Morphological and biochemical magnetic resonance

techniques for cartilage imaging in rheumatoid arthritis:

application and analysis

This article focuses on high-field (3.0 Tesla) MRI in the visualization of the small joints of the finger in
rheumatoid arthritis. High spatial resolution, based on optimized coil equipment and advanced sequence
protocols can be achieved for morphological and biochemical imaging of small structures in small joints.
Besides the structural degradation, as visualized by advanced high-resolution morphological MRI,
biochemical changes in the structure of articular cartilage can be imaged. Early proteoglycan loss, as well
as changes in the collagen matrix, can be quantified using delayed gadolinium-enhanced MRI of cartilage
and T2 mapping. Hence, using an advanced morphological and biochemical magnetic resonance protocol,
the pathophysiological pathway of rheumatoid arthritis might be elucidated, providing an objective and
quantitative method to monitoring disease progression.
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Advanced MRI in

rheumatoid arthritis

MRI is now more intensively used to character-
ize the burden of inflammation and structural
changes in the joint of patients with rheuma-
toid arthritis (RA). Owing to its strength in
visualizing inflammatory tissue, MRI has been
recognized as an excellent tool to define the
quantity and quality of synovial inflamma-
tion in RA, in particular when visualizing the
degree of synovitis outside the cortical bone
shell and the presence of osteitis in the bone
marrow of RA patients. Significant advances
have been made in characterizing, quantifying
and standardizing the specific morphological
changes in RA patients due to observations
made using MRI scans. Concerning bony irreg-
ularities, MRI depicts calcified bone as a signal
void, comparably to radiography. Delineating
cortical and trabecular bone with MRI is still
limited by spatial resolution, as these are small
structures in the small finger joints, and they
contrast with adjacent tissues, particularly
short transverse relaxation time (T2) tissues,
such as ligaments and other fibrous structures.
MRI nevertheless still delineates bone contours
nicely, owing to its tomographic viewing per-
spective and the high contrast between fatty
bone marrow and other tissues with higher
free-water fibrous content. Furthermore, there
is a high sensitivity for depicting inflamma-
tory changes, such as bone marrow edema.
Recent data have also underlined the impor-
tance of MRI in predicting a severe disease
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course of RA patients by demonstrating that
MRI changes precede bone structure changes
depicted by conventional radiography.
Structural damage in RA is based on an accu-
mulation of bone erosion as well as cartilage
degradation in the inflamed joints. MRI and
high-resolution ultrasound have significantly
improved our insight into the structural nature
of bone erosion in RA. By contrast, direct visu-
alization of cartilage degradation in RA is far
less established and particularly difficult owing
to the small cartilage volume in the small joints.
Structural damage of articular cartilage is high-
lighted by radiographic joint space narrowing.
MRI can visualize morphological alterations
within the articular cartilage such as reduction
in cartilage volume, cartilage contour irregu-
larities, fissures and cartilage thinning [1-3]. As
structural cartilage damage is preceded by bio-
chemical alterations such as proteoglycan loss,
there is a substantial interest in detecting such
changes early in the course of the disease [4].
The biochemical MRI techniques most often
reported to visualize cartilage ultrastructure are
delayed gadolinium-enhanced MRI of carti-
lage (dAGEMRIC) and T2 mapping [5-8]. Using
dGEMRIC, biochemical MRI has the ability
to quantify functionally relevant macromol-
ecules within articular cartilage such as glycos-
amnioglycans (GAGs) [s]. GAGs are the main
source of fixed charge density (FCD) in carti-
lage, which are often decreased in the early stages
of cartilage degeneration [9] and are considered
as a key factor in the progression of cartilage
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damage in RA [10]. T2 relaxation time mapping
reflects the interaction of water and the extra-
cellular matrix. Changes in hydration as well
as collagen anisotropy are reported to be early
indicators of cartilage deterioration and can be
visualized by T2 relaxation time mapping [6].

These recent advances in magnetic resonance
(MR) sequences together with the implementa-
tion of high-resolution MRI due to high-field
MR systems as well as sophisticated coil technol-
ogy (8] have overcome existing limitations and
led to promising iz vive approaches in morpho-
logical [11.12] and biochemical (13) MRI of the
thin cartilage layer in the metacarpophalangeal
(MCP) or the carpometacarpal (CMC) joint.

The aim of this article is to review the current
literature and present the ideas of our working
group on MRI of RA patients with the focus on
cartilage imaging, and to demonstrate possible
pathways and ideas in advanced morphological
and biochemical MR cartilage imaging tech-
niques. Although only few data are available on
cartilage imaging in small finger joints in RA,
this article intends to demonstrate — together
with basic morphological imaging techniques as
well as optimized dynamic MRI — the feasibility
of biochemical MR techniques.

Morphological MRI in RA — again mainly
based in cartilage imaging — will be discussed
using conventional 2D and advanced 3D tech-
niques. Furthermore, biochemical MRI tech-
niques and their possible impact in RA will
be elucidated.

As this article is based on cartilage imaging,
most of the reviewed MR techniques base their
experience in the knee joint and in osteoarthritis
(OA) or cartilage repair. However, in RA the
small finger joints are most commonly affected.
Hence the present article tries to provide knowl-
edge on cartilage MRI in general (based on the
knee joint) and tries to transfer this knowledge
to the small finger joints affected in RA.

Morphological MRI: initial
experiences in RA

In RA, imaging techniques have played an
important role in assessing disease progression
and treatment response. Plain radiographs have
been widely used to quantify disease progres-
sion; however, only relatively late signs of joint
deterioration, such as joint space narrowing and
bone erosion, can by detected by this method.
MRI can visualize the bone and soft tissue in 3D
and has the potential to measure inflammatory
activity and joint destruction [14]. Exemplary
coronal and axial morhological MR is provided
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in Freure 1. These alterations, such as bone syno-
vitis, bone marrow edema (osteitis) and bone
erosion, can be imaged in different joints and
assessed by the RA MRI Scoring (RAMRIS)
system introduced by the Outcome Measures in
RA Clinical Trials (OMERACT) group. This
semiquantitative imaging score is widely used
and, is shown to be suitable and reproducible in
different studies [15-21]. In a recent review article,
the key frontiers of MRI in RA are stated as:
the measurement of the synovial volume, bone
marrow edema and erosion predicting structural
damage in RA; the dynamic MRI measurements
to assess the inflammatory activity; and the
challenges in the direct evaluation of articular
cartilage, especially in the small joints [14].

In a recent study the effects of denosumab
on structural damage in patients with RA were
studied, where the primary end point was the
longitudinal change as assessed by MRI erosion
scoring [22]. At 6 months, the increase in the
MRI erosion score from baseline was lower in the
60-mg denosumab group (mean change: 0.13;
p = 0.118) and was significantly lower in the
180-mg denosumab group (mean change: 0.06;
p = 0.007) compared with the placebo group
(mean change: 1.75) [22). This study provided
the ability of MRI to serve in a longitudinal
study as a primary end point.

MRI, with its excellent soft tissue contrast,
has been shown to be superior in the detection
of cartilage abnormalities [23-28]. Nevertheless,
the use of cartilage-sensitive MRI techniques
in RA is limited. In the peripheral small joints
affected by RA such as the wrist, the MCP and
proximal interphalangeal joints, the potential
of cartilage imaging is still restricted owing to
the thin cartilage layers and the lack of widely
available high-field MR systems and dedicated,
multichannel coil options.

In a very recent article on the development of
anMRI-based cartilage scoring system for the use
in RA, wrist joints were scored for cartilage nar-
rowing [29]. Cartilage scores were higher in the
established RA group (mean: 11.9) than in the
early-stage RA group (mean: 2.15; p < 0.001).
Although early-stage RA scores did not differ
from healthy controls (mean: 2.3), cartilage
scores correlated with synovitis (r = 0.52), bone
edema (r = 0.63) and erosion scores (r = 0.66;
p < 0.001). This study depicts the importance
of the evaluation of articular cartilage in RA.

The signal, image quality and reproducibility,
as well as the diagnostic validity, have been stud-
ied along different field strengths. Concerning the
RAMRIS system, MRI image quality is superior
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Figure 1. Standard morphological MRI. Coronal (A) proton density turbo spin echo and (B) short
tau inversion recovery sequences of a 28-year-old patient with rheumatoid arthritis in remission.
Metacarpophalangeal joints 2—4 are visualized by the use of a small, flexible coil. (C) Axial proton
density turbo spin echo sequence detecting bony alterations distal to the metacarpophalangeal 3 joint.

at 3.0 Tesla. While an acceptable image quality
is achieved at 1.5 Tesla, the evaluation of bone
edema, synovitis and identification of small bone
erosions could be improved by 3.0-Tesla MRI [30].
For example, the image quality of T1-weighted
images was rated 14-22% better at 3.0 Tesla
compared with 1.5 Tesla. Furthermore, inter- and
intra-reader correlations, as another sign of image
quality, were higher (up to 0.9 Telsa) at 3.0 Tesla
compared with 1.5 Tesla with values ranging only
up to 0.8 Telsa. Concerning cartilage imaging in
the wrist, Saupe ez a/l. compared the visibility and
the contrast-to-noise ratio (CNR) of cartilage
between 1.5- and 3.0-Tesla MRI scanners [31].
As expected, CNR between bone and cartilage
was significantly higher for 3.0-Tesla MRI, rang-
ing between a factor of 1.6 and 2.6 when com-
paring 3.0 Tesla and 1.5 Tesla. Comparably the
qualitative analysis revealed superior results for
3.0-Tesla MRI. Nevertheless low-field extremity
MRI might also play a role in future approaches
and the evaluation of small finger joints in
RA patients. So far, comparable results to 1.5-
Telsa whole-body systems could be reached [32).
Furthermore, a comparison between conven-
tional high-field MRI (1.5 Tesla) and 0.2-Tesla
low-field-strength extremity MRI demonstrated
no significant difference in the detection of bone
erosions, synovitis and joint space narrowing
between both MR techniques [33].
Nevertheless, cartilage lesions are not rou-
tinely assessed and diagnosed in the hand joints
despite their clinical importance [34.35). The pre-
liminary results of Saupe ¢z al. with 3.0-Tesla
MRI of the wrist suggest that fat-saturated
intermediate-weighted sequences allow good
visualization of the radiocarpal and parts of the
intercarpal cartilage [31). Uhl er a/. examined
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a fat-suppressed (FS) 3D fast low-angle shot
(FLASH) sequence, a FS 3D fast imaging with
steady-state precession (FISP), a FS 2D fast spin-
echo (FSE) T2-weighted, and a 2D FS spin-
echo T1-weighted sequence in their accuracy of
detecting cartilage destruction in small joints of
patients with RA (3¢]. This study demonstrated
that 3D gradient-echo (GRE) sequences with
fat suppression were best for imaging and grad-
ing of cartilage lesions in the small joints of
RA patients.

As mentioned previously, one of the most
important points in high-resolution MRI of
the small finger joints, and especially the car-
tilage layers, is the coil selection. There are
very promising results available on the use of
dedicated wrist coils [29]. Nevertheless, the small
finger joints are not usually covered by the wrist
coils. A very interesting study of Yoshioka and
co-workers compared two microscopy coils
(47 and 23 mm in diameter) and small surface
coil (diameter of 80 mm in diameter) in their
evaluation of the triangular fibrocartilage com-
plex [37]. In this study both microscopy coils
demonstrated significantly higher signal-to-
noise ratio (SNR) values than the conventional
surface coil (p < 0.05 to p < 0.001). Furthermore,
the subjective quality was significantly higher,
ranging from 2.0 to 2.9 for the surface coil and
from 2.2 to 4.0 for the microscopy coils on a
scale where 4.0 represents the highest possible
quality. The conspicuity of cartilage injury
was then evaluated again by Yoshioka at 1.5
Tesla [38]. The evaluation of the benefits of 3.0
Tesla and a small surface coil (comparing 2D
vs 3D) for assessing the wrist and hand joints
and joint components was also performed with
promising results [39].
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Morphological cartilage MRI: basics
Experience of morphological MRI of the car-
tilage is still largely based on OA and cartilage
repair of the knee joint. Nevertheless, most
techniques can be used in the small joints of
patients with RA. The most widely used MRI
techniques are intermediate-weighted FSE and
3D FS GRE acquisition [3,40-43]. Whereas the
GRE sequence visualizes cartilage defects attrib-
utable to T1 differences between cartilage and
fluid, the FSE sequence uses differences in T2
weighting. Compared with fluid, cartilage is
higher in signal intensity on FS T1-weighting
and lower on intermediate or T2-weighting.
While the 3D GRE sequence with fat suppres-
sion is suitable for visualization of the thickness
and surface of cartilage and allows 3D volume
measurements, the FSE sequence is sensitive for
assessment of the internal cartilage structure as
well (40-42]. The subchondral bone also displays
high signal intensity, owing to fatty bone mar-
row, which remains relatively hyperintense on
FSE T2 sequences. Matrix alterations in the car-
tilage as well as surface changes and fibrillation
can thus be assessed. Another advantage of FSE
sequences is their low sensitivity to magnetic
susceptibility artefacts, which are suppressed by
the multiple refocusing 180° pulses of the FSE,
facilitating reliable postoperative MRI assess-
ment. Both sequences, the FS 3D GRE and the
T2-weighted FSE, have demonstrated excellent
results with high sensitivity, specificity and accu-
racy for detecting cartilage lesions in the knee
joint [40,42,44].

The potential of 3D sequences has been
demonstrated in patients with RA. In an older
feasibility study, a fat-saturated spoiled GRE
(SPGR) sequence was used to assess the cartilage
volume in the MCP joints [3]. The accuracy of
cartilage volume measurements as assessed using
MRI could be evaluated using cadaver joints as
a gold standard. The measured accuracy errors
were relatively low with -1.8% for the metacarpal
cartilage and 9.1% for the proximal phalangeal
cartilage [3].

Morphological cartilage MRI:
advanced 3D

New 3D sequences have the potential of high-
resolution isotropic imaging with a voxel size
down to 0.3 mm?® and can thus be reformat-
ted in arbitrary planes. Although there are
no data available in the literature so far, these
isotropic sequences in the future may provide
the potential to assess not only the cartilage
surface within different small joints, but also

Int. J. Clin. Rheumatol. (2011) 6(1)

the adjacent structures and pathologies men-
tioned previously, such as synovitis, bone mar-
row edema and bone erosion within a single
sequence. The sequences are usually GRE based
and termed FLASH or FISP (see above), SPGR,
volume interpolated breath-hold examination,
double-echo steady-state (DESS) and steady-
state free precession (SSFP). Furthermore,
recently available isotropic 3D FSE sequences
called ‘proton density sampling perfection with
application optimized contrasts using differ-
ent flip angle evolutions’ or ‘3D FSE extended
echo-train acquisition’ may extend the spec-
trum of sequences. Ficure 2 provides an example
of a new isotropic 3D FSE sequence and its
possible multiplanar reconstruction, whereas
an approach of ultrahigh in-plane resolution to
visualize both cartilage layers in an MCP joint
is provided in FIGURE 3.

A commonly implemented isotropic 3D
sequence for cartilage imaging is the FLASH
sequence, a FS gradient-recalled-echo sequence
with radio-frequency spoiling [45). This FS
3D-FLASH sequence demonstrates high CNR
and high reproducibility in the segmentation of
articular cartilage and facilitates accurate evalu-
ation of total cartilage volume and regional dis-
tribution [46,47]. Hence, cartilage segmentation
measurements could be established for quanti-
tative MR evaluation and parameters such as
cartilage thickness and volume have been sug-
gested as sensitive image-based parameters for
detecting and monitoring cartilage damage in
OA (48]. The FLASH sequence has also been
used to assess the cartilage volume over time in
patients with RA [49]. It remains questionable
if cartilage segmentation will be feasible in the
small finger; however, in the longitudinal follow-
up quantitative morphological MR techniques
would be desirable.

Besides the well-established 3D-FLASH
sequence, the 3D-DESS sequence was intro-
duced as adequate MRI acquisition to measure
changes of cartilage thickness and volume in a
longitudinal follow-up study in patients with
OA [50]. Although no studies are available on
its use on small joints in RA patients, the value
of the 3D DESS sequence will be of interest
in future approaches of imaging small joints
affected by RA. For imaging of the femuro-tib-
ial joint by 3.0-Tesla MRI scanners the DESS
sequence (precision error: 2.4—6.2%) yielded
slightly superior results compared with the
FLASH sequence (precision error: 3.0—-6.4%)
and permitted accurate and precise analysis of
cartilage morphology [s1]. Furthermore, a high
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(A) (B)

(C]

Figure 2. Isotropic 3D morphological MRI. A left forehand is visualized by the (A) coronal,

(B) sagittal and (C) axial reformatiation of an isotropic (0.5 x 0.5 x 0.5 mm) 3D ‘proton density
sampling perfection with application optimized contrasts using different flip angle evolutions’
sequence. Using the multiplanar reconstruction options, the complete forehand can be diagnosed.

correlation between both sequences, ranging
form 0.88 to 1.0, could be assessed as an indi-
cation that both sequences can be used in the
quantitative assessment of articular cartilage.
Furthermore, GRE-type sequences such as
3D-SPGR, FLASH, 3-point Dixon and DESS
are well suited for depicting the cartilage vol-
ume, and thus, they are the sequence of choice
for quantitative (volumetric) analysis of carti-
lage [2352). However, GRE-type sequences are
less suited than fluid-sensitive sequences such
as fat suppression intermediate (IM)-weighted,
proton density (PD)-weighted or T2-weighted
ESE sequences for depiction of subtle cartilage
abnormalities [53,54]. With fat suppression IM-,
PD- and T2- weighted FSE sequences, normal
hyaline cartilage has intermediate signal inten-
sity, and intra-articular fluid is bright, allow-
ing good contrast owing to an ‘arthrographic’
effect to identify surface abnormalities as well
as pathologies of cartilage matrix [55]. Moreover,
GRE-type sequences are very susceptible to arti-
facts (motion artifacts from long imaging time
and also susceptibility artifacts), leading to dif-
ficulty differentiating between true cartilage
defect and signal changes owing to artefact [s6].
Another 3D sequence with substantially
higher SNR and CNR compared with the
3D-FLASH sequence is the 3D-True-FISP
sequence [57]. This advantage in signal might
allow higher spatial resolution and therefore
potential improvement of the accuracy of the
segmentation process, especially at the articular

surface [57]. At high-field MRI this advantage

performance of a 3D-SPGR and two 3D-SSFP
sequences at 1.5 and 3.0 Telsa, Kornaat ez al.
found SSFP-based techniques to show the high-
est increase in SNR and CNR using 3.0-Telsa
MRI [s58]. Hence for 3D-SPGR, CNR efficien-
cies between cartilage and its surrounding tissue
increased compared with those at 1.5 Telsa by
a factor of 2.12 (range: 1.75-2.47), for fat-satu-
rated-SSFEP by a factor of 2.11 (range: 1.58-2.80)
and for Dixon SSFP by a factor of 2.39 (range:
2.09-2.83). In recent articles by Duc ez al. a
SSFP-based sequence (True-FISP) studied in

detail at 1.5 Telsa also demonstrates promising

Figure 3. Ultrahigh in-plane resolution of the metacarpophalangeal joint.
The same patient compared with Ficures 1 & 2 is imaged using an
ultrahigh-resolution (0.19 x 0.19 x 1.5 mm) T1 VIBE sequence based on an
approach with two loop coils covering the metacarpophalangeal 2 and 3 joints.
The cartilage can be differentiated and even the joint space is visible.

might also be used to perform isotropic MR
measurements in a minimal amount of time
at a high resolution, as needed for the assess-
ment of the small finger joints. Comparing the
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results. In comparison to a 3D-FLASH and a
3D-DESS sequence, the detection of cartilage
defects is possible with similar sensitivity, spe-
cificity and accuracy for this water excitation
SSEP sequence and shows the highest SNR and
CNR efficiency [59-61].

Promising results in the assessment of car-
tilage lesions together with other pathologies
might be provided by 3D FSE sequences. In a
comparison to 2D FSE sequences, an isotropic
(0.7 mm?®) 3D-FSE extended echo-train acqui-
sition sequence showed isotropic data sets with
the possibility of reformatting in arbitrary planes
and high cartilage SNR [62). Comparably, the
3D PD-SPACE sequence demonstrating very
encouraging results in initial studies [63) needs
to be optimized, for its use in the small hand
joints. The potential of these sequences lies in
the 3D assessment of the articular cartilage, the
precise description of every plane, as well as the
diagnosis of adjacent structures. A strong advan-
tage of isotropic 3D data is to use them as a high-
resolution 3D localizer for further evaluations,
such as biochemical sequences which require a
relatively large thickness slice to enable high in-
plane resolution with sufficient SNR. Hence, in
small hand joints biochemical evaluations can
also be performed with an opportunity to gain
good results by compositional MRI in difficult
anatomic regions.

In a very recent study, the assessment of car-
tilage loss at the wrist in RA is provided by a
newly introduced MRI scoring system based on
3.0-Telsa MRI and a dedicated wrist coil [29].
Using an optimal hardware setup, excellent
and reproducible results could be achieved with
high inter- and intraobserver reliability and
intraclass correlations between 0.86 and 1.00.
Furthermore, the results of this cartilage scor-
ing system demonstrated significant correlations
with synovitis (r = 0.52), bone edema (r = 0.63)
and erosion (r = 0.66).

Biochemical cartilage MRI: initial
experiences in RA

In addition to the morphologic assessment of
cartilage structures a further major advance
with MRI is the ability to image and quan-
tify functionally relevant macromolecules
within the articular cartilage (Ficure 4). The
most widely available techniques are dGEM-
RIC and T2 mapping [64]. Nevertheless, other
techniques such as T1rho, T2* mapping, dif-
fusion-weighted imaging (DWI), magnetiza-
tion transfer or ultra-short echo-time (UTE)
imaging have also shown their potential in the
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noninvasive evaluation of cartilage composi-
tion. These biochemical methodologies are
commonly utilized to assess articular cartilage
in patients with OA or in patients after cartilage
repair procedures [5,8,65-68]. The development of
these nondestructive imaging methods for eval-
uating the biochemical state of cartilage may
have the potential to improve the understanding
of the dynamics of cartilage degradation and in
evaluating therapeutic efficacy.

For the visualization of proteoglycans,
dGEMRIC has gained significant importance.
The value of this technique in articular carti-
lage and the possible clinical applications have
mainly been reported in the knee joint [5,69.70]. In
patients with OA, reduced T1 values have been
described as an early sign of cartilage degenera-
tion based on a decreased proteoglycan content,
visualizing preradiographic changes in the car-
tilage (66]. Similar results have been obtained
by analyzing the cartilage of the hip joint [71].
A recent study demonstrated the feasibility of
dGEMRIC in the first CMC joint at 1.5 Tesla
using a l-inch surface coil in a small group of
OA patients [13], hence its usefulness in thinner
cartilage layers has also been documented.

Besides the reported decrease of proteogly-
cans, an increase in water content and changes
in the collagen network are early changes of the
cartilage in RA [72]. The loss of proteoglycans
reduces the binding of water and increases the
cartilage permeability. Accordingly, the col-
lagen matrix has to carry more load, resulting
in geometrical changes of the collagen. These
biochemical changes can be quantified by T2
mapping. The feasibility of T2 mapping has
been proven in interphalangeal joints in healthy
subjects [73]. Furthermore, initial results on the
application of T2 mapping in the knee cartilage
of RA patients demonstrate an increase in T2
relaxation times, reflecting microstructural dif-
ferences [72]. Hence, quantitative T2 mapping
might also be able to assess articular cartilage in
small finger joints of patients with RA.

Other biochemical MRI techniques have
been employed, mainly in the knee cartilage,
although some have also investigated the ankle
joint with its thinner cartilage using DWI,
T2, or T2* mapping [74]. In RA, DWI, which
exploits the translational motion of water pro-
tons [75,76], might have especially high potential.
In recent studies, a relatively fast SSFP approach,
based on a reversed FISP (PSIF) sequence, dem-
onstrated promising results for the evaluation of
cartilage repair [7778]. The theoretical model of
diffusion contributing to a steady-state signal
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Figure 4. Ultrahigh-resolution coronal MRI of a metacarpophalangeal joint 2 from a
34-year-old female patient with seropositive rheumatoid arthritis. The cartilage layer is
visualized using biochemical T1 delayed gadolinium-enhanced MRI of cartilage (dGEMRIC),
biochemical multiecho spin-echo T2 mapping, and biochemical multiecho gradient echo T2*
mapping. The overlaid quantitative (A) TIdGEMRIC, (B) T2 and (C) T2* images demonstrate the
feasibility of T1 and T2 mapping techniques in the small finger joints.

was described several years ago [79]. However, gradient pulses in spin-echo-based sequences,
by contrast to the basic Stejskal-Tanner diffu-  the signal dependence of 3D-PSIF has a complex
sion acquisition model of DW1I, which uses two  dependence on the flip angle o, T1, T2, TR and

Rel. enhancement

ROI1

ROI2 ——
ROI3 ——
ROI4 ——

4 6

Time (min)

Figure 5. Dynamic analysis of a 50-year-old female patient with active rheumatoid arthritis
based on a T1 fast low-angle shot sequence. The 3D analysis in the lower right window shows
the analysis over time. The red curve represents the synovial, the green curve the synovialis, the
yellow curve a pathologic subchondral bone formation and the blue line solid bone.

Rel.: Relative; ROI: Region of interest.

101

future science group www.futuremedicine.com



102

Welsch, Trattnig, Renner ez al.

the single diffusion-sensitizing gradient, and is
thus difficult to quantify. Nevertheless, a quan-
tification of cartilage diffusion, as achieved by
calculating apparent diffusion coefficient maps,
is possible iz vivo. With the availability of new
sequence profiles and multichannel coils, DW1I
might be a useful tool to investigate the articular
cartilage of small joints.

Comparably, high potential in RA might be
provided by UTE. By contrast to musculoskele-
tal tissues with relatively long T2 relaxation com-
ponents that can be visualized by conventional
morphological and biochemical MRI tech-
niques, tissues with short T2 components, such
as deep and calcified cartilage layers, menisci and
ligaments may profit from direct visualization by
UTE (65]. UTE pulse sequences have echo times
approximately 10- to 20-times shorter than the
shortest times generally available for the clinical
routine. Early degenerative changes in articular
cartilage might be diagnosed earlier through
visible changes in the calcified cartilage layer,
which, to date, has been unexplored by MRI due
to the short T2 components [65]. This approach
might be especially interesting in RA, where
the calcified cartilage layer and the subchon-
dral bone plate are of the utmost importance in
pathophysiological tracking of the disease.

Biochemical cartilage MRI: dGEMRIC
Of the major macromolecules, GAGs are impor-
tant for the physiological function of the articu-
lar cartilage. GAGs are the main source of FCD
in the cartilage, which are often decreased in
the early stages of cartilage degeneration [9].
Intravenously administered gadolinium diethy-
lenetriamine pentaacetate anion (Gd-DTPA?%)
penetrates into the cartilage through both the
articular surface and the subchondral bone.
The contrast equilibrates in inverse relation to
the FCD, which is, in turn, directly related to
the GAG concentration. Therefore, T1, which
is determined by the Gd-DTPA* concentra-
tion, becomes a specific measure of tissue GAG
concentration, suggesting that Gd-DTPA*-
enhanced MRI has the potential for monitoring
GAG content of cartilage in vivo (80]. Thus, T1
mapping enhanced by delayed administration of
Gd-DTPA? (T1 dGEMRIC) can be considered
the method of choice for detecting proteoglycan
depletion in articular cartilage (66,81].

As the total scan time for dGEMRIC T1
mapping by standard inversion recovery (IR)
evaluation is relatively long, a new approach for
fast T1 mapping has demonstrated promising
results and is increasing the clinical applicability
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of the dGEMRIC technique [70]. Since GAG
content is responsible for cartilage function,
particularly its tensile strength, the monitor-
ing of the development of GAG content in RA
may provide information about the quality of
the cartilage and hence monitor degradation
early. The applicability of this technique has
also been shown in regions other than the knee
joint [13.71,82]. A recent study facilitates dGEM-
RIC to assess the cartilage of the ankle joint,
where the equilibrium seems to be reached after
30—45 min [83].Based on initial studies in small
finger joints, 30 mins seem to be sufficient to
reach this equilibrium and to monitor proteogly-
can loss. In very recent studies, the feasibility
of dGEMRIC in MCP joints in patients with
RA has been demonstrated. Comparably to OA,
lower dGEMRIC TT1 values in cartilage of RA
patients, compared with cartilage of healthy
controls, indicates early proteoglycan loss in
RA, although the morphological joint width is
comparable to that of healthy subjects. dGEM-
RIC therefore seems to be feasible in small finger
joints of RA patients and allows the monitoring
and quantifying of GAG changes. Nevertheless
in future studies, the optimal time-delay postin-
jection of Gd-DTPA?* has to be evaluated for T'1
dGEMRIC imaging.

As the mapping of the GAG concentration
is desirable for the diagnosis and monitoring of
cartilage pathologies and the presented dGEM-
RIC technique has the limitation of contrast
agent administration and a time delay before
postcontrast MRI, a recently described tech-
nique for the assessment of GAG concentra-
tion 77 vivo by chemical exchange-dependent
saturation transfer is of interest [84].

One very promising clinical application of
dGEMRIC in RA patients was very recently
presented by Tiderius ez /. (85). In seven patients
with chronic RA and infliximab therapy, knee
MRI was performed at baseline and after
7 months. However, a decrease in the dGEM-
RIC index from 382 + 69 ms to 332 + 85 ms,
indicates an ongoing proteoglycan loss during
therapy. These results still, however, have to be
verified in larger cohorts and in the much more
commonly involved small finger joints.

Biochemical cartilage MRI:

T2 mapping

Probably the most frequently implemented
biochemical MR technique is the transverse
relaxation time (T2) of cartilage as a sensitive
parameter for changes in water and collagen
content and tissue anisotropy [6]. Cartilage
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T2 reflects the interaction of water and the
extracellular matrix on a molecular level. The
collagen fiber orientation defines the layers of
articular cartilage. Thus, the 3D organiza-
tion and curvature of the collagen network,
influenced by water mobility, the proteoglycan
orientation and the resulting magic angle at
55° (with respect to the main magnetic field
[BO]) influence the appearance of T2 [86,87]. In
healthy articular cartilage, an increase in T2
values from deep to superficial cartilage lay-
ers can be observed based on the anisotropy of
collagen fibers running perpendicular to the
cortical bone in the deep layer of cartilage [ss].
Histologically validated animal studies have
shown this zonal increase in T2 values as a
marker of hyaline or hyaline like cartilage
structure after cartilage repair [89.90]. To visu-
alize this zonal variation in vive, high spatial
resolution is essential. With a high enough
SNR, this could be achieved at the high-field
MRI. Although zonal T2 mapping is not yet
possible in small finger joint of RA patients, it
remains desirable for future approaches.

In OA T2 mapping has shown varying
results [64,91,92]. An increase in T2 values is
usually considered to represent the degradation
of cartilage in OA as well as in RA; however,
fibrocartilage (which might be a result of ongo-
ing cartilage deterioration) is seen to provide
lower T2 values compared with healthy carti-
lage [64.90.93]. This could limit the overall value
of quantitative T2 mapping. Nevertheless, ini-
tial studies in the small finger joint of patients
with RA also seem to demonstrate a clear
increase in T2 values as a sign of cartilage infec-
tion, when comparing RA patients and healthy
controls. Our own initial results of ongoing
studies show that RA leads to a prolongation
of T2 relaxation times of articular cartilage,
which is in accordance with the findings on
larger joints [72]. As the breakdown of collagen
type II is a key aspect of cartilage damage in
RA (94], T2 mapping might provide a quan-
titative measure for structural damage to the
cartilage—collagen network. Hence, T2 map-
ping seems to offer potential in the area of RA,
but extended studies will require sophisticated
protocols together with an optimal coil design.

This latter aspect might be the crucial fac-
tor for all biochemical imaging techniques in
the small finger joints of patients with RA. To
assess the thin cartilage layers of these joints
in vivo we therefore recommend that: the high-
est available field strength should be used; the

best available coil selection should be made;
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optimization of the sequence protocol is essen-
tial; and optimal planning and slab selection
should be carried out.

Conclusion

High-resolution 2D and 3D-MRI has the
potential to detect subtle cartilage changes
in the small finger joints of patients with RA.
Complementary to morphological semiquan-
titative scoring systems such as RAMRIS, the
evaluation of the articular cartilage should be
taken into consideration when assessing joint
degradation in RA. Essential requirements for
high-resolution morphological as well as bio-
chemical MRI of cartilage in small finger joints
of patients with RA are nevertheless the avail-
ability of high-field MR systems and an optimal,
dedicated coil selection. The biochemical tech-
niques already feasible in RA, T1 dGEMRIC
and T2 mapping provide complementary infor-
mation to the morphological and dynamic MR
approaches (Ficure 5) in the small joints [3]. These
techniques might allow for the early detection
of cartilage changes providing an objective and
quantitative method to monitor disease pro-
gression and the effects of anti-inflammatory
drug therapies on cartilage damage.

Future perspective

High-field (3.0 Tesla) and ultrahigh-field
(7.0 Tesla) MRI together with advanced coil
technologies will, in the future, enable for
high-resolution MRI of the whole hand, pro-
viding the possibility to score all small finger
joints on a molecular level. Thus, functional
imaging methods can visualize all structures
within every joint, including the composition
of the articular cartilage and can help to iden-
tify the course of disease in RA patients. Based
on fully automatic segmentation algorithms,
in future approaches this information could
be used to quantify and follow-up different
treatment options.
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Executive summary

Advanced MRI in rheumatoid arthritis

= Direct visualization of cartilage degradation in rheumatoid arthritis (RA) is not yet established and particularly difficult owing to the small
volume of cartilage in the small joints.

= MRI can visualize morphological alterations within the articular cartilage such as reduction in cartilage volume, cartilage contour
irregularities, fissures and cartilage thinning.

= As structural cartilage damage is preceded by biochemical alterations, such as proteoglycan loss, there is a substantial interest in
detecting such changes early in the course of disease before structural damage of the cartilage occurs.

Morphological MRI: initial experiences in RA

= Joint alterations in RA such as bone marrow edema, joint erosion and synovitis can be imaged in different joints and assessed by the RA
MRI scoring system introduced by the Outcome Measures in RA Clinical Trials (OMERACT) group.

= In small joints, acceptable image quality can be achieved at 1.5 Tesla, but the exact evaluation of different pathologies, especially subtle
cartilage changes, could be improved at 3.0 Tesla.

Morphological cartilage MRI: basics

= For volumetric evaluation of cartilage, gradient-echo-type sequences should be used.

= For subtle cartilage defect assessment, fat saturate fluid-sensitive spin-echo sequences (transverse relaxation time [T2] weighted,
intermediate weighted or proton density weighted) should be used.

Morphological cartilage MRI: advanced 3D

= New 3D sequences have the potential of high-resolution isotropic imaging with a voxel size down to 0.3 mm? and can thus be
reformatted in arbitrary planes.

= Promising results in the assessment of cartilage lesions together with other pathologies are provided by new isotropic 3D fast
spin-echo sequences.

Biochemical cartilage MRI: initial experiences in RA

= On the basis of biochemical MRI it is possible to image the ultrastructure of articular cartilage.

= The most widely available techniques in biochemical cartilage imaging are gadolinium-enhanced MRI of cartilage (dGEMRIC) and T2
mapping, which are also feasible in the small finger joint of RA patients.

Biochemical cartilage MRI: dGEMRIC

= T1 dGEMRIC, which is determined by the gadolinium diethylenetriamine pentaacetate anion concentration, is a specific measure of
tissue proteoglycan concentration.

= A new approach for fast T1 mapping has demonstrated promising results and is increasing the clinical applicability of the
dGEMRIC technigue.

= RA usually leads to reduced T1 dGEMRIC values of articular cartilage.

= Chemical exchange saturation transfer may become an alternative methodology in evaluating the proteoglycan concentration with the
additional benefit of avoiding contrast agents.

Biochemical cartilage MRI: T2 mapping

= Cartilage T2 reflects the interaction of water and the extracellular matrix on a molecular level.

= RA usually leads to a prolongation of T2 relaxation times of articular cartilage.

Conclusion

= Morphological together with biochemical MRI and a dynamic, contrast-enhanced quantification of the joint inflammation provides
objective and quantitative methods to monitoring disease progression and the effects of drug therapies on cartilage damage.
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