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Abstract

Magnetic resonance imaging (MRI) is widely regarded as the primary modality for the morphological assess-
ment of cartilage and all other joint tissues involved in osteoarthritis. 2D fast spin echo fat-suppressed inter-
mediate-weighted (FSE FS IW) sequences with a TE between 30 and 40ms have stood the test of time and
are considered the cornerstone of MRI protocols for clinical practice and trials. These sequences offer a good
balance between sensitivity and specificity and provide appropriate contrast and signal within the cartilage
as well as between cartilage, articular fluid, and subchondral bone. Additionally, FS IW sequences enable the
evaluation of menisci, ligaments, synovitis/effusion, and bone marrow edema-like signal changes. This review
article provides a rationale for the use of FSE FS IW sequences in the morphological assessment of cartilage
and osteoarthritis, along with a brief overview of other clinically available sequences for this indication. Addi-
tionally, the article highlights ongoing research efforts aimed at improving FSE FS IW sequences through 3D
acquisitions with enhanced resolution, shortened examination times, and exploring the potential benefits of
different magnetic field strengths. While most of the literature on cartilage imaging focuses on the knee, the
concepts presented here are applicable to all joints.

Key points

1. MRI is currently considered the modality of reference for a “whole-joint” morphological assessment of osteoarthritis.

2. Fat-suppressed intermediate-weighted sequences remain the keystone of MRI protocols for the assessment of cartilage
morphology, as well as other structures involved in osteoarthritis.

3. Trends for further development in the field of cartilage and joint imaging include 3D FSE imaging, faster acquisition
including Al-based acceleration, and synthetic imaging providing multi-contrast sequences.
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Introduction

MRI is the preferred imaging modality for the morpho-
logical assessment of cartilage, allowing the direct vis-
ualization of chondral tissue and detection of cartilage
substance loss. It is also a well-established method for
the analysis of all joint tissues involved in osteoarthritis
(OA), including menisci, ligaments, tendons, subchondral
bone marrow, and synovium.

This review article will present the morphological
MRI sequences used in clinical practice and clinical tri-
als for the evaluation of osteoarthritis. We will discuss
the strengths and weaknesses of fast/turbo spin echo fat-
suppressed intermediate-weighted sequences (FSE FS
IW), which are commonly used in most institutions for the
morphological imaging of joints. Additionally, we will
briefly discuss other sequences available for joint imaging
in routine practice. While the focus will be on the assess-
ment of cartilage, we will briefly mention other structures
involved in OA, whenever relevant. Furthermore, we will
provide an overview of some novel sequences and recon-
struction techniques that are still under development,
which may be useful for the morphological evaluation
of cartilage and osteoarthritis. A description of composi-
tional MRI techniques, which are currently mostly used in
the research setting to probe cartilage ultrastructure quan-
titatively and detect early cartilage alterations, are beyond
the scope of this review paper. Interested readers can refer
to relevant literature for further information [1-4].

A substantial proportion of the cartilage imaging lit-
erature focuses on the knee and so does this manuscript.
However, the considerations presented apply to all joints,

even though the imaging of thinner cartilage is generally
more challenging.

Morphological imaging of cartilage,
and of the rest of articular structures

MRI as the modality of reference
for the morphological assessment of osteoarthritis

While conventional radiography is still considered the first-
line imaging modality for the assessment of osteoarthritis in
clinical practice, cross-sectional techniques are required for
direct visualization of cartilage substance loss, as well as a
thorough assessment of other tissues involved in osteoarthri-
tis, which is a disease of the whole joint.

CT arthrography is an imaging modality of reference
for the assessment of cartilage surface lesions, with sev-
eral advantages: (1) it has higher spatial resolution than
MRI, (2) the contrast between the low attenuation of car-
tilage and highly attenuating surrounding structures, i.e.,
overlying contrast-enhanced synovial fluid, and underly-
ing subchondral bone, is higher than with MRI, and (3) it
presents significantly shorter acquisition times [5] (Fig. 1).
These factors contribute to higher diagnostic confidence for
the study of cartilage. However, CT arthrography requires
the intra-articular injection of contrast material, exposes
patients to ionizing radiation, cannot detect intrasubstance
lesions (lesions located in the cartilage substance and sepa-
rated from the joint cavity by the remaining superficial
cartilage layer), and only provides a partial assessment of
other joint structures.

Fig. 1 a Sagittal reformat of a CT arthrogram of the knee and cor-
responding b sagittal 2D fast spin-echo (FSE) fast-suppressed (FS)
intermediate-weighted (IW), ¢ sagittal reformat of 3D FSE IW FS
and d sagittal reformat of 3D dual echo steady state (DESS) MR
images obtained on a 3T MRI unit on the same day. Area of deep
cartilage substance loss (arrow in a) is visualized on all MR images,
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whereas the superficial cartilage substance loss is only well depicted
on 2D IW FS (arrowhead in a and b). Subchondral bone marrow
edema-like signal intensity is visualized on 2D and partially on 3D
IW FS (thin arrows in b and c¢) but much less conspicuous on 3D
DESS image (thin arrow in d)
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MR arthrography is another invasive technique, which for
many joints, does not provide any added value compared to
MRI for the assessment of osteoarthritis. For the knee joint,
it has an added value in specific indications like the assess-
ment of postoperative meniscus and of the stability of some
chondral and osteochondral lesions [6—-8].

For all these reasons, conventional MRI is widely consid-
ered the modality of reference for the morphological assess-
ment of osteoarthritis.

Intermediate-weighting demystified: the rationale
behind using 2D FSE FS IW sequences

Among the variety of MRI sequences that exist, fast/turbo
spin echo sequences (FSE) fat-suppressed (FS) intermedi-
ate-weighted (IW) sequences have been established over the
last decades as the best compromise for the study of carti-
lage and joint structures [9-13]. FSE FS IW FS sequences
are fluid-sensitive sequences with an echo time (TE) of 30
to 40ms, which is intermediate between proton-density-
weighted (PDw) sequences (short TE around 10-15ms), and
T2-weighted (T2w) sequences (long TE 70/80ms at 3T/1.5T
respectively) (Fig. 2). Therefore, both the contrast and signal
of IW sequences are intermediate between PDw and T2w
sequences. IW sequences are a good compromise between
the higher sensitivity of PDw sequences to water signal inten-
sity and the higher specificity of T2w sequences (Fig. 3).
Sequences with shorter TEs are more sensitive to visualize
components with shorter T2 (both bound and free water)
whereas sequences with longer TEs are more specific to

Fig. 2 Schematic representa-
tion of the transverse magneti-
zation decay of articular fluid,
cartilage, and subchondral
bone plate. Fat-suppressed
proton density-weighted
(TE=10ms), intermediate-
weighted (TE= 30-40 ms),
and T2-weighted (TE=80ms)
transverse MR images of the
patella of an asymptomatic
23-year-old male volunteer
obtained on a 3T MRI unit.
Intermediate-weighted images

A Signal intensity

free water. This implies that if a lesion is visible on a longer
TE sequence, the lesion is likely associated with substance
loss, and therefore filled with synovial fluid. These princi-
ples have been used in MRI of the meniscus, with shorter
TE sequences being slightly more sensitive, and longer TE
sequences more specific to the presence of a tear. A meniscal
signal abnormality detected on short TE sequences is more
likely to be a tear (filled with fluid) if the signal abnormal-
ity is also visible on T2w sequences [14, 15]. IW sequences
provide good contrast between cartilage and adjoining struc-
tures (synovial fluid and subchondral bone). Additionally,
FSE FS IW sequences are less sensitive to the magic angle
effect than proton-density-weighted sequences, which is use-
ful for the study of low T2 collagen-rich structures such as
ligaments and menisci (Table 1) [16, 17]. The application of
fat suppression provides additional benefits: (1) it increases
the dynamic range of the image (by suppressing the signal of
fat which has longer T2 values than the tissues of interest),
and hereby increases contrast both inside the cartilage and
between cartilage and surrounding structures, (2) it reduces
chemical shift artifacts (Fig. 4), and (3) it enables the detec-
tion of bone marrow changes (Fig. 1) [10, 18].

Interestingly, FSE FS IW sequences were also found
useful for a comprehensive whole joint assessment in OA,
including bone marrow edema, synovitis/effusion, liga-
ments, and menisci [19, 20].

However, it is worth mentioning that there is great confu-
sion on the terminology and definition of FSE FS IW in the
literature, with reported TEs varying from 13 to 60ms [11,
21]. On the other hand, sequences with TE values between 30

4
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5 c Articular fluid
s
v : A
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with a TE between 30 and 40

ms yield the best compromise
in terms of intra-substance
chondral signal and contrast,

Subchondral bone

as well as of contrast between
cartilage, synovial fluid, and
subchondral bone

>
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Fig.3 Sagittal fat-suppressed
MR images with serial TEs
ranging from 10 to 80ms
(images from lower row)
synthesized from a single
multi-TE T2 map acquisition
(GRAPPATINI ®) obtained on
a 3T MRI unit, with selected
zoomed in images (upper row)
corresponding to PD-weighted,
intermediate-weighted and
T2-weighted. Images are
windowed identically. Note
that with increasing TE values,
signal of lower T2 tissues,
including cartilage, decays, but
the contrast between fluid and
cartilage increases. The higher
the T2-weighting (i.e., the
higher the TE), the lower the
sensitivity, but the higher the
specificity to fluid signal

PD-weighted
(TE=20ms)

TE=10 ms

PD-
weighted

and 40ms are often mistakenly referred to as PDw [22-25].
In practice, it is also important to note that some manufac-
turers implement FSE FS IW sequences as standard for their
musculoskeletal applications, sometimes referring to them
as “proton-density” sequences. Therefore, the readers are
encouraged to check these specific sequence parameters.

Standard MRI protocol for the morphological
assessment of osteoarthritis: a combination of 2D
sequences

The standard protocol for the assessment of osteoarthritis gen-
erally does not differ from the protocols used for the assessment
of internal derangement of joints. Although these protocols vary
greatly from institution to institution, they usually include one
or more 2D FSE FS IW sequences in different planes, as well
as T1-weighted sequences (useful for the assessment of bone
in general, including osteophytes), and T2-weighted sequences,
which are more specific to the signal of liquids (Fig. 3), less
prone to the magic angle effect, and which may be useful for the
characterization of meniscal, tendinous, and ligamentous tears.
Although more specific, T2-weighted sequences are, however,
less sensitive than FSE FS IW to pathological lesions, espe-
cially if not liquid-filled (Fig. 3).

@ Springer
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In the research setting and for clinical trials, a combination
of sequences that includes FSE FS IW sequences has been
primarily recommended as part of the acquisition protocol
for the assessment of osteoarthritis [26]. The last decade
has seen the surge of 3D imaging, in particular spin-echo
based sequences, which in some cases may replace the
combination of 2D sequences (see below).

Interpretation of morphological cartilage imaging
with FSE FS IW sequences: pearls and pitfalls

FSE FS IW sequences display good intrinsic contrast within
the cartilage substance as well as between cartilage and
adjacent structures. However, a few interpretation pearls
must be acknowledged, related to physiological variations
in cartilage thickness from area to area, artefactual signal
changes, as well as pathological signal changes.

Normal variations of cartilage thickness

Cartilage thickness has high interindividual variability and is
greater in males [27, 28]. Previous reports on normal values
of cartilage thickness and distribution have shown that
cartilage thickness varies within joints. Notably, the lateral
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Fig.4 Sagittal non-fat-sup-
pressed intermediate-weighted
MR images obtained on a

3T MRI unit with different
frequency-encoding direc-

tions in a anteroposterior, b
craniocaudal, ¢ fat-suppressed
intermediate-weighted (anter-
oposterior frequency-encoding),
and d sagittal CT reformat at
the level of the medial femo-
rotibial compartment, obtained
the same day, in a 45-year-old
asymptomatic volunteer. Note
the variable appearance of the
bone-cartilage interface (arrows e
in a and b) related to chemical
shift artifact that occurs in the
frequency encoding direction.
The low signal intensity line

at the interface should not be
interpreted as the subchondral
bone plate (compare with CT
image d where the thickness of
the subchondral bone plate can
be appreciated). Fat suppres-
sion in d reduces chemical shift
artifacts and increases contrast
at the bone—cartilage interface

)

tibial cartilage is thicker than the medial, the medial
femoral cartilage is thicker than the medial tibial
cartilage while the opposite is true laterally, and the
peripheral regions usually display thinner cartilage
than central regions [28]. There are also areas of

LA v 4
\."‘l‘: ! ",‘ '-“' L
LA L,

physiological cartilage thinning that frequently occur
in specific anatomical areas such as the margins of
cartilage, the lateral femoral condylar notch as well
as the posterior aspect of the lateral femoral condyle
[21, 29] (Fig. 5).

Fig.5 Sagittal FS IW MR images at the level of the lateral femo-
ral condyle in a a 46-year-old asymptomatic male volunteer and b a
35-year-old asymptomatic female volunteer showing a normal inter-
individual variation of cartilage thickness (between arrowheads), and

@ Springer

physiological areas of cartilage thinning overlying the lateral femoral
condylar notch (white arrows), the posterior lateral femoral condyle
(arrowheads), and at the margins of cartilage (thin arrows)
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Fig.6 a Transverse FS IW MR image obtained on a 3T MRI unit
showing truncation artifact (arrow in a) that gives a “false” laminar
appearance to the patellar cartilage. Truncation artifacts typically
appear as fine parallel lines immediately adjacent to high-contrast
interfaces. Sagittal FS IW images in b flexion and ¢ extension in a
36-year-old asymptomatic volunteer showing a variable signal inten-
sity of the anterior (black arrows in b and c¢) and posterior (white
arrows in b and ¢) cruciate ligaments related to the magic angle
effect. Sagittal FS IW images in d flexion and e extension, and f

Artefactual variations of cartilage signal intensity

Throughout the chondral tissue, from surface to depth and
from region to region, normal variations of cartilage sig-
nal occur due to the fibrillar pattern of its ultrastructure,
organized in layers defined by the collagen fibers orienta-
tion (superficial, transitional, and radial zones), and the
magic angle effect [12, 22]. Chemical shift artifacts might
alter the appearance of the chondro-osseous junction and
hinder proper assessment of cartilage thickness, and a false
laminar appearance of cartilage may occur due to trunca-
tion artifact [22, 30]. While a comprehensive review of
MR artifacts is beyond the scope of this manuscript, Fig. 6
illustrates some common pitfalls in cartilage imaging.

Pathological variations of cartilage signal intensity

Cartilage lesions more often translate into areas of high sig-
nal intensity. However, it should be acknowledged that car-
tilage lesions may also be hypointense, isointense, or present
as an area of heterogeneous signal intensity, depending on
the configuration of cartilage fibers (Fig. 7) [31-33].

TE=35 ms

sagittal PD fat-suppressed images in extension in the same vol-
unteer obtained on a 3T MRI unit: the signal intensity of the carti-
lage (arrows) and the chondro-osseous junction (arrowheads) varies
according to the orientation within the main magnetic field due to the
magic angle effect. The signal intensity of cartilage (small arrows in e
and f) also vary according to the TE. Note the fine meniscal high sig-
nal intensity line (f) that does not univocally reach the surface, seen
on one image, and not visible on IW FS images (e), interpreted as no
tear

In clinical practice, cartilage lesions are commonly
graded based on their depth according to the Outerbridge
or modified Noyes classifications [12, 34-36]. In addition,
the maximum diameter of the lesion is a useful parameter
for clinical decision-making [34, 37]. In the research setting,
cartilage morphology is graded as part of semi-quantitative
whole-organ scoring systems. A detailed description of these
grading systems can be found in the literature [1, 38—40].

Diagnostic performance of 2D morphological MRI
of cartilage

There is currently no report focusing on the diagnostic per-
formance of FSE FS IW sequences specifically. In a recent
meta-analysis, the pooled sensitivity and specificity of 2D
sequences acquired in multiple planes were 76 and 93%,
respectively, for detecting cartilage lesions [41]. But a closer
look at the papers analyzed in this report finds TE values
covering the entire range of fluid-sensitive sequences from
13 to 119ms for 2D sequences. It should be noted that the
diagnostic performance and interobserver agreement for
the detection of cartilage lesions without substance loss

@ Springer
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Fig.7 Transverse FS IW MR images at the level of the femoropatel-
lar joint (a—c) and corresponding transverse reformats of CT arthro-
grams (d, e) obtained the same day. On MRI, cartilage fissures or

(superficial fibrillation, or intrasubstance signal changes, corre-
sponding to Outerbridge<1 or modified Noyes<2A lesions) is
relatively low with standard morphological imaging, although
the clinical significance of low-grade cartilage defects is uncer-
tain [29, 42, 43]. Spatial resolution is a major determinant
of diagnostic performance at imaging [44, 45]. Concerning
delaminating cartilage lesions, to the best of our knowledge,
the diagnostic performance of FSE FS IW sequences has only
been assessed for the hip, with conflicting results [46—48].
Some authors advocate the use of traction MR arthrography
to improve the diagnostic performance in this indication [49].

Beyond 2D FSE FS IW sequences

While 2D FSE FS IW sequences are still widely used in clin-
ical practice, other sequences have become available and are
being used by some groups mostly in the research setting,
either as a substitute of or in addition to FS IW sequences.
The following paragraphs briefly describe the technical
grounds of these sequences, citing their main strengths and
limitations in relation to osteoarthritis imaging, considering
both the clinical and research settings.

Different types of fat suppression techniques

As discussed above, suppressing the signal of fat increases
the dynamic range of the image and hereby the contrast in
and between structures of interest. The most widespread fat
suppression techniques in musculoskeletal imaging have
been chemical shift selective (CHESS) and short-tau inver-
sion recovery (STIR) methods. Both can be associated with

@ Springer

substance loss can have variable signal intensity: hyperintense (arrow
in a), isointense (arrowhead in a), heterogeneous (arrow in b), or
hypointense (arrows in ¢)

different contrasts including IW contrast. The STIR method
has the advantage of being more robust to field inhomoge-
neities, while CHESS benefits from increased signal-to-
noise ratios. Technological progress in recent years has led
to more homogenous magnetic fields, which in turn have
favored a shift towards the increasing use of CHESS to ben-
efit from more signal. More recently, it has become possible
to use a Dixon-type readout in spin-echo-based sequences.
Consequently, this fat suppression method gained interest
in musculoskeletal imaging [50]. Indeed, it provides more
homogeneous fat suppression than CHESS sequences, while
providing better signal-to-noise ratios than STIR sequences
[51-53]. Therefore, Dixon fluid-sensitive FSE sequences have
been proposed as an alternative for knee imaging, providing
homogeneous fat suppression and both fat and non-fat-sup-
pressed images in one acquisition [23-25]. However, there are
drawbacks to the Dixon sequence that have limited its wide-
spread use in joint imaging in clinical practice. First, Dixon
sequences require longer acquisition times in comparison to
CHESS and STIR, a major downside for some applications,
including joint imaging where spatial resolution cannot be
compromised (Fig. 8). Second, protocols usually include
non-fat-suppressed and fat-suppressed images with different
TEs (associating a more sensitive sequence with a shorter TE
and a more specific sequence with a longer TE), and there is
less interest than for other applications such as the spine in
having the same type of contrast repeated with and without
fat suppression as provided by the Dixon method. Finally,
other advantages of the Dixon technique, namely the abil-
ity to assess fat qualitatively and quantitatively, are not of
primary interest for the imaging of joints. For these reasons,
Dixon sequences are not typically used in the authors’ insti-
tution for joint imaging, while they are commonly employed
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Fig.8 Transverse FS (CHESS) IW MR image (a), and correspond-
ing b, ¢ IW water Dixon MR images with different acquisition times
(b, ¢) obtained on a 3T MRI unit. All other parameters kept equal,
Dixon sequences are longer to acquire than CHESS fat-suppressed

for imaging of the extremities, bone marrow, musculoskeletal
tumors, and degenerative and inflammatory disorders of the
axial skeleton, as well as for whole-body imaging [50, 54-57].

3D gradient-echo sequences

3D imaging has many potential advantages including iso-
tropic resolution allowing reformats in any plane, which
can be adapted to assess cartilage in different areas of the
joint while decreasing the effect of partial volume averaging
(Table 1). 3D imaging comes, however, with technical chal-
lenges. The first clinically available sequences were based
on gradient-echo acquisitions, which allowed for clinically
reasonable acquisition times [58].

If the echo is generated using gradients instead of a
refocusing pulse, then local inhomogeneities are not recov-
ered and therefore the signal intensity is defined by the
apparent transverse relaxation (T2*). In contrast, the main
advantage of FSE sequences is that they use refocusing
pulses to recover magnetization that is initially lost due to
local field inhomogeneities [59]. Therefore, FSE sequences
are less sensitive to inhomogeneities in the main magnetic
field and the image intensities are influenced by the trans-
verse magnetization (T2). A major advantage of gradient
echo-based sequences is that the TR can be significantly
shortened, which will typically result in fast sequences
even when using a 3D excitation. In so doing, not only
the longitudinal magnetization will not fully recover dur-
ing that short period but also for very short TRs, there
will be leftover transverse magnetization before the next
excitation is applied. One way to deal with this remaining
transverse magnetization is to spoil it, this fast low-angle
shot (FLASH) technique results in rapid sequences [60],
which were first used for the morphometry of cartilage in
a research setting. If the transverse magnetization is not
spoiled, then the magnetization will reach a steady state,

1min 50 s

sequences (compare a and c¢). Note the better definition of the articu-
lar cartilage surface in a and ¢ compared to b (arrows), due to higher
spatial resolution

producing image intensities mostly depending on the ratio
T1/T2. A variant of this method is the Double Echo Steady
State (DESS) sequence, which samples two echoes between
two excitations. In the reconstruction, these echoes are
combined to yield better signal-to-noise ratio (SNR) in the
final image [61]. The improved SNR and the fact that car-
tilage presents a homogeneous signal and good contrast
with surrounding tissues make 3D DESS sequences useful
for cartilage morphometry and (semi-) automatic segmen-
tation methods [62—64]. Such morphometric assessment
is useful in the research setting but is not used in clinical
routine yet. Furthermore, DESS sequences are limited by
their long acquisition time and their suboptimal evaluation
of cartilage pathology (Fig. 9) [65].

A variant of gradient-echo sequences is the volumetric
interpolated breath-hold examination (VIBE) sequence
[66]. The VIBE sequence was originally optimized for fast
3D fluid-sensitive acquisitions in the abdomen. The VIBE
reconstruction uses partial-Fourier and sinc interpolation
to achieve high-resolution images in short acquisition
times. It has also shown value for the assessment of car-
tilage, including thinner cartilage, when associated with
MR arthrography [67]. In our institution, these sequences
are used in our MR arthrography protocol in combination
with 2D FSE sequences.

Ultrashort echo time (UTE) sequences are a different
variant of gradient-echo sequences allowing qualitative and
quantitative assessment of short T2 structures with potential
application for the assessment of osteoarthritis, including the
detection of pathological processes in the deepest layer of
cartilage and the detection of calcifications [68, 69]. Tissues
with short T2 can be visualized by UTE sequences since
the signal is sampled as soon as possible after the excita-
tion, often trading higher image intensities for image arti-
facts such as blurring. A specific review will address these
sequences in this issue [70].
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Fig.9 Transverse FS IW (a)
and transverse reformat of
3D-double echo steady state
(DESS) (b) MRI sequences
obtained on a 3T MRI unit at
the level of the patellofemoral
joint. Cartilage fissures and
intra-chondral high signal
abnormalities are well visual-
ized on FS IW image (arrows in
a) but are occult on 3D-DESS

3D turbo/fast spin echo fat-suppressed
intermediate-weighted sequences

Gradient-echo-based sequences have some limitations.
Image contrast shows significant variation depending on
the parameters, leading to suboptimal sensitivity for the
detection of cartilage, ligamentous and meniscal lesions
[19, 41], together with a poor sensitivity to detect sub-
chondral bone marrow edema-like signal [19, 71]. There-
fore, over the last decades, efforts have focused on the
development of 3D spin-echo-based sequences and have
led to significant improvement in the performance of 3D
imaging in assessing joint structures, currently showing
similar diagnostic performance compared to 2D acquisi-
tions [41]. The performance of 3D acquisitions is further
increased at 3T and when using multiplanar reconstruc-
tions [41].

However, in clinical practice, 3D MRI has only gained
limited popularity among radiologists and has not yet
replaced 2D MRI in most standard imaging protocols [72].
The preference for 2D imaging can be partially attributed
to two factors. Firstly, 2D sequences typically offer higher
in-plane spatial resolution and better image contrast. On the

Fig. 10 a FSE FS IW transverse
image of the knee using the
regular imaging protocol and

b using Al acceleration that
enables a reduction in acquisi-
tion time, while reducing image
noise and increasing spatial
resolution (in plane resolution
increased from 0.37x0.52 mm?
in a to 0.24x0.32 mm? in b)

@ Springer

other hand, 3D sequences require longer acquisition times,
which makes them more susceptible to motion artifacts. If
patient motion occurs during the acquisition, repeating the
sequence can be problematic due to the longer acquisition
(Table 1). In addition, 3D sequences show stronger blurring,
and image contrast retains some T1 influence due to the
long variable-flip-angle trains used to prevent prohibitive
acquisition times.

Synthetic MRI

Synthetic imaging has been defined as “additional contrasts
that are derived from one or more sequences without requir-
ing additional acquisition time” [73]. Specifically synthetic
contrasts that can be tailored for specific applications, such
as the morphological assessment of osteoarthritis, could be
used to add useful additional image contrasts. Alternatively,
synthetic contrasts could be used to reduce the duration of
the exam by replacing actual acquisitions with synthetic
contrasts.

One example is synthetic images generated from quanti-
tative MRI (QMRI) maps [74, 75]. gMRI aims to accurately
estimate tissue properties, such as T1 and T2 relaxation of

1 min 22
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the tissue. The results are typically represented in maps, i.e.,
images whose intensity corresponds to a physical unit (e.g.,
millisecond for relaxation). Although the primary use of
these maps would be to derive biomarkers for early disease
detection or treatment follow-up, they can also be used to
synthesize conventional weighted images for the morpho-
logical assessment of cartilage. To that end, the quantitative
maps are used in a physics model or simulation to generate
an image that has the same appearance as a convention-
ally acquired image. The advantage of this approach is that
one can simulate multiple synthetic images with different
sequence properties (e.g., different echo times, providing
image contrasts with different sensitivities/specificities
tailored to the T2 values of the tissues to be examined),
while also providing quantitative maps. Therefore, a single
T2 mapping sequence can replace multiple T2-weighted
acquisitions and thus shorten the overall acquisition time
[2] (Fig. 3). Although still under evaluation, the field of
synthetic contrasts shows promising results that may be
helpful in future clinical routine. Comprehensive studies
that include a diverse set of large patient cohorts are still
required before such methods can be included in routine
practice. Furthermore, some of these methods use Al, which
should be used carefully in its appropriate context [76].

Trends in technical development
Faster imaging

Throughout the history of MRI, long acquisition times
have always been a challenge which has been a focus of
continuous research efforts. Over the past decades, vari-
ous breakthroughs were made, and new methods are on the
horizon showing that clinical protocols can be even further
shortened.

One of the most established acceleration techniques is
parallel imaging [77, 78]. In short, parallel imaging exploits
the redundancy generated using multi-channel surface coils
for receiving the MR signal. The image reconstruction uses a
model of linear dependencies of neighboring k-space points
to recover samples that were not acquired, hereby shortening
the acquisition time. Typically, acceleration factors of two
are possible, while maintaining the diagnostic performance
[79]. However, parallel imaging results in non-uniform noise
amplifications in the image.

For 2D imaging, simultaneous multi-slice (SMS) can be
used to further accelerate the acquisition [80]. The sequence
is modified to excite several slices at a time, resulting in
superimposed MR signals from the different slices. The dif-
ferent signals can be separated by using similar reconstruc-
tion techniques as in parallel imaging, yielding an additional
two-fold acceleration. It has been shown that a five-minute

knee exam with five sequences can be achieved using this
technique in combination with parallel imaging [81]. The
disadvantage of the method is that it introduces additional
noise to the image.

For 3D imaging, compressed sensing (CS) is a well-
established method in the research setting and has become
clinically available on various platforms in recent years
[82]. In addition to parallel imaging, CS exploits the com-
pressibility of MR images, i.e. the information contained in
an MR image can be described by a few coefficients. This
knowledge is used to recover missing samples in an iterative
image reconstruction and allows for acceleration factors of
four to five. Contrary to SMS, CS cannot be easily com-
bined with traditional parallel imaging methods since both
have contradicting requirements for the sequence-sampling
scheme. While CS can also be applied to 2D imaging, it
only can outperform traditional parallel imaging techniques
for the most compressible types of images, i.e. high-resolu-
tion, isotropic 3D images. However, due to the nature of the
image reconstruction, CS may introduce blurring, which can
affect radiological reading.

The new acceleration methods currently in the pipeline
are focusing on the use of Al. Specifically, most techniques
are using deep convolutional neuronal networks trained to
remove the artifacts in the image originating from under-
sampled (i.e., accelerated) acquisitions. Researchers have
achieved acceleration factors from four to eight in 2D knee
acquisitions [83, 84]. While image quality appears to be high
even with short acquisition times (Fig. 10), its potential is
still being evaluated and validation is ongoing before trans-
lation to clinical routine. One downside of such approaches
is that large datasets are required to train the AIL. On one
hand, it can be challenging to obtain these datasets due to
additional efforts of data curation but also due to patient
privacy concerns. On the other hand, it is still unknown how
well these methods are generalizable, e.g., can an Al algo-
rithm that was trained on one type of contrast be used on
another type of contrast. Both concerns, data requirements
and generalizability, are currently addressed in the research
community, e.g. by using self-supervised methods [85].

Unusual field strengths

Currently, typical clinical scanners have a field strength of
1.5 or 3 Tesla. However, over the past decades, scanners
with different field strengths were approved for clinical use.

In 2017 the first 7 Tesla scanner was approved for clinical
routine use. The improved SNR when using such an ultra-high
field scanner can be directly used to improve the spatial reso-
lution. Hence, improved imaging of small cartilage lesions
or bone trabecular microstructure is expected. Nonetheless,
research comparing different field strengths is still ongoing
and early results show that only specific cases will clinically
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benefit from ultra-high field in comparison to a 1.5 or 3 Tesla
exam [86]. Furthermore, the increased field strength comes
with technical challenges such as field inhomogeneities and
specific absorption rate limitations. These challenges may be
overcome in the future using techniques such as parallel trans-
mit radio frequency pulses [87].

On the other side of the field strength spectrum, modern
low-field (e.g., 0.55 Tesla) scanners have recently become
increasingly investigated and made commercially avail-
able in 2021. While the lower field strength results in
reduced SNR and thus lower resolution, low-field systems
are more affordable than higher field strengths and could
enable broad use of MRI even in low-income countries.
From a technical point of view, field inhomogeneities are
less severe and artifacts introduced by metal implants are
severely mitigated. Deep learning reconstruction algo-
rithms hold great potential to reduce image noise, improve
image quality, and thereby alleviate the long acquisition
time. Ongoing research will show if the reduced image
quality due to the lower field strength influences clinical
decisions [88].

Conclusion

For several decades, 2D FSE FS IW sequences have stood
the test of time and have remained the keystone for the
morphological evaluation of cartilage and of the joint in
general. These sequences are routinely employed in multi-
ple planes and commonly combined with other sequences,
such as T1 and T2w sequences, which provide comple-
mentary information. While technological advancements
have improved signal-to-noise ratio, fat suppression homo-
geneity, and spatial resolution, the image contrast provided
by FS IW sequences remains the reference standard. Cur-
rent research efforts aim to enhance these sequences by
transitioning from 2D to 3D acquisitions, reducing exami-
nation times, and exploring other magnetic field strengths.
Synthetic MRI has opened new possibilities for imaging
with the simultaneous use of multiple image contrasts.
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