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Abstract The objective of this study
was to use advanced MR techniques to
evaluate and compare cartilage repair
tissue after matrix-associated autolo-
gous chondrocyte transplantation
(MACT) in the patella and medial
femoral condyle (MFC). Thirty-four
patients treated with MACT under-
went 3-T MRI of the knee. Patients
were treated on either patella (n=17)
or MFC (n=17) cartilage and were
matched by age and postoperative
interval. For morphological evalua-
tion, the MR observation of cartilage
repair tissue (MOCART) score was
used, with a 3D-True-FISP sequence.
For biochemical assessment, T2 map-
ping was prepared by using a multi-

echo spin-echo approach with parti-
cular attention to the cartilage zonal
structure. Statistical evaluation was
done by analyses of variance. The
MOCART score showed no signifi-
cant differences between the patella
and MFC (p>0.05). With regard to
biochemical T2 relaxation, higher T2
values were found throughout the
MEFC (p<0.05). The zonal increase in
T2 values from deep to superficial was
significant for control cartilage (p<
0.001) and cartilage repair tissue (p<
0.05), with an earlier onset in the
repair tissue of the patella. The
assessment of cartilage repair tissue of
the patella and MFC afforded com-
parable morphological results,
whereas biochemical T2 values
showed differences, possibly due to
dissimilar biomechanical loading
conditions.

Keywords MRI - Cartilage repair -
T2 mapping - MOCART - Patella -
Medial femoral condyle

Introduction

Articular cartilage lesions are common disorders of the
knee joint. In a recent survey on 25,124 knee arthroscopies,
cartilage lesions were found most frequently within the
patella (36%) and the medial femoral condyle (MFC)
(34%) [1]. However, there is a clear topographical
difference in cartilage surface and cartilage thickness
between these two anatomical sites [2, 3]. Furthermore,

when looking at biochemical and biomechanical proper-
ties, this regional variation is also obvious, most likely due
to different loading conditions that influence the compres-
sive and tensile behavior of articular cartilage [4-6].
Conventional magnetic resonance imaging (MRI) allows
a noninvasive evaluation of articular cartilage and has been
shown to be sensitive to morphological alterations at the
repair site [7-10]. A validated scoring system for the
morphological MR evaluation of cartilage repair sites is
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the MR observation of cartilage repair tissue (MOCART)
system [11]. However, this purely morphological MRI
cannot define the composition of repair tissue. The
ultrastructural organization of articular cartilage can be
assessed by biochemical MRI noninvasively. T1 relaxation
time in the presence of Gd-DTPA?" (delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC)) reflects the
proteoglycan content of articular cartilage, whereas T2
relaxation time is sensitive to the integrity and orientation
of the collagen network and hydration [12—14]. For T2
mapping, the zonal assessment of deep and superficial
cartilage layers has been shown to provide additional
information based on the anisotropy of collagen fibers [15].
The appearance of the cartilage layers in MRI is strongly
influenced by this typical anisotropic arrangement within
the different cartilage zones and by their alignment with the
main magnetic field [16—-18]. In histologically validated
animal studies [19, 20], and a recent patient study [21], an
increase in T2 values from the deep to superficial zones has
been used as a marker of hyaline or hyaline-like cartilage
structure. Together with the proteoglycan content, the
collagen content and the network architecture are the major
determinants of the biomechanical properties of articular
cartilage, where a topographical difference has been
reported between patella and femoral cartilage [5].

With surgical cartilage repair, differences in clinical
outcome have been described between cartilage transplan-
tation in the patella and in the femoral condyle [22].
Furthermore, the difference in the quality of articular
cartilage repair between the patella and the femoral condyle
is known to be strongly influenced by the mechanical
environment [23].

The objective of this cross-sectional study was to
compare cartilage repair tissue in the patella and cartilage
repair tissue in the MFC in patients after matrix-associated
autologous chondrocyte transplantation (MACT) by using
morphological scoring and biochemical in vivo zonal T2

mapping.

Materials and methods
Patient population

Thirty-four patients treated with MACT were enrolled in
this study. There were 17 patients whose patellar cartilage
was treated and 17 patients whose MFC cartilage was
treated. The patients of each group were matched from a
greater cohort by age and postoperative interval to obtain
better comparability. The Medical University provided
ethical approval for this study, and written, informed
consent was obtained from all patients before enrolment in
the study.

For inclusion into the study, the patients of both
groups had to have a single, symptomatic, full-thickness
cartilage defect treated with MACT. MACT is a

sophisticated, two-step surgical approach for the treat-
ment of middle to large full-thickness cartilage defects
by using a hyaluronan-based scaffold (Hyalograft C,
Fidia Advanced Biopolymers, Abano Terme, Italy). The
defects were located on the patella (n=17), with a mean
size of 3.3 cm? (range 1.4-5.2 cm?), and the MFC (n=
17), with a mean size of 4.2 cm” (range 1.3-9.82 cm?).
This difference in size, however, was not statistically
significant (p=0.11). Furthermore, there was no differ-
ence between the two groups with regard to the body
mass index of 24.6 kg/m? for the group of MACT in the
patella and 25.7 kg/m? for the group of MACT in the
MFC (p=0.30). There were eight women and nine men
with MACT of the patella cartilage and five women and
12 men with MACT of the MFC.

Exclusion criteria included severe osteoarthritis and
instability or deformity. These criteria and the solitary
nature of the cartilage defect were preoperatively proven
through conventional radiographs and MRI, and docu-
mented during initial surgery. The two groups were
matched by age (patella, 36.3+7.9 years (range 23-49);
MFC, 35.2+8.2 years (range 20-49)) and by length of
postoperative follow-up (patella, 29.3+£21.5 months; MFC,
29.3+21.5 months). For each group, the postoperative
intervals (time between MACT surgery and MRI) within
this cross-sectional evaluation were classified as a short-
term follow-up of 6—12 months (n=6), a midterm follow-
up interval of 24 months (n=6), and a long-term follow-up
of 60 months (n=5).

Image acquisition

MRI was performed on a 3-T MR system (Magnetom Trio,
Siemens Medical Solutions, Erlangen, Germany) by using
a dedicated eight-channel knee coil (Invivo, Gainesville,
FL, USA). All patients were positioned consistently with
the joint space in the middle of the coil and the knee
extended in the coil. Patients were scanned after at least
0.5 h of rest.

The protocol for both groups was identical and consisted
of a morphological 3D true fast imaging with steady-state
precession (True-FISP) sequence for the morphological
assessment and a multiecho spin-echo (SE) sequence using
six echoes for T2 mapping. After multiplanar reconstruc-
tion of the isotropic 3D-True-FISP sequence using a 3D
viewing tool, the cartilage repair site was identified to
facilitate planning of appropriate anatomic coverage/
localization of the subsequent 2D SE-T2 mapping acqui-
sition. For exact localization of the T2 measurements, the
morphological information from the 3D-True-FISP images
was used, together with the surgical reports, and with an
orthopedic surgeon present during the MR measurements.
T2 relaxation times were obtained axially for the patella and
sagittally for the MFC. The isotropic 3D-True-FISP was
obtained in the coronal orientation for all patients [24]. T2
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relaxation times were obtained from T2 maps that were
reconstructed using an SE acquisition with a repetition time
(TR) of 1,200 ms and six echo times (TE) of 13.8 ms,
27.6 ms, 41.4 ms, 55.2 ms, 69 ms, and 82.8 ms. The field of
view (FoV) was 160x 160 mm, the pixel matrix was 384 x
384, the voxel size was 0.4 x0.4x3.0 mm, and the distance
factor was 20%. The bandwidth was 228 Hz/pixel, with 12
slices; acquisition time was 4 min 9 s. The 3D-True-FISP
sequence was obtained with a TR of 8.9 ms and a TE of
3.8 ms. The FoV was 160160 mm, the pixel matrix was
384 %384, and the voxel size was 0.4x0.4x0.4 mm. The
data acquisition time for this sequence was 6 min 47 s.

Data analysis

In order to evaluate the morphological condition after a
cartilage repair procedure for each anatomical region
(patella and MFC) by using the isotropic 3D-True-FISP
sequence, the MOCART scoring system was used [25].
The True-FISP sequence has very recently been shown to
achieve excellent results in the evaluation of articular
cartilage [24, 26, 27]. The MOCART score was designed to
systematically record the constitution of the area of
cartilage repair and surrounding tissues with a maximum
score achievable in nine variables of 100 [10, 28]. Figures 1
and 2 illustrate morphological isotropic 3D-True-FISP data
sets after MACT of the patella and the MFC.

T2 maps were obtained in-line by a pixel-wise,
monoexponential, non-negative least-squares (NNLS) fit
analysis using the built-in Maplt software (Siemens
Medical Solutions, Erlangen, Germany). Regions of
interest (ROIs) were drawn manually by an experienced
senior musculoskeletal radiologist in consensus with an
orthopedic surgeon with a special interest in musculoskel-

etal MRI. A region of morphologically normal-appearing
cartilage within the same anatomical region was selected as
a reference (control) cartilage. The ROIs dividing the full
thickness of cartilage repair tissue as well as the control
cartilage into equal-sized deep and superficial aspects were
positioned on three consecutive slides covering the carti-
lage repair tissue. Control cartilage was defined as normal
on the morphological True-FISP sequence if cartilage
thickness was preserved, the surface was intact, and no
intrachondral signal alterations were visible. Sample T2
maps with ROIs positioned are shown in Fig. 3. The mean
number of pixels in the ROIs drawn were calculated for the
patella cartilage (repair tissue, deep 4274307 and super-
ficial 456+272; control cartilage, deep 459+217 and
superficial 498+191); and for the femoral cartilage (repair
tissue, deep 273+145 and superficial 287+153; control
cartilage, deep 263+114 and superficial 269+104). There
was no significant difference between ROIs for deep and
superficial layers or between ROIs of repair tissue and
control cartilage (p>0.05); however, all ROIs within the
patella were significantly larger than all ROIs within the
femoral condyle (p<0.05).

To evaluate the postoperative clinical outcome, each
patient subjectively evaluated the knee function at follow-
up, using the patient-based Brittberg score, dividing
clinical outcome into five groups: excellent (1), good (2),
fair (3), poor (4), and failure (5) [29].

Statistical tests were used to perform the data analyses.
Quantitative evaluation was accomplished by analyses of
variance by using a three-way ANOVA with random factors,
considering the different measurements within each patient.
For the trend in between the cartilage layers (deep—superfi-
cial), a three-way analysis of variance with random effects
with two repeated measures factors was performed. SPSS
version 16.0 (SPSS Institute, Chicago, IL, USA) for Mac

Fig. 1 Morphological 3D isotropic true fast imaging with steady-
state precession (True-FISP) sequence of one patient 24 months after
matrix-associated autologous chondrocyte transplantation (MACT)
of the patella (arrows). The isotropic data set is reconstructed in

transversal (a), sagittal (b), and coronal (c) direction. Slight effusion
is still visible; the cartilage repair tissue is integrated nicely; the
signal intensity is identical to the adjacent cartilage
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Fig. 2 Morphological 3D isotropic True-FISP sequence of one
patient 12 months after MACT of the medial femoral condyle
(MFC) (arrows). The isotropic data set is reconstructed in
transversal (a), sagittal (b), and coronal (¢) direction. Slight effusion

(Apple, Cupertino, CA, USA) was used, and a p value less
than 0.05 was considered statistically significant.

Results
Morphological results

For the morphological evaluation, the MOCART scoring
system for all postoperative intervals together showed no
significant difference between the two cartilage repair sites,
with a MOCART score of 73.24+12.7 (ranging from 50 to
90) for the patella and 71.5+12.5 (ranging from 50 to 90)
for the MFC (p=0.685). The results for the different

is still visible; the cartilage transplant is integrated nicely, albeit with
hypertrophy of the repair tissue. The signal intensity of the repair
tissue is nearly normal with slight areas of signal alteration

variables of the score are given in Table 1. When looking at
these variables, there are differences between the patella
and the MFC; however, none of them was statistically
significant. The most pronounced differences were found
for filling of the defect by the repair tissue (p=0.091), the
surface characteristics (p=0.172), and the signal intensity
(»=0.201). Several of the variables, including structure
(»=0.304), possible adhesions (p=0.325), and the con-
stitution of the subchondral bone (p=0.488), were more
alike between the patella and the femoral condyle,
whereas no difference could be observed between the
integration of the cartilage repair tissue to the border
zone (p=1.000), the constitution of the subchondral
lamina (p=1.000), and possible effusions (p=1.000).

Fig. 3 Biochemical quantitative T2 maps of the patient visualized
in Fig. 1 after MACT of the patella (a) and the patient displayed in
Fig. 2 after MACT of the MFC (b). Arrows mark areas of cartilage
repair; zonal (deep and superficial) region of interest analysis was
prepared for the cartilage repair tissue (arrows) and healthy control

cartilage. Whereas for the cartilage repair tissue within the MFC
12 months after surgery (b) higher T2 values are clearly visible
which adjusts the cartilage repair tissue within the patella 24 months
after surgery (a) more to the adjacent cartilage
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Table 1 MRI evaluation of cartilage repair tissue in the patella (n=17) and medial femoral condyle (n=17) by using the magnetic resonance

observation of cartilage repair tissue (MOCART) score

Variables (points for scoring) Patella MFC
Degree of defect repair and filling of the defect
Complete (20) 9 (52.9) 6 (35.3)
Hypertrophy (15) 5(29.4) 4 (23.5)
Incomplete
>50% of the adjacent cartilage (10) 3(17.7) 4 (23.5)
<50% of the adjacent cartilage (5) 0 (0) 3(17.7)
Subchondral bone exposed (0) 0 (0) 0 (0)
Integration of border zone
Complete (15) 13 (76.5) 12 (70.6)
Incomplete
Demarcating border visible (slit-like) (10) 3 (17.6) 4 (23.5)
Defect visible <50% of the length (5) 1(5.9) 1(5.9)
Defect visible >50% of the length (0) 0 (0) 0 (0)
Surface of the repair tissue
Surface intact (10) 12 (70.6) 9(52.9)
Surface damaged <50% of depth (5) 4 (23.5) 5(29.4)
Surface damaged >50% of depth (0) 1(5.9) 3 (17.6)
Structure of the repair tissue
Homogeneous (5) 12 (70.6) 9 (52.9)
Inhomogeneous (0) 5(29.4) 8 (47.1)
Signal intensity of the repair tissue
Normal (identical to adjacent cartilage) (30) 6 (35.3) 8 (47.1)
Nearly normal (slight areas of signal alteration) (15) 8 (47.1) 9(52.9)
Abnormal (large areas of signal alteration) (0) 3 (17.6) 0 (0)
Subchondral lamina
Intact (5) 9 (52.9) 9 (52.9)
Not intact (0) 8 (47.1) 8 (47.1)
Subchondral bone
Intact (5) 12 (70.6) 10 (58.9)
Not intact (0) 5(29.4) 7 (41.1)
Adhesions
No (5) 16 (94.1) 17 (100)
Yes (0) 1(5.9) 0 (0)
Effusion
No (5) 9 (52.9) 9 (52.9)
Yes (0) 8 (47.1) 8 (47.1)

Values by number of patients and percentage within the group

The subdivision based on the different follow-up
intervals after surgery showed stable values for the
MOCART score within the patella (75.8 at 612 months,
70.0 at 24 months, 74.0 at 60 months) and the MFC (70.8 at
6—12 months, 72.5 at 24 months, 71.0 at 60 months), and
also no significant differences for the single variables of the
score (p>0.05).

Biochemical results

A comparison of T2 relaxation times (milliseconds) for all
patients after MACT of the patella and for all patients after
MACT of the MFC showed significantly higher T2 values
for the MFC (control cartilage, deep 44.4+4.6 and superior
55.9+£6.6 (mean 48.7+5.2); cartilage repair tissue, deep
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Table 2 Mean T2 values (milliseconds) for cartilage repair tissue and control cartilage of all patients, subdivided into groups according to

postoperative follow-up interval

Localization Follow-up T2 deep T2 superior T2 mean
MFC 6—-12 months Cartilage repair tissue Mean 58.7 61.1 59.9
StDv 7.8 10.6 8.7
Control cartilage Mean 44.1 53.4 48.8
StDv 42 8.7 6.1
Differences p 0.001 0.064 0.001
24 months Cartilage repair tissue Mean 46.6 50.1 48.3
StDv 7.7 8.6 8.0
Control cartilage Mean 43.0 51.1 47.1
StDv 5.7 5.7 5.4
Differences p 0.217 0.736 0.655
60 months Cartilage repair tissue Mean 45.2 51.8 48.5
StDv 6.3 11.0 7.8
Control cartilage Mean 46.4 54.5 50.5
StDv 2.7 43 33
Differences p 0.579 0.476 0.471
Patella 6—12 months Cartilage repair tissue Mean 429 49.5 46.2
StDv 7.8 10.6 8.7
Control cartilage Mean 44.1 534 48.8
StDv 42 8.7 6.1
Differences P 0.001 0.064 0.001
24 months Cartilage repair tissue Mean 46.6 50.1 48.3
StDv 7.7 8.6 8.0
Control cartilage Mean 43.0 51.1 47.1
StDv 5.7 5.7 5.4
Differences p 0.217 0.736 0.655
60 months Cartilage repair tissue Mean 45.2 51.8 48.5
StDv 6.3 11.0 7.8
Control cartilage Mean 46.4 54.5 50.5
StDv 2.7 43 33
Differences 2 0.579 0.476 0.471

The statistical significances are given for the differentiation of cartilage repair tissue and control cartilage

50.4+9.5 and superior 54.5£10.9 (mean 52.549.7))
compared with the patella (control cartilage, deep 35.0+
6.7 and superior 44.3+7.9 (mean 39.7+7.0); cartilage
repair tissue, deep 39.1+£7.6 and superior 45.2+8.2 (mean
42.2+7.5)) (p<0.001). Differences between the control
cartilage and the cartilage repair tissue were most obvious
within the deep cartilage layer for both the patella (deep p=
0.023, superior p=0.646, mean p=0.166) and the MFC
(deep p=0.001, superior p=0.479, mean p=0.048). The
increase from deep to superficial cartilage layers was
significant for the control cartilage (»p<0.001) and the
cartilage repair tissue (p<0.05); however, highly signifi-

cant results were more pronounced within the control
cartilage (patella p=0.008, MFC p=0.002).

Further evaluation of the different postoperative follow-
up intervals (i.e., short-term 6-12 months, midterm
24 months, long-term 60 months) was performed only for
deep and superficial cartilage layers, and the resulting T2
values are given in Table 2. A highly significant increase
from deep to superficial cartilage layers was found for all
control cartilage sites (p<0.001). The cartilage repair tissue
showed differences between the patella and the MFC in the
zonal assessment. When looking at the patella, a significant
zonal increase could be observed within all follow-up
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Fig. 4 Zonal T2 evaluation of the patient group after MACT of the
patella (a) and the patient group after MACT of the MFC (b).
Results are displayed over time concerning the short-term (6—
12 months), midterm (24 months), and long-term (60 months)
follow-up. For both anatomical sites stable T2 values with a clear

intervals (p<0.05). When looking at the MFC, cartilage
repair tissue showed no zonal variation for the shortest
postoperative interval (p=0.235), but for the mid- and the
long-term follow-up a significant zonal stratification could
be observed (p<0.05). The zonal T2 evaluation over time is
shown in Fig. 4 for the patella and the MFC.

When comparing results for the patella and the MFC,
significant differences in T2 values could be found for all
control cartilage sites, with higher values for cartilage sites
within the MFC. When looking at the cartilage repair tissue
sites again, nearly all measured T2 values were signifi-
cantly higher within the MFC compared with the patella.
These results are displayed in Fig. 5.

Clinical results

Regarding the postoperative outcome a symptomatic relief
could be achieved and none of the patients reported a
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Fig. 5 T2 values of control cartilage (a) and cartilage repair tissue
(b) as a comparison between the patella (gray) and the MFC (black)
with given significances. Nearly all measurements show significant
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zonal stratification are visible for the healthy control cartilage
(gray). For the cartilage repair tissue (black) higher T2 values in the
short-term follow-up adapt over time for both sites; the zonal
stratification of the T2 values shows an earlier onset within the
patella, compared with the MFC

failure of the therapy. Overall the Brittberg score showed
good results for both groups with 2.27 after MACT of the
MFC and 2.33 after MACT of the patella and no significant
difference between both sites (p=0.825).

Discussion

In this study, cartilage repair tissue after MACT and healthy
control cartilage were compared between two anatomical
sites within the knee joint with a different requirement
profile due to differences in loading conditions [30-32].
Within the patellofemoral joint, patellar cartilage com-
presses and slides against the femoral groove during knee
motion, and significant shear stress is applied. The
femorotibial joint is mainly exposed to compressive
stresses and the presence of menisci affects the load
distribution. This topographical variation is reflected in
differences in structure, composition, and mechanical

= Patella
| MFC

deep T sup

24 months

deep

T2 (ms) Cartilage Repair Tissue T

6-12 months 60 months

higher T2 values within the MFC compared with the patella. The p
values, however, are always lower for the deep cartilage layer,
compared with the superficial cartilage layer
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properties [33]. The morphological results of the obtained
MOCART score as well as the clinical results in our
patients after MACT, however, did not show significant
differences between the two anatomical sites. A recent
study by Behrens et al. [34], based on a comparable
cartilage repair procedure, also reports no differences
between these anatomical sites. The only available in vitro
study about histological results between the patella and the
femoral condyle, however, revealed differences in the
mechanical properties of osteochondral repair tissue [23].

In the present study, a clear difference in T2 values was
observed between the patella and the MFC. As T2 is known
to reflect the collagen content and orientation, as well as the
hydration of cartilage, this can be seen as a sign of a
topographical variation in its ultrastructural composition.
Existing studies concerning T2 measurements of the patella
and weight-bearing femoral cartilage have also observed
higher T2 relaxation times for the femoral condyle;
however, no statistically significant difference could be
observed [15, 35, 36]. The higher T2 values for weight-
bearing femoral cartilage in this study could be due to
topographical differences in biomechanical and structural
composition, as there are studies indicating that collagen
fiber organization differs between weight-bearing (such as
the MFC) and more non-weight-bearing (such as the
patella) regions of the joint [37, 38]. Nevertheless, specific
factors, such as the acquisition of the data in the axial or
sagittal orientation, as well as the angular dependence of
T2 relaxation time in cartilage as a result of the static
magnetic field, may also alter the T2 values [14, 39].
However, in the supine position, both assessed cartilage
sites are far away from the possible magic angle.

Furthermore, papers concerning biomechanics have
reported clear differences between the femoral condyles
and the patella cartilage [5, 6]. Whereas the MFC is seen as
one of the stiffest cartilage sites, the patella is reported to be
one of the softest [6]. Kurkijarvi et al. [5] point out that
these topographical differences in the mechanical proper-
ties should be considered when conducting quantitative
MRI. For T2 mapping as performed within this study, zonal
evaluation of T2 values seems to be an adequate tool by
which to characterize the functional properties of cartilage
[5]. The zonal increase in T2 relaxation between deep and
superficial cartilage layers is reported to be comparable
between patellar and femoral cartilage [15]. These results
are in-line with the findings of the present study with a
comparable zonal pattern for healthy control cartilage.

In the evaluation of cartilage repair tissue provided by
MACT with maturation over time, a different pattern in the
zonal structure could be observed, possibly because of
different biomechanical loading conditions applied during
its maturation. This is best visualized in Fig. 4, where, in
the patella, a constant difference between the deep and the
superficial cartilage layers of the repair tissue was found,

whereas within the MFC, this difference increased over
time. In an animal study by Watrin-Pinzano et al. [19], a
significant increase from deep to superficial cartilage
aspects over time was regarded as a favorable sign of
cartilage repair tissue maturation. Another animal study by
White and co-workers [20] related a significant zonal
increase in T2 values to a hyaline or hyaline-like cartilage
structure. A recent article by Welsch at al. [21], looking at
different cartilage repair tissues in a cross-sectional follow-
up, reported a slight significant increase in T2 values after
MACT of the femoral condyle. The results of the present
study, in light of those results, might be because the more
distinct and earlier zonal increase in T2 values of cartilage
repair tissue in the patella is really due to a faster
maturation or possibly due to the thicker cartilage. In
addition to the clear differences in cartilage thickness
between the patella and the MFC [3], a difference in the
thickness of the different anatomical cartilage zones has
also been described, with an extended deep zone in the
patella compared with the femur [4]. This may account for
the clearer difference within the deep cartilage layer than
within the superficial cartilage layer (Fig. 5). Furthermore
the different postoperative care and rehabilitation ap-
proaches may alter the early results [40]. After MACT on
the patella, joint movement, as measured by range of
motion (ROM), is limited to about 30°, whereas weight-
bearing begins earlier with steadily increasing weight-
bearing of the knee joint and full weight-bearing after 6—
8 weeks. After MACT on the MFC, it is the opposite, with
earlier onset of ROM up to 90°, but subsequent later full
weight-bearing after 8—10 weeks [40]. This may explain
the earlier zonal organization in MACT of the patella.

The limitations of the present study are the lack of
histological proof and the relatively low patient number.
Another limitation is the cross-sectional character of this
study and the small number of early (6-12 months)
follow-up intervals and the lack of very early (< 6 months)
follow-up intervals. Furthermore, it remains a challenge
for future biochemical evaluations of cartilage repair
tissue to include not only two (deep and superficial) but
three zones, which would adapt much more to the
anatomical constitution of articular cartilage. With the
currently available resolution, this would be possible only
in the patella. Nevertheless, to our knowledge, the present
study is the first to compare cartilage repair tissue within
the patella and the MFC by using morphological and
biochemical MRI parameters.

In conclusion, the preliminary results of this initial study
demonstrate that differences in T2 values could be found
for healthy control cartilage, as well as cartilage repair
tissue, between the patella and the MFC. The morpholog-
ical and clinical evaluation showed no clear difference
between these anatomical sites. The zonal T2 pattern of
healthy cartilage was comparable for the patella and the
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MFC. The cartilage repair tissue in the patella showed an
earlier onset of this significant zonal increase from deep to
superficial cartilage layers compared with the MFC.
Although this study demonstrates the feasibility of

describing differences in T2 relaxation times and zonal
T2 patterns between cartilage sites with known different
biomechanical properties, the in vivo assessment of these
properties of articular cartilage is still challenging.

References

1

10.

. Hjelle K, Solheim E, Strand T, Muri R,

Brittberg M (2002) Articular cartilage
defects in 1,000 knee arthroscopies.
Arthroscopy 18:730-734

. Cohen ZA, Mow VC, Henry JH,

Levine WN, Ateshian GA (2003)
Templates of the cartilage layers of the
patellofemoral joint and their use in the
assessment of osteoarthritic cartilage
damage. Osteoarthritis Cartilage
11:569-579

. Eckstein F, Winzheimer M, Westhoff J

et al (1998) Quantitative relationships
of normal cartilage volumes of the
human knee joint-assessment by mag-
netic resonance imaging. Anat Embryol
(Berl) 197:383-390

. Clark AL, Barclay LD, Matyas JR,

Herzog W (2003) In situ chondrocyte
deformation with physiological com-
pression of the feline patellofemoral
joint. J Biomech 36:553-568

. Kurkijarvi JE, Nissi MJ, Kiviranta I,

Jurvelin JS, Nieminen MT (2004)
Delayed gadolinium-enhanced MRI
of cartilage (dAGEMRIC) and T2 char-
acteristics of human knee articular
cartilage: topographical variation and
relationships to mechanical properties.
Magn Reson Med 52:41-46

. Lyyra T, Kiviranta I, Vaatainen U,

Helminen HJ, Jurvelin JS (1999) In
vivo characterization of indentation
stiffness of articular cartilage in the
normal human knee. J Biomed Mater
Res 48:482-487

. Alparslan L, Winalski CS, Boutin RD,

Minas T (2001) Postoperative magnetic
resonance imaging of articular cartilage
repair. Semin Musculoskelet Radiol
5:345-363

. Brittberg M, Winalski CS (2003)

Evaluation of cartilage injuries and
repair. J Bone Joint Surg Am
85(A Suppl 2):58-69

. Recht M, White LM, Winalski CS,

Miniaci A, Minas T, Parker RD (2003)
MR imaging of cartilage repair proce-
dures. Skeletal Radiol 32:185-200
Trattnig S, Millington SA, Szomolanyi
P, Marlovits S (2007) MR imaging of
osteochondral grafts and autologous
chondrocyte implantation. Eur Radiol
17:103-118

12.

15.

17.

18.

20.

. Marlovits S, Singer P, Zeller P, Mandl I,

Haller J, Trattnig S (2006) Magnetic
resonance observation of cartilage repair
tissue (MOCART) for the evaluation of
autologous chondrocyte transplantation:
determination of interobserver variability
and correlation to clinical outcome after 2
years. Eur J Radiol 57:16-23

Burstein D, Velyvis J, Scott KT et al
(2001) Protocol issues for delayed Gd
(DTPA)(2—)-enhanced MRI: (dGEM-
RIC) for clinical evaluation of articular
cartilage. Magn Res Med 45:36-41

. Lammentausta E, Kiviranta P, Nissi MJ

et al (2006) T2 relaxation time and
delayed gadolinium-enhanced MRI of
cartilage (AGEMRIC) of human patel-
lar cartilage at 1.5 T and 9.4 T:
Relationships with tissue mechanical
properties. J Orthop Res 24:366-374

. Mosher TJ, Dardzinski BJ (2004) Car-

tilage MRI T2 relaxation time mapping:
overview and applications. Semin
Musculoskelet Radiol 8:355-368
Smith HE, Mosher TJ, Dardzinski BJ et
al (2001) Spatial variation in cartilage
T2 of the knee. J] Magn Reson Imaging
14:50-55

. Goodwin DW, Wadghiri YZ, Dunn JF

(1998) Micro-imaging of articular car-
tilage: T2, proton density, and the
magic angle effect. Acad Radiol 5:790—
798

Goodwin DW, Zhu H, Dunn JF (2000)
In vitro MR imaging of hyaline carti-
lage: correlation with scanning electron
microscopy. AJR Am J Roentgenol
174:405-409

Rubenstein JD, Kim JK, Morova-
Protzner I, Stanchev PL, Henkelman
RM (1993) Effects of collagen orien-
tation on MR imaging characteristics of
bovine articular cartilage. Radiology
188:219-226

. Watrin-Pinzano A, Ruaud JP, Cheli Y et

al (2004) Evaluation of cartilage repair
tissue after biomaterial implantation in
rat patella by using T2 mapping. Magn
Reson Mater Phy 17:219-228

White LM, Sussman MS, Hurtig M,
Probyn L, Tomlinson G, Kandel R
(2006) Cartilage T2 assessment: dif-
ferentiation of normal hyaline cartilage
and reparative tissue after arthroscopic
cartilage repair in equine subjects. Ra-
diology 241:407-414

21.

22.

23.

24.

25.

26.

27.

28.

29.

Welsch GH, Mamisch TC, Domayer SE
et al (2008) Cartilage T2 assessment at
3-T MR imaging: in vivo differentia-
tion of normal hyaline cartilage from
reparative tissue after two cartilage
repair procedures—initial experience.
Radiology 247:154-161

Hangody L, Vasarhelyi G, Hangody LR
et al (2008) Autologous osteochondral
grafting—technique and long-term re-
sults. Injury 39(Suppl 1):S32-39
Buckwalter JA, Martin JA, Olmstead
M, Athanasiou KA, Rosenwasser MP,
Mow VC (2003) Osteochondral repair
of primate knee femoral and patellar
articular surfaces: implications for pre-
venting post-traumatic osteoarthritis.
Iowa Orthop J 23:66-74

Duc SR, Pfirrmann CW, Koch PP,
Zanetti M, Hodler J (2008) Internal
knee derangement assessed with 3-
minute three-dimensional isovoxel true
FISP MR sequence: preliminary study.
Radiology 246:526-535

Marlovits S, Striessnig G, Resinger CT
et al (2004) Definition of pertinent
parameters for the evaluation of artic-
ular cartilage repair tissue with high-
resolution magnetic resonance imaging.
Eur J Radiol 52:310-319

Duc SR, Koch P, Schmid MR, Horger
W, Hodler J, Pfirrmann CW (2007)
Diagnosis of articular cartilage ab-
normalities of the knee: prospective
clinical evaluation of a 3D water-exci-
tation true FISP sequence. Radiology
243:475-482

Duc SR, Pfirrmann CW, Schmid MR et
al (2007) Articular cartilage defects
detected with 3D water-excitation true
FISP: prospective comparison with
sequences commonly used for knee
imaging. Radiology 245:216-223
Marlovits S, Zeller P, Singer P, Re-
singer C, Vecsei V (2006) Cartilage
repair: generations of autologous
chondrocyte transplantation. Eur J Ra-
diol 57:24-31

Brittberg M, Lindahl A, Nilsson A,
Ohlsson C, Isaksson O, Peterson L
(1994) Treatment of deep cartilage
defects in the knee with autologous
chondrocyte transplantation. New Engl
J Med 331:889-895



1262

30.

31.

32.

Kiviranta P, Rieppo J, Korhonen RK,
Julkunen P, Toyras J, Jurvelin JS (2006)
Collagen network primarily controls
Poisson’s ratio of bovine articular car-
tilage in compression. J Orthop Res
24:690-699

Ahmed AM, Burke DL (1983) In-vitro
measurement of static pressure distri-
bution in synovial joints—part I: tibial
surface of the knee. J Biomech Eng
105:216-225

Ahmed AM, Burke DL, Yu A (1983)
In-vitro measurement of static pressure
distribution in synovial joints—part II:
retropatellar surface. J Biomech Eng
105:226-236

33.

34.

35.

36.

Athanasiou KA, Rosenwasser MP,
Buckwalter JA, Malinin TI, Mow VC
(1991) Interspecies comparisons of in
situ intrinsic mechanical properties of
distal femoral cartilage. J Orthop Res
9:330-340

Behrens P, Bitter T, Kurz B, Russlies M
(2006) Matrix-associated autologous
chondrocyte transplantation/implanta-
tion (MACT/MACI)—S5-year follow-
up. Knee 13:194-202

Dardzinski BJ, Laor T, Schmithorst V],
Klosterman L, Graham TB (2002)
Mapping T2 relaxation time in the
pediatric knee: feasibility with a clinical
1.5-T MR imaging system. Radiology
225:233-239

Mosher TJ, Collins CM, Smith HE et al
(2004) Effect of gender on in vivo
cartilage magnetic resonance imaging
T2 mapping. J Magn Reson Imaging
19:323-328

37.

38.

39.

40.

Gomez S, Toffanin R, Bernstorff S et al
(2000) Collagen fibrils are differently
organized in weight-bearing and not-
weight-bearing regions of pig articular
cartilage. J Exp Zool 287:346-352
Xia Y (2000) Heterogeneity of cartilage
laminae in MR imaging. J] Magn Reson
Imaging 11:686—693

Xia Y (2000) Magic-angle effect in
magnetic resonance imaging of articu-
lar cartilage—a review. Invest Radiol
35:602-621

Hambly K, Bobic V, Wondrasch B, Van
Assche D, Marlovits S (2006) Autolo-
gous chondrocyte implantation postop-
erative care and rehabilitation: science
and practice. Am J Sports Med
34:1020-1038



	Evaluation and comparison of cartilage repair tissue of the patella and medial femoral condyle by using morphological MRI and biochemical zonal T2 mapping
	Abstract
	Introduction
	Materials and methods
	Patient population
	Image acquisition
	Data analysis

	Results
	Morphological results
	Biochemical results
	Clinical results

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


