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MR imaging of cartilage and its repair
in the knee - a review

Abstract Chondral injuries are
common lesions of the knee joint, and
many patients could benefit from
cartilage repair. Widespread cartilage
repair techniques require sophisticated
noninvasive follow-up using MRI. In
addition to the precise morphological
assessment of this area of cartilage
repair, the cartilage’s biochemical
constitution can be determined using
biochemical MRI techniques. The
combination of the clinical outcome
after cartilage repair together with the
morphological and biochemical
description of the cartilage repair
tissue as well as the surrounding

cartilage can lead to an optimal
follow-up evaluation. The present
article on MR imaging techniques of
cartilage repair focuses on morpho-
logical description and scoring using
techniques from conventional 2D
through advanced isotropic 3D MRI
sequences. Furthermore the ultra-
structure of the repair tissue and the
surrounding cartilage is evaluated
in-vivo by biochemical T1-delayed
gadolinium enhanced MRI of cartilage
(dGEMRIC), T2 relaxation, and
diffusion-weighted imaging
techniques.
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Introduction

Chondral injury is a frequent cause of pain and knee-
function limitation. The very limited capability for self-
repair and subsequent degeneration of injured cartilage and

other articular tissues often lead to osteoarthritis, which
may eventually result in the need for total knee arthroplasty
[1]. Surgical options for cartilage repair in the knee aim to
ease clinical symptoms and to postpone the onset of
osteoarthritis. Cartilage repair surgery is a highly dynamic
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research field, and there is a pressing need for reliable and
objective monitoring in order to evaluate and compare
various surgical treatment options. The advent of high field
MRI and the introduction of knee coils in clinical use yields
new technologies for the noninvasive and objective
assessment of cartilage repair tissue. This article gives a
short survey of the surgical treatment options of cartilage
defects and subsequently reviews the state of the art of
morphological MRI as well as recent advances in molec-
ular imaging of cartilage repair in the knee.

Cartilage repair surgery

The surgical treatment of chondral defects has the goal of
placing repair tissue into the defect in order to stabilize
the adjacent native cartilage. Various approaches to
achieve defect filling have been conducted and currently
include bone marrow-stimulation techniques such as
microfracture (MFX) [2–11], osteochondral graft trans-
plantation (mosaicplasty, osteochondral autograft transfer
system) [12–14], and autologous chondrocyte implanta-
tion (ACI) [15–21].

Microfracture has been shown to be an efficient one-step
procedure but produces mainly fibrous repair tissue with an
incomplete filling of the defect and limited load-bearing
capacity [22–24]. In osteochondral graft transplantation
(OAT), osteochondral plugs are taken from non-weight-
bearing areas in the femoral condyles or areas that less
frequently bear weight using a cylindrical cutting device
and are implanted as a mosaic to fill the defect(s). OAT is
limited with respect to the size of the defect (maximum=
4 cm2) that can be filled because (1) only a limited number
of grafts are available, (2) in a large defect, the fixation of
the grafts becomes instable and may result in uneven
surfaces, and (3) impairment due to the mechanical forces
during implantation may injure the cartilage layer of the
osteochondral plug [25].

ACI requires the excision of a periosteal flap to keep the
injected cultured autologous cell suspension in situ. ACI
has been applied to 30,000 patients worldwide [18, 19],
however, cartilage overgrowth and delamination or fibrous
degeneration of the newly formed tissue in 2.4–20% have
been observed [26, 27]. As a consequence, there is
substantial interest in improving ACI. New ACI techniques
are often referred to as scaffold-guided or matrix-associated
ACI (MACI) since biomaterials based on collagen [28–30],
hyaluronan [31–34], or polylactides [35] are used as
scaffolds for cell growth. MACI is less invasive and can be
performed arthroscopically in central-anterior defects of the
femoral condyle. Moreover, it is applicable to treat defects of
up to 10 cm2 [33, 36–39]. An additional advantage may be
more efficient redifferentiation of chondrocytes and hence
the formation of hyaline-like repair tissue [40].

MR imaging

Magnetic resonance imaging (MRI), radiological scoring
systems, and quantitative image analysis technology have
recently started to provide a wealth of new information on
articular cartilage and other articular tissues under physi-
ological and patho-physiological conditions. These tech-
niques have been applied to the study of healthy joints and
to those suffering from traumatic and degenerative disease.

Given superior tissue contrast and sensitivity to tissue
composition, MRI has tremendous potential in the study of
cartilage repair. Specifically it may (1) help to estimate the
size, nature, and location of lesions preoperatively, in order
to optimize surgical planning, (2) help to evaluate the
quality and success of tissue repair processes after surgical
treatment, and (3) allow one to monitor degenerative
changes in the joint after cartilage repair, potentially in
comparison to patients who have not been treated for
cartilage lesions.

Preoperative estimation of lesion size, nature,
and location

MR technique and sequences

MRI assessment of cartilage repair requires cartilage-
sensitive sequences such as fat-suppressed three-dimensional
gradient echo (3D-GRE) and proton-density (PD) and T2-
weighted (dual) fast spin echo (FSE) techniques with or
without fat-suppression. In general, 3D-GRE sequences with
fat suppression allow the exact depiction of the thickness
and surface of cartilage, whereas dual FSE sequences outline
the normal and abnormal internal structure of hyaline
cartilage [12–15]. Recently developed high-resolution three-
dimensional (3D) isotropic cartilage-sensitive sequences at 3
Tesla will further improve the assessment of quantitative
morphologic aspects of volumetric cartilage, in particular
segmentation and volumetric measurements [41].

Using a model of artificial cartilage lesions in rabbit
joints, it was shown that the ability to detect small cartilage
lesions critically depended on the spatial resolution of the
imaging sequence, and that achieving a high resolution
justified some degree of sacrifice in signal-to-noise ratios
(SNR) and contrast-to-noise ratios (CNR) [42]. Rubenstein
et al. [43] demonstrated that a voxel size under 300 μm is
required to reveal fraying of the articular surface of cartilage.
High-field MRI scanners increase the possibilites of 3D
imaging; GRE images yield high resolution in-plane and thin
slices with a sufficient signal-to-noise ratio, while scan times
can be kept well below 10 min. New coil technologies with
multi-element design allow the use of parallel imaging,
which can additionally decrease the scan time by a factor of
two to three.
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Scoring methods

Most scoring methods for articular cartilage lesions grade
lesion severity from 0–3 or 4 based on subjective
evaluations and commonly differentiate between cartilage
lesions of less than 50% depth, more than 50% depth, and
full thickness. Peterfy et al. [44] have described a com-
prehensive MRI scoring system (WORMS = whole-organ
MRI scoring), in which numerous features (cartilage signal
and morphology, subchondral bone marrow abnormalities,
meniscal and ligmament changes, etc.) are graded within
the knee. The interobserver agreement among two trained
readers was high (intraclass correlation coefficient >0.98
for cartilage abnormalities and >0.80 for most features,
except for bone attrition and synovitis) using a 1.5 Twhole-
body magnet. Another compartment-based scoring system
termed knee osteoarthritis scoring system (KOSS) has also
been published, with intraobserver reproducibility of 0.76–
0.96 (ICC) and interobserver reproducibility (intraclass
correlation coefficient) amongst two independent observers
of 0.63–0.91 [45].

Some limitations of these scoring systems have recently
been identified [46] when applying the WORMS grading
systems to knees of 336 subjects (three readers) and
comparing these with a Rasch measurement model. The
authors commented that adding up individual scoring
subscales, as recommended by WORMS, is problematic,
and that several subscales (in particular those for cartilage
signal and morphology and for osteophytes) may need to
be redeveloped.

In a recent report [47], the reliability of a novel MRI
scoring system for evaluating osteoarthritis (OA) of the
knee was explored. Nine intra-articular anatomical divi-
sions and eight items were tested, including features of
cartilage, bone-marrow lesions (BML), osteophytes, syno-
vitis, effusions, and ligaments, and a scaling of 0–3 was
applied for each of these to yield the Boston-Leeds
Osteoarthritis Knee Score (BLOKS). A series of iterative
reliability exercises was performed to reduce the initial
items. The interreader reliability for the final BLOKS items
ranged from 0.51 for meniscal extrusion up to 0.79 for
meniscal tear, with that for cartilage morphology being
0.72. In another sample, both BLOKS and WORMS were
used to score BML. Maximum BML size in BLOKS had a
positive linear relation with VAS pain, whereas in
WORMS it did not. Baseline BML was associated with
cartilage loss on both the BLOKS and WORMS scale, but
the association was stronger for BLOKS than for WORMS.

Accuracy of MRI for chondral lesions—in vitro
and in vivo studies

Satisfactory specificity and sensitivity for detecting chon-
dral lesions have been demonstrated in knee specimens and
in vivo with arthroscopic verification [48–54]. Bredella et

al. [55] reported a sensitivity of 93% and a specificity of
99% in detecting chondral lesions with MRI versus
athroscopy when axial and coronal images were combined,
and values of 94 and 99% when images in all three planes
were used. In that study, accuracy was highest for severe
cartilage lesions and lowest for smaller lesions, particularly
for signal intensity alterations.

Using a porcine model of artificial cartilage lesions [56],
the highest lesion detection rate was found with an
intermediate-weighted FSE sequence at 3.0 T (90 vs.
62% at 1.5 T), whereas the lesion grade was most
accurately evaluated with SPGR at 3.0 T (83 versus 70%
at 1.5 T). Receiver operator characteristics (ROC) analyses
in the same model confirmed improved diagnostic
performance in detecting cartilage lesions at 3.0 T if
high-resolution imaging protocols (slice thickness ≤2 mm
and in-plane resolution ≤0.39 mm) were used [57].
Quantitative measurements of cartilage lesion depth,
diameter, area, and volume have been validated in a
porcine experimental model of OA [58]. In human knee
cartilage, the mean difference between measured and actual
artificial cartilage defect diameters was reported to be
<0.1 mm, whereas the lesion depth was underestimated in
MRI by >0.4 mm [59]. Graichen et al. [60] reported an
overestimation of the true size of artificial cartilage defects
in the human knee, which decreased from 42% in 3-mm
defects to 4% in 8-mm defects.

Evaluation of the quality of tissue-repair processes
after surgical treatment

This has been the area of the most intense use of MRI in
cartilage repair and has thus received the widest interest.
The MR sequences commonly used for evaluating cartilage
repair morphologically are identical with those that have
been used for evaluating cartilage lesions as described
above (Figs. 1, 2). Figures 1 and 2 show high-resolution
MR images of cartilage repair tissue at different time
intervals after surgery (6 vs. 60 months).

The evaluation of the success of cartilage repair
procedures [61–66] requires specific grading systems,
one of which is MOCART [62–64, 67]. The validity and
reliability of this system has been evaluated for the
assessment of matrix-associated autologous chondrocyte
transplantation (MACI) in the knee [62], using nine
pertinent variables. These included filling of the defect,
integration of the border zone to the adjacent cartilage,
intactness of the subchondral lamina, intactness of the
subchondral bone, relative signal intensities of the repair
tissue compared to the adjacent native cartilage, and others.
An almost perfect agreement between readers (ICC >0.81)
was found for eight of the nine variables. When comparing
the MRI scores with clinical outcome (knee-related quality
of life) 2 years after ACT, a statistically significant correla-
tion was found for “filling of the defect,” “structure of the
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repair tissue,” “changes in the subchondral bone,” and
“signal intensities of the repair issue.”

In addition to morphologic imaging, quantitative MRI
techniques give the option of studying the composition of
the cartilage matrix ultrastructure and can therefore be
considered molecular-imaging techniques [68]. These
techniques are of particular interest for the study of
cartilage repair as they have the potential to evaluate
cartilage maturation and adaptation after surgery in vivo
[63, 67, 69–71]. The most promising techniques in this
context include the transverse relaxation time T2, the
longitudinal relaxation time T1 in the presence of gado-
linium (T1Gd = dGEMRIC index), and diffusion-weighted
imaging.

It has to be emphasized that while much of the initial
validation research for these functional cartilage imaging
techniques was performed on cartilage tissue, there has
been so far limited validation of these techniques in
cartilage repair tissue.

Measurement of T2 in cartilage

The majority of cartilage T2 mapping studies have used
conventional multislice multi spin echo (MSME) sequences,
typically with a minimum of seven echoes. The in vivo
precision errors of the technique have been reported recently
[72]. Measurements of T2 of articular cartilage provide a
potential imaging biomarker of structural changes in the
collagen matrix [73]. Perturbation of the collagen architec-
ture leads to increased T2-weighted signal intensity, whereas
sites of decreased signal intensity can be observed adjacent to
sites of focal cartilage injury [74]. While increased cartilage
T2 is associated with an increase in water content [75] and a
decrease in collagen content [76], the dominant factor

influencing regional variation in T2 appears to be the
anisotropic arrangement of the type II collagen matrix [77,
78]. Dardzinski et al. [79] concluded that the T2 character-
istics in cartilage are strongly influenced by the orientation of
the collagen framework and that the dipole-dipole interaction
anisotropy in the presence of restricted water mobility has an
important influence on spin-spin relaxation in the deep layers
of cartilage. Additionally in-vitro T2 relaxation studies and
animal studies have also demonstrated a close relationship
between T2 and the architecture of collagen [80–82].

A recent study has observed a strong inverse correlation of
fiber anisotropy determined with polarized light microscopy
and the T2 of the cartilage [83].

Whereas the sensitivity of T2 to cartilage degeneration in
osteoarthritis is yet unclear, the sensitivity of T2 to collagen
architecture has been successfully applied to study matura-
tional changes in the collagen matrix of osteochondral plugs
from juvenile animals [83–85] and age-related changes in
mature cartilage [86–88].

T2 mapping in cartilage repair

The line profiles of T2 relaxation times as suggested by
Mosher and Dardzinski [79, 87] provide a very helpful
insight into the maturation process of cartilage repair tissue
over time and facilitate a comparison with native healthy
cartilage. The extracellular matrix of native articular
cartilage is shaped by a highly organized collagen network,
which varies across the histological zones of normal
hyaline articular cartilage tissue [1]. Under ideal circum-
stances, cartilage repair tissue produced following cartilage
repair techniques, should, over time, develop a collagen
network with a similar shape, collagen concentration, and
in particular, a similar zonal organization as normal hyaline
cartilage.

Fig. 2 Axial high-resolution (0.23×0.23×2 mm) proton-density
turbo spin echo (PD TSE) 60 months after matrix-associated
autologous chondrocyte implantation (MACI) of the patella
(arrows)

Fig. 1 Sagittal high-resolution (0.23×0.23×2 mm) proton-density
turbo spin echo (PD TSE) 6 months after matrix-associated
autologous chondrocyte implantation (MACI) (area of cartilage
repair marked with arrows) of the lateral femoral condyle (LFC)
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In a recent study by White et al. [89], normal hyaline
cartilage and cartilage repair tissue were differentiated by
zonal T2 mapping in equine subjects. Arthroscopic OAT
and MFX were performed and evaluation of zonal T2
variation showed a characteristic distribution across the
depth of the cartilage in control and OAT sites, with low T2
values near the subchondral bone and higher T2 values
near the cartilage surface [89]. However no zonal variation
was found within MFX repair tissue. T2 measurement
results in this study were correlated with histology and
collagen structural anisotropy as assessed by polarized
light microscopy. OAT and normal hyaline cartilage sites
illustrated a normal zonal collagen organization, whereas
MFX showed disorganized fibrous reparative tissue [89].

Welsch et al. [90] evaluated T2 in-vivo in normal hyaline
cartilage sites and in cartilage repair tissue after MFX and
MACI in humans. Similar to the in vivo animal study of
White et al. [89], no differences between deep and
superficial layers of cartilage repair tissue were observed
after MFX. After MACI, a characteristic zonal variation in
mean T2 measurements was observed, but compared to
healthy cartilage, the increase in mean T2 values from the
deep to the superficial zones was less pronounced (Fig. 3a, b).
These results suggest differences in quantitative T2 mapping
results between MFX and MACI, possibly reflective of
collagen and/or water concentration and organization. Taking
into account that histological biopsies obtained at postoper-
ative follow-up arthroscopy have reportedmore fibrocartilage
after MFX [91] and more “hyaline-like” cartilage afterMACI
[37], these findings indicate that quantitative T2 mapping
may provide information on the specific structure of different
cartilage repair tissues.

In another study, clinical scores were correlated with T2
values in patients after microfracture [92]. The knees of 24
patients were studied after a mean postoperative interval of
29 months using 3T MRI. An individual relative T2 index
was calculated by expressing the mean T2 of the repair

tissue as a percentage of mean T2 of normal, hyaline
cartilage. The T2 index correlated with the clinical
outcome of the Lysholm Score and the IKDC Subjective
Knee Evaluation Form.

Using quantitative global T2 mapping of patients at
different postoperative intervals after MACI surgery,
significantly higher T2 values were found in cartilage
repair tissue in the early stage (3–13 months) after surgery
in an intraindividual comparison with native hyaline
cartilage [69] (Fig. 4). Furthermore, a decrease in repair-
tissue T2 values was observed over time, with the T2
values becoming similar to native healthy cartilage. This
finding was in agreement with a study by Kurkijarvi et al.
[93] who, using 1.5 T, reported T2 values in the repair
tissue and normal hyaline cartilage of 60±10 and 50±7 ms,
respectively, in 10 patients at 10–15 months after ACI
surgery. The zonal variation in repair tissue [69] has been
demonstrated through analysis of the T2 line profiles
showing the variation in T2 values from the subchondral
bone to cartilage surface. With increasing postoperative
interval the shape of the T2 line profiles (and the calculated
T2 line profile values) was found to become similar to the
reference healthy cartilage sites [69].

After MFX, significantly lower global mean T2 values
of cartilage repair tissue were found whereas after MACI
no significant change in mean T2 values was observed
compared to morphologically normal control sites [90].
These findings imply that the composition of the repair
tissue created with the two procedures is different.

Feasibility in clinical routine and diagnostic value

T2 mapping can be easily implemented in clinical routine
MRI. The duration of T2 mapping sequences at 3 T is
approximately 6 min, and contrast agent is not required.

T2 is highly sensitive to alterations of the cartilage matrix;
free water, collagen concentration, and the orientation of the
collagen fibrils affect T2 values. T2 may differ significantly
among healthy individuals. In cartilage repair patients, it is
therefore important to consider T2 of the adjacent hyaline
cartilage in the evaluation of the repair tissue.

Valuable data result from the zonal variation of the repair
tissue. T2 can assess the repair tissue organization and also
visualize tissue remodeling over time. This may be
considered the main strength of T2 mapping rather than
the assessment of absolute values.

Delayed gadolinium-enhanced MRI of cartilage:
dGEMRIC

Glycosaminoglycans (GAG) are the main source of fixed
charge density (FCD) in cartilage and have been reported to
be lost in the early stage of cartilage degeneration [94].
Intravenously administered gadolinium diethylenetriamine

Fig. 3 Axial T2 maps of the patella 60 months after matrix-
associated autologous chondrocyte implantation (MACI) (a) (same
patient as Fig. 2) and 36 months after microfracture (MFX) (b)
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pentaacetate anion (Gd-DTPA2−) penetrates the cartilage
through both the articular surface and the subchondral
bone. The negatively charged contrast agent 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-DTPA2− concentration, can be
used as a specific measure of tissue GAG concentration.
An increased accumulation of contrast agent due to a
depletion of GAG in cartilage will lead to decreased T1.

T1 relaxation enhanced by delayed administration of
Gd-DTPA2−, the dGEMRIC (delayed gadolinium-en-
hanced MRI of cartilage) technique, is currently the most
widely used method for analyzing proteoglycan depletion
in articular cartilage and has provided valuable results in
vitro and in vivo [95–99]. Post-contrast T1 mapping is
usually performed approximately 90 min after intravenous
injection of Gd-DTPA2−, to allow sufficient time for the
contrast agent (Gd) to diffuse into the cartilage layer before
the images are acquired.

Since standard T1 mapping with inversion recovery is time
consuming or limited to single-slice acquisitions, 3D applica-
tions of dGEMRIC that provide greater coverage and faster
imaging times are currently undergoing validation [100, 101].

dGEMRIC for the assessment of cartilage repair

When evaluating cartilage repair using dGEMRIC, one
must take into account that, contrary to studies in normal or
degenerative cartilage, the repair tissue shows heterogene-
ous T1 values compared to normal cartilage prior to the
administration of Gd. Thus, postcontrast T1 mapping does
not correlate directly with glycosaminoglycan content, but
the difference between pre- and postcontrast imaging (delta
relaxation rate = 1/T1Gd − 1/T1precontrast) does [102].
Watanabe et al. [102] demonstrated that the relative delta
R1 index (delta relaxation rate of repair tissue divided by the
delta relaxation rate of normal hyaline cartilage) correlates
with the GAG concentration in repair tissue as measured by
gas chromatography, an accepted gold standard for the
measurement of GAG content in biopsy samples.

A recent study by Trattnig et al. [70] demonstrated that it
is feasible to apply a 3D variable flip angle dGEMRIC
technique in patients following MACI surgery to obtain
information related to the long-term development and
maturation of grafts within clinically acceptable scan times
(Fig. 5a, b). In accordance with the study by Watanabe et
al. [102], increased T1 values in repair tissue of MACI

Fig. 4 Sagittal high-resolution
(0.42×0.42×3 mm) T2 map of
the same patient visualized in
Fig. 1 with a follow-up interval
of 6 months after matrix-
associated autologous chondro-
cyte implantation (MACI) of the
lateral femoral condyle (LFC)
(arrows)

Fig. 5 Sagittal T1-dGEMRIC
maps of a patient 36 months
after matrix-associated autolo-
gous chondrocyte implantation
(MACI) of the medial femoral
condyle (MFC) before (a) and
after (b) intravenous contrast
medium Gd-DTPA2−
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patients were found precontrast at all time intervals after
surgery. This seems to highlight the necessity of measuring
the native T1 values for evaluation of GAG content at the
repair site. This is also supported by the results of an in
vitro study by Wayne et al. [103] who found that a T1 ratio
calculated as T1Gd/T1 made it possible to distinguish
between collagenase- and chondroitase-treated cartilage,
whereas, while the T1Gd values alone were significantly
different between treated and untreated cartilage, they were
not between the two treatments.

Two other studies reported that dGEMRIC has potential
as a noninvasive MR imaging technique for monitoring the
GAG content after ACI [93, 104]. The findings of both
studies suggest that the GAG concentration in repair
cartilage at month 10 (or longer) after ACI is comparable
to the GAG concentration in the adjacent normal hyaline
cartilage. However the authors performedMR imaging only
after intravenous contrast medium application and may thus
have overestimated the GAG content in the repair tissue.

In contrast to these studies, Trattnig et al. [70] aimed to
assess the maturation of cartilage implants over time. As it
is known from biopsy studies that most of the changes in
cartilage implants occur in the early postoperative period.
Patients were subdivided into early and late postoperative
groups (3–13 months and 19–42 months, respectively).
The mean R1 (in 1/s) for repair tissue was 2.49±1.15
versus 1.04±0.56 at the intact control site in the early
postoperative group and 1.90±0.97 compared to 0.81±
0.47 in the late postoperative group. The difference
between repair tissue and normal hyaline cartilage was
statistically significant (P<0.007) in both groups, but the
difference between repair tissue and normal hyaline
cartilage between the groups was not (P=0.205). The
mean relative relaxation rate R1 was 2.40 in the early group
and 2.35 in the late group.

A possible explanation for these results comes from
histological investigations of biopsies. These have shown
that patients with MACI develop hyaline-like repair tissue
over time, whilst in patients with microfracture fibrous

tissue predominates [27, 105]. dGEMRIC has been used to
evaluate relative glycosaminoglycan (GAG) content of
repair tissue in patients after different surgical cartilage
repair techniques such as MFX, ACI, and MACI [93]
(Fig. 6a, b). In one of these studies [106], 10 patients
treated with MFX and 10 with MACI were compared after
being matched by age and postoperative interval. The mean
delta R1 for MFX was 1.07±0.34 versus 0.32±0.20 at the
control site, whereas for MACI it was 1.90±0.49 versus
0.87±0.44. This resulted in a relative delta R1 of 3.39 for
MFX and 2.18 for MACI, the difference between the
cartilage repair groups being statistically significant.

The repair tissue formed by MFX contained less PGs
and an abnormal distribution of collagen compared to
normal cartilage (analyzed by histology and biochemistry),
which may explain the poor resultant mechanical proper-
ties often exhibited by repair tissue [107, 108]. These
findings are supported by T1 mapping results that showed a
significantly higher relative delta R1 of the repair tissue
after MFX than after MACI, suggesting a lower GAG
content after MFX.

Feasibility in clinical routine and diagnostic value

The dGEMRIC technique has been demonstrated to be
specific for GAG by several investigators [70, 96, 97, 109,
110], and also to be sensitive to the clinical symptoms in
patients with hip dysplasia. The recently developed 3D
GRE T1 sequences are appropriate for the implementation
in clinical MRI protocols. Still, exercise and an interval of
approximately 60 min after contrast-agent administration
are required to ensure the distribution of Gd-DTPA2−

among the negatively charged GAGs. In cartilage repair
both pre- and postcontrast measurements are currently
considered necessary for a maximum sensitivity of the
technique [102]. The resulting overall mesurement time of
2 h diminishes the attractiveness for clinical use. Still,
dGEMRIC can be considered to be the current gold

Fig. 6 Sagittal intravenously
enhanced T1-dGEMRIC maps
of a patient 36 months after
matrix-associated autologous
chondrocyte implantation
(MACI) of the medial femoral
condyle (MFC) (a) and a patient
36 months after microfracture
(MFX) of the MFC (b)
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standard in cartilage ultrastructure MRI imaging and is
valuable for use in clinical studies.

Diffusion techniques in cartilage repair

One encouraging alternative to the techniques mentioned
above is diffusion-weighted sequence [111]. Diffusion-
weighted imaging (DWI) is based on molecular motion that
is influenced by intra- and extracellular barriers. Conse-
quently, it is possible to estimate biochemical structure and
architecture of the tissue by measuring molecular move-
ment. When based on spin-echo (SE) sequences, DWI is
relatively insensitive to susceptibility effects, but diffusion-
weighted SE sequences require acquisition times that
cannot be readily applied in clinical practice. Echo planar
imaging (EPI)-based diffusion sequences are the current
gold standard of DWI in neuro applications, but these
suffer from image distortions (susceptibility artifacts) and
from limitations in contrast (due to the long echo times
required). Both render them impracticable for imaging
tissues with short T2, such as cartilage and muscles.

Alternatively, diffusion imaging can be performed using
steady-state free precession sequences (SSFP), which
provide diffusion weighting at relatively short echo
times. This is achieved by the application of a monopolar
diffusion sensitizing gradient, which leads to a diffusion
weighting of consecutive echoes (spin echoes and
stimulated echoes) under steady-state conditions. For the
assessment of diffusion-weighted images, a three-dimen-
sional steady-state diffusion technique called PSIF has
been used [112]. Note that the PSIF is a time-reversed FISP
(fast imaging by steady state precession) sequence. In order
to assess diffusional behavior of the cartilage semiquanti-
tatively, the diffusion sequence protocol should consist of
two immediately consecutive measurements with 0 and

75 mT·ms−1·m−1 monopolar diffusion gradient moments
for DWI, but identical imaging parameters. For evaluation,
the quotient image (nondiffusion-weighted/diffusion-
weighted image) is calculated on a pixel-by-pixel basis.

In a series of 15 patients, the feasibility of diffusion-
weighted PSIF imaging after MACI was demonstrated with
high resolution in vivo [113] (Fig. 7). The results showed
that at follow-up (different time points) the diffusion
behavior of the transplants was changing. In the earlier
postoperative period (3–13 months), the diffusion was
more restricted, but the restriction was lower in the later
postoperative period. Even after a period of up to
42 months, there was still a difference in diffusion values
between repair tissue and normal hyaline cartilage.

Diffusion-weighted imaging and semi-quantitative analysis
can complement the information obtained from approaches
that rely on relaxation properties, such as T2-mapping or
dGEMRIC. In comparison with dGEMRIC, no contrast
medium is needed, the anatomical coverage is larger, the
spatial resolution higher, and the scan times shorter. Diffusion
therefore is a promising tool for compositional evaluation of
cartilage transplants in the future and may be added to
dGEMRIC and T2 mapping in a clinical setting for
evaluation of cartilage repair outcomes.

Feasibility in clinical routine and diagnostic value

Diffusion-weighted imaging does not require contrast agent,
and current sequences take approximately 5 min. The
technique therefore is appropriate for clinical routine MRI.
A disadvantage is that DWI is not quantitative, and therefore
is not as appropriate as T2 mapping or dGEMRIC for the
direct comparison of cartilage repair techniques. However,
the technique is more sensitive than T2 mapping and might
provide information on the nutrition of the repair tissue.

Fig. 7a–c Sagittal diffusion-weighted image (DWI) of a patient
60 months after matrix-associated autologous chondrocyte implan-
tation (MACI) of the medial femoral condyle (MFC) marked by
arrows. For DWI, a three-dimensional balanced steady-state gradi-

ent echo pulse sequence with diffusion weighting (3D-DW PSIF)
was used with 0 (a) and 75 mT·ms−1·m−1 (b) monopolar diffusion
gradient moments resulting in the divided semi-quantitative DWI
map (c)
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Monitoring degenerative changes in the joint
after cartilage repair

In the context of monitoring progression of osteoarthritis
(OA), methods for quantitative evaluation of articular
cartilage morphology (e.g., volume and thickness) have
been widely applied over recent years [114–116]. A
nomenclature for MRI-based measurements of cartilage
morphology and composition has been proposed [117]. A
recent study [118, 119] has evaluated the feasibility of
quantitative MRI analysis of cartilage morphology in 21
patients after autologous chondrocyte implantation (ACI).
Sagittal fat-suppressed 3D FLASH sequences were obtained
pre-ACI surgery and 1-year post-ACI surgery in the femoral
condyles. The cartilage volume, mean cartilage thickness,
and size of the cartilage-bone interface were determined.

Susceptibility artifacts were a problem in 3 of the 21
patients. The reproducibility error (coefficient of variation
%) of cartilage volume measurement was 3.9 and 4.4% for
the medial and lateral tibia, respectively, and 5.1% for the
femur. A 6% increase in cartilage volume and thickness
was observed in the treated femora (P<0.001 Wilcoxon)
relative to the pre-OP data, but no significant change in the
(nonoperated) tibia. Sensitivity to change for femoral
cartilage was improved when evaluating only the treated
portion of the femur in contrast to the total femur.
Morphological cartilage analysis following cartilage repair
procedures may help to determine the effectiveness of these
procedures to stop degenerative disease progression.

Clinical relevance

The composition of the repair tissue is deemed to be highly
significant for the clinical outcome in the long term.
Fibrous cartilage repair tissue is subjected to degeneration,
which leads to failure [120], and it has been demonstrated
that patients with hyaline-like repair tissue after ACI do
better than those with fibrous repair tissue [121]. Kreuz et
al. found that clinical outcome after microfracture declines
after 18 months [24]. Knutsen et al. [22] did not find a
significant difference between microfracture and ACI in
the knee at 2 years; however, the rate of hyaline-like tissue
was higher in ACI biopsies. At 5 years, no significant
differences were found either; however, there was no
failure in patients with hyaline-like repair tissue [122].
Saris et al. [123] found superior repair tissue after ACI in
histologic evaluation 1 year after surgery. Long-term
follow-up may show if higher repair tissue quality will
be associated with better outcome.

ACI repair tissue quality is subject to a high variability
[22, 26, 71, 105, 121, 124]. This apparently also applies to
MACI [38, 125], but while various MACI techniques are in
clinical use, there are few data regarding MACI repair-
tissue composition.

Due to its noninvasive nature and its reproducibility,
MRI has a substantial potential to evaluate the efficacy of
different cartilage repair techniques. The feasibility of
taking equivalent measurements at different sites if a
common MRI unit configuration is adhered to also gives
the option for use in multicenter studies. This may be of
importance since it is difficult to obtain high numbers of
patients at a single site. The possibility of direct evaluation
of GAG content of the repair tissue may shorten the follow-
up period that is needed to determine the efficacy of a
certain technique, since low GAG at short-term follow-up
will discourage clinicians from pursuing treatment. Patients
might therefore see a direct benefit from molecular MRI
imaging of cartilage repair.

MRI additionally gives a very precise estimate of
progressing degeneration and will be essential for objec-
tively assessing the long-term outcome of cartilage repair.

Conclusion

Exciting technologies have been developed recently for
evaluating cartilage repair in vivo. A challenge, however,
remains demonstrating that cartilage repair can prevent
joint degeneration, preferably in prospective randomized
controlled trials, and clinical validating imaging outcomes,
that is the correlation of imaging biomarkers with how a
patient feels and functions [3–7, 62]. Whereas morpholog-
ical assessment has been used to score or measure cartilage
lesion size and location, to determine cartilage deforma-
tional behavior in vivo and to look at the effect of cartilage
repair on cartilage volume/thickness loss with time,
compositional MR imaging techniques including T2,
dGEMRIC, and diffusion are most promising in studying
cartilage tissue maturation after repair.

There are marked differences in the structure and
composition of repair tissue based on the method of repair
as well as temporal changes as the tissue matures. Because
these tissue properties have substantial influence on the
relaxation and diffusion of water in the tissue, results of
functional cartilage imaging such as T2 mapping, dGEM-
RIC, and diffusion are likely to be different from mature
cartilage tissue. Additional research and validation is needed
to guide interpretation of the results of these techniques as they
are applied to the study and monitoring of cartilage repair.
Future studies will also be needed to determine whether MRI
is prognostic of clinical outcome and can replace arthroscopic
biopsy for monitoring repair-tissue histology. The major
challenge thus is not only in the continued technical
improvement of these tools, but in validating their correlation
with structural and clinical outcome.
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