®

Check for
updates

Imaging in Cartilage Restoration
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Morphological MRI

To assess the state of the injured or painful joint,
MRI is the method of choice. Besides bony struc-
tures (which can also be evaluated by radio-
graphs), the soft tissue (ligament, menisci, fluid,
and especially cartilage) within the joint can also
be depicted. As recommended by the International
Cartilage Repair Society (ICRS), standard mor-
phological MR evaluation of cartilage repair tis-
sue can be performed using the same acquisition
techniques as those used for native cartilage or in
OA [1]. Sufficient spatial resolution and signal-
to-noise ratio (SNR) is essential for the diagnosis
of cartilage alterations, as well as in the follow-
up after cartilage repair procedures. Therefore,
signal and resolution have to be high enough that
the relatively thin cartilage layer can be visual-
ized. While this is comparatively easy in the knee
joint, it gets very demanding in joint like the hip
or the ankle with clearly thinner cartilage layers.
In addition to the cartilage, also the surrounding
structures and all other structures in the joint
need adequate characterization, as their condition
factor into the individual therapy.

This leads to the following basic requirements
for morphological MRI of cartilage:
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. The sequence protocol for the specific joint

should be able to depict all important joint
structures together with the cartilage layers.

. For the visualization of articular cartilage,

sufficient resolution (0.5 x 0.5 mm in-plane
resolution) and sufficient SNR are needed.

. The slice thickness should not exceed 3 mm.

No larger interslice gap (20%) should be used.

. The joint has to be assessed in all three planes,

at least in one sequence.

. The protocol has to include sequences with

and without fat saturation or water excitation.

. There should be one protocol for all cartilage

patients to (i) detect cartilage defects or carti-
lage injuries, (ii) assess the cartilage repair tis-
sue postoperatively (independently from the
follow-up interval), and (iii) diagnose possi-
ble ongoing OA (unrelated to whether carti-
lage repair took place or not).

. As mentioned above all joint structures (carti-

lage, menisci, ligaments, tendons, bone, fluid,
synovial tissue) have to be assessed. In cartilage
repair, besides the cartilage itself, the underly-
ing (subchondral) bone has to be assessed in
detail. Possible bony changes (edema, sclerosis,
defects, etc.) have to be visualized.

. The reproducibility of these measurements

plays an important role especially when longitu-
dinal evaluations are performed. Hence not only
the sequence protocol has to be comparable, but
also the localization of the joint and the planning
of the sequence slabs have to be similar.
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9. If possible, the highest available field strength
(3.0 Tesla) and a dedicated multi-channel joint
coil have to be used.

Examples for basic knee MRI of cartilage and
after cartilage repair can be found in Figs. 3.1,
3.2, and 3.3. Whereas Fig. 3.1 shows a volunteer
without any cartilage pathology, Fig. 3.2 shows a
patient with different pathologies of the knee
joint (which would have a possible influence on
cartilage therapy). Fig. 3.3 shows a patient after
cartilage repair (microfracture therapy) by fat-
saturated and non-fat-saturated proton-density
turbo spin-echo (PD-TSE) MR sequences. This
example shows, especially for the visualization
of the subchondral bone, the importance of dif-

ferent contrasts for the evaluation of the cartilage
repair tissue and the subchondral bone.

The specific sequences which have to be used
for basic morphological MRI of cartilage are
usually intermediate-weighted fast spin-echo
(FSE)/turbo spin-echo (TSE) sequences or for
cartilage evaluation fat-suppressed gradient-echo
(GRE) acquisitions [1-5]. Whereas the GRE
sequence visualizes cartilage defects attributable
to T1 differences between cartilage and fluid, the
FSE sequence uses differences in T2 weighting.
Compared to fluid, cartilage is higher in signal
intensity on fat-suppressed TI1-weighting and
lower on intermediate or T2-weighting. While
the GRE sequence with fat suppression is suitable
for visualization of the thickness and surface of

Fig. 3.1 Morphological fat-saturated, proton-density
turbo spin-echo (fsPD-TSE) MRI of a knee joint in three
planes ((a): sagittal, (b): coronal, (c): axial). The images

do not depict any cartilage pathology with homogeneous
cartilage layers in all planes

Fig. 3.2 Morphological fat-saturated, proton-density
turbo spin-echo (fsPD-TSE) MRI of a knee joint in three
planes (a, b: axial, ¢: coronal, d: sagittal). Different
pathological entities (marked by arrows) are present in
this MRI that have possible consequences on the respec-

tive cartilage therapy. Meniscal degeneration with adja-
cent inflammation (a), bipartite patella (b), lateral
cartilage thinning and extrusion of the lateral meniscus
(¢), meniscal degeneration with inflammation and
increased joint fluid (d)
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Fig. 3.3 Morphological fat-saturated (a—c) and nonfat-
saturated (e—f) PD-TSE MRI of a knee joint 36 months
after microfracture therapy of the lateral femoral con-
dyle (arrows) in three planes (a, d: sagittal, b, e: coro-
nal, ¢, f: axial). Especially for the evaluation of the
subchondral bone plate, the need for different contrast
setting is observed. The images depict a clearly visible

cartilage and allows 3D volume measurements,
the FSE sequence is sensitive for the assessment
of the internal cartilage structure as well [1, 2,
4]. The subchondral bone also displays high sig-
nal intensity, due to fatty marrow, which remains
relatively hyperintense on FSE T2 sequences.
Intrachondral cartilage matrix alterations, sur-
face changes, and fibrillation can thus be
assessed. Another advantage of FSE sequences
is the low sensitivity to magnetic susceptibility
artifacts, which facilitates the reliable use post-
operatively. Both sequences, the fat-suppressed
3D GRE and the T2-weighted FSE, have shown
excellent results, with high sensitivity, specific-
ity, and accuracy for detecting cartilage lesions
in the knee [1, 2, 6]. These sequences can also
be used for morphological assessment after car-
tilage repair using the magnetic resonance
observation of cartilage repair tissue (MOCART)
scoring system [7, 8].

intralesional osteophyte (a) and subchondral sclerosis
(d, e). The defect fill of the repair tissue is between 75%
and 100%. The integration to the border zones is intact;
the cartilage repair tissue shows slight signal alterations
in comparison to the adjacent cartilage. No effusion in
the joint is visible, no adhesions

Cartilage Injuries and Cartilage
Lesions

As mentioned above, the evaluation of acute/
traumatic cartilage injuries, chronic cartilage
lesions, or even ongoing osteoarthritic changes
is based on the same set of sequences. Therefore,
the respective MR protocol has to provide the
cartilage layers with high enough resolution and
signal (SNR). The depiction of the grade of a
cartilage defect is based on different grading
systems. One of the most common and practical
scores is the ICRS grading system. The different
grades within this system can be assessed by
MRI and are helping to provide the respective
diagnosis for the surgeon and may be part of the
preoperative decision making. The true size and
grade, however, shows in many studies great
variance between the preoperative MRI and the
surgical procedure, especially since the precise
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borders of the cartilage defect cannot be suffi-
ciently detected by MRI. Furthermore, very
early cartilage alterations, as described by ICRS
grade 1 for superficial cartilage lesions, superfi-
cial fissures, and cracks, can only be assessed by
high-resolution MRI as shown in Fig. 3.4. This
image, however, is based on a 7 Tesla MRI,
where high enough signal is available, and in-
resolutions of up to 0.2 x 0.2 mm are possible.
Higher grades of cartilage defects can be detected
more easily by means of MRI, and the needed
resolution can be decreased (~0.4 x 0.4 mm).
These lesions are described as ICRS grade 2
with lesions extending to <50% of cartilage
depth and ICRS grade 3 with cartilage defects

a)

Fig. 3.4 Very-high-resolution morphological fsPD-TSE
axial MR images of the patellofemoral joint as performed
on a 7.0 Tesla MRI with an in-plane resolution of
0.2 x 0.2 mm. The left image (a) shows normal healthy

Fig. 3.5 High-resolution morphological fsPD-TSE axial
MR images of the patellofemoral joint as performed on a
3.0 Tesla MRI with an in-plane resolution of 0.4 x 0.4 mm.
The left image (a) shows abnormal cartilage with lesions

extending down to >50% of cartilage depth.
Examples are provided in Fig. 3.5. Figures 3.4
and 3.5 illustrate the challenge of correctly
assessing the grade of cartilage defect by means
of MRI, with a strong observer dependency,
important since one main aim of MRI is to help
decide which cartilage lesions need surgical
intervention and others that do not. ICRS grade 4
lesions are complete cartilage lesions, where the
subchondral bone is exposed and no cartilage is
left (Fig. 3.6). These lesions, compared to all
other lesions, may be acute or chronic cartilage
lesions. A recent approach to grade cartilage
lesions more easily, with a possible better useful-
ness for the orthopedic surgeon and preoperative

cartilage structure (ICRS grade 0), whereas the right
image (b) shows superficial cartilage fibrillation (arrows)
(ICRS grade 1)

extending down to <50% of cartilage depth (ICRS grade
2), whereas the right image (b) shows severely abnormal
cartilage with defects extending down >50% of cartilage
depth (ICRS grade 3)
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Fig. 3.6 High-resolution morphological fsPD-TSE sagit-
tal MR images of the femorotibial joint as performed on a
3.0 Tesla MRI with an in-plane resolution of 0.4 x 0.4 mm.
The image shows a complete traumatic cartilage defect
(ICRS grade 4), with underlying bone marrow edema

decision making, is the so-called AMADEUS
(Area Measurement And DEpth and Underlying
Structures) score. This is a preoperative scoring
and classification system for the assessment of
preoperative cartilage defect severity including
the parameters [1] cartilage defect size, [2]
depth/morphology of the cartilage defect, and
[3] subchondral bone quality, resulting in a spe-
cific three-digit code and a numeric score of
0-100 points [9].

While the widely applied MOCART score is
used for postoperative assessment after cartilage
repair surgery, the new AMADEUS score was
designed to provide an easy and intuitive mea-
sure for chondral defects prior to a possible surgi-
cal intervention.

This score has one very important goal, which
is to improve communication between the diag-
nosis of the radiologist and the decision making
of the orthopedic surgeon. Even more, it may
deliver a semiquantitative score to provide a pre-
dictor for the success of cartilage restoration,
especially when using the MOCART score post-
operatively. The AMADEUS score is provided in
Table 3.1.

Table 3.1 AMADEUS (Area Measurement and Depth
and Underlying Structures) score
AMADELUS feature

1. Area measurement

Defect size in cm? (largest diameter sagittal x coronal)

Points

O No defect (40)
O <l cm? (35)
O >1 to <2 cm? (30)
O >2 to <4 cm? (20)
O >4 to <6 cm? (10)
O >6 cm? (0)
2. Defect depth

(n) No defect (20)
(a) Signal alteration (15)
(b) Partial-thickness defect (10)

(c) Full-thickness defect (0)
3. Underlying structures

Subchondral bone defect

A. No defect (30)
B. Bony defect/ cyst <5 mm depth ~ (20)
C. Bony defect/ cyst >5 mm depth 0)
4. Addendum - potential forth
digit

D. No defect-associated bone
marrow edema

E. Defect-associated bone marrow 0)

10)

edema

AMADELUS total score (100)

AMADEUS grade (0 worst, 100
best)

Grade I >75

Grade II >50 and <75

Grade III >25 and <50

Grade IV <25

This leads to the following basics for morpho-
logical MRI of cartilage lesions:

1. ICRS grading system as valid method to
assess cartilage defects using MRI as well as
surgery.

2. The AMADEUS score is a new preoperative
scoring and classification system.

3. The sensitivity and specificity of MRI in terms
of depicting the different grades of cartilage
lesions is low for early cartilage lesions and
improves with higher grades of cartilage
defects.

4. For MRI, resolution and signal are playing an
important role to assess the respective
cartilage lesion in the highest possible quality
and thus reliability.
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5. Although MRI cannot depict the cartilage
lesion with very high sensitivity or specificity,
MRI is one of the most important tools for
surgical decision making.

While the accuracy of the structural diagno-
sis is an integral part when treating patients, the
age of the patient, the activity level, the symp-
toms, and other clinical findings are also of
utmost importance when planning surgery.
Hence, besides the clinical evaluation, the pre-
operative MRI also needs to be of high quality,
especially as existing studies show that radio-
logic reports based on standard morphological
MRI frequently underestimate the actual size of
a lesion (which were then found intraopera-
tively) [10, 11]. In the study by Gomoll and co-
workers, cartilage lesions were underestimated
up to 300% in the patellofemoral joint [11].
Based on a high-quality MRI, this should not be
the case, and cartilage lesions should be graded
more accurately. As shown in Figs. 3.4, 3.5, and
3.6, high resolution and signal help to define the
grade of cartilage damage as well as the size of
the cartilage defect.

Nonetheless it will never be possible to obtain
perfect correlation between noninvasive diagnos-
tics and direct observation during surgery; on the
other hand, to plan a tailored surgical approach,
correlation needs to improve. The preoperative
underestimation of cartilage lesion size is based
on different reasons. First, a standard MRI usu-
ally consists of 2D sequences with a slice thick-
ness of approximately 3 mm and an existing
interslice gap. Hence the borders of the cartilage
defect are not exactly depicted. Furthermore
there are regions in the knee (e.g., the trochlea)
where the assessment of the anatomy is not pos-
sible by 2D MR sequences. Possibly, better
results can be reached by utilizing isotropic MR
sequences [12, 13]. With these sequences, a 3D
data set can be acquired (e.g., 0.5 x 0.5 x 0.5 mm)
without any gap between the slices. Using 3D
viewing tools, the observer can navigate three-
dimensionally within the knee joint, and all
anatomical regions can be graded adequately.
Besides morphological MRI, also biochemical
MR sequences, such as dGEMRIC (delayed

Gadolinium-Enhanced MRI of Cartilage), T2
mapping, T1rho, CEST (chemical exchange satu-
ration transfer), or others, can be used in preop-
erative imaging. Although a full-thickness
cartilage defect cannot be evaluated, biochemical
MRI is a very promising tool to (i) assess the bor-
ders of the cartilage defect regarding their qual-
ity, to (ii) assess the cartilage defect itself if there
is not a full-thickness defect, and (iii) to assess
the cartilage quality of the surrounding tissue.
Although only limited studies are available on
the preoperative utilization of biochemical MR
techniques, the provided examples might be top-
ics of future research and could help in clinical
decision making. By including biochemical MRI,
initial studies showed that early cartilage changes
can be detected and quantified [14, 15].

In conclusion, preoperative MRI (respectively
optimal cartilage diagnosis) should contain a set
of cartilage-sensitive MR sequences and, when-
ever possible, a 3D isotropic MR sequence, as
well as (if possible) a biochemical MR sequence.
Moreover the remainder of the joint has to be
assessed in sufficient detail.

Cartilage Repair Tissue

The depiction of cartilage repair tissue after car-
tilage restoration using MRI is a very important
part of current clinical routine. Good clinical and
radiological outcome are the goal to potentially
postpone the development of OA in the treated
joint. Besides clinical routine, research investiga-
tions are using MRI as a measure of successful
treatment [16, 17]. After surgical intervention,
the cartilage repair tissue and the surrounding
structures can be assessed semiquantitatively by
the MOCART score [13]. Furthermore, including
the whole joint, the recently introduced CROAKS
score is able to assess the repair tissue as well as
the rest of the joint [18]. As cartilage repair
mainly tries to postpone the onset or the develop-
ment of OA, it is very important to include the
rest of the joint into existing imaging strategies.
The basis for evaluation of the repair tissue
nevertheless is the MOCART score which has
to be assessed by a consistent cartilage-sensi-
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tive imaging protocol. Hence an optimal MRI
protocol after a cartilage repair procedure
should in principle contain the same set of
sequences as the preoperative MRI. One excep-
tion is due to the fact that the area where the
repair procedure was performed is now known.
This area can be depicted in more detail in the
highest possible resolution. The planning of
such a sequence slab is based on the anatomical
area (e.g., the medial femoral condyle) where
cartilage repair took place. By exploiting high
resolution in this limited area of cartilage
repair, early changes like beginning delimita-
tion, subtle split-like lesions, or underlying
bony changes can be diagnosed and possibly
treated with the aim to prevent the patient from
a failure of the repair procedure.

As mentioned above, in the postoperative fol-
low-up, the magnetic resonance observation of
cartilage repair tissue (MOCART) scoring sys-
tem is utilized to allow subtle and suitable assess-

ment of the articular cartilage repair tissue [7, 8].
This MR assessment of the MOCART score is
based on standard 2D MR sequences, depending
on the locality of the area of cartilage repair. The
MR evaluation of the cartilage repair tissue is
performed on sagittal, axial, or coronal planes
using high spatial resolution together with a slice
thickness up to 3 mm. However, this MOCART
scoring system can now be performed in more
detail and with additive variables, enabling for a
more precise depiction of the repair tissue as well
as the surrounding structures. This new “3D”
MOCART score [13] can still be assessed by 2D
standard MR sequences; however, the new and
abovementioned 3D isotropic MR sequences can
also be used, and their potential benefits are
incorporated into this new score. In literature,
this score seems to be reproducible and can be
achieved by different MR protocols and in differ-
ent joints besides the knee joint [12, 13]. A scor-
ing sheet for the new MOCART score is presented

Table 3.2 Three-dimensional (3D) magnetic resonance observation of cartilage repair tissue (MOCART) score using

an isotropic 3D MR sequence

Variables

1. Defect fill (degree of defect repair and filling of the defect in relation to the adjacent cartilage)

O 0%

O 0-25%

O 25-50%
O 50-75%
O 75-100%
O 100%

O 100-125%
O 125-150%
O 150-200%
O >200%
Localization
O Whole area of cartilage repair
O Central O Peripheral

O >50%
O Weight-bearing O Non-weight-bearing

O <50%

2. Cartilage interface (integration with adjacent cartilage to border zone in two planes)

Sagittal (femur, patella, trochlea, tibia)

O Complete

O Demarcating border visible (split-like)

O Defect visible <50%

O Defect visible >50%

Coronal (femur, tibia); axial (patella, trochlea)
O Complete

O Demarcating border visible (split-like)

(continued)
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Table 3.2 (continued)

O Defect visible <50%

O Defect visible >50%

Localization

O Whole area of cartilage repair O >50% O <50%
O Weight-bearing O Non-weight-bearing

3. Bone interface (integration of the transplant to the subchondral bone; integration of a possible periosteal flap)
O Complete

O Partial delamination

O Complete delamination

O Delamination of periosteal flap

Localization

O Weight-bearing O Non-weight-bearing

4. Surface (constitution of the surface of the repair tissue)

O Surface intact

O Surface damaged <50% of depth

O Surface damaged >50% of depth

O Adhesions

Localization

O Whole area of cartilage repair O >50% O <50%

O Central O Peripheral OWeight-bearing O Non-weight-bearing

5. Structure (constitution of the repair tissue)
O Homogeneous
O Inhomogeneous or cleft formation

Localization
O Whole area of cartilage repair O >50% O <50%
O Central O Peripheral O Weight-bearing O Non-weight-bearing

6. Signal intensity (intensity of MR signal in of the repair tissue in comparison to the adjacent cartilage)
O Normal (identical to adjacent cartilage)

O Nearly normal (slight areas of signal alteration)

O Abnormal (large areas of signal alteration)

Localization

O Central O Peripheral O Weight-bearing O Non-weight-bearing
7. Subchondral lamina (constitution of the subchondral lamina)

O Intact

O Not intact

Localization

O Whole area of cartilage repair O >50% O <50%

O Central O Peripheral O Weight-bearing O Non-weight-bearing
8. Chondral osteophytes (osteophytes within the cartilage repair area)

O Absent

O Osteophytes <50% of the thickness of the cartilage transplant
O Osteophytes >50% of the thickness of the cartilage transplant

Localization
Size: mm (plane: ) X mm (plane: )
O Central O Peripheral O Weight-bearing O Non-weight-bearing

9. Bone marrow edema (maximum size and localization in relation to the cartilage repair tissue and other
alterations assessed in the 3D MOCART score)

O Absent
O Small (<1 cm)
O Medium (<2 cm)

(continued)
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Table 3.2 (continued)

O Large (<4 cm)
O Diffuse
Localization
Size: mm (plane: ) X mm (plane:
O Central O Peripheral

)
O Weight-bearing O Non-weight-bearing

O Relation to other alterations within this score of variable No.
10. Subchondral bone (constitution of the subchondral bone)

O Intact

O Granulation tissue
O Cyst

O Sclerosis
Localization

O Whole area of cartilage repair
O Central O Peripheral

O >50%

0O <50%
O Weight-bearing O Non-weight-bearing

11. Effusion (approx. size of joint effusion visualized in all planes)

O Absent
O Small
O Medium
O Large

Variables 1-11 for 3D MOCART score; subcategories “localization” optional

in Table 3.2. Examples of MR images after carti-
lage repair can be seen in Fig. 3.3. Figure 3.7
illustrates the possibilities of a 3D isotropic data
set where the cartilage repair tissue can be
assessed in every plane and especially the border
zones and the integration of the repair tissue can
be accurately assessed.

This leads to the following basics for morpho-
logical MRI after cartilage repair:

1. There should be one consistent protocol for all
patients to (i) detect cartilage defects or carti-
lage injuries, (ii) assess the cartilage repair tis-
sue postoperatively (independently from the
follow-up interval), and (iii) diagnose possible
degenerative changes (unrelated to whether
cartilage repair took place or not).

2. Based on the area of cartilage repair, an addi-
tional, high-resolution sequence can be
obtained only of the area of cartilage repair to
depict the repair tissue in greater detail.

3. Based on the new MOCART score with its 11
variables, the repair tissue as well as all the
surrounding tissues can be assessed. This
score can either be used to (i) semiquantita-
tively score the effects of the surgical proce-

dure longitudinally, (ii) compare different
patients or different repair procedures with
each other (e.g., in clinical studies), or (iii)
serve the radiologist or the orthopedic surgeon
as a tool to diagnose the area of cartilage
repair step by step in a validated way.

4. Tsotropic MR sequences can serve to assess
the area of cartilage repair in even greater
detail and to visualize the borders of the repair
tissue also in anatomically challenging areas.

Additionally, the whole joint has to be taken
into consideration when assessing a knee joint
after cartilage repair. Although the clinical indi-
cations for cartilage repair surgery include, in
addition to persistent pain and limitation in func-
tion, a defined cartilage defect and ideally no
associated features of osteoarthritis, this is not
always the case. Furthermore, OA can develop
over time in any patient. While the value of the
MOCART score is to evaluate the repair site,
including different parameters (Table 3.2) such
as filling of the defect, integration to the repair
site borders, or subchondral bone changes, the
remaining joint has been largely ignored in MR
studies on the success of cartilage repair. Hence,
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Fig. 3.7 High-resolution morphological isotropic
(0.5 x 0.5 x 0.5 mm) fat-saturated 3D PD-SPACE [sam-
pling perfection with application-optimized contrasts
using different flip angle evolutions] sequence of a patient
24 months after matrix-associated autologous chondro-
cyte transplantation (MACT) of the medial femoral con-
dyle. The data set provides different multi-planar
reconstructions (MPRs) of the area of cartilage repair

only the repair tissue itself and the directly
surrounding cartilage have been analyzed [16,
19]. Nevertheless, the ultimate goal of preventing
osteoarthritis can only be proven if the whole
joint is assessed including the different tissues
that are integral to the joint disease. Different
whole-joint MRI scoring systems for MRI assess-
ment of osteoarthritis such as the Whole-Organ
Magnetic Resonance Imaging Score (WORMS),
Knee Osteoarthritis Scoring System (KOSS),
Boston-Leeds ~ Osteoarthritis  Knee  Score
(BLOKS), and MRI Osteoarthritis Knee Score
(MOAKS) have been introduced, and their reli-
ability and validity have been proven in multiple
studies [20-22]. However, theses scores are not
applicable for cartilage repair, since they do not
take the area where repair has taken place into
account. Very recently the so-called cartilage
repair osteoarthritis knee score (CROAKS) has
been introduced with a detailed description of the
assessment of the whole joint together with the

(arrows). The defect fill is 100%; the cartilage repair tis-
sue is well integrated in every given plane (a, d: sagittal;
b, e: coronal; ¢, f: axial). There is no bone marrow edema
visible; other bony irregularities, however, cannot be
assessed on the fat-saturated sequence. The structure of
the repair tissue is inhomogeneous and hypo-intense
showing slight signal alteration. No effusion or adhesion
is visible

area of cartilage repair [18]. This score combined
the MOCART score together with the MOAKS
score and will provide a very valid tool in thor-
oughly assessing the success of cartilage repair,
especially on its ultimate goal, which is to pre-
vent or postpone OA. The introduction of the
CROAKS demonstrated the score to be feasible
and reliable [18]; further upcoming studies will
have to prove its scientific and clinical merit.

Biochemical MRI

Studies on the preoperative assessment of car-
tilage (before cartilage restoration is per-
formed) using biochemical (compositional)
MRI are relatively rare. Nevertheless a recent
study validating T2 mapping by arthroscopy
showed that in partial- or full-thickness carti-
lage lesions (ICRS grade 3 and 4), but also in
lower-graded cartilage lesions (ICRS grade 1
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and 2), there is a high correlation between
intraoperative findings and quantitative T2
mapping [23], especially in the postoperative
follow-up after cartilage repair. However, bio-
chemical MR sequences provide additional
information on the ultrastructure and the com-
position of the cartilage repair tissue and the
surrounding cartilage. T1 mapping using the
dGEMRIC technique, T2 mapping, T1 rho,
diffusion-weighted imaging, and many other
techniques show very promising results in dif-
ferent research studies and even in early clini-
cal applications [24-28]. Different types of
repair tissues (e.g., MACT versus MFX) can be
clearly distinguished, and the quality of the
repair tissue can be assessed noninvasively.
Furthermore, different matrices used for
MACT can be imaged and quantified in their
ability to produce hyaline-like repair tissue.
Additionally the maturation of the cartilage
repair tissue over time can be analyzed, and the
reorganization of the collagen matrix or the
expansion of proteoglycans can be demon-
strated. While there are techniques that can
visualize the proteoglycan or glycosaminogly-
can (GAG) content, there are other techniques
which are more specific for the collagen matrix.

Glycosaminoglycan (GAG)-Sensitive
Techniques

The most frequently used technique for the quan-
tification of the GAG content is TI-dGEMRIC
(delayed gadolinium-enhanced MRI of carti-
lage). Intravenously administered gadolinium
diethylenetriamine pentaacetate anion
(Gd-DTPA®") penetrates the cartilage through the
subchondral bone and especially through the
synovial fluid. The contrast equilibrates in inverse
relation to the fixed charge density (FCD), which
is, in turn, directly related to the GAG concentra-
tion; therefore, T1, which is determined by the
Gd-DTPA?" concentration, becomes a specific
measure of tissue GAG concentration, suggesting
that Gd-DTPA2-enhanced MRI has the potential

for monitoring GAG content of cartilage in vivo
[29]. Thus, T1 mapping enhanced by Gd-DTPA?-
(T1 dGEMRIC) was for many years the method
of choice for quantifying proteoglycan depletion
in articular cartilage [30, 31].

There are existing studies which propose that
the pre-contrast T1 values must be calculated, in
addition to the real “delayed”-enhanced post-
contrast T1 values [32]. More recent studies that
improve the clinical relevance of this technique
show nevertheless the ability to only use the
post-contrast T1-dGEMRIC mapping values
without any loss of information on the constitu-
tion of the -cartilage repair tissue [33].
Concerning the cartilage repair tissue quality, a
study showed dGEMRIC to be able to differen-
tiate between different cartilage repair tissues
with higher relative AR1 values, and thus lower
GAG content for cartilage repair tissue after
MFX compared to MACT [34]. As the mapping
of the GAG concentration is desirable for the
diagnosis and monitoring of cartilage patholo-
gies, and the presented dGEMRIC technique
has the limitation of contrast agent administra-
tion and a time delay before post-contrast MRI,
it would be desirable to utilize techniques that
do not need any contrast agent. A recently
described technique for the assessment of GAG
concentration in vivo is chemical exchange-
dependent saturation transfer (CEST). Although
currently the initial approaches of CEST are
done on ultrahigh fields (7.0 Tesla), this tech-
nique seems also to be very promising on high
(and clinically applicable) fields (3.0 Tesla)
[35]. The CEST technique might also be more
frequently used in future clinical trials, as, espe-
cially for longitudinal evaluation of cartilage
repair, the repeated use of i.v. gadolinium is
ethically challenging. Furthermore Tlrho is
seen by different authors as a measure of GAG
concentration [36, 37]. Although the specificity
to directly quantify proteoglycan content might
be less when compared to dGEMRIC and some
authors see clear correlations to collagen-sensi-
tive techniques [38], Tlrho still is a very prom-
ising MR technique to image macromolecules.
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Collagen (Network)-Sensitive
Techniques

The most frequently utilized biochemical MR
technique is the transverse relaxation time (T2)
of cartilage as a sensitive parameter for the
evaluation of changes in water and collagen
content and tissue anisotropy [39]. So-called car-
tilage T2 mapping can be obtained relatively eas-
ily in a clinical environment with scanning times
down to 4 min (3.0 Tesla) and 6 min (1.5 Tesla)
for the whole knee joint. Quantitative cartilage
T2 mapping reflects the interaction between
water and the extracellular matrix on a molecular
level. The collagen fiber orientation defines the
layers of articular cartilage. Thus, the three-
dimensional organization and curvature of the
collagen network and the resulting magic angle at
55° (with respect to the main magnetic field (B0))
influence the appearance of T2. In healthy articu-
lar cartilage, an increase of these quantitative T2
values can be observed from the subchondral
bone up to the cartilage surface. 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 procedures within the knee [40, 41]. In car-
tilage repair tissue, elevated T2 values have been
clearly shown in the early postoperative follow-
up when compared to the surrounding native car-
tilage. This T2 elevation adapts over time to T2
values of the surrounding cartilage, which can be
seen as a sign of cartilage repair tissue maturation
[42]. In other approaches it has been shown that a
zonal T2 evaluation is able to assess the quality
of the cartilage repair tissue by a differentiation
between cartilage repair tissue after MFX and
MACT [43]. Whereas cartilage repair tissue after
MFX - histologically seen as fibrocartilage —
shows no clear zonal increase from deep to super-
ficial cartilage aspects, repair tissue after
MACT - histologically reported as hyaline-like —
shows a significant stratification.

In addition to standard 2D multi-echo spin-
echo sequences used for classic T2 relaxation
time mapping, by means of T2*- weighted 3D
gradient-echo sequences, additional important

biochemical information on cartilage and carti-
lage repair tissue can be obtained. This so-called
T2* mapping has shown reliable results in the
evaluation of chondromalacia of the knee [44].
Using this technique, the acquisition time can be
reduced down to 2-3 min (3.0 Tesla) for a whole
knee joint, and the sequence has the possibility
of 3D evaluation. In recent studies, T2* map-
ping, with these potentially short scan times, was
correlated to standard T2 and showed informa-
tion comparable to that obtained for articular
cartilage in the knee, but with overall lower T2*
values (ms) [45, 46]. Furthermore, also for T2%,
a clear zonal variation between deep and superfi-
cial cartilage layers was described for healthy
cartilage; after cartilage repair using MFX, how-
ever, this stratification could not be found [45].
Thus, for standard T2, as well as for comparable
techniques, zonal assessment of healthy and
altered articular cartilage is crucial. Nevertheless
T2* mapping cannot be interpreted simply as a
fast T2 mapping technique, as there are studies
that also show a sensitivity for the GAG content
of cartilage. Hence T2* mapping should be
viewed more as a macromolecule-sensitive
technique.

In addition to T2 or T2* mapping, magnetiza-
tion transfer contrast (MTC) has been shown reli-
able in the evaluation of the collagen organization
and might be more sensitive to the collagen con-
tent and less dependent on the hydration of the
tissue [47].

Conclusion

MRI is the gold standard for imaging both in car-
tilage lesions and cartilage repair sites after ther-
apy. Using high-resolution (if available high-field
(3.0 Tesla)) morphological MRI, cartilage and
adjacent structures can be depicted in detail. To
assess and score the cartilage defect, the
AMADEUS score is a promising new tool. For
postoperative evaluation of the repair tissue, the
MOCART score is a widely accepted instrument.
Additionally, it is crucial that the rest of the joint
is also visualized in detail to provide information
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on other articular comorbidities, e.g., ligament
and meniscal injury, or the development of
OA. Besides morphological MRI, emerging tech-
niques in biochemical MR imaging are demon-
strating very promising results in the evaluation
of cartilage physiology and ultrastructure.
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