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Abstract

Articular cartilage lesions are a common pathology of the knee joint, and many patients may benefit from cartilage repair
surgeries that offer the chance to avoid the development of osteoarthritis or delay its progression. Cartilage repair surgery,
no matter the technique, requires a noninvasive, standardized, and high-quality longitudinal method to assess the structure
of the repair tissue. This goal is best fulfilled by magnetic resonance imaging (MRI). The present article provides an overview
of the current state of the art of MRI of cartilage repair. In the first 2 sections, preclinical and clinical MRI of cartilage
repair tissue are described with a focus on morphological depiction of cartilage and the use of functional (biochemical)
MR methodologies for the visualization of the ultrastructure of cartilage repair. In the third section, a short overview is
provided on the regulatory issues of the United States Food and Drug Administration (FDA) and the European Medicines

Agency (EMEA) regarding MR follow-up studies of patients after cartilage repair surgeries.
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Part |: Preclinical Models
Basic Requirements

The challenges of using preclinical models include the
smaller tissue dimensions compared with humans and spe-
cies-specific differences in joint morphology. These factors
can make it difficult or impractical to image using some
standard radiofrequency (RF) coils that have been opti-
mized for clinical imaging. Imaging of specimens requires
careful preparation. The animal limb may not fit the geom-
etry of the coil, and with intact joints, a posterior soft tissue
release of the capsule or posterior tendons of the specimen
or stifle may be necessary in order to obtain sufficient limb
extension to fit into a clinical extremity or wrist coil. In the
setting of cartilage repair, caution should be utilized so as
not to incise the capsule and thereby introduce air pockets
that may create susceptibility artifact and hamper both mor-
phological and, in particular, quantitative magnetic reso-
nance (MR) assessment. Alternatively, RF coils may be
built or custom ordered. Imaging of excised specimens ex
vivo offers the opportunity to use small bore magnets and
coils that can provide better signal-to-noise ratios (SNRs)
and potentially higher spatial resolution.

MR evaluation may include both high-resolution mor-
phological assessment of the cartilage as well as quantita-
tive MR techniques aimed at selectively targeting both

proteoglycan and collagen. High-resolution imaging is rec-
ommended in order to assess subtle fissures developing at
the area of peripheral integration as well as development of
proud subchondral bone formation that may be seen fol-
lowing marrow stimulation repair techniques. Spatial reso-
lution should ideally be less than 200 pm in the frequency
and preferably in the phase direction, with thin slice resolu-
tion of 1 to 2 mm or less. In order to maintain an adequate
SNR, imaging at field strengths higher than 1.5 T is gener-
ally recommended.
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It is further recommended that imaging time points
be applied to preclinical models that reproduce or can
help choose the appropriate time points to be used in the
preliminary (phase I) clinical trial. This will allow for
the longitudinal assessment of the biological behavior of
the repair and/or implant by obtaining morphological and
quantitative MR imaging (MRI) data at different time inter-
vals following the surgery before application to a clinical
trial. Variables such as advancement of the subchondral
bone plate, osteolysis surrounding bioabsorbable devices or
scaffolds, inflammatory adverse synovial reaction, and the
presence or absence of stratification of the repair tissue on
quantitative MR should be measured. Correlation between
MRI and histology can provide valuable information that
may help with the interpretation of patient images obtained
in future clinical trials; that is, particular measures on
qualitative or quantitative MRI may prove specific to cer-
tain histological findings.

Use of Contrast Agents

MR contrast agents have been used for imaging of native
articular cartilage or cartilage repair tissue either to deline-
ate the articular surface (arthrography) for the detection of
defects or to measure the biochemical status of the articular
cartilage (delayed gadolinium-enhanced MRI of cartilage
[dGEMRIC]). The most commonly used MR contrast
agents are gadolinium (Gd) chelates. A variety of these
agents are commercially available. Most of the compounds
are nonionic; only gadopentetate dimeglumine (Gd-DTPA),
available as Magnevist (Bayer HealthCare, Leverkusen,
Germany), has a charge (2—). While any of the Gd chelates
may be used for arthrography, only Gd-DTPA is suitable
for mapping of the proteoglycans with dGEMRIC because
of its molecular charge. Ex vivo, arthrography and dGEM-
RIC must be performed either with a direct intra-articular
contrast injection, if the joint is intact, or the desired articu-
lar surface may be dissected and placed in a contrast agent
bath during imaging or for equilibration prior to imaging
(dGEMRIC).

Most Gd-chelate MR contrast agents are small and read-
ily diffuse into articular cartilage.' The diffusion of MR
contrast agents into cartilage and cartilage repair tissues is
a time-dependent phenomenon. A concentration gradient
initially forms with higher concentration closer to the
source of the contrast agent (cartilage interface). For intra-
articular fluid injection or submersion in a fluid bath, the
contrast diffuses from the articular surface into the deep
tissue. Following intravenous injection (in vivo), the con-
trast will diffuse into the articular cartilage from both the
joint fluid and the subchondral bone.” The time to achieve
equilibrium will vary by the square of the thickness of the
articular cartilage or the repair tissue; that is, cartilage that

is twice as thick will take 4 times as long to equilibrate. For
ex vivo samples, true equilibration of the contrast agent
concentration between the tissue and fluid can be achieved.
However, in vivo, the concentrations within vasculature,
synovium, joint fluid, subchondral bone, and cartilage are
varying with time, and only a “dynamic” equilibrium can
be achieved.

When performing dGEMRIC experiments, the thickness
of the cartilage or repair tissue and the route of contrast
administration must be considered when planning the time
that will be required for full penetration of the cartilage.
With deep lesions, thick cartilage, or thick repair tissue, the
time to contrast equilibration within the tissues may be
prohibitively long. Recently, Dugar et al. found that dGEM-
RIC of articular cartilage may be performed ex vivo follow-
ing fixation in paraformaldehyde.’ To our knowledge,
however, postfixation dGEMRIC has not been validated for
cartilage repair tissues.

For calculations of fixed charge density (FCD) and pro-
teoglycan content using dGEMRIC, the precontrast and
postcontrast T1 values for articular cartilage are required as
well as the concentration of Gd-DTPA in the joint fluid or
fluid bath.” Because the T1 of unenhanced native articular
cartilage is relatively constant, it has been suggested that
the dGEMRIC protocol be streamlined by estimating FCD
without obtaining precontrast images." However, some
authors have shown differences between the precontrast T1
values of autologous chondrocyte implantation repair tis-
sue and articular cartilage, and therefore, obtaining only
postcontrast T1 measurements for dGEMRIC may lead to
erroneous conclusions about the relative FCDs of the tis-
sues.’ For the study of cartilage repair tissues, it is recom-
mended that precontrast and postcontrast T1 measurements
be obtained when possible. If this is not feasible, determi-
nation of unenhanced T1 values for the type and stage of
maturity of the repair tissue should be performed to con-
firm that a consistent T1 value within the repair tissues may
be assumed for FCD estimations. When performing MR
arthrography for articular surface evaluation with either
intra-articular injection or specimen immersion in a con-
trast agent bath, imaging shortly after contrast administra-
tion is desirable to maximize the image contrast between
the cartilage and fluid.

Functional, Biomechanical MRI of Repair Tissue

Articular cartilage is structurally multiphasic, inhomogene-
ous, mechanically anisotropic, and nonlinear. Mechanical
properties of articular cartilage are determined by the con-
tent, arrangement, and interactions of the tissue constitu-
ents, that is, 3-dimensional (3-D) collagen network,
proteoglycans (PGs), and interstitial water.® This structural
interplay creates a poroviscoelastic tissue response to
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mechanical loads on the joint.” PGs and collagen have been
shown to be primary determinants of compressive and
tensile properties of cartilage, respectively. Further, the
collagen fibrils strongly contribute to the compressive
response under dynamic and impact loading of cartilage.®

MRI can provide information on cartilage morphology,
intrinsic composition, and structure. Although no MRI
parameter may be fully specific to any tissue component,
quantitative parameters have been related to tissue biome-
chanical properties. Further, it has been proposed that MRI
could serve as a surrogate marker for cartilage biomechan-
ical properties. Because of the complexity of cartilage
mechanical characteristics, individual quantitative MRI
parameters can characterize only limited features of carti-
lage biomechanics. In several in vitro studies, AGEMRIC
(or T1,,), by providing information on tissue PG content,
has been related to PG-sensitive mechanical parameters,
especially to the compressive modulus of tissue.”"
However, the strength of the dGEMRIC-equilibrium modu-
lus association has been variable, obviously depending on
the homogeneity of the sample material. For example,
when in vitro samples are taken from native and repaired
tissues, overall cartilage structure may vary significantly
and lead to major differences in mechanical modulus that
cannot be explained by the variations in PG content of
samples, and in this case, the correlation is low."
Biomechanical properties of the repair tissue may remain
inferior, even though in some cases, the tissue stiffness can
reach 90% of that in healthy tissue."*'* Interestingly, the
repair tissue at 12 months after autologous chondrocyte
implantation (ACI), showing highly replenished PG con-
tent by dGEMRIC, demonstrated an inferior compressive
stiffness, as assessed by the indentation technique.'® This
implies that the functional integrity of the repair tissue has
been inferior, likely due to the disorganized 3-D matrix
structure.

T2 values have been related to both water and
collagen'® content of cartilage but especially to collagen
network structure.'” Experimental tissue degeneration by
enzymatic digestion of the tissue collagen network increased
T2 values. However, enzymatic depletion of PGs had no
significant effect on T2.° In both cases, the mechanical
stiffness of cartilage was significantly reduced. The strength
of the correlation between T2 values and tissue mechanical
characteristics has proved variable. Because the spatial T2
closely follows the depth-wise architecture of the collagen
network, the bulk values may not be indicative of tissue
integrity, and T2 does not appear to be a definitive indicator
of cartilage stiffness. In previous cartilage repair studies,
T2 values of repair tissue at early postoperative time points
reveal depth profiles different than native tissue and were
typically higher in repair tissue than in native tissue.*'**
However, at 19 to 24 months after the matrix-associated
autologous cartilage transplantation, tissue T2 profiles
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were more normalized.”? Based on these results, T1 Gq @nd
T2 combined could bring complementary information of
engineered cartilage and enable more comprehensive char-
acterization of the mechanical competence of repair tissue.

The limitation of MRI is its inability to directly quantify
functional properties of cartilage or repair tissue. In order to
extract direct information on tissue biomechanics, mapping
of the intrinsic deformation under experimental loading
during MRI by using elastographic techniques™** has
been used to describe tissue mechanical function. For
in vivo analysis of repair tissue function, limited MRI reso-
lution for small repair lesions, as well as technical arrange-
ments for in vivo loading during MRI scanning, are
challenging. As an alternative, using quantitative MRI infor-
mation, numerical models have been developed to predict
mechanical behavior of cartilage tissue and even to extract
values of mechanical properties without mechanical test-
ing.”>* In this functional imaging approach, the joint geom-
etry, cartilage composition, and structure from the MRI are
incorporated into a finite element model; tissue function is
predicted, and changes in tissue architecture in loaded
articular cartilage are estimated. Using the fibril-reinforced
poroelastic model of cartilage, it has been found that the
collagen and PG-specific MRI parameters correlated sig-
nificantly with the corresponding mechanical parameters of
articular cartilage, that is, the fibril network modulus (col-
lagen) and the nonfibrillar matrix modulus (PGs).?” The first
studies suggest that functional imaging with accurate joint
geometry from MRI may enable large-scale 3-D simulations
of joint loading.*® Importantly, patient-specific models and
diagnostics of the cartilage mechanics, including repair tis-
sue analysis, may be feasible.

Part 2: Clinical Studies
Morphological MRI Studies

Basic MR Technical Requirements

Native articular cartilage and postoperative cartilage repair

tissue are relatively thin structures that cover curved sur-
faces and thus require high-quality, high-resolution images
for accurate assessment. As with all imaging technologies,
with MRI, there is always a trade-off between the image
SNR, spatial resolution, and image acquisition time. The
following equation demonstrates some of the relationships
between SNR and imaging parameters:

/#E jtati
SNR < Pix...e SliceThickness ® M;
Bandwidth

where “Pix__” is the area of an image pixel within the slice,
“SliceThickness” is the thickness of the image slice,
“# Excitations” is the number of spatial encoding steps times
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the number of averages used in the acquisition, and
“Bandwidth” is the bandwidth of the signal receiver. The
pixel area and slice thickness determine the spatial resolution
(voxel volume) of the image, while the number of excitations
is a major determinant of the acquisition time. Acquisition
time is linearly proportional to the number of excitations; for
example, a doubling in spatial encoding steps or number of
averages will double the acquisition time. From this relation-
ship, improvement of the spatial resolution with a 2-fold
decrease in each of the in-plane pixel dimensions (e.g., 0.3
mm x 0.3 mm rather than 0.6 mm % 0.6 mm) will result in a
4-fold decrease in SNR for the same slice thickness and with
all other parameters remaining constant. To achieve the same
SNR for the higher resolution scan, a 16-fold increase in the
number of excitations would be required. This 16-fold
increase in imaging time may not be clinically acceptable.
Because it is difficult to achieve the image resolution
required for cartilage repair assessment solely by increasing
the imaging time of an acquisition, optimization of the imag-
ing equipment is essential.

The magnet determines the imaging field strength,
which greatly influences the SNR of the system. If all other
components are kept constant (which is usually not possi-
ble), the SNR of the MR system varies in direct linear
proportion to the magnetic field strength. Thus, a 3-T mag-
net system has the potential to double the SNR of a 1.5-T
system and has 15 times the SNR of a 0.2-T system.
Therefore, use of high-field (>1.5 T) MR systems is recom-
mended for imaging of articular cartilage repair tissue.

The MRI of cartilage repair can be obtained at most
clinically available MR systems. Although the depiction of
the cartilage repair tissue, the adjacent cartilage, and the
surrounding structures can be achieved without high reso-
lution, it has been demonstrated that a voxel size under 300
um is required to reveal fraying of the articular surface of
cartilage.”® High-field MRI units with 1.5 T and especially
3.0 T have provided the means to achieve such resolution
in reasonable scan times while using cartilage-sensitive
sequences. To further decrease the scan time while main-
taining high-resolution parameters, dedicated coil technol-
ogy with multielement design enables the use of parallel
imaging. This technology can decrease scan time by a fac-
tor of 2 to 3 with a 3.0-T MR scanner, despite the inherent
loss in SNR. High-field MRI also permits the use of 3-D
acquisitions that yield high resolution, high SNR, and high
contrast-to-noise ratios (CNRs). Furthermore, isotropic
MRI, that is, acquisitions with voxel dimensions that are
equal in all 3 axes, allows for multiplanar reconstruction
(MPR) in any plane without any loss of resolution.”'

Cartilage-Specific Sequences

Standard morphological MR evaluation of cartilage
repair tissue can be performed using the same acquisition

Figure 1. Conventional axial proton density fast spin-echo
(PD FSE) sequence (TR/TE: 2400/28) with ultra-high resolution
(512 % 512; 12 cm; slice thickness: 2 mm) of a 17-year-old male
patient 3 months after matrix-associated autologous chondrocyte
transplantation (MACT) of the patella.The double-layered scaffold
is still visible.

techniques as those used for native cartilage.”> The most
widely used MRI techniques are intermediate-weighted fast
spin-echo (FSE) and 3-D fat-suppressed T1-weighted
gradient-echo (GRE) acquisition.””>***** Whereas the GRE
sequence visualizes cartilage defects attributable to T1 dif-
ferences between cartilage and fluid, the FSE sequence uses
differences in T2 weighting. Compared with fluid, cartilage
is higher in signal intensity on fat-suppressed T1 weighting
and lower on intermediate or T2 weighting. While the
T1-weighted, 3-D GRE sequence with fat suppression is
suitable for visualization of the thickness and surface of
cartilage and allows 3-D volume measurements, the FSE
sequence is more sensitive for assessment of the internal
cartilage structure.””*** In postoperative imaging, one
advantage of FSE sequences is its low sensitivity to arti-
facts, which are suppressed by the 180° refocusing pulses
of the FSE (Fig. 1). Both sequences, the fat-suppressed,
3-D GRE and the FSE, are showing excellent results with
high sensitivity, specificity, and accuracy for detecting car-
tilage lesions in the knee.”>*

Currently, isotropic 3-D sequences have the potential of
high-resolution imaging with a voxel dimension as small
as 0.4 mm’ and can be reformatted in any plane. These
acquisitions may be gradient echo based, including SPGR
(spoiled gradient echo), FLASH (fast-low angle shot),
VIBE (volume-interpolated breath-hold examination),
DESS (double-echo steady state), SSFP (steady-state free
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Figure 2. High-resolution, isotropic, 0.5 x 0.5 x 0.5-mm fat-suppressed 3-D proton density (PD) SPACE sequence (TR/TE: 1500/34) to
assess postoperatively the cartilage repair tissue 6 months after microfracture (arrows, sagittal) (a), the position and orientation after
anterior cruciate ligament surgery (coronal) (b), and the menisci (axial) (c) in a 30-year-old male patient using multiplanar angulated

reconstruction from one isotropic data set.

precession), True-FISP (fast imaging with steady-state pre-
cession), or more recently developed FSE sequences, called
SPACE (sampling perfection with application-optimized
contrasts using different flip-angle evolutions), 3-D Fast
Spin-Echo Extended Echo Train Acquisition (FSE-XETA,
also known as 3-D FSE-CUBE), or VISTA, which may,
contingent on validation studies, provide accurate evalua-
tion of cartilage and cartilage repair tissue as well as the
other joint structures, especially in postoperative imaging.

One of the most often used isotropic 3-D sequences for
cartilage imaging is the FLASH sequence, a fat-suppressed,
T1-weighted, gradient-recalled echo sequence with RF
spoiling.”’ The fat-suppressed, 3-D FLASH sequence
shows high CNRs and high reproducibility in the segmen-
tation of articular cartilage, which facilitates accurate eval-
uation of total cartilage volume and regional distribution.***’
Quantitative MR cartilage segmentation measurements
including cartilage thickness and volume have been sug-
gested as sensitive image-based parameters for detecting
and monitoring cartilage degeneration in osteoarthritis.’®
The 3-D DESS sequence was introduced for cartilage
imaging many years ago™ but only recently, with improved
magnet systems, proved adequate to measure changes of
cartilage thickness and volume in the longitudinal studies.*’
The 3-D True-FISP sequence has also been shown useful
for quantitative cartilage MR with the advantage of sub-
stantially higher SNR and CNR compared with the 3-D
FLASH sequence.”' In recent articles by Duc et al.,*** the
True-FISP sequence, as an SSFP-based sequence, was
studied in detail at 1.5 T, and using a dedicated 8-channel
knee coil, isotropic (0.6 mm®) 3-D True-FISP acquisitions
were obtained in approximately 3 minutes. They found per-
formance in diagnosing cartilage defects, anterior cruciate

ligament abnormalities, and meniscal tears comparable
with a set of standard 2-D sequences.” However, because
of artifacts, this acquisition technique may nevertheless be
of limited value for postoperative imaging following carti-
lage repair procedures.*’

3-D FSE sequences have also shown promising results
in the assessment of cartilage lesions together with other
internal knee derangements. In a comparison to 2-D FSE
sequences, an isotropic (0.7 mm®) 3-D FSE-XETA could be
reformatted in arbitrary planes with high-cartilage SNR.*®
Another study found the related sequence, 3-D FSE-CUBE,
to be more sensitive, but less specific, than standard 2-D
acquisitions for the diagnosis of cartilage lesions.*” Although
the use of isotropic 3-D sequences for cartilage volume and
thickness measurements in the follow-up evaluation of
cartilage repair procedures remains challenging, there is
great potential of improved 3-D assessment of the cartilage
repair tissue because of the lower sensitivity to postopera-
tive magnetic susceptibility changes. Using image post-
processing viewing tools that provide MPRs, the interfaces
of the cartilage repair tissue with native cartilage, subchon-
dral bone, and joint fluid can be precisely evaluated in
every plane, independent of its location within the joint
(Fig. 2).

MR arthrography. MR arthrography generally refers to
imaging of a joint following joint fluid enhancement by the
contrast agent, which can be achieved either by a direct
intra-articular injection or indirectly with an intravenous
(IV) injection. Following IV injection, the contrast agent
diffuses through the synovium into the pre-existing joint
fluid, producing an “indirect” arthrogram.** As shown clin-
ically, the joint fluid enhancement may be maximized by
moving the joint immediately after IV injection so that all
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of the joint fluid is equilibrated with the vasculature, while
there is a high intravascular concentration. A delay of 15
minutes or more is recommended in human knees to maxi-
mize joint fluid enhancement for arthrography.***’ A longer
delay is required for dGEMRIC (see below).® Direct and
indirect MR arthrography may prove useful in assessing
defects at graft’host bone following osteochondral repairs
and the cartilage interface after all types of repair.

MR Classification Systems Based on Morphology

The morphology of cartilage repair tissue should be com-
pared with the adjacent native cartilage. On MRI, the repair
tissue should have a smooth articular surface that repro-
duces the original articular contour at the same level as
adjacent native cartilage.’® Ideally, the signal intensity of
the repair tissue should be isointense to the adjacent native
cartilage. To evaluate the efficacy of cartilage repair tech-
niques in large cohorts, it is necessary to have a standard-
ized, validated evaluation system with low interobserver
and intraobserver variability that is suited for statistical data
analysis. The system should have the potential to compare
different cartilage surgery techniques and be applicable to
multicenter studies.”™*

Roberts et al.>? used 4 parameters to assess cartilage
repair on MRI: surface integrity and contour, cartilage sig-
nal in the graft region, cartilage thickness, and changes in
the underlying bone. A score was then obtained by sum-
ming the values of the 4 parameters. The system assessed
each parameter as normal or abnormal. A more detailed
classification system was proposed by Henderson et al.>®
using the parameters of defect filling (1 = complete, 2 >
50% of the defect, 3 < 50%, 4 = full-thickness defect),
cartilage signal (1 = normal [identical to the adjacent
articular cartilage], 2 = nearly normal [slight areas of
hyperintensity], 3 = abnormal [larger areas of hyperinten-
sity], 4 = absent), and subchondral edema and effusion
(both graded as 1 = absent, 2 = mild, 3 = moderate, 4 =
severe). In a separate study, Mithoefer et al.’* assessed the
“repair cartilage signal” (hyperintense, isointense, hypoin-
tense), the “repaired lesion morphology” (proud, flush,
depressed), the “repair cartilage fill” (good, moderate,
poor), the “peripheral repair cartilage integration” (no gap,
small, large), and the “subchondral edema” (mild, moder-
ate, severe, osseous overgrowth).

Perhaps the most complete MR evaluation is performed
by the “magnetic resonance observation of cartilage repair
tissue” (MOCART) scoring system.”">> The MOCART score
claims to allow assessment of the articular cartilage repair
tissue that is sensitive to subtle change. It has been used
in longitudinal studies following a number of types of
cartilage repair procedures.’®”* Based on the use of MPR
of an isotropic MR data set, a 3-D MOCART score has

been introduced with changes and additions based on the
new information afforded by isotropic voxel MRI; clinical
experiences gained from research studies; published arti-
cles, abstracts, and presentations; and on the needs of
daily patient care.* Compared to the standard MOCART
score, 3-D MOCART demonstrated a high correlation of
the individual variables.* The 3-D MOCART score com-
bines a descriptive part and 11 variables (Table 1). These
variables, however, can be assessed by 3-D isotropic MRI
and/or standard 2-D MR sequences; furthermore, the
evaluation can be adapted to the specific needs of longitu-
dinal MR assessment after any cartilage repair procedure
in any joint. The variables are defect fill (1), cartilage
interface (2), bone interface (3), surface of the repair tis-
sue (4), structure of the repair tissue (5), signal intensity
of the repair tissue (6), subchondral lamina (7), chondral
osteophyte (8), bone marrow edema (9), subchondral
bone (10), and effusion (11), and they are explained in
detail in the article of Welsch et al.*

MR Findings of Following Specific
Cartilage Repair Techniques

There are several established marrow stimulation tech-
niques including abrasion arthroplasty, subchondral drill-
ing, and microfracture. The MRI appearance of a chondral
repair site treated by marrow stimulation evolves over time.
In the early postoperative period, the repair site normally
contains tissue that may appear thin and indistinct and with
generally intermediate signal intensity. In addition, the sub-
chondral bone marrow consistently shows features of
edema-like signal intensity.® By 1 to 2 years after surgery,
the treated defect should be filled with tissue that has a
smooth, well-defined surface. In the subjacent subchondral
bone of asymptomatic patients, the region of altered signal
diminishes but usually does not resolve completely. By
contrast, in symptomatic patients with failure of the proce-
dure, the treated defect is incompletely filled with thinned
and irregular tissue. Furthermore, the region of altered sig-
nal in the subchondral bone does not diminish; rather, it
commonly becomes more conspicuous over time.*’
Autologous osteochondral transplantation is currently
considered the only surgical technique that directly pro-
vides and retains true hyaline articular cartilage. MRI fol-
lowing autologous osteochondral transplantation can
provide information about the thickness of the cartilage
cover, the congruity of the articular surface, the graft incor-
poration, the status of the subchondral bone, and the
status of the graft donor site.’®’® It has been shown in ani-
mal studies that the autologous osteochondral grafts usu-
ally demonstrate solid, osseous incorporation between 6
and 14 weeks.””’® Initially, because of the surgery itself,
subchondral bone marrow edema is present and is expected
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Table I. 3-Dimensional Magnetic Resonance Observation of Cartilage Repair Tissue (3-D MOCART) Scoring

Variables

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%

e} S0-75%

o] 75-100 %

o 100 %

o 100-125 %

o 125-150 %

o} 150 - 200 %

o} =200 %
Localization

O Whole area of cartilage repair O0=50% O<=50%

O Central O Peripheral O Weight-bearing O Non weight-bearing
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)

o] Defect visible <50 %

o Defect visible >50 %
Localization

O Whole area of cartilage repair 0=50% O<50%
O Weight-bearing O Non weight-bearing

3. Bone interface (integration of the fransplant 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 0=>50% O<50%

O Central O Peripheral O Weight-bearing O Non weight-bearing
5. Structure (constitution of the repair issue)

o Homogeneous

o] Inhomogenecus or cleft formation
Localization

O Whole area of cartilage repair 0=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 fo
the adjacent cartilage)
Normal (identical to adjacent cartilage)

o Nearly normal (slight areas of signal alteration)

o Abnormal (large areas of signal alteration)
Localization

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

Intact

o Not intact
Localization

O Whole area of cartilage repair 0=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: Ix 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 (= 1cm)
o Medium (< 2cm)
o] Large (< 4cm)
o Diffuse
Localization
Size: mm (plane: )X mm (plane: b
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  O0=50% O<50%

O Central O Peripheral O Weight-bearing O Mon 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 30 MOCART score; subcategories localization” optional .

to resolve as the graft incorporates into the subchondral
bone. Normal, fatty marrow signal is usually seen within
and around the plugs when solid bony incorporation occurs.
Poor integration of the graft may be suggested when MRI
shows cystic cavities with fluid-like signal intensity and
persistent edema-like signal within the subchondral bone
marrow.”’

Following ACI, MRI can help define the defect fill, the
integration of the graft with the underlying bone and adja-
cent native cartilage, and the status of the subchondral bone
plate and bone marrow.”® At most ACI sites, the chondral
defect is completely filled with the repair tissue to the
expected level of the adjacent articular cartilage.>® In cases

of incomplete defect fill, MR can demonstrate underfilling
of the repair site either in focal areas or as an overall thin
cartilage.”” Graft failure through delamination has been
reported to occur in approximately 5% of patients and
usually presents within the first 6 postoperative months.*
The interface between an ACI and native cartilage may be
indiscernible or appear as a sharp line. In ACI procedures,
the term “partial delamination” is used for incomplete inte-
gration of the repair tissue (Fig. 3).”” A common complica-
tion after ACI is hypertrophy of the periosteal cover, which
often occurs between the third and ninth postoperative
months and has been reported in up to 20% to 25% of ACI
patients.®’ On MRI, periosteal hypertrophy results in a graft
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Figure 3. Conventional sagittal proton density fast spin-echo (PD
FSE) sequence (TR/TE: 2400/28) with ultra-high resolution (512
% 512; 12 cm; slice thickness: 2 mm) of a 28-year-old male patient
24 months after matrix-associated autologous chondrocyte
transplantation (MACT) of the medial femoral condyle shows
a partial delamination (incomplete integration of the anterior
cartilage and bone interface) of the MACT (arrow).

Figure 4. Conventional axial proton density fast spin-echo (PD
FSE) sequence (TR/TE:2400/28) with ultra-high resolution (512 %
512; 12 cm; slice thickness: 2 mm) of a 36-year-old female patient
12 months after matrix-associated autologous chondrocyte
transplantation (MACT) of the medial femoral condyle. Moderate
hypertrophy of the repair tissue is seen.

that is thicker than the native cartilage and distorts the
articular contour (Fig. 4). In 5% to 10% of ACI patients,
intra-articular adhesions can lead to knee stiffness that
requires arthroscopic debridement. Adhesions are most com-
monly identified in the infrapatellar fat pad, suprapatellar
pouch, and parapatellar recesses and appear as thickened
bands of intermediate to dark signal tissue extending from
the capsule to the articular cartilage or ACI surface. The
subchondral bone plate should appear regular on MRI fol-
lowing ACI. The subchondral marrow frequently demon-
strates edema-like signal in the early postoperative period,
likely a result of the normal healing process. The intensity
and volume of the edema-like region tend to diminish over
time and regress to normal signal. Persistent or increasing
edema-like signal in the marrow beneath an ACI site sug-
gests a problem with the graft or poor integration of the
ACI with the subchondral bone and requires close clinical
follow-up.™

MR Follow-up in Correlation to Clinical Outcome

When looking at the different findings of MR scoring sys-
tems, one of the most important variables is the defect fill
after cartilage repair techniques. Subdivided into complete,
hypertrophy, incomplete >50%, incomplete <50%, and
complete delamination, this MOCART variable was shown to
correlate to clinical symptoms following matrix-associated
autologous chondrocyte transplantation (MACT) by Marlo-
vits et al.** In an article by Kreuz et al.,” the graft hypertro-
phy after ACI was further subdivided into 100% to 125%
(grade 1), 125% to 150% (grade 2), 150% to 200% (grade
3), and >200% (grade 4). This subdivision correlated with
clinical symptoms, with clinical scores worsening with an
increasing grade of graft hypertrophy. Furthermore, they
showed that surgical intervention for hypertrophy was never
necessary for grade 1 and 2 hypertrophy, necessary in 50%
of patients with grade 3 hypertrophy, and necessary in all
patients with grade 4 hypertrophy.*

In a study of the MOCART scoring system, individual
variables were correlated with clinical findings as assessed
by the visual analog score (VAS) and the Knee Injury and
Osteoarthritis Outcome Score (KOOS) for the subgroups of
pain, symptoms, activities of daily living (ADL), sports,
and knee-related quality of life.** In this evaluation, “filling
of the defect,” “structure of the repair tissue,” “changes in
the subchondral bone,” and “signal intensities of the repair
issue” showed a statistically significant correlation with the
clinical scores.*” In a study by Mithoefer et al.,* the signal
of the repair tissue, the defect fill, the cartilage integration,
and possible subchondral edema were analyzed using MRI
following microfracture of femoral articular cartilage
lesions. The defect fill was correlated with the ADL score,
the International Knee Documentation Committee (IKDC)
score, and the Short Form-36 physical component score
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(SF-36 PCS), and all knees with good fill demonstrated
improved knee function, whereas poor fill grade was asso-
ciated with limited improvement and decreasing functional
scores after 24 months. In a study by Henderson et al.,” his
MR rating system was correlated to IKDC score and the
International Cartilage Repair Society (ICRS) knee func-
tional status in patients after ACI. Although improvement
in the MR score paralleled the improvement in the IKDC
scores for each of the 4 MR variables and the overall score,
no significant correlation was established with the clinical
scores. In a study after microfracture by Kreuz et al.,** the
MR rating system of Henderson was performed and corre-
lated to the clinical ICRS score and the Cincinnati knee
score. A significant correlation between the clinical scores
and the parameter “defect filling” was found. Additional
clinical studies correlating the clinical outcome after carti-
lage repair procedures to MR scores are needed for further
validation of the MRI scoring systems. In future validation
studies, clinical correlations would ideally determine which
morphological or biochemical MR variables have a predic-
tive value and can serve as a surrogate marker for clinical
outcome.

Functional (Biochemical) MRI: Clinical Studies

A number of quantitative MRI measurement techniques
have been applied to the assessment of the biochemical
components of cartilage and cartilage repair tissues. As
applied to in vivo assessment of cartilage, these measure-
ments require specific acquisitions that generate a series of
images, each acquired with different parameters. Using
curve fitting programs, the measured values, whether it is
T1, T2, or T1rho, are then calculated for the desired regions
within the image. The imaging parameters should be care-
fully chosen to optimize sensitivity for the range of values
anticipated within the cartilage or cartilage repair tissues.
The number of image data sets acquired, that is, the number
of points defining the curve, determines the accuracy of all
these measurements and thus the ability to discriminate
between values. A trade-off between acquisition time and
accuracy of parameter measurement must be made.
Validation of the imaging technique with phantoms over
the range of expected values should be performed if this
has not been previously reported.

dGEMRIC for Assessment of Cartilage Repair

Basic technique. T1 relaxation enhanced by delayed
administration of Gd-DTPA> anion, the dGEMRIC tech-
nique, is currently the most widely used method for analyzing
PG depletion in articular cartilage and has provided valua-
ble results in vitro and in vivo.**>** Glycosaminoglycans
(GAGs) are the main source of FCD in cartilage and have

been reported to be lost in the ecarly stage of cartilage
degeneration.” After IV administration, Gd-DTPA®" pene-
trates 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-DTPA*" concentra-
tion, can be used as a specific measure of tissue GAG con-
centration. An increased accumulation of contrast agent
due to a focal depletion of GAG results in lower T1 values
in degenerative cartilage regions compared with healthy car-
tilage. For postcontrast MRI, the dGEMRIC protocol pro-
posed by Burstein et al.* is used, that is, application of a
bolus of 0.2 mmol Gd-DTPA?®" contrast agent per kilogram
body weight (double dose). After injection, the patient should
moderately exercise the knee, for example, walking up and
down stairs for about 20 minutes. Ninety minutes after IV
injection, postcontrast MRI should be performed. This delay
allows sufficient time for the contrast agent to fully diffuse
into the cartilage before the images are acquired. However,
because cartilage thickness is variable within the knee and
between patients and other joints, the time delay to reach
equilibrium should be adjusted to be longer or shorter as
appropriate for the joint and cartilage plate to be evaluated.
Moreover, the properties of the subchondral bone, in particu-
lar after different cartilage repair surgeries, may have an
influence on the equilibrium, and the exercise period may be
hard to define and standardize.

When evaluating cartilage repair tissue using dGEMRIC,
one must take into account that, contrary to studies in nor-
mal or degenerative cartilage, the repair tissue may show
different T1 values compared with normal cartilage prior to
the administration of Gd. Thus, postcontrast T1 mapping
may not correlate directly with GAG content, while the dif-
ference between precontrast and postcontrast imaging, so-
called “delta relaxation rate,” AR1 = 1/T1 precontrast — 1/
T1(Gd), correlates well.” Watanabe et al.” demonstrated that
the relative AR1 or “AR1 index” (A relaxation rate of repair
tissue divided by the A relaxation rate of normal hyaline
cartilage) correlates with the GAG concentration in ACI
repair tissue, as measured by gas chromatography, an
accepted gold standard for the measurement of GAG con-
tent in biopsy samples. However, these results were based
on 7 patients, and given the low statistical significance, it is
possible that both would show comparable significance with
a higher number of samples. In fact, in a recent study, a
larger data set of 45 MR examinations in patients after car-
tilage repair surgery with dGEMRIC technique precontrast
and postcontrast T1 mapping revealed a high correlation
between the 2 metrics T1, and ARI in all examinations
with R values above —0.8, even in the separately analyzed
patient group in the early postoperative period.”® The
high correlation implies that both metrics yield similar
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information. Based on these findings, one can conclude that
either parameter might be useful for evaluation of cartilage
repair tissue. Because the use of T1(Gd) as the study metric
involves only 1 MRI scan instead of 2, the savings in scan
time and costs, increased patient compliance, and simplifi-
cation of the protocol and image processing, it would be
desirable to avoid the measurement of AR1. If, however, a
comparison between the GAG content of native cartilage
and repair tissue within the same patient is to be measured,
the noncontrast T1 values of the native cartilage and repair
tissue need to be similar, or the comparison may not be
valid. Further studies are needed to determine if measure-
ment of AR1 is necessary for small sample studies and
intrapatient comparisons of native and repair cartilage for
all types of cartilage repair surgery.

There are many different methods to create T1 parame-
ter maps.”'”® The methods are based on progressive inver-
sion or saturation of the longitudinal magnetization; in each
case, at least 2 data sets with different T1 relevant param-
eters are required in order to determine the T1 parameter
maps. The acquisition times required for T1 maps can be
relatively long and often limited to a small number of slice
locations. 3-D applications of dGEMRIC that provide
greater coverage and faster imaging times are currently
undergoing validation.””” A 3-D inversion-recovery pre-
pared spoiled GRE (IR-SPGR) imaging pulse sequence
with variable TR has been used to implement a 3-D T1
measurement protocol. T1 measurements in phantoms
showed a statistically significant correlation between the
2-D and 3-D measurements at 1.5 T (R*=0.993; P <0.001)
and 3.0 T (R*=0.996; P < 0.001). In vivo application dem-
onstrated the feasibility of using this 3-D IR-SPGR
sequence to evaluate articular cartilage throughout the knee
joint with 0.63 x 0.63 x 3.0-mm spatial resolution within a
20-minute acquisition time.”’

In a recent report, a 3-D T1 mapping sequence at 3.0 T
for dGEMRIC based on the Look-Locker scheme has
been described, which allows full joint coverage in less
than 10 minutes. The sequence employs a magnetization-
preparation module prior to data acquisition with a banded
k-space data collection scheme.'” Preliminary data have
shown that the 3-D Look-Locker sequence provides accu-
rate T1 values in T1 mapping for dGEMRIC at 3.0 T.**
Currently, the Look-Locker scheme is a custom sequence
and not yet available for widespread use.

A recent study by Trattnig et al.”” used a 3-D variable
flip angle dGEMRIC technique in patients following
matrix-induced ACI (MACI) surgery to obtain information
related to the long-term development and maturation of
grafts within clinically acceptable scan times. This 3-D
technique allowed the acquisition of a slab of 36 slices
covering a whole compartment of the knee joint with a
relatively high resolution, 0.6 mm % 0.5 mm x 1.0 mm

(Fig. 5). In principle, this sequence can also be used as an
isotropic sequence to provide high-resolution reformatting
in all planes, without loss of resolution, from one acquisi-
tion. Precise registration of precontrast and postcontrast
images from the isotropic data set should be possible and
further enhance 3-D visualization of the biochemical com-
position of articular cartilage. As shown in a phantom
study, central positioning of the 3-D GRE slab is critical to
achieve best results for T1 mapping to eliminate partial
volume effects and increase the SNR. When this position-
ing is performed, a good correlation between variable
flip angle technique and standard inversion recovery tech-
nique for T1 mapping was shown in phantoms” and
in vivo.""!

Clinical dGEMRIC studies in patients with cartilage repair.
Two studies reported that AGEMRIC has potential as a non-
invasive MRI technique for monitoring the GAG content
after ACI. The findings of both studies suggest that the
GAG concentration in repair cartilage at month 10 (or
longer) after ACI*™'* is comparable with the GAG concen-
tration in the adjacent normal hyaline cartilage. Separately,
Trattnig et al.”” aimed to assess the maturation of cartilage
implants in a time-variant cross-sectional study. Biopsy
studies have shown that most of the changes in cartilage
implants occur in the early postoperative period, and
patients were subdivided into an early and late postopera-
tive group (3-13 months and 19-42 months, respectively).
The mean AR1 (in 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 with 0.81
(£0.47) in the late postoperative group. The difference in
ARI1 between repair tissue and normal hyaline cartilage was
statistically significant (P < 0.007) in both groups, but the
difference in AR1 of repair tissue and normal hyaline carti-
lage between the groups was not statistically significant
(P = 0.205). The mean relative AR1 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 that have shown MACI may develop hyaline-like,
mixed hyaline-fibrous, or fibrous tissue over time.'”>'*® In
a recent longitudinal study of 15 patients with matrix-asso-
ciated autologous chondrocyte transplantation (MACT), an
additional zonal differentiation (analysis of a superficial
and deep cartilage layer) was performed. There was a sig-
nificant difference between the mean AR1 of repair tissue
and that of reference cartilage at baseline and 1-year fol-
low-up (P <0.001). A significant increase in AR1 value and
thus a decrease in GAG content from the deep layer to the
superficial layer in the reference cartilage and almost no
variation and significantly higher values for the repair tis-
sue at both examinations were found. At 1-year follow-up
imaging, there was a 22.7% decrease in AR1 value in the
deep zone of the transplant.'®
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In a study by Kurkijirvi et al.,*! T2 and dGEMRIC maps
were measured in the sagittal and coronal directions in 12
patients 10 to 15 months after ACI. Grafts were assessed
for bulk full-thickness, superficial, and deep tissue T2 and
dGEMRIC values and were compared with control carti-
lage. dGEMRIC assessment in the sagittal and coronal
directions did not show a significant difference between
bulk, superficial, or deep tissue as compared with the con-
trol cartilage. Superficial and deep ACI tissue did not differ
statistically in terms of their dGEMRIC values.

dGEMRIC has been used to evaluate relative GAG con-
tent of repair tissue in patients after different surgical carti-
lage repair techniques such as microfracture, ACI, and
MACI.*! In one of these studies,'”® 10 patients treated with
microfracture and 10 with MACI were compared after
being matched by age and postoperative interval. The mean
ART1 for microfracture 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 4+ 0.44. This resulted in a relative AR1 of 3.39
for microfracture and 2.18 for MACI, the difference
between the cartilage repair groups being statistically sig-
nificant. The repair tissue formed by microfracture con-
tained less PGs and an abnormal distribution of collagen
compared with normal cartilage (analyzed by histology and
biochemistry), which may explain the poor resultant
mechanical properties often exhibited by repair tissue.'*”'%*
These findings are supported by T1 mapping results that
showed a significantly higher relative AR1 of the repair tis-
sue after microfracture than after MACI, suggesting a
lower GAG content after microfracture.

Quantitative MR T I rho

T1rho, or spin-lattice relaxation in the rotating frame, is a
time constant that defines the relaxation of spins under the
influence of the RF field T1rho. This technique was initially
used to investigate slow-motion, low-frequency interac-
tions between hydrogen nuclei in macromolecules and free
water.'” Measurement of Tlrho, or Tlrho weighting, is
acquired by applying spin locking pulses. The spin locking
pulse sequence, which is a cluster of RF pulses, starts with
a 90° pulse to flip magnetization to the transverse plane,
followed by a spin locking pulse along the y axis, “locking”
the magnetization into the transverse plane, and a second
RF pulse is applied to drive the magnetization back to the z
(longitudinal) axis. Initial concerns regarding specific
absorption rate (SAR) associated with these special pulses
have been addressed through pulse sequence modifications,
making them suitable for clinically relevant field strengths
at both 1.5 and 3 T.'%!"°

T1rho has been correlated to FCD in both enzymatically
degraded bovine and human osteoarthritic explants. In one
study, the normalized T1rho rate was strongly correlated

with alterations in FCD due to depletion of PG as con-
firmed by histology.""" Further, in a porcine model of oste-
oarthritis induced by the intra-articular injection of
recombinant interleukin-1f, subsequent degradation of PG
was noted due to the increased expression and activation of
matrix metallic proteases.''” In the latter study, Tlrho
relaxation rate (1/T1rho) of the treated specimens was
noted to have a mean T1rho rate that averaged 25% lower
than controls (saline-injected patellae) and a mean reduc-
tion of 49% in FCD, as assessed by Na* MRI.'?

There are preliminary data regarding use of Tlrho to
assess cartilage repair. Fortier et al. evaluated bone marrow
aspirate concentrate as a 1-step arthroscopically applicable
method to assess repair of full-thickness cartilage defects in
an equine model. Quantitative T1rho and T2 mapping was
performed at 3 T as well as histology, including safranin-O/
fast green staining and type II collagen immunohistochem-
istry.""* The bone marrow aspirate—treated defects had sig-
nificantly better repair tissue in terms of fill and MR
appearance compared with those treated with microfracture
alone. T1rho supported the safranin-O/fast green observa-
tions with significantly increased GAG content in both the
superficial and deep zones within the central and peripheral
regions of the bone marrow aspirate—treated tissue as com-
pared with the microfracture-treated control limbs.'”* In the
same study, quantitative T2 mapping indicated superior col-
lagen orientation in the superficial and deep zones within
the bone marrow aspirate—treated repair tissue compared
with the microfracture-treated defects.'” These data corre-
lated with superior staining for collagen type II immunohis-
tochemistry with the bone marrow aspirate—treated defects.
These results indicate that T2 and T1rho mapping provides
indirect assessment of the biochemistry of tissue repair.

T2 Mapping

T2 mapping and other techniques that assess collagen pro-
vide complementary information to those techniques tar-
geted to PG.""*!"* Quantitative T2 mapping has been shown
at both high-field and clinically relevant field strengths to
correlate to collagen orientation.''*""® In native hyaline car-
tilage, there is a depth-wise variation of T2 relaxation times
with shorter T2 values in the deeper, radial zone, where the
collagen is highly ordered, and longer values in the transi-
tional zone because of less organization of the collagen.
Depending on the pulse sequence parameters, the superfi-
cial zone or the lamina splendens may not be visualized on
morphological imaging and is too thin to accurately mea-
sure relaxation times with quantitative MRI at clinically
relevant field strengths.'"*

In the clinical setting, quantitative T2 mapping has been
used to detect early degeneration of cartilage in osteoarthri-

tis'?’ and may also be used to highlight differences between
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immature, disorganized, and more hyaline-like repair tis-
sue. In cartilage repair models, T2 relaxation time has been
significantly correlated with collagen orientation using
either polarized light microscopy or Fourier transform
infrared imaging spectroscopy as standards.''*!'>'?! Of
note, T2 has a poor correlation with collagen content,
showing no significant correlation in several repair
models.'?"'*

Several technical details regarding T2 mapping have
also been described, including the importance of the stimu-
lated echo contribution that can factitiously elevate T2
values, requiring modification of slice profile to produce
more robust T2 measurements.'> The measurement errors
associated with stimulated echo may be avoided by ignor-
ing the first echo acquired in multiecho acquisitions when
calculating T2 or by measuring T2 with a series of single
echo acquisitions. More efficient T2 data acquisition has
been demonstrated with the use of a DESS sequence that
has comparable results with the standard multiecho spin-echo
T2.'** However, as with other mapping measurements, the
greater the number of data sets, that is, TE values for T2,
the greater the accuracy of the T2 measurements. T2
assessment of repair tissue has been described at 1.5-T, 3-T,
and 7-T whole body systems as well as high-field (8.5 T)
microscopy systems studying repair (Fig. 6).”!''%12512
Despite the technical challenges of the thinner cartilage of
the ankle joint, T2 and T2* assessment of MACT and
native cartilage have been described.'*

Quantitative MR techniques may be used to compare
different cartilage repair surgeries, and evaluation may
assess either mean global value throughout the thickness of
the repair or a zonal assessment in the deep versus the
superficial half of the repair tissue. Domayer et al. described
a T2 index, defined by the mean global repair tissue T2
divided by the mean global normal cartilage expressed as a
percentage; this T2 index correlated with clinical outcome
measures including the Lysholm score and the subjective
IKDC knee evaluation form.”” Welsch et al. evaluated 20
patients who underwent either microfracture or MACT
with minimum 2-year follow-up.”> Mean as well as zonal
quantitative T2 values were calculated within the repair tis-
sue and morphologically intact native cartilage. The inves-
tigators noted that mean T2 was significantly reduced
following microfracture but not for MACT, and furthermore,
the repair tissue after microfracture showed no significant
depth-related zonal variation, whereas MACT showed a
significant increase from the deep to the superficial zone,
as seen with the intact hyaline cartilage.” It is clear that a
zonal assessment of repair tissue is optimal, as this will
help to discern differences between disorganized repair tis-
sue and the stratified T2 values of intact hyaline cartilage.

Longitudinal evaluation of repair allows for an indirect
assessment of the tissue maturation process.”> Welsch et al.
noted stratification in T2 values only after 1 year following

MACT; this stratification was not observed at baseline.'*!
Similarly, in a phase I Food and Drug Administration
(FDA) trial of a tissue-engineered, autologous chondrocyte—
seeded collagen scaffold, Crawford et al. noted progressive
stratification of T2 values at 24 months in contrast with
values obtained at 12-month follow-up.'*

Quantitative T2 mapping has also been used to assess
the interface between transplanted and native cartilage,
highlighting immature fibrocartilage and disorganized
repair tissue, suggesting a limited ability to produce matrix
at the site of peripheral integration. This has been noted in
a clinical study of patellar autologous osteochondral trans-
plantation, in which progressive T2 prolongation was noted
at the offset of the tidemark that occurred between the
thicker native cartilage over the patella and the thinner
cartilage over the autologous plug.'*® Similar findings have
been described in a canine model comparing autograft with
allograft transplantation, where a persistent cleft of disor-
ganized, prolonged T2 tissue was noted at the peripheral
integration with the native cartilage, confirmed on subse-
quent histology.'*

Quantitative MRI may also provide insight into the
comparison of similar cartilage repair techniques performed
over different anatomical compartments and thus subject to
different contact pressures. Welsch et al. compared T2
mapping of 34 patients treated with MACT over the patella
(N =17) versus the medial femoral condyle (N = 17), not-
ing prolonged T2 values over the condyle compared with
values obtained from the patella repair tissue, indicating
differential maturation of the repair tissue as a function of
its environment.'**

Magnetization Transfer Contrast

The use of magnetization transfer (MT) imaging for articu-
lar cartilage was first described by Wolff et al.** MT
effects are based on the interaction of 2 different proton
pools, the free (unbound) water pool, which is visible by
MRI, and the unseen, very short T2 water pool that is
bound to macromolecules. After saturation of the magneti-
zation of bound water molecules by off-resonance or bino-
mial pulses, the equilibrium is shifted to the bound proton
pool, which results in a reduction of the observable magne-
tization and, thus, in a reduction of the MR signal. Thus,
MT is specific for tissues with a large number of macro-
molecules and may provide a quantitative method for tis-
sue characterization of basic macromolecular dynamics
and chemistry."**"** In the evaluation of articular cartilage,
in vitro studies'**'* show that collagen concentration and
collagen orientation may possibly play the most important
role for magnetization transfer contrast (MTC). MT has
been used for the quantitative in vivo evaluation of articu-
lar cartilage, with promising results for cartilage repair
(Fig. 7).14%14
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Figure 5. Dual flip angle excitation pulse 3-D gradient-echo (GRE) sequence (TR/TE: 15/3.94) (320 x 320; | 6 cm;slice thickness: 3 mm).A
flip angle of both 4.6° and 26.1° was used.The acquisition of 22 slices took | minute and 53 seconds.The sequence was performed before
and after the intravenous application of ionic Gd-DTPA", In a 23-year-old male patient 22 months after matrix-associated autologous
chondrocyte transplantation (MACT), the repair tissue shows significantly lower T| values and thus lower glycosaminoglycan (GAG)
content compared with normal hyaline cartilage. This is well demonstrated on the postcontrast T| map but cannot be differentiated on

the precontrast T| map.

Figure 6. Axial multi-echo (a) spin-echo T2 (TR/TE: 1200/12.9, 25.8, 38.7,51.6, 65.5, 77.4; flip angle: 180°) sequence and (b) gradient-
echo (GRE) T2* (600/5.7, 9.8, 14.0, 18.1, 22.2, 26.4; flip angle: 20°) sequence with identical high in-plane resolution (384 x 384; 16 cm;
slice thickness: 3 mm) visualizing a 29-year-old female patient 24 months after matrix-associated autologous chondrocyte transplantation
(MACT) (arrows) within the patella.
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Figure 7. Axial 3-D magnetization transfer (MT)—weighted images of a |7-year-old male patient 3 months after matrix-associated
autologous chondrocyte transplantation (MACT) of the patella. MT-saturated (a) and MT-free (b) images and the corresponding MT
contrast (MTC) map (c).The MTC map shows clearly lower MTC ratio within the repair tissue (arrows).

Figure 8. Axial diffusion-weighted images of a patient 24 months after matrix-associated autologous chondrocyte transplantation
(MACT) (arrows) of the patella using a high-resolution, 3-D, balanced, steady-state gradient-echo pulse sequence (3-D diffusion-weighted
reversed Fast Imaging with Steady State Precession [DW-PSIF]) without (a) and with a diffusion gradient of 130 T*ms*m™" in 3 directions,
slice (b), phase (c), read (d), resulting in an apparent diffusion coefficient (ADC) map (e) furthermore based on a T| map and given T2
values. A clearly higher diffusivity of the repair tissue in contrast to the healthy surrounding cartilage is visible.

Twelve months after ACI, a significant difference
between the cartilage repair tissue and surrounding control
cartilage could be described with an evolution toward nor-
mal MT values in the repair tissue after 24 months.'* In a
comparison study between microfracture and MACT using
MTC,'"* a new MT-sensitized SSFP approach'** was pre-
pared providing a fast and signal-intense 3-D MT sequence.
MTC and T2 mapping was used in the assessment of global
mean values, as well as zonal variations, of articular carti-
lage and cartilage repair tissue. Compared with T2, MTC
showed a similar zonal behavior in its zonal evaluation
especially of healthy control cartilage sites. Whereas the
differentiation between the repair tissue after microfracture
and MACT was better using T2 mapping, MTC showed a
better differentiation between healthy cartilage sites and
cartilage repair tissue, which is likely due to the more sensi-
tive visualization of collagen structure and content. Very
recent MT approaches may base the possibility to gain a

quantification of the free and the bound water in articular
cartilage as well as cartilage repair tissue.

Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) reflects the self-diffu-
sion of water within tissues. In understanding this image-
contrast mechanism, articular cartilage or the repair tissue
needs to be considered as a complete system.'* Basically,
DWI is based on molecular motion that is influenced by
intracellular and extracellular barriers. Consequently, it is
possible to estimate the biochemical structure and architec-
ture of the tissue by measuring molecular movement.'*'4¢
Echo planar imaging (EPI)-based diffusion sequences are
the current gold standard of DWI for neurological applica-
tions, however they suffer from limitations in contrast and
resolution (due to the long echo times required). These dis-
advantages render EPI methods very time consuming for
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Table 2. Recommendations for Use of Magnetic Resonance Imaging (MRI) in Multicenter Cartilage Repair Trials

Recommendation

Concerns/Variables

Establish imaging core laboratory with expertise in cartilage
repair

MRI data points (scoring system, pulse sequences, biochemical
assessment) in phase | should parallel those used in preclinical
models

Standardize magnetic field strength

Standardize imaging coils

Use cartilage pulse sequence validated for accuracy and
reproducibility

Use published and previously applied morphology assessment
system (e.g., MOCART)

Assess RC fixed charge density (proteoglycan) compared with NC

Assess RC collagen orientation compared with NC

Assess zonal (deep, superficial) relaxation times for RC, NC, and
tissue at peripheral integration between RC and NC

Define time points for data collection: 6 months, | year, 2 years,
etc.

QA concerns: biyearly phantom assessment of relaxation times

Standardize postprocessing algorithm for quantitative assessment

Allows for standardized and reproducible assessment of RC and
compliant registry of patient data

Preclinical data will allow for relative range of relaxation times
and expected morphological appearance of RC

Field strength will affect signal intensity and tissue relaxation
times

Coil design will affect signal-to-noise ratio and image quality

MRI treated as an outcome measure

MRI treated as an outcome measure

dGEMRIC;TIrho

T2 mapping

Provides objective and quantifiable tissue characterization of RC
and tissue at peripheral integration with host tissue

Coordinate MRI metrics with acquisition of subjective clinical
outcome instruments

Will detect site-specific issues that may lead to inaccuracies in
quantitative assessment of RC and NC

Different algorithms may affect RC and NC relaxation times by
up to 20% to 30%

Note:RC = repair cartilage; MOCART = magnetic resonance observation of cartilage repair tissue; NC = native cartilage; dGEMRIC = delayed gadolinium-

enhanced MRI of cartilage; QA = quality assurance.

imaging tissues with short T2, such as cartilage and muscle.
Alternatively, diffusion imaging can be performed using
SSFP sequences, which provide diffusion weighting at rela-
tively short echo times.'*” Zonal evaluation of DWI in artic-
ular cartilage is desirable but suffers in vivo from the given
resolution and signal. However, there are in vitro studies that
report a zonal pattern of diffusion cartilage imaging'* as
well as a dependency of the diffusivity on the collagen
framework.'* In earlier studies, this reliance on cartilage
ultrastructure was evaluated to possibly detect early carti-
lage matrix damage.'

Studies concerning DWI focusing on the SSFP sequence
are based on a reversed FISP approach. The so-called 3-D
diffusion-weighted reversed Fast Imaging with Steady
State Precession (DW-PSIF) sequence is able to provide a
semiquantitative assessment of the diffusional behavior of
hyaline cartilage and cartilage repair tissue.®"'>""'** Thus,
in cartilage repair, the differentiation of the surrounding
control cartilage and cartilage repair tissue after MACT is
possible because of the higher diffusivity of the repair tis-
sue even years after surgery (Fig. 8).°' In a longitudinal
study, nevertheless, the diffusivity seems to decrease over
time toward control healthy cartilage."”’ In a multimodal
approach, comparing repair tissue after microfracture and
MACT, the diffusivity of the repair tissue after microfracture

seems even higher than that after MACT, and an initial
correlation with clinical results could be assessed.'”* The
feasibility of this technique was also shown in cartilage
repair procedures of the thin ankle cartilage.'*’ Very recent
SSFP DWI sequences provide direct quantification using
apparent diffusion coefficient (ADC), which should be the
goal for future approaches in the evaluation of cartilage
repair procedures.

Part 3: Regulatory Issues
Food and Drug Administration

The current recommendations for the industry in the
preparation of investigational device exemption (IDE) or
investigational new drug application (IND) for products
intended to repair or replace knee cartilage are available on
the FDA Web site (http://www.fda.gov). While the docu-
ment in its current form makes no recommendation for use
of noninvasive assessment such as MRI as surrogates for
clinically meaningful primary efficacy end points, more
recent interest has been raised in the use of MRI in the
clinical assessment of cartilage repair (Table 2). During a
more recent meeting of the Cellular, Tissue and Gene
Therapies Advisory Committee (CTGTAC) on May 15,
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2009, one of the specific questions posed to the panel was
to indicate if substantially new information was available to
recommend MRI and/or histological assessments as sec-
ondary efficacy end points. Published data were presented
and discussed. Clearly, there is an interest in using MRI as
an objective assessment of tissue repair; therefore, careful
consideration should be given to devising repair trials using
MRI as an efficacy end point.

Evaluation of cartilage repair should ideally include
both morphological and quantitative imaging. A core labo-
ratory should be established, which will be responsible for
collecting the imaging data and phantom assessment, when
applicable, storing deidentified patient files in a secure
location, and maintaining the technical rigor of the imaging
assessment. If the assessment is limited to morphological
imaging alone, a standardized protocol should be prepared
that uses pulse sequences that have been validated for accu-
racy in assessing articular cartilage based on the suitable
standard such as arthroscopy. In addition, a published
record of reproducibility (interobserver/intraobserver vari-
ability) using the pulse-specific pulse sequence parameters
is recommended. Morphological assessment should be
utilized with a published regimen to assess cartilage repair
that has been applied to previous cartilage repair stud-
ies.”>'> Standardized score sheets should be used for each
study that is interpreted by the core laboratory, detailing the
specific features outlined in the scoring system utilized.

Challenges in multi-institutional trials include the use of
different field strengths as well as hardware and software
from different imaging vendors. It is strongly recom-
mended that an imaging trial be limited to a single field
strength, as there is a difference in tissue relaxation times
with altering field strength.'>*

In addition, the postprocessing algorithms used to assess
quantitative MR parameters vary between vendors and can
result in substantial quantitative differences in individual
patient data sets. In a longitudinal assessment, a single
patient should be evaluated on the same MR system at a
consistent field strength. It is recommended that investiga-
tors utilizing commercial algorithms to assess quantitative
differences request validation data from the vendor, justify-
ing the accuracy of the algorithm in measuring cartilage
relaxation times, based on a suitable standard. Standard
assessment of tissue relaxation times may be obtained with
the use of doped phantoms. These are also recommended to
be distributed between sites, with regular interval assess-
ment (ideally, 6 months), in order to maintain quality assur-
ance, both within a single site as well as between sites.
Results of phantom data should be compiled at the core
laboratory. For example, T2 phantoms set at 30 ms and 60
ms are in standard practice in cartilage repair assessment to
reflect the range of T2 values within normal and abnormal
cartilage. Intermittent artifacts induced by eddy currents

and white pixel noise may contribute to quantitative MR
contamination and may lead to factitious values at clinical
assessment. The use of phantoms will therefore alert the
core laboratory and, consequently, the individual site for
the need for quality assurance with the local field engineer.
In addition, equipment upgrades may require phantom
calibration evaluations to ensure comparable data. To per-
form such calibrations, it is necessary to acquire phantom
measurements before and after the equipment change;
therefore, study coordinators should require clinical sites to
inform them of any planned equipment changes before they
occur. The choice of imaging coils is also important, as
quantitative values may vary between linear, quadrature, or
multiple channel phase array coils. As such, standardization
of coils for longitudinal assessment is recommended
(whenever possible) between sites.

Prior to enrollment of a site for imaging, the selected
imaging protocol should be sent and a volunteer patient
studied so as to ensure that the morphological images are
free of artifact and the quantitative data are within an
acceptable range. The site should be able to document a
regular schedule of quality assurance (QA) for the MR
unit(s), as suggested by the vendor. When the site is
enrolled and images are obtained, any deviations from the
protocol or issues (such as failure to repeat a sequence for
patient motion) should be noted on a standardized QA
form. MRI provides a meaningful objective assessment of
cartilage repair trial when applied in a thoughtful, rigorous
fashion. The selection of the individual sites for imaging
should be as careful as the sites chosen for their surgical
expertise and patient demographics.

European Medicines Agency (EMEA)

Information about the EMEA’s work in the field of advanced
therapy medicinal products can be found on their Web site
(http://www.emea.europa.cuw/htms/human/advanced_therapies/
intro.htm). The main document is the “REGULATION (EC)
No 1394/2007 OF THE EUROPEAN PARLIAMENT AND
OF THE COUNCIL of 13 November 2007 on advanced ther-
apy medicinal products and amending Directive 2001/83/
EC and Regulation (EC) No 726/2004.” The Committee
for Medicinal Products for Human Use (CHMP) has devel-
oped a “Guideline on Human Cell-Based Medicinal
Products” that came into effect on September 1, 2008.
While these documents in their current form make no rec-
ommendation for use of noninvasive assessment such as
MRI as surrogates for clinically meaningful primary effi-
cacy end points, more recent interest has been raised in the
use of MRI in the clinical assessment of cartilage repair as
a secondary end point. Therefore, a reflection paper on the
role of MRI is in preparation and should be published at the
end of 2009.
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Recently, the EMEA has recommended the first market-
ing authorization for an advanced therapy medicinal prod-
uct, a MACI product, following a positive opinion from the
Agency’s Committee for Advanced Therapies (CAT) and
the CHMP. This first product benefits from the new legal
and regulatory framework for advanced therapy medicinal
products (Regulation [EC] No 1394/2007). This framework
is designed to ensure the free movement of advanced
medicines within the European Union (EU), to facilitate
their access to the EU market, and to foster the competitive-
ness of European pharmaceutical companies in the field
while guaranteeing the highest level of health protection for
patients.

Conclusion

Morphological and biochemical MRI is now possible with
high-field MR systems, advanced coil technology, and
sophisticated sequence protocols capable of visualizing car-
tilage repair tissue, the adjacent articular cartilage, and the
surrounding structures, in vivo, at high resolution, and in
clinically applicable scan times. Standard morphological
approaches can demonstrate the constitution of cartilage
repair tissue. Isotropic 3-D sequences show great promise
for improving cartilage imaging and also for the diagnosis
of surrounding pathologies within the knee joint.
Quantitative/biochemical MR approaches are able to pro-
vide a specific measure of the composition of cartilage.
Cartilage physiology and ultrastructure can be determined,
changes in cartilage macromolecules can be detected, and
cartilage repair tissue can thus be assessed and potentially
differentiated.

Morphological MRI provides the basis for diagnosis and
follow-up evaluation of cartilage defects and surgical carti-
lage repair, whereas biochemical MRI provides deeper
insight into the composition of cartilage and cartilage repair
tissue. A combination of both, together with clinical evalu-
ation, may, in the future, represent a desirable multimodal
approach to diagnosis as well as for routine clinical follow-
up after cartilage repair procedures.
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