by decreasing the slice thickness during
the acquisition, which is only possible with 3D volume
acquisition [73]. The 3D SPGR and DESS sequences allow
acquisition of slices with a thickness of <1 mm [74].
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Advances in MR technology have made it possible to
develop new sequences such as SSFP, FEMR, LCSSFP,
and FS-SSFT, which were found to be more sensitive to the
resonant frequency of certain tissue types [69]. Although
advanced sequences such as SSFP, FEMR, LCSSFP, and
FS-SSFT provide high contrast in cartilage with the short-
est acquisition time, they suffer from artefacts that will
make diagnosing OA at an early stage difficult. For the
measurement of biochemical contents, such as water, that
are associated with MR T2 relaxation times, the multi-echo
spin echo (MESE) sequence with multiple echo times (used
to measure the signal at different echo times from several
slices) is the most suitable pulse sequence [22]. While the
acquisition time for the MESE sequence is comparable to
that of SPGR and DESS, detecting morphological changes
in MESE images is challenging.
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In general, the trend in MR sequencing is moving
towards generating images with higher spatial resolution
with shorter scan times. In the future, combined physi-
ologic and morphologic information from AC should be
targeted using a single-pulse sequence. To achieve this, the
DESS sequence can be used to extract information on mor-
phology and biochemical content (water only), but it has
yet to be applied clinically [71]. In addition, future devel-
opments need to determine the pulse sequence that best
provides data for assessing the morphological and physi-
ological features associated with early degeneration of AC.

Selection of field of strength (Tesla)

Magnetic resonance imaging (MRI) field strengths can be
generally categorized as low (<1.5 T), high (1.5-7.0 T), and
ultra-high (>7.0 T) magnetic fields. Low-field MR scanners
with conventional copper coils that operate at 0.18-0.20 T
are not adequate to provide high-resolution MR images
for good pathological visualization of cartilage [3]. Recent
developments in MRI hardware have shown that high-tem-
perature superconductor (HTS) coils operating in low-field
MRI scanners (<0.5 T) provide better SNR compared to
copper coils [75]. However, HTS coils were only tested by
imaging human hands in vivo. Further study is required to
assess their ability in knee cartilage imaging.

Many of the clinical MR systems for musculoskeletal
imaging operate at 1.5 T field strength [3], but 3.0 T field
strengths are commonly available and used in clinical prac-
tices. The trend in MRI research is moving towards the appli-
cation of high and ultra-high magnetic field strengths that
range from 3 to 9.4 T [59, 76-78]. Despite the high magnetic
field, advanced pulse sequencing and RF coils in combina-
tion produce high spatial resolution images with a high SNR
within a reasonable scan time. However, the acquired images
are prone to an increase insusceptibility artefacts and chemi-
cal shift artefacts that could lead to inaccurate disease diag-
noses [77]. A susceptibility artefact is caused by magnetic
field inhomogeneity that results in irregular air-soft tissue
interfaces, which can lead to misinterpretation [55]. Chemi-
cal shift artefacts result in dark and bright rims on opposite
edges of the same tissue that are due to the movement of the
frequency encoding in water and fat chemical environments.

Research results have not yet demonstrated any sig-
nificant advantage of using high magnetic field strength
(>1.5T) to detect OA at an early stage. According to Kor-
naat et al. [79], the average thickness of cartilage measured
from MR images acquired at 1.5 and 3.0 T result in simi-
lar values. This is because adequate segmentation of the
cartilage was performed on the images acquired at 1.5 T
despite the 3.0 T images having approximately twice the
SNR and CNR efficiencies. This suggests that 1.5 T MR

scanners provide sufficient spatial resolution and CNR to
measure AC thickness. This measurement can be achieved
by selecting a suitable imaging technique such as 3D SPGR
or DESS. Similar to cartilage thickness, no significant dif-
ference in medial tibial or medial femoral cartilage volume
was found when measured on a 1.5 and 3.0 T scanner under
the effects of interference screws in a report by Bowers
et al. [80].

One study on dynamic Young’s modulus showed a mod-
erate linear correlation with T2 relaxation times meas-
ured at 1.5 T (r = —0.55, p<0.01) and 9.4 T (r = —0.37,
p < 0.01) [78]. Lammentausta et al. also reported that even
at lower field strength, the mean T2 relaxation values were
larger than at higher field strengths, but the T2 variation
with depth of the region of interest is independent of the
field. This suggests that using a lower field (e.g. 1.5 T)
magnet will result in similar T2 variation as higher field
strength magnetic.

Lammentausta et al. [81] measured the T2 relaxation
time of normal, moderate, and severe articular cartilage
using 1.5 and 9.4 T fields. They found that the T2 relaxa-
tion times measured at 1.5 T were significant enough to
demonstrate variations at normal to early and at advanced
degeneration of AC. Conversely, no statically significant
differences were found between the T2 relaxation times of
all three groups at 9.4 T [81]. This further suggests that T2
relaxation times measured at 1.5 T provides better detec-
tion capabilities than operating at 9.4 T.

Another study measuring T1, relaxation time found no
particular advantage in using 3.0 T MR compared to 1.5 T
as the separation between the pre- and post-contrast relaxa-
tion rates was found to be less at 3.0 T compared with the
results obtained at 1.5 T [82]. This is likely due to the lower
contrast agent relativity at higher field strengths, suggesting
that the T1gp, variation at 1.5 T is sufficient to provide sig-
nificant information on the PG content of AC in the early
stages of OA. Considering the PG content measurement
associated with sodium changes in AC, a 1.5 T scanner
with advanced hardware capabilities was able to provide
sodium MR data that could be processed to determine the
sodium concentration of AC [57]. In a study conducted by
Hani et al. [57], the sodium concentration measured from
the analysis of sodium MR data acquired at 1.5 T matched
the sodium concentration measured from the sodium MR
data acquired at >3 T. Similarly, an optimal SNR in the car-
tilage region of sodium MR images obtained at 1.5 T also
matched values reported from a >3 T MR scanner [58].

Knee MRI data processing

The physiology and morphology of AC can be meas-
ured during the early stages of disease progression using
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Table 9 Automatic segmentation of articular cartilage from MRI images: sensitivity and specificity of existing methods

Method Study Validation method Sensitivity (%) Specificity (%) Technique used
Automated articular cartilage [117] Manual 66.22 99.56 Region growing
segmentation [86] Manual 80.3 99.91 kNN classifiers
[88] Manual 83.7 99.9 3D active shape model
[89] Manual 83.9 99.9 Multi-class classification
[90] Manual 84.3 99.8 kNN classification
[92] Manual 93.8 99.3 Multiple MR sequence and support
vector machine (SVM)

[68] Manual 80.27 99.65 Multinuclear MR and thresholding

quantitative measurement of selective features. It should be
noted that highly skilled medical practitioners are able to
use MR images for the interpretation of anatomical struc-
ture and diagnosis planning in OA. However, interpretation
of the minute changes that occur during the early degenera-
tion of OA is challenging because AC is only few millime-
tres thick has an irregular shape [20]. Research on assess-
ing AC is moving towards the measurement of changes in
different regions of AC because weight-bearing regions of
cartilage are affected earlier than the non-weight-bearing
regions [83]. Moving forward, cartilage changes during
the early progression of disease will not only be distin-
guished by looking at different regions, but also at differ-
ent layers of cartilage [22]. Studies have reported that the
pattern of morphological change in different compartments
of cartilage may be used with MRI to detect early OA by
measuring a single-weight-bearing compartment [79]. MR
parameters such as T2 relaxation time that are associated
with the physiology of AC were found to be different in
the deep and superficial layers of cartilage [22]. This sug-
gests that for the accurate and consistent measurement of
features associated with early OA, assessment of the differ-
ent zones and compartments of AC should be performed.
However, one of the challenging tasks in measuring carti-
lage morphology and physiology is in delineating the car-
tilage region in MR images from surrounding tissues using
segmentation and visualization. As a result, a large number
of studies have focused on applying advanced imaging and
image processing techniques to segment AC on MR images
[68, 70, 84-90].

Semi-automated AC segmentation methods are becom-
ing important for assessing segmentation accuracy and
consistency for the accurate diagnosis of disease. Most of
the semi-automated methods rely on sophisticated image
processing and analysis techniques to complete several
steps automatically, followed by human user interactions
to provide precision and accuracy. Although these methods
are less time consuming than manual methods and provide
more accurate results, for extensive studies in OA detec-
tion and monitoring that requires high consistencies over a
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long time, semi-automated methods are not suitable. In this
review, automatic methods for AC segmentation on MR
images are included as a suitable approach that is sensitive
and feasible for application in clinical practices. A large
number of studies have been conducted on automatically
segmenting AC on MRI images. A few of these studies
are summarized in Table 9, including their sensitivity and
specificity, as well as the sophisticated image processing or
pattern recognition techniques used.

Automatic segmentation of cartilage is performed on 2D,
as well as on direct 3D, MR images. In general, the voxel
classification methods use machine learning approaches
such as the binary approximate k nearest neighbour (kNN)
classifier to assign voxels as representing cartilage or the
background [86]. The results from such classifications are
then enhanced by applying a multivariant classifier that
can extract voxels representing the cartilage region in MR
images [87]. In these advanced methods, the classification
of voxels was limited to the cartilage region only, and, in
such cases, once a cartilage voxel is identified by the ini-
tial classifier, it will continue assigning all neighbouring
cartilage voxels as such until reaching the last voxel [89].
In another method, multi-atlas registration is performed to
segment the bone tissues, and then cartilage voxel likeli-
hood probabilities are defined using the k nearest neighbour
classifier [90]. Assuming that the voxel classification meth-
ods to segment articular cartilage on MR images are able to
provide accurate and valuable results, the data set required
for the training of the classifier algorithm for every change
that happens to the imaging sequence is the main limitation
to obtaining MR data.

Automatic segmentation of cartilage on MR images is
an active field of research, and segmentation is being per-
formed using several deformation models. Of these meth-
ods, active shape models are the most commonly used to
segment AC on 3D MR images. Segmentation using active
shape models involves two main steps: (1) the training of
model parameters and (2) application of the model to a
new data set [88]. The shape of the model to be applied can
be generated by obtaining a set of corresponding control
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points to form a similar shape. Once the shape model is
ready, the shape is applied to a new image data set where
each control point is assigned a probability of being in the
cartilage region. Similar to classification-based methods,
deformation methods require a training data set, which
highlights their lack of flexibility for global use [88]. In
addition, the methods mentioned above have not been
tested in OA patients, where the changes in articular carti-
lage vary with the stage of disease.

Recently, advances in this field have been made in
obtaining MR data using multiple-pulse sequences either
in the same or in the different planes and performing the
registration that is followed by segmentation. Most of the
methods developed using multiple imaging sequences use
two or more images acquired in the same plane. The reg-
istration is then performed to obtain the maximum amount
of information available in both sequence images, result-
ing in more information on the cartilage and bone tissues
that can be further used for automatic segmentation [91].
For example, by acquiring one sequence that is more sen-
sitive to cartilage tissue contrast, another sequence that is
more sensitive to bone, and registering both the images, the
resultant would provide enhanced information on the car-
tilage and bone tissues that could further useful for auto-
matic segmentation. In a recently developed method, three
different contrast mechanisms were acquired and a feature
vector consisting of different grey scale values in different
contrast mechanisms was formed to classify the voxels rep-
resenting the cartilage and non-cartilage regions [92]. That
study reported a high sensitivity in cartilage segmentation.
However, this method still requires training data sets to be
prepared by manual methods. All the methods discussed
above, except for the shape-based methods, use the pixel
intensity values in an image. An automated method based
on thresholding is the simplest way to segment when pixels
having similar values are grouped together to form differ-
ent regions in an image. Such methods are simple and fully
automated, not requiring any user interaction. However,
threshold-based methods are limited by the local variation
in cartilage tissue properties that results in the following
issues: (1) low contrast visibility in the cartilage region,
(2) low signal intensities in the cartilage region compared
with surrounding tissues, (3) variable intensities in differ-
ent slices of a single data set, and (4) varying intensities
in the cartilage region of a single slice. However, advances
in image processing techniques have played a large role in
overcoming the issues related to MRI of articular cartilage.
Such advances may provide a better vision for overcoming
the existing problems with MR images in order to develop
a fully automatic articular cartilage segmentation method.
Recent advances in MR hardware and software made it
possible to obtain image data not only in different planes
and using different imaging sequences, but also using

multinuclear imaging facilities. Hani et al. [68] acquired
sodium and proton MR knee images in the same plane,
which were further used to perform fusion. The resulting
fused images provided high contrast in the cartilage region
and overcame several limitations of hydrogen-based knee
MRI. Furthermore, automatic segmentation is performed
on fused images by applying thresholding-based image
processing techniques, which results in an adequate sensi-
tivity and specificity.

In summary, the trend in measuring morphological and
physiological changes in AC is moving towards assess-
ing the different zones and compartments of AC, which
requires advanced imaging and image processing tech-
niques for the segmentation of AC on MR images. The
developments of automatic articular cartilage segmenta-
tion methods are actively being researched, and the field
remains open for discoveries, such as by applying advanced
image or pattern recognition methods.

Conclusion

The onset and progression of knee OA can be assessed by
measuring changes associated with AC degeneration. The
majority of research that has been conducted to determine
the features associated with early OA fall into three differ-
ent measurement categories as listed in Table 1: (1) fea-
tures based on the morphology of AC, (2) features based
on the electromechanical properties of AC, and (3) features
based on the molecular composition of AC. This review
found that the features that undergo the earliest changes are
surface roughness for morphology, cartilage stiffness for
mechanical properties, and PG content for molecular com-
position. However, based on the studies reported above, the
morphological features, such as AC volume and thickness,
and molecular composition features, such as water and PG
content, are the most desirable that can be accurately and
non-invasively measured by using imaging modalities. To
improve the efficiency of early OA detection, measurement
of more than one feature in combination is suggested. The
successful measurement of selected features associated
with AC degeneration requires an accurate, non-invasive,
and high-resolution modality to observe early AC degen-
eration. Currently, the evidence indicates that MRI is the
most capable imaging modality to measure the structure
and molecular contents of AC using images and quantita-
tive information because of its non-invasive, non-ionizing,
and in vivo nature. MRI is capable of acquiring the data
needed to assess the physiological and morphological fea-
tures of AC.

In order to measure the morphological features of car-
tilage thickness and volume, 'H-based MR data analysis
is adequate, and most studies report a high correlation,
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minimal error, and significant precision when comparing
results with ground truth measurements. However, this may
not be true in the measurement of physiological AC fea-
tures. For example, T14 relaxation times which are associ-
ated with PG’s of AC provide significant accuracy. How-
ever, the T1, relaxation time of 'H MRI requires injection
of a contrast enhancement agent, which may not be feasible
for all subjects. Alternatively, sodium concentration, which
is associated with changes in PG content of AC, can be
measured with sodium MR imaging that shows not only the
applicability of the direct measurement of AC sodium con-
centration, but also the morphological measurement of AC.
However, the combined measurement of physiology and
morphology would require further advances in the develop-
ment of MR hardware and pulse sequences. To this end, the
DESS sequence can extract information on the morphology
and biochemical content (water only) of AC and special-
ized hardware such as a dual-tuned knee coil can be used in
combination. In general, the trend in MR pulse sequencing
is moving towards generating images with higher spatial
resolution in a shorter scan time. Future developments need
to evaluate pulse sequences that can provide useful data for
the morphological and physiological (sodium concentra-
tion) assessment of features associated with early degenera-
tion of AC.

This review found that the trend in using MR scan-
ners is moving towards high and ultra-high magnetic field
strengths that have the capability to acquire high spatial
resolution images with more significant SNR within a rea-
sonable scan time. However, the high field strength MR
scanners are susceptible to an increase in chemical shift
artefacts that may lead to inaccurate diagnoses of disease.
In addition, research results have not demonstrated any sig-
nificant advantages to using high magnetic field strengths
(>1.5T) to detect OA at an early stage. High field strength
(1.5 T) MR scanners with advanced imaging capabilities
can provide MR data that could be further processed by
applying sophisticated image and pattern recognition tech-
niques for the early detection of OA. Currently, one of the
challenges in MR data processing is the delineation of the
cartilage region in MR images from the surrounding tissues
by means of segmentation and visualization. The trend in
segmentation of AC by applying advanced image and pat-
tern recognition techniques is moving towards automatic
methods that are capable of providing high sensitivity. This
will enable the assessment of the morphology and physi-
ology of degenerative changes in different AC zones and
compartments. Automatic articular cartilage segmentation
methods are still in development, and much remains to be
discovered through the application of advanced image and
pattern recognition methods.

In conclusion, a combination of multiple features associ-
ated with early OA, selective nuclei, a suitable MR pulse
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sequence, and advanced image and pattern recognition
methods should improve current diagnostic capabilities
for early OA detection. With this objective in mind, an
MR-based clinical tool that incorporates a suitable pulse
sequence, advanced hardware (such as a dual-tuned RF
coil), and improved image data analysis will provide more
direct information on the morphology and physiology of
AC at the onset of OA.
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