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Abstract
Objective The aim of this study was to use morphological
as well as biochemical (T2 and T2* relaxation times and
diffusion-weighted imaging (DWI)) magnetic resonance
imaging (MRI) for the evaluation of healthy cartilage and
cartilage repair tissue after matrix-associated autologous
chondrocyte transplantation (MACT) of the ankle joint.

Materials and methods Ten healthy volunteers (mean age,
32.4 years) and 12 patients who underwent MACT of the
ankle joint (mean age, 32.8 years) were included. In order
to evaluate possible maturation effects, patients were
separated into short-term (6–13 months) and long-term
(20–54 months) follow-up cohorts. MRI was performed on
a 3.0-T magnetic resonance (MR) scanner using a new
dedicated eight-channel foot-and-ankle coil. Using high-
resolution morphological MRI, the magnetic resonance
observation of cartilage repair tissue (MOCART) score
was assessed. For biochemical MRI, T2 mapping, T2*
mapping, and DWI were obtained. Region-of-interest
analysis was performed within native cartilage of the
volunteers and control cartilage as well as cartilage repair
tissue in the patients subsequent to MACT.
Results The overall MOCART score in patients after
MACT was 73.8. T2 relaxation times (~50 ms), T2*
relaxation times (~16 ms), and the diffusion constant for
DWI (~1.3) were comparable for the healthy volunteers and
the control cartilage in the patients after MACT. The
cartilage repair tissue showed no significant difference in
T2 and T2* relaxation times (p≥0.05) compared to the
control cartilage; however, a significantly higher diffusivity
(~1.5; p<0.05) was noted in the cartilage repair tissue.
Conclusion The obtained results suggest that besides
morphological MRI and biochemical MR techniques,
such as T2 and T2* mapping, DWI may also deliver
additional information about the ultrastructure of cartilage
and cartilage repair tissue in the ankle joint using high-field
MRI, a dedicated multichannel coil, and sophisticated
sequences.
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Introduction

In joints with a high degree of curvature and a compara-
tively thin cartilage layer, such as the ankle joint, evaluation
and detailed analysis of healthy cartilage and, even more
importantly, degenerative or traumatic cartilage lesions are
technically demanding [1]. The clinical impact of cartilage
assessment is high since modern surgical therapies require
an extensive preoperative diagnostic workup [2]. Therefore,
it is necessary to consider new magnetic resonance imaging
(MRI) techniques that potentially improve evaluation of
anatomically challenging joints.

Cartilage repair techniques, especially microfracture and
matrix-associated autologous chondrocyte transplantation
(MACT), have been performed successfully in the ankle
joint. Although the surgical procedure is more complex and
technically demanding than MACT in the knee because of
the different anatomy, several publications report good-to-
excellent results for the postoperative outcome [3, 4].

The feasibility of 3.0-T MRI for the morphological
imaging of the ankle or other small joints has been
demonstrated in several studies [5–8]. Concerning the
morphological evaluation of cartilage repair procedures,
the magnetic resonance observation of cartilage repair
tissue (MOCART) score is showing promising results in
the knee joint [9, 10]. However, providing systematic
cartilage repair assessment, it might be used for cartilage
repair procedures also in the ankle joint [11]. In addition to
morphological imaging, several methods that focus on
direct visualization of cartilage structure and molecular
composition in vivo have emerged using MRI [12–17].
Some of the most widely implemented biochemical MR
techniques are delayed gadolinium-enhanced MRI of
cartilage (dGEMRIC) and quantitative T2 mapping. Where-
as dGEMRIC is seen to reflect the glycosaminoglycan
content of cartilage, T2 is sensitive to collagen content and
orientation, as well as hydration [12, 18, 19]. Recently,
quantitative T2* mapping has been described for the
evaluation of articular cartilage, with promising results
[20, 21]. While T2* has been described as a technique near
to T2, potential benefits due to faster scan times and 3D
acquisition have been reported. Diffusion-weighted imag-
ing (DWI), based on the translational movements of water
protons [22], has also been reported as a novel technique in
biochemical cartilage imaging. Initial studies have de-
scribed the methods mentioned above as valuable imaging
techniques in the knee joint [13, 23–26].

The purpose of the present study was to assess different
quantitative MRI techniques in healthy volunteers, as well

as in patients after MACT of the ankle joint. The focus was
on evaluating quantitative T2 and T2* relaxation time
values, as well as DWI of healthy articular cartilage and
cartilage repair tissue of the ankle joint using a new
dedicated foot-and-ankle coil. In patients after MACT of
the ankle joint, the morphological constitution of the
cartilage repair tissue was additionally assessed using the
MOCART score.

Material and methods

Volunteers and patients

Ten healthy volunteers without known musculoskeletal
disease and without a history of trauma or pain (mean age,
32.4 (standard deviation (SD) 11.2) years) and 12 patients
who underwent MACT of the ankle joint (eight medial and
four lateral talar dome) were included in the study. Patient
age was 32.8 (SD 8.5) years and the cross-sectional
postoperative follow-up was 19.8 (SD 12.6) months. Patients
underwent cartilage transplantation surgery for a full-
thickness cartilage defect caused by osteochondritis disse-
cans (OD) or trauma.

In order to evaluate potential effects of cartilage
maturation over time, the patient group was divided based
on postoperative interval to focus on possible effects due to
repair tissue maturation. Thus, the patient group was
divided into a short (6–13 months; n=6) and a long (20–
54 months; n=6) follow-up interval. Detailed patient
selection and data of all patients and of the two patient
groups, regarding their postoperative interval, are displayed
in Table 1.

The ethics commission of our university provided ethical
approval for this study; prior to enrollment, written informed
consent was obtained from all patients.

MR measurements

MRI was performed on a 3.0-T magnetic resonance (MR)
scanner (Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany) using a new eight-channel foot-and-
ankle coil (InVivo, Gainesville, FL, USA). The subjects were
placed in the supine position with the foot at a 90° angle
relative to the lower leg. After localizing, MR sequences for
morphological imaging were performed; in this study, an
isotropic 3D True Fast Imaging with Steady-State Precession
(3D-True-FISP) sequence was used, as well as a standard
Proton-Density Fat-Suppressed Turbo-Spin-Echo (PD FS
TSE) sequence. In healthy volunteers and patients, with the
3D-True-FISP sequence, the whole ankle joint was covered
by 320 isotropic slices using a 160-mm field of view (FoV)
and a 5122 matrix, with an isotropic resolution of 0.31×
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0.31×0.31 mm3. Optimized sequence parameters for carti-
lage imaging at 3.0 T were used [8]. TR/TE was chosen with
9.65/4.18 ms, a flip angle of 28°, two averages, a bandwidth
of 200 Hz/pixel and, by utilizing a parallel imaging
technique (PAT) with an acceleration factor of three and a
generalized autocalibrating partially parallel acquisition
(GRAPPA) technique, scan time was set to 9:49 min.
Parameters for the PD FS TSE sequence were as follows:
TR/TE 2,400/39 ms; flip angle of 160°; one acquisition; PAT
off; bandwidth of 244 Hz/pixel; and 16 slices, with a scan
time of 4:02 min. The following biochemical T2 map, T2*
map, and DWI sequences were obtained in the sagittal
direction. In healthy volunteers, the sequences were planned
on the medial talar dome using the 3D reconstruction of the
isotropic True-FISP images. In the patient cohort, the exact
localization of the following biochemical sequences was
determined by the most central part of the cartilage repair
area (i.e., medial or lateral talar dome). For all subsequent
sequences, in-plane resolution was kept at 0.31×0.31 mm2

and slice thickness was then set to 3 mm using a 100-mm
FoV and a 3202 matrix. Figure 1 visualizes morphological
images (3D-True-FISP and PD FS TSE) of a patient after
MACT of the medial talar dome.

Biochemical quantitative T2 imaging was obtained with
a multiecho spin echo (ME-SE) T2 approach. Using six
echoes, the measurement parameters were as follows: TE~
16.5, 33.0, 49.5, 66.0, 82.5, 99.0 ms; TR 600 ms; flip angle
180°; two averages; PAT factor 2 using GRAPPA;
bandwidth of 130 Hz/pixel; and ten slices in 10:53 min
(Fig. 2).

T2* imaging was performed using a multiecho gradient
recalled echo (ME-GRE) sequence, which also used six
echoes (5.7, 9.8, 14.0, 18.1, 22.2, and 26.4 ms). TR was
177 ms, flip angle 35°, two averages, PAT off, bandwidth
was 260 Hz/pixel, with ten slices, and total acquisition time
was 7:28 min (Fig. 3).

For DWI, a three-dimensional, balanced, steady-state
gradient echo pulse sequence with diffusion weighting (3D-
DW reversed FISP (PSIF)) was used. The diffusion constant
was assessed in “read” direction. Imaging parameters were as
follows: TR=16.3 ms; TE=5.9 ms; flip angle=30°; 23
averages; PAT off; bandwidth 149 Hz/pixel; two slices; and
the acquisition time for one sequence was 6:24 min.

In order to allow a semi-quantitative assessment of
diffusional behavior in the cartilage, the diffusion sequence
protocol consisted of two separate, but immediately
consecutive, measurements using no (0) and 75 mT ms
m−1 monopolar diffusion gradient moments for DWI and
otherwise identical imaging parameters (Fig. 4). The
presented DWI approach is semi-quantitative; therefore,
only one direction is enough; however, it has to be seen as
an estimation of quantitative diffusion values and has no b
value or apparent diffusion constant (ADC) value.

Data analysis

In order to assess the morphological outcome in the patient
after MACT of the ankle, the isotropic 3D-True-FISP
sequence and the PD FS TSE sequence were used. Besides
the standard PD FS TSE sequence, the True-FISP sequence
has very recently been shown to achieve excellent results in
the evaluation of articular cartilage [27–29]. The morpho-
logical condition of the cartilage repair tissue and the
surrounding structures was evaluated by MOCART score
[9, 10]. The MOCART score, as a point-scoring system was
developed to assess different surgical cartilage repair
procedures. The maximum score achievable in the evalua-
tion of nine variables is 100. These variables are the degree
of repair filling (1), the integration of the cartilage repair
tissue to the border zone (2), the structure of the surface (3),
the structure of the whole repair tissue (4), the signal
intensity (5), the constitution of the subchondral lamina (6),

Table 1 Patient selection of all patients after matrix-associated
autologous chondrocyte transplantation of the ankle joint (top) and
further subdivision into two groups due to the postoperative interval
(bottom)

All patients: 

 

- n = 12; 4 female, 8 male; 6 right; 6 left. 

- 8 medial talar dome, 4 lateral talar dome. 

- defect size: 2.48 (SD 0.46) cm². 

- age: 32.8 (SD 8.5) years. 

- post-operatvie interval: 19.8 (SD 12.6) months. 

 
Short-term group 1: 

 

- n=6; 2 female, 4 male; 

4 right, 2 left. 

- 4 medial talar dome, 2 

lateral talar dome. 

- defect size: 2.45 (SD 

0.48) cm². 

- age: 32.2 (SD 8.8) 

years. 

- post-operative interval: 

10.3 (SD 3.4) months. 

Long-term group 2: 

 

- n=6; 2 female, 4 male; 

2 right, 4 left. 

- 4 medial talar dome, 2 

lateral talar dome. 

- defect size: 2.52 (SD 

0.78) cm². 

- age: 33.5 (SD 8.1) 

years. 

- post-operative interval: 

29.2 (SD 12.6) months. 
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the constitution of the subchondral bone (7), possible
adhesions (8), and possible effusion (9).

To evaluate the biochemical constitution of the repair
tissue, T2 and T2* maps were obtained in-line using a
pixel-wise, mono-exponential, non-negative least squares
fit analysis (MapIt, Siemens Medical Solutions, Erlangen,
Germany). For DWI, the PSIF images without a diffusion
gradient were used for region-of-interest (ROI) data
analysis; ROIs were then transferred onto the PSIF image
with a diffusion gradient of 75 mT ms m−1 and without a
diffusion gradient. Diffusion quotients were calculated by
dividing the mean signal intensities in the ROIs on the
PSIF images with a diffusion gradient by the corre-
sponding ROI on the PSIF images without a diffusion
gradient.

In all subjects enrolled in this study, the ROI analysis was
performed on sagittal T2 and T2* maps, as well as on
sagittal diffusion-weighted images. In all healthy volunteers,
four ROIs were drawn in the cartilage layer along the
curvature of the medial talar dome; in each subject, two
consecutive slices were analyzed. In patients after MACT,
the morphological 3D-True-FISP and the PD FS TSE
images, as well as the surgical reports available at the time
of MRI, determined the cartilage repair site. Two ROIs were
drawn within the area of repair tissue, while another two

ROIs covered healthy cartilage as an internal reference. An
experienced senior musculoskeletal radiologist in consensus
with an orthopedic surgeon with a special interest in
musculoskeletal MRI drew the ROIs manually. For each
ROI, mean T2 or T2* relaxation time or diffusion constant
values, as well as standard deviation and number of pixels,
were documented. Mean and SD values are given in the
“Results” section; average number of pixels used for each
ROI was 312 (SD 177).

Basic statistical evaluation was done for all volunteers
(n=10), as well as for all patients (n=12). Quantitative
evaluation of the biochemical T2, T2*, and DWI MR
measurements was done by analysis of variance (ANOVA)
using a three-way ANOVAwith random factors, considering
the fact of different measurements in each volunteer or
patient. To gain as much information as possible from the
biochemical evaluation, multiple ROIs where evaluated
within each volunteer and each patient which bases the
decision to use an analysis of variance. A separate statistical
evaluation with regard to the different follow-up periods was
only carried out for the morphological evaluation of the
MOCART score. To assess differences between the short-
term and the long-term follow-up groups, a double-tailed
paired t test was used. Due to the small number of patients
within these two groups, no further statistical evaluation was

Fig. 1 Sagittal (a) and coronal (b) reconstruction of an isotropic 3D-True-FISP sequence and a sagittal (c) PD FS TSE sequence of a patient
12 months after MACT of the medial talar dome (arrows)

Fig. 2 Sagittal ME-SE
sequence of the same patient
(Fig. 1) after MACT of the ankle
(arrows). A raw image (lowest
echo time; a) as well as a
cropped T2 map (b) shows
homogeneous T2 values with
only slight increase in the area
of cartilage repair
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prepared for the biochemical data. For the morphological and
the biochemical evaluations of the two follow-up groups,
results should only be seen descriptive. SPSS version 16.0
(SPSS Institute, Chicago, IL, USA) for Mac (Apple,
Cupertino, CA, USA) was used. Differences with a P value
less than 0.05 were considered statistically significant.

Results

Morphological evaluation

The overall MOCART score assessed for all patients after
MACT of the ankle joint was 73.8 (SD 15.2). The different
variables of this point scoring system are displayed in
Table 2, where additionally the subdivision due to the
postoperative follow-up is prepared. When comparing the
groups with the shorter and the longer follow-up periods,
the overall MOCART score increases from 66.7 (SD 12.9)
to 80.8 (SD 14.9). This increase however was not
statistically significant (p=0.109). The nine different
variables show either similar or higher values in the
patients with the longer follow-up period. Whereas the
variables defect fill (p=0.780), integration of the cartilage

repair tissue (p=1.000), surface (p=1.000), structure (p=
0.290), subchondral lamina (p=0.549), subchondral bone
(p=0.341), adhesions (p=1.000), and effusion (p=0.260)
showed no significant difference, the signal intensity of the
repair tissue was charged significantly better within the
longer follow-up (0.018).

Biochemical evaluation

Mean T2 relaxation time for all healthy volunteers in
articular cartilage on the trochlear surface of the talus was
51.1 ms (SD 4.6). For T2*, mean relaxation time was
16.6 ms (SD 3.7). The diffusion constant on diffusion-
weighted images was 1.27 (SD 0.16). For healthy control
areas in patients after MACT, mean T2 value was 47.6 (SD
9.3); mean T2* was 15.8 (SD 3.6), and the diffusion
constant was 1.28 (SD 0.17). There was no significant
difference (p≥0.05) between cartilage in volunteers and
healthy control cartilage in patients after MACT. In
cartilage repair tissue in patients after MACT, mean T2
values were 50.1 (SD 8.0); mean T2* values were 17.3 (SD
4.6), and the diffusion constant was 1.49 (SD 0.32). For T2
and T2* values, no significant difference between cartilage
repair tissue and healthy cartilage could be observed (p=

Fig. 4 Sagittal three-dimensional, balanced, steady-state gradient
echo pulse sequence with diffusion weighting (3D-DW PSIF; reversed
FISP) of the same patient (Figs. 1, 2, and 3) after MACT of the ankle
(arrows). The presented images using no (a) and 75 mT ms m−1 (b)

monopolar diffusion gradient moments for DWI. The DWI map (c)
marks higher diffusivity in the area of cartilage repair compared to the
surrounding cartilage

Fig. 3 Sagittal ME-GRE
sequence of the same patient
(Figs. 1 and 2) after MACT of
the ankle (arrows). Comparable
to Fig. 2, a raw image (lowest
echo time; a) as well as a
cropped T2 map (b) is visualiz-
ing the area of cartilage repair
with similar relaxation times
compared to the surrounding
cartilage
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0.379 for T2 and p=0.259 for T2*). The diffusion constant,
however, showed a significant difference between repair
tissue and healthy control areas in patients (p=0.039).
Mean values and SD are depicted in Table 3.

With regard to the postoperative follow-up, because of
the small groups and the relatively inhomogeneous follow-
up periods, biochemical data are merely descriptive. Within
the short follow-up period of 6–13 months, T2 and T2*
relaxation times were longer for cartilage repair tissue
compared to the control cartilage. T2 and T2* measure-
ments within the longer follow-up period of 20–54 months,
in contrast, showed equal values for cartilage repair tissue

Table 3 Biochemical T2 (ms), T2* (ms), and diffusion-weighted
(DWI index) values of the patients after MACT of the ankle joint

Therapy T2 T2* DWI

Cartilage repair tissue Mean 50.1 17.3 1.49

SD 8.0 4.6 0.32

Control cartilage Mean 47.6 15.8 1.28

SD 9.3 3.6 0.17

Values are given for all patients (n=12)

Variables All patients Short term Long term

Degree of defect repair and filling of the defect

Complete (20) 7 (58) 4 (67) 3 (50)

Hypertrophy (15) 1 (8) 0 (0) 1 (17)

Incomplete

>50% of the adjacent cartilage (10) 4 (33) 2 (33) 2 (33)

<50% of the adjacent cartilage (5) 0 (0)

Subchondral bone exposed (0) 0 (0)

Integration to border zone

Complete (15) 8 (67) 4 (67) 4 (67)

Incomplete

Demarcating border visible (slit like; 10) 4 (33) 2 (33) 2 (33)

Defect visible <50% of the length (5) 0 (0)

Defect visible >50% of the length (0) 0 (0)

Surface of the repair tissue

Surface intact (10) 10 (83) 5 (83) 5 (83)

Surface damaged <50% of depth (5) 2 (17) 1 (17) 1 (17)

Surface damaged >50% of depth (0) 0 (0)

Structure of the repair tissue

Homogeneous (5) 6 (50) 2 (33) 4 (67)

Inhomogeneous (0) 6 (50) 4 (67) 2 (33)

Signal intensity of the repair tissue

Normal (identical to adjacent cartilage; 30) 6 (50) 1 (17) 5 (83)

Nearly normal (slight areas of signal alteration; 15) 6 (50) 5 (83) 1 (17)

Abnormal (large areas of signal alteration; 0) 0 (0)

Subchondral lamina

Intact (5) 3 (25) 1 (17) 2 (33)

Not intact (0) 9 (75) 5 (83) 4 (67)

Subchondral bone

Intact (5) 1 (8) 0 (0) 1 (17)

Not intact (0) 11 (92) 6 (100) 5 (83)

Adhesions

No (5) 12 (100) 6 (100) 6 (100)

Yes (0) 0 (0)

Effusion

No (5) 8 (67) 3 (50) 5 (83)

Yes (0) 4 (33) 3 (50) 1 (17)

Table 2 Morphological MRI
evaluation of cartilage repair
tissue in all patients after MACT
of the ankle joint (n=12) using
the MOCART score

Further subdivision in a short-
term (n=6) and a long-term
(n=6) postoperative interval.
Values by number of patients
and percentage within the group
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and healthy control cartilage in patients. The diffusion
constant showed, for both the shorter and the longer follow-
up periods, higher diffusivity in the cartilage repair tissue
compared to the control cartilage. This difference, however,
was more pronounced in the shorter follow-up period. The
values for the different follow-up periods are displayed in
Table 4.

Discussion

With the present study, advanced morphological and
biochemical MRI of the ankle joint are presented in healthy
volunteers and patients after MACT of the talar dome.
Morphological MOCART scoring was prepared in the
patient group and mean MOCART values were comparable
to the knee joint. Whereas Trattnig et al. [30] report a score
of 73 in patients 12 months after a comparable cartilage
repair procedure in the knee, Welsch et al. [31] depict
scores of 73 for the patella and 72 for the medial femoral
condyle in a cross-sectional evaluation with a mean of
29 months after MACT. Remarkably, it however remains
that, in our study after MACT of medial and lateral talar
dome, the repair filling and the integration of the repair
tissue showed relatively good results, whereas the sub-
chondral lamina and the subchondral bone seemed to be
abnormal in nearly all patients. This might be due to the
natural course of the cartilage defect in the talar dome, in
most cases caused by OD.

With regard to T2 mapping, the reported mean relaxation
time values of the cartilage repair tissue and the healthy
control cartilage were similar to those found in the knee
using comparable T2 techniques [32, 33]. However,
existing studies using quantitative T2 in the follow-up after
cartilage transplantation show clearly higher T2 values in
the first year after surgery for the repair tissue adapting over
time to the values of the surrounding control cartilage [32,
34]. Hence one main goal of T2 mapping on the knee had
been to utilize this technique as a tool for monitoring the
maturation of cartilage repair tissue. An in vitro study by

Watrin-Pinzano et al. [15] and recent initial in vivo studies
[32, 34] report this ability of quantitative T2. The initial
high T2 values are seen to reflect higher hydration and
immature collagen composition; over time, the cartilage
repair tissue shows an ideally “hyaline-like” structure and
T2 values assimilate to the surrounding healthy cartilage. In
the present study, the higher T2 values in cartilage repair
tissue at the shorter postoperative follow-up and the
subsequent return to the values of control cartilage in the
longer follow-up may support the assumption of cartilage
repair tissue maturation. The low patient number and the
cross-sectional character of the study however may limit
this proposition; furthermore, these results are only descrip-
tive and no statistical evaluation or significances have been
carried out due to the small number of patients. The validity
of T2 mapping in the knee has been confirmed by several
publications [16, 18, 35–40]; the same technique appears to
be also feasible in the ankle [8]. In our study, T2 mapping
was able to depict articular cartilage in healthy volunteers
and healthy control cartilage as well as cartilage repair
tissue in the ankle joint; therefore, T2 mapping appears to
be a suitable method for imaging of smaller joints as well.
The absolute T2 value however should not be used to
characterise the quality of cartilage repair tissue. In vitro
and in vivo studies show varying results [15, 16, 31, 33, 34,
41–43] and the use of increasing or decreasing T2 values in
the larger field of osteoarthritis is further discussed [36].
Hence, the T2 values of the cartilage repair tissue have
always to be compared to the surrounding control cartilage.
In the knee joint, zonal T2 evaluation has shown promising
results [44]. Spatial variation, imaged as an increase in T2
values from the deep to the superficial zone, reflects the
collagen fiber orientation of hyaline cartilage and seems to
correspond to the appearance of hyaline-like cartilage
structure after cartilage repair [16]. In the ankle, however,
we found a zonal evaluation impractical because of the thin
cartilage layer and the overall challenging anatomy. Even
with high magnetic field strength and high-resolution
sequences, the small-scale anatomy of the talar trochlea
could not be depicted in a way that would allow the

Postoperative interval Therapy T2 T2* DWI

6–13 months Cartilage repair tissue Mean 54.4 17.1 1.67

SD 8.7 6.3 0.38

Control cartilage Mean 49.7 15.1 1.38

SD 8.1 2.0 0.19

20–54 months Cartilage repair tissue Mean 46.3 17.4 1.36

SD 5.1 3.0 0.22

Control cartilage Mean 46.0 16.2 1.23

SD 10.2 4.3 0.13

Table 4 Biochemical T2 (ms),
T2* (ms), and diffusion-
weighted (DWI index) values
of the patients after MACT of
the ankle due to their postoper-
ative interval
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assessment of zonal differences. This will remain challeng-
ing for future approaches.

In recent studies, T2* mapping has been described as a
valuable tool in cartilage imaging [20, 21]. The only
published study using exactly the same approach for T2*
mapping showed promising results at ultrahigh fields [45].
In our study, the absolute mean relaxation time values
found in T2* mapping were lower than in T2 mapping; this
was to be expected due to the technical nature of the T2*
sequence. With regard to the comparison between healthy
control cartilage in patients and cartilage repair tissue, T2*
showed tendencies similar to T2. Comparable to T2
relaxation, also for T2* relaxation, initial studies show the
importance of zonal analysis of healthy articular cartilage
and cartilage repair tissue, particularly because of the close
association of zonal variation in T2 values with the
appearance of hyaline cartilage [46, 47]. Again, this will
be challenging for future approaches, even at potentially
higher resolution. A very recent study suggested that, due to
the potentially shorter scan times, T2* can be regarded as a
fast T2 mapping technique [21]. Although we would
postulate T2* more as an extra biomarker in addition to
standard T2, it may, in future, possibly attain a high enough
resolution and signal in a clinically practical scan time to
enable zonal assessment in the ankle joint. With the present
study, the possibility of T2* mapping in the ankle has been
demonstrated. Future studies, however, will have to validate
this mapping technique in detail.

Our results for diffusion-weighted imaging (DWI) in the
ankle have demonstrated it to be a promising novel
approach. Similar to T2 and T2* mapping, recent studies
have demonstrated good initial results regarding the
feasibility of DWI for the biochemical imaging of healthy
cartilage, as well as for the biochemical assessment of
cartilage repair tissue in the knee [26]. One major aspect of
DWI is the ability to distinguish areas of healthy hyaline
cartilage from cartilage repair tissue in the ankle joint, even
after long postoperative intervals. Using T2 and T2* alone,
no differences between healthy and repair tissue were
detected; an analysis of the mean relaxation values did not
reveal any significant differences. Regarding the diffusion
constant, however, a significant difference between healthy
control cartilage in patients after MACT and cartilage repair
tissue was detected. In addition, the decrease of diffusivity
over time may actually signify the maturation of cartilage
repair tissue. The time period for this cartilage repair tissue
maturation is seen to be around 12 months [26, 48]. A clear
difference between quantitative T2 and DWI concerning the
maturation of cartilage repair tissue is that over time T2
values adapt to those of the internal control cartilage,
whereas the DWI values of cartilage repair tissue seem to
remain higher compared to the control cartilage and, even
after a longer period of time, the diffusivity of the repair

tissue is not comparable to healthy cartilage. The results
from the present study demonstrated the basic feasibility of
DWI for cartilage imaging in smaller joints, such as the ankle.
In future studies, however, the focus will have to be shifted
from semi-quantitative mapping techniques to analysis of
ADC values. With this method, true quantitative evaluation of
biochemical cartilage imaging based on DWI is possible.

One major limitation of our study was the relatively small
cohort of patients, which may reduce the actual clinical
impact. However, since this therapy option is rarely used in
the ankle joint, the existing small cohort may help to
elucidate the potential of biochemical imaging in the ankle
joint. The lack of uniform follow-up periods is clearly a
limitation to the present study. The cross-sectional evaluation
may, in particular, limit the ability to draw conclusions from
the presented results. The further evaluation of two groups
concerning their postoperative follow-up intervals is seen as
only descriptive in nature. Another limiting factor is the lack
of histological and clinical confirmation of the radiological
evaluation. A further limitation is that since most of the
cartilage repair areas in patients were located on the medial
talar dome, we determined the control ROIs in volunteers
only on the medial talar dome and hence their validity
concerning the lateral talar dome may be limited. Concerning
the single sequences, it has to be stated as limitations that
T2* mapping and the presented DWI approach lack
histological validation studies like they are available for T2
[49, 50]. Furthermore single parameters have to be evaluated
for these new methodologies like, e.g., TR for T2* relaxation
and diffusion gradient and direction for DWI. The semi-
quantitative nature of the DWI approach and the consecutive
lack of a b value or ADC values is a further limitation.
Nevertheless, the presented semi-quantitative DWI approach
gains high enough signal-to-noise ratio, low artifacts, and
high resolution to be obtained in vivo at the relatively thin
talar cartilage in a clinically applicable scan time.

To the best of our knowledge, this is the first study to
focus on the biochemical imaging of the talocrural joint in
patients after MACT. Utilizing experience gained from
biochemical cartilage imaging in the knee, we were able to
demonstrate the feasibility of this technique for smaller
joints with a technically challenging anatomic structure,
such as the ankle. With the advances in high-resolution
imaging, the difficulties imposed by anatomy can be
overcome. The data we obtained suggest that T2 and T2*
mapping techniques, as well as diffusion-weighted imaging,
provide additional information about the ultrastructure of
healthy articular cartilage and cartilage repair tissue in a
clinically practical scan time using high-field (3 T) MRI, a
dedicated multichannel coil, and sophisticated sequences. The
imaging techniques covered by our study may, in the future,
provide excellent tools for the diagnosis, grading, and
postoperative follow-up of cartilage lesions in the ankle joint.
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