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Abstract
Objectives The purpose of this study was to characterize the
collagen component of repair tissue (RT) of the talus after
autologous matrix-induced chondrogenesis (AMIC) using
quantitative T2 and diffusion-weighted imaging.
Methods Mean T2 values and diffusion coefficients of
AMIC-RTand normal cartilage of the talus of 25 patients with
posttraumatic osteochondral lesions and AMIC repair were
compared in a cross-sectional design using partially spoiled
steady-state free precession (pSSFP) for T2 quantification,
and diffusion-weighted double-echo steady-state (dwDESS)
for diffusion measurement. RT and cartilage were graded with
modified Noyes and MOCART scores on morphological
sequences. An association between follow-up interval and
quantitative MRI measures was assessed using multivariate
regression, after stratifying the cohort according to time
interval between surgery and MRI.
Results Mean T2 of the AMIC-RTand cartilage were 43.1 ms
and 39.1 ms, respectively (p=0.26). Mean diffusivity of the
RT (1.76 μm2/ms) was significantly higher compared to nor-
mal cartilage (1.46 μm2/ms) (p=0.0092). No correlation was

found between morphological and quantitative parameters.
RT diffusivity was lowest in the subgroup with follow-up
>28 months (p=0.027).
Conclusions Compared to T2-mapping, dwDESS demon-
strated greater sensitivity in detecting differences in the colla-
gen matrix between AMIC-RT and cartilage. Decreased dif-
fusivity in patients with longer follow-up times may indicate
an increased matrix organization of RT.
Key Points
•MRI is used to assess morphology of the repair tissue during
follow-up.

• Quantitative MRI allows an estimation of biochemical prop-
erties of the repair tissue.

• Differences between repair tissue and cartilage were more
significant with dwDESS than T2 mapping.
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Introduction

Osteochondral lesions (OCLs) of the talus are primarily of
traumatic aetiology and often occur in young adults with a
history of sports injuries. If untreated, these lesions may result
in early osteoarthritis of the ankle joint, with concomitant
chronic pain and severely reduced physical activity. Various
surgical procedures have been developed for the treatment and
reconstruction of osteochondral lesions [1]. In this study,
patients were treated with autologous matrix-induced chon-
drogenesis (AMIC) [2–4].With this recently introducedmeth-
od, the lesion is first debrided and microfractured. The
resulting blood clot containing progenitor cells, including
stem cells and growth factors, is then covered with a commer-
cially available acellular collagen I/III matrix [5]. There is
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evidence that these stem cells subsequently differentiate into
chondrocytes in vivo and form a repair tissue that resembles
fibrocartilage [6, 7]. Glycosaminoglycan and collagen are the
main components and the two most important constituents of
the biomechanical properties of cartilage tissue. Both can be
measured in vivo with quantitative MRI, and therefore allow
characterization of cartilage repair tissue. This work focuses
on the characterization of the collagen component.

Changes in the chondral extracellular matrix such as disor-
ganization and breakdown of the collagen network can be
assessed by changes in the apparent transverse relaxation time
(T2). Disintegration of the collagen network leads to an in-
crease in the mobility of cartilage water, thus elongating T2.
This effect on T2 is independent from GAG concentration
[8–10]. Previous in vivo studies have demonstrated elevated
T2 values in patients with osteoarthritis (OA) compared to
healthy subjects [11–14]. Several studies have used this pa-
rameter to characterize RT after chondral repair in the knee
and ankle [15, 16].

Moreover, the collagen fibre network shows an ordered
architecture, with a predominantly oblique orientation of fi-
bres in the transitional zone [17, 18]. Overall, the microstruc-
ture leads to a reduction of the mean diffusivity of water
protons within the cartilage as compared to fluids [19, 20].
A reduced order of the fibre network, based either on degen-
erative processes in cartilage or incomplete differentiation of
RT, leads to an increased diffusivity of water protons, which
can be traced using diffusion-weighted sequences [21, 22].

The aim of this study was to evaluate and compare two
quantitative MR sequences in measuring the integrity of the
collagen fibre component of AMIC-RT of the talus. For this
purpose, we applied two recently proposed quantitative imag-
ing techniques in the ankle joint: a partially spoiled steady-
state free precession sequence for quantitative T2 mapping
and a truly diffusion-weighted double-echo steady-state se-
quence for quantitative diffusion mapping.

Methods

Patients

The study was approved by the institutional review board, and
written informed patient consent was obtained from all partic-
ipants. Twenty-six patients who had undergone AMIC carti-
lage repair after posttraumatic OCL at the talus were enrolled
in the study. Exclusion criteria were advanced radiographic
osteoarthritis, known inflammatory joint disease such as rheu-
matoid arthritis, concomitant tibial OCL, contraindications for
MRI such as claustrophobia, medical implants that were in-
compatible with an MRI examination, or technically insuffi-
cient MRI examinations. One patient had to be excluded from
the MRI analysis because of post-surgical metal artefacts

located at the AMIC-RT. The remaining 25 patients had
a mean age of 38 years (range 18–56 years) and a mean
BMI of 28 (range 19-39). Two-thirds of the cohort (n =17,
68 %) were men; eight subjects (32 %) were women. All
patients had post-traumatic OCL of the talus at the right
(n =11, 44 %) or left side (n =14, 56 %). Eleven patients
(44 %) had prior surgery such as retrograde drilling or
microfracturing at the site of the OCL. The majority of
lesions (n =21, 84 %) were located at the medial talar
dome. The remaining lesions (n =4, 16 %) were located at
the lateral talar dome.

All 25 patients underwent AMIC-aided repair of anOCL of
the talus between 2008 and 2010. The operative technique
used in the AMIC procedure has been described elsewhere [3,
5]. In brief, depending upon the position of the OCL, a
standard anteromedial or anterolateral arthrotomy was per-
formed. In the majority of cases, an additional malleolar
osteotomy was needed to gain access to the talar OCL. After
debridement of defective cartilage and necrotic bone, and
micro-drilling of the underlying osseous component of the
lesion, the acellular collagen I/III membrane (Chondro-Gide,
Geistlich Pharma AG, Wolhusen, Switzerland) was fixated on
the debrided lesion with fibrin glue (Tissucol, Baxter Interna-
tional, Deerfield, IL, USA). At the time of follow-up MRI, 19
patients showed a reduction in pain of >50 % on a visual
analogue scale, five patients showed a reduction in pain of
<50 %, and one patient reported aggravated pain. Postop-
erative care was standardized and consisted of immobili-
zation for the first six weeks, complemented by functional
physiotherapy with 15 kg partial weight-bearing. The pa-
tients underwent a 6- to 12-week rehabilitation protocol,
including muscle training and proprioceptive training to
enhance ankle joint stability under increasing load, with
progression to full weight.

MRI

MRI was obtained with a 3 T system (MAGNETOM Verio,
Siemens AG, Erlangen, Germany) using a 4-channel flexible
multipurpose coil (Siemens AG). To reduce involuntary
movement and thus avoid artefacts due to mis-registration
of data, the foot was placed in a purpose-built mount and
fixed with a vacuum mattress. The following 3D sequences
were acquired with identical resolution parameters, with a
voxel size of 0.4×0.4×3.0 mm3 and field of view (FOV)
of 140×140 mm2.

1. Quantitative T2mapping: sagittal partially spoiled steady-
state free precession (pSSFP) [23]. Two scans were ac-
quired with the following parameters: flip angle 35°; TR
10.09 ms; TE 5.05 ms; partial RF spoiling, phi =1°, 10°;
acquisition time, 366 s.
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2. Quantitative diffusion imaging: a sagittal double-echo
steady-state (dwDESS) technique was used [24]. Two
scans with and without a diffusion-sensitizing gradient
were performed. TR, 16.87 ms; TE1, 4.3 ms; TE2
4.3 ms; diff movement: 150 mT/m*ms. flip angle 15°;
acquisition time, 370 s.

3. Anatomic imaging: sagittal 3D dual-echo steady-state
(DESS) imaging sequence with repetition time (TR) of
16.87 ms and echo time (TE) of 4.3 ms.

4. As a second anatomic imaging sequence, we included a
coronal proton density-weighted TSE with variable flip
angle (SPACE), with TR of 1,300 ms, TE of 37 ms, and
voxel size of 0.25×0.25×0.6 mm.

The mean follow-up interval between surgery and MRI
was 23 months (range 11–49) months.

Image analysis

Imaging data were analysed in consensus by two experienced,
board-certified musculoskeletal radiologists on an OsiriX v.
3.8.1 workstation. Localization and measurement of the RT
and morphology of the reference cartilage of the talus were
analysed on the anatomic DESS and SPACE sequences.

The morphology of RT was visually assessed using a
modified MOCART score with the following RT sub-scores:
defect filling, integration of border zone, surface, structure,
and signal intensity [25]. Defect filling was graded as 4=
complete, 3=complete with hypertrophy, 2=incomplete
(>50 % of surrounding cartilage), and 1=incomplete (<50 %
of surrounding cartilage). Integration of the border zone was
graded as 4=complete, 3=incomplete with slit-like demarca-
tion of the border, 2=incomplete with defect <50 % of lesion
length, and 1=incomplete with defect >50 % of lesion length.
RT surface was graded as 3=intact, 2=damage <50 % of
depth, and 1=damage >50 % of depth. RT structure was
graded as 2=homogeneous and 1=heterogeneous. RT signal
intensity was graded as 3=normal (isointense compared to
cartilage), 2=nearly normal, and 1=abnormal). Finally, the
sum of all sub-scores was calculated (RT sum score, maxi-
mum sum 16). The size of the RT was measured on coronal
and sagittal images using the largest diameters on the level of
the cartilage layer. The thickness of the RT was measured in
coronal images from the articular surface to the RT bone
interface. The cartilage of four ankle regions (medial and
lateral talus and medial and lateral tibia) was graded with a
modified version of the Noyes score [26] that was adapted to
account for the small thickness of the ankle cartilage, with 0=
normal thickness and signal intensity, 1=normal thickness
with abnormal signal on fluid-sensitive sequences, 2=par-
tial-thickness focal defect involving not more than 50 % of
the cartilage thickness, and 3=focal cartilage defect deeper

than 50 % cartilage thickness, including full-thickness lesions
extending to the subchondral bone.

Under the control of coronal images, regions of interest
(ROIs) were positioned in the sagittal anatomic DESS se-
quence within the RT (Fig. 1a) and in the morphologically
normal-appearing cartilage layer of the non-affected talar
dome of the same joint (Fig. 1b), and then copied to the
sagittal quantitative maps. The reference cartilage had to show
normal signal characteristics and morphological patterns on
the DESS images, and the spatial orientation of the layer
within the magnet field had to be similar compared to the
zone of RT in order to avoid artificial signal alterations due to
the magic angle effect. The ROIs were similar in size and
shape.

Statistical analysis

Descriptive statistics were used to analyze the RT characteris-
tics according to MOCART variables and the distribution and
prevalence of cartilage lesions.

For the primary outcome, a comparison of quantitative
MRI values of AMIC-RT and reference cartilage was per-
formed using the Wilcoxon signed-rank test, given the non-
normal distribution of data. The level of significance was set
to P ≤0.05.

In addition, we used linear regression analysis to find
correlations between morphological parameters such as carti-
lage lesions andMOCARTRTsum score, and the quantitative
MRI measures T2 and diffusion coefficients, respectively. To
analyse the association of RT diffusivity and T2 relaxation
time with follow-up time, the patient cohort was stratified in
tertiles of follow-up interval, with eight patients in the first
tertile ranging from 11–14 months, nine patients in the second
tertile ranging from 15–25 months, and eight patients in the
third tertile ranging from 28–49 months. We then used multi-
variate regression analysis, with diffusion coefficient and T2
values as outcome measures and follow-up tertiles, and lesion
score of the opposing tibial cartilage and RTsize as covariates.

For statistical analysis, the Prism 4 (Macintosh) software
(GraphPad Software, Inc., San Diego, CA, USA) and JMP
version 11 (SAS Institute, Cary, NC, USA) were used.

Results

Morphological findings of cartilage and repair tissue

The morphological analysis of the SPACE and DESS se-
quences revealed focal lesions in the talar (two grade 2 lesions,
total n=two lesions) and tibial cartilage (two grade 1 and three
grade 2 lesions, total n=five lesions) of the non-affected
reference compartment. A higher prevalence of focal cartilage
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lesions was found in the tibial cartilage of the compartment
with the OCL (two grade 1 and six grade 2 lesions, total
n=eight lesions). Mean RT size was 1.1 cm2, ranging
from 0.5 to 2.2 cm2. Mean thickness of the RT was 1.9 mm,
ranging from 0.5 to 4.4 mm. Mean MOCART sub-scores of
the RT were as follows: filling, 3.4 (SD 0.9); integration, 2.6
(SD 0.7); surface, 2.3 (0.7); structure, 1.4 (SD 0.5); and
signal intensity 1.7 (SD 0.6). The mean sum of all sub-
scores (RT sum score) was 11.4 (SD 2.6).

T2 measurements and diffusion coefficients of reference
cartilage and repair tissue

The quantitative measurements of the apparent cartilage water
proton diffusivity showed a mean diffusion coefficient of
1.76 μm2/ms (SD 0.68) for the RT and 1.46 μm2/ms (SD
0.64) for the reference cartilage (Table 1, Figs. 2a and 3). This
difference was statistically significant (p =0.0092). The carti-
lage of the talus was too thin to reliably perform a laminar
analysis of the cartilage T2 that differentiates between a deep
and superficial zone. Thus we used ROIs that included both
zones and measured the global apparent mean T2. In our
cohort, we found a mean T2 value of 43.1 ms (SD 14.4) for
the AMIC-RT and 39.1 ms (SD 11.5) for the normal cartilage
(Table 1, Figs. 2b and Fig. 3). This difference was not statis-
tically significant (p =0.26).

Correlation of morphological and quantitative MRI measures

No correlation was found between the cartilage scores of the
non-affected talar dome and cartilage diffusion coefficients
(rs =0.03, p =0.926) or T2 values (rs =0.245, p =0.261). No
associations were found between the score for the tibial
cartilage opposing the OCL and the T2 or diffusion mea-
sures of the RT. Comparison of the RT sum score of the
MOCART grading system with RT diffusion coefficients
revealed no correlation (rs -1.6, p =0.471). There was also
no association between the RT sum score and RT T2 values
(rs=- 0.29, p =0.172).

Quantitative MR measures and follow-up time

Controlling for lesion size and WORMS lesions of the oppos-
ing tibial cartilage, in a multivariate linear regression model,
we found significantly lower diffusion coefficients in the
last follow-up tertile (follow-up intervalls ranging from 28 to
49 months) compared to the first follow-up tertile (follow-up
intervalls 11–14 months) (p =0.027), and by trend, a reduced
diffusion coefficient of the second follow-up tertile compared
to the first (p =0.055) (Fig. 4). No significant differences
among follow-up tertiles were found using the same model
with T2 values as outcome variable.

Discussion

The results of our study show that, compared to quantitative
T2 measurement, the diffusion-weighted DESS sequence was
more sensitive in detecting differences between RT of AMIC-
treated OCLs and normal-appearing cartilage. Diffusion coef-
ficients of the RT decreased with follow-up time, reaching
significance after 28 months. No such association was found
for T2 measures. We found no association between quantita-
tive MRI measures and the MOCART RT scores.

Fig. 1 DESS sequence for
anatomical imaging of the ankle
joint cartilage. ROIs with similar
size, shape, and spatial orientation
towards the magnet field were
positioned within the RT (a) and
within the normally structured
cartilage layer of the talus (b)

Table 1 T1 values, T2 values, and Diffusion coefficients obtained from
repair tissue and reference cartilage

Sequence AMIC Repair
Tissue

Reference
Cartilage

P –value*

T2 (ms), mean, (SD) 43.1 (±14.4) 39.1 (±11.5) 0.26

dwDESS (μm2/ms),
mean (SD)

1.76 (±0.68) 1.46 (±0.64) 0.0092

*P values calculated with the Wilcoxon signed rank test
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Compared to the number of studies of the knee, there are
relatively few studies focusing on the biochemical character-
ization of cartilage in the ankle joint. One reason is that the
cartilage layer of the talus is thinner [27], thus requiring scans
with higher spatial resolution. This problem is further aggra-
vated if quantitative imaging sequences are used. With the
increased signal-to-noise ratio and spatial resolution of 3 T
MRI scanners, biochemical imaging of the ankle cartilage has
become feasible [28, 29].

In this study, we applied—for the first time at the ankle—a
recently introduced method for diffusion measurement of the
cartilage based on a double-echo steady-state sequence, as
described by Bieri et al. [24]. Conventional DWI sequences
are based on a single-shot echo-planar imaging technique that
provides poor spatial resolution and is used mainly in brain
and whole-body imaging. More feasible for musculoskeletal
applications such as the evaluation of cartilage are sequences
based on a steady-state free-precession technique offering a
higher resolution. Instead of a SSFP sequence that was used in
the work of Quirbach [28], we used a truly diffusion-weighted
3D double-echo steady-state (dwDESS) sequence. The great
advantage of the dwDESS technique is the independence of
the diffusion coefficient with regard to T1 and T2 relaxation
values, thereby allowing the calculation of absolute diffusion
values. This independence may enhance the sensitivity for
differences in diffusivity of tissue protons. The sequence we
used for T2 mapping was based on a pSSFP technique. The

T2 values we gained for both RT and control cartilage (39 ms
and 43 ms) were lower compared to the data reported by
Quirbach (48 ms and 50 ms). The shorter values are most
likely explained by the technical properties of the pSSFP
sequence [23]. Since this effect appeared in a systematic
way, it should not have influenced the detection of possible
differences between RT and control cartilage.

The overall finding that the diffusion-weighted sequence
was more sensitive in detecting differences between RT and
cartilage versus T2 mapping has also been reported in other
studies. Quirsbach et al. [28] utilized 3 T MRI to examine 10
volunteers and 12 patients with matrix-associated autologous
chondrocyte transplantation (MACT) at the talus, and found
significant differences in diffusivity between the MACT-RT
and healthy cartilage, whereas T2 and T2* did not show
significant results. Apprich et al., who compared the diffusion
values ofMACTandmicrofracture therapy (MFX) of the talus
[30], found that while there was no difference in diffusion
quotients between reference cartilage and MACT-RT, signif-
icantly higher diffusion quotients were found in the MFX-RT.
Another study compared MACT and MFX in patients with
chondral repair of the knee [16], reporting significantly higher
diffusion values in both MFX- and MACT-RT compared to
normal cartilage, whereas lower T2 values were seen only in
the MFX-RT compared to normal cartilage. The lower T2
values may be partially explained by histological differences
of the RT in the techniques: MFX-RT resembles the qualities

Fig. 2 Fusion of parameter maps with a T1w anatomic sequence of one
patient. (a) AMIC-treated OCL of the talus with sclerotic bone marrow
changes below the chondral repair (white arrows). The increased diffusity

demarcates the RT from the surrounding cartilage (open arrow). (b) The
RT shows T2 relaxation times equal to the surrounding normal cartilage
(open arrow)

Fig. 3 Box and whisker plots of
T2 values and diffusion
coefficients of the AMIC-RT and
reference cartilage (RC)
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of fibrocartilage, while MACT RT shows more hyaline-like
properties [31, 32]. The similar T2 values of the AMIC-RT
and reference cartilage may, indeed, indicate hyaline-like
properties of the AMIC-RT, but in vivo studies on the histo-
logical properties of AMIC-RT, which might provide answers
to this question, are still lacking.

Our finding that RT diffusion coefficients decreased with
follow-up time is consistent with a study that investigated the
development of diffusion coefficients of MFX-RT in knees
[22], where a significant decrease in tissue diffusivity occurred
in the first 24 months, and remained stable in the later follow-
up. Our data suggest that the main down-slope of diffusivity
has already occurred at 15 months, which may indicate in-
creased density and matrix organization of RT as a result of
tissue maturation.

There were limitations to the study that must be considered.
First, only a small number of patients could be included, and
this may have contributed to the high standard deviations.
However, for one of the sequences, we found significant
differences in the RT and control cartilage even in this small
number of patients. Second, MRI data from this cross-
sectional study exist for only one point in time; thus we were
not able to evaluate the longitudinal development of T2 values
or diffusion coefficients within the RT. However, it would be
very interesting to assess specific changes in the biochemical
properties of the RT in further follow-up examinations, and
this should be investigated in future longitudinal studies. With
the pSSFP sequence, we applied a new technique for T2
mapping. To our knowledge, there is no published data re-
garding the clinical application of this technique. Thus, some
uncertainty remains with respect to the comparability of the
sequence used in our study with conventional techniques for

T2 mapping such as a multi-echo/spin-echo technique. An-
other study limitation is the fact that we could not correlate our
findings with histological data, since a biopsy of the RT was
not possible due to ethical considerations.

A strength of this study is the MRI protocol with identical
resolution parameters of all 3D-acquired quantitative se-
quences, which allowed comparison between the different
quantitative sequences.

In conclusion, our data indicate that the dwDESS is more
sensitive to collagen network disorganization of AMIC-RT
than quantitative T2 measures. dwDESS of RT also showed a
cross-sectional association with the post-surgical follow-up
interval. These findings render the technique a promising tool
for the study of RT matrix changes in vivo during tissue
maturation and longer follow-up periods. The reduced diffu-
sivity in patients with longer follow-up times may indicate
increased density and matrix organization of RT as a result of
tissue maturation. The implications of this finding for the
long-term outcome of AMIC-treated OCLs should be inves-
tigated in longitudinal studies.
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