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Quantitative MRI T2 Mapping is Able to
Assess Tissue Quality After Reparative and
Regenerative Treatments of Osteochondral

Lesions of the Talus
Giulio Rizzo, MD,1 Alessandro Cristoforetti, PhD,2,3 Alessandro Marinetti, MD,1

Marta Rigoni, PhD,2,3 Leonardo Puddu, MD,4 Fabrizio Cortese, MD,4
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Background: Quantitative MRI has potential for tissue characterization after reparative and regenerative surgical treatment
of osteochondral lesions of the talus (OCLTs). However available data is inconclusive and quantitative sequences can be
difficult to implement in real-time clinical application.
Purpose: To assess the potential of T2 mapping in discriminating articular tissue characteristics after reparative and regen-
erative surgery of OCLTs in real-world clinical settings.
Study Type: Observational and prospective cohort study.
Population: 15 OCLT patients who had received either reparative treatment with arthroscopic microfracture surgery (MFS)
for a grade I lesion or regenerative treatment with bone marrow derived cell transplantation (BMDCT) for a grade II lesion.
Field Strength/Sequence: 1.5 T, proton density weighted TSE, T2-weighted true fast imaging with steady-state-free pre-
cession and multi-echo T2 mapping sequences.
Assessment: Patients were evaluated at a minimum postoperative follow-up of 24 months. T2 maps of the ankle were gen-
erated and the distribution of T2 values was analyzed in manually identified volumes of interest (VOIs) for both treated
lesions (TX) and healthy cartilage (CTRL). The amount of fibrocartilage, hyaline-like and remodeling tissue in TX VOIs was
obtained, based on T2 thresholds from CTRL VOIs.
Statistical Tests: Fisher’s exact test for categorical data, nonparametric Mann–Whitney U test for continuous data. The sta-
tistical significance level was P < 0.05.
Results: From CTRL VOI analysis, T2 < 25 msec, 25 msec ≤ T2 ≤ 45 msec, and T2 > 45 msec were considered as represen-
tative for fibrocartilage, hyaline-like and remodeling tissue, respectively. Tissue composition of the two treatment groups
was different, with significantly more fibrocartilage (+28%) and less hyaline-like tissue (�15%) in MFS than in BMDCT
treated lesions. No difference in healthy tissue composition was found between the two groups (P = 0.75).
Data Conclusions: T2 mapping of surgically treated OCLTs can provide quantitative information about the type and
amount of newly formed tissue at the lesion site, thereby facilitating surgical follow-up in a real-word clinical setting.
Level of Evidence: 2
Technical Efficacy: Stage 3
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Osteochondral lesions of the talus (OCLTs) are defects
involving both cartilage tissue and subchondral bone.

Most frequently, they are secondary to trauma with an esti-
mated occurrence of 6% in all ankle sprains; a lower number
is due to nontraumatic etiology.1,2

Surgical treatment of OCLTs aims at restoring continu-
ity of the articular surface and joint function, reducing pain,
and preventing evolution to degenerative osteoarthritis.3

Among surgical options, reparative treatments are techniques
that stimulate bone marrow through microfractures (MFS) or

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.27754

Received Apr 13, 2021, Accepted for publication May 19, 2021.

*Address reprint requests to: F.T., University of Trento, via delle Regole, 101, I-38123 Mattarello, Trento, Italy. E-mail: tessaro@science.unitn.it
Giulio Rizzo and Alessandro Cristoforetti contributed equally to the manuscript.

From the 1Division of Diagnostic Radiology, Rovereto Hospital, Azienda Provinciale per i Servizi Sanitari, Trento, Italy; 2Department of Industrial Engineering,
University of Trento, Trento, Italy; 3Healthcare Research and Innovation Program (IRCS-FBK-PAT), Bruno Kessler Foundation, Trento, Italy; and 4Division of

Orthopaedics and Traumatology, Rovereto Hospital, Azienda Provinciale per i Servizi Sanitari, Trento, Italy

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2021 The Authors. Journal of Magnetic Resonance Imaging published by Wiley Periodicals LLC.
on behalf of International Society for Magnetic Resonance in Medicine.

1572

https://orcid.org/0000-0003-4022-5602
mailto:tessaro@science.unitn.it
http://creativecommons.org/licenses/by/4.0/


drilling, inducing clot formation that typically evolves into
fibrocartilage.4–7 Regenerative techniques are instead based on
autologous chondrocytes implantation or transplantation of
stem cells with chondrogenic potential and are expected to
result in hyaline-like tissue, with biological, chemical, and
functional characteristics close to healthy cartilage.8–11 Repar-
ative techniques have shown good results from a clinical point
of view in short and medium term,12 but divergent results at
long-term follow-up.6,7 For regenerative techniques, while
histologic evidence of formation of hyaline-like tissue is
limited,8 it has been associated with better clinical scores.10

Therefore, regular follow-up evaluation of surgical interven-
tion is required. However, arthroscopic or histological assess-
ment of the newly formed tissue after OCLT surgery is
invasive and noninvasive imaging techniques should be
considered.

MRI is able to provide quantitative information about
tissue formed after OCLT surgery in a noninvasive way
through T2 mapping sequences.11,13 T2 values depend on
collagen fiber network organization, water coordination and
content.13 T2 mapping therefore has potential value for
predicting long term clinical outcome.10

Unfortunately, MRI studies on OCLTs have inconsis-
tent results, showing T2 values of tissues obtained after MFS
equivalent to normal cartilage7 or higher.14 In addition, T2
mapping of OCLTs is typically performed with 3 T MRI
scanners and time-consuming sequences.14,15 These technical
aspects limit the applicability of the technique to research
studies in large and specialized radiological centers.

Thus the aim of this study was to evaluate the potential
of T2 mapping to discriminate tissue characteristics of newly
formed tissue in OCLT after reparative and regenerative sur-
gery in real-world clinical settings, using a 1.5 T MRI scanner
and a time-effective protocol.

Materials and Methods
The study was approved by the local Ethics Committee and patients
gave written informed consent prior to participation.

Study Group and MRI Protocol
The study considered for inclusion all patients surgically treated for
symptomatic OCLTs at the Division of Orthopedics and
Traumatology of the Rovereto Hospital, Italy between July 2014
and March 2017.

Patients received either a reparative treatment with arthro-
scopic microfracture surgery (MFS) for a grade I lesion (lesion depth
<0.8 mm and area <1.5 cm2), or a regenerative treatment with bone
marrow derived cell transplantation (BMDCT) in case of grade II
lesion (lesion depth <0.8 mm and area >1.5 cm2).8 Inclusion criteria
required a minimum postoperative follow-up of 24 months, no
patient contraindications to MRI examination, and no postsurgical
traumas and interventions at the lesion site.

Presurgery collected data included patient’s age, sex, body
mass index (BMI), and clinical orthopedic evaluation of the ankle

joint according to the American Orthopedic Foot and Ankle Society
(AOFAS) score.16

After a minimum of 24 months from surgery, patients were
clinically re-evaluated by the orthopedic surgeon, collecting AOFAS
score at follow-up. The following MRI sequences were acquired in a
1.5 T scanner (Magnetom Aera, Siemens Medical Systems Erlangen,
Germany) using a Head/Neck 20 coil (Siemens Medical Systems
Erlangen, Germany): (a) coronal proton density weighted turbo spin
echo (PD-TSE) with and without fat suppression (FS); repetition
time (TR) 3150 msec and 3050 msec, respectively, echo time
(TE) 39 msec, field of view (FOV) 170 mm � 170 mm, matrix size
384 � 384, pixel spacing (PS) 0.443 mm, slice thickness
(ST) 2 mm, slice spacing (SS) 2 mm; (b) sagittal PD-TSE FS; TR
2950, TE 32 msec, FOV 170 mm � 170 mm, matrix size
384 � 384, PS 0.443 mm, ST 2 mm, SS 2 mm; (c) coronal
T2-weighted true fast imaging with steady-state-free precession
(T2-TRUFI); TR 10.43 msec, TE 4.61 msec, flip angle 28�, FOV
170 mm � 170 mm, matrix size 256 � 256, PS 0.664 mm, ST
0.7 mm, SS 0.7 mm; and (d) coronal multi-echo (5 echo train) and
multi-slice (26 slices) T2 mapping; TR 1000 msec, TE from 13.8 to
69 msec, FOV 170 mm � 170 mm, matrix size 256 � 256, PS
0.664 mm, ST 2 mm, SS 2 mm. Examples of the scan sequences for
a representative patient are shown in Fig. 1a–e.

Based on the images from sequences (a), (b), and (c), a
Magnetic resonance Observation of Cartilage Repair Tissue
(MOCART) score17 was obtained at follow-up. MOCART score
was assigned by two radiologists (Alessandro Marinetti and Giulio
Rizzo having, respectively, 20 and 4 years of clinical experience)
following a consensus process. The opinion of a third radiologist
(Sabino W. D. Sala, 40 years of experience in musculoskeletal
radiology) was asked for debated cases. In addition, the multi-
echo images collected with sequence d), were processed to obtain
T2 relaxation maps of the ankle for characterization of the articu-
lar tissue.

Generation of T2 Maps
Multi-echo images were processed by a custom-realized software
developed in the MATLAB programming platform (The
MathWorks, Inc. Natick, MA, USA). Relaxation times in each voxel
were obtained from the signal intensities Mi at the different echo
times TEi (i = 1, …, 5), employing a noise bias correction scheme
based on the methods of McGibney and Smith18 and of Miller and
Joseph.19 Assuming a Rician noise distribution,20 the unbiased esti-

mate of the power signal Pi ¼M 2
i �2σ2rice was computed, where the

Rice noise variance σrice was estimated as the second-order moment

in the background (air) region of all the image stacks: σ2 ¼
1=10

P5
i¼1 M 2

i

� �
back . The background region was automatically seg-

mented by the software. The model for the power signal decay

P̂ i ¼A
2
0exp �2TEi=T 2

� �
was fitted on the Pi sequence, finding the

optimal A0 and T2 values that minimized the weighted sum of
square of errors.

In order to assess the quality of fitting, the biased estimate

of the echo signal was reconstructed as M̂ i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P̂ iþ2σ2rice

q
, and

the following parameters were computed: the signal to

noise ratio SNR¼ 1=5σ2rice

P5
i¼1Mi

2 , the coefficient of determination
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R2 ¼ 1�
P5

i¼1
Mi�M̂ ið Þ2P5

i¼1
Mi� �Mð Þ2

, where �M ¼ 1=5
P5

i¼1Mi , and the reduced

χ2 ¼ 1=3σ2
rice

P5
i¼1 Mi� M̂ i

� �2
. Voxels having SNR < 5 or R2 < 0:5 or

χ2 > 10 were excluded from the analysis. Based on previous experi-
ence on cartilage T2 mapping, only voxels with T2 values within the
5–100msec range were considered as representative of articular tis-
sue. The following criteria were also applied to exclude voxels not

representative of articular tissue: M̂ 1 < 200 (low signal intensity at

the first echo time) and A0exp �80=T 2

� �
> 300 (high-signal intensity

at long echo time, typical for bone tissue). An example of T2 map

with voxels filtered according to the above reported criteria is shown
in Fig. 1f.

Volume of Interest Segmentation
The coronal MRI morphological images of the PD-TSE sequences
were processed by a radiologist (Giulio Rizzo, 4-year clinical experi-
ence) supervised by a second radiologist (Alessandro Marinetti,
20 years of clinical experience) both with a specialty in musculoskel-
etal MRI, using the software Horos (Purview, Annapolis, MD,
USA). Every segmentation was checked by the second radiologist

FIGURE 1: Mid-term follow-up MRI images of the talar bone region showing an OCLT. (a) Coronal proton density turbo spin-echo
(PD-TSE). (b) Coronal fat suppressed PD-TSE. (c) Sagittal fat suppressed PD-TSE. (d) Coronal T2-weighted true fast imaging with
steady-state-free precession (T2-TRUFI). (e) Coronal T2 multi-echo sequence, first echo at TE = 13.8 msec. (f) Coronal T2 map
obtained by processing the multi-echo sequence, T2 values are represented according to the color map on the left. Voxels where
curve fitting was unreliable or presenting low signal are shown in black, while possible bone tissue is shown in dark grey. The image
was produced without interpolating color between voxels.
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and changes were made following a consensus process. Two volumes
of interest (VOIs) for each ankle (Fig. 2a,b) were delineated: the
treated lesion (TX) VOI, including the newly formed tissue at
the treatment site, and the control (CTRL) VOI, identified within
the healthy cartilage on the talar dome opposite to the treatment
site. Each VOI was segmented in the PD-TSE sequence, carefully
excluding the subchondral bone and the synovial fluid. The absence
of patient motion between the PD-TSE and the first echo signal of
the multi-echo sequence was visually checked and manual registra-
tion of the VOI in the multi-echo sequence was provided if neces-
sary. Finally, the VOIs were imported into the MATLAB software
and automatically superimposed to the T2 maps (Fig. 2c,d).

Data Analysis
To identify the most reliable T2 intervals for hyaline cartilage, a first
analysis focused on the T2 values of voxels in the CTRL VOIs was
performed. The first quartile (Ta) and third quartile (Tb) of the
pooled T2 values from all CTRL VOIs were calculated and consid-
ered, respectively, as the minimum and the maximum T2 values for
hyaline/hyaline-like tissue. T2 values lower than Ta were considered
representative of fibrocartilage; values higher than Tb were consid-
ered representative of tissue under remodeling.9 To check

homogeneity of the healthy cartilage in the two treatment groups,
first and third quartiles were also calculated separately for the pooled
T2 values distribution in CTRL VOIs in the MFS treated patients
and in the BMDCT treated patients.

The analysis of the T2 data for VOIs was then performed in
three steps. First, the frequency histogram showing the number of
voxels according to their T2 values was realized for each patient, for
both CTRL and TX VOIs (Fig. 3a). Second, the normalized fre-
quency distribution of T2 values in each VOI was calculated using a
10 msec moving average (Fig. 3b). This allowed comparison of the
T2 distributions between VOIs of different size. Third, the percent-
age of fibrocartilage, hyaline-like and remodeling tissue in each VOI
was quantified by calculating the percentage of voxels having T2
values respectively lower than Ta, between Ta and Tb, and higher
than Tb.

Statistics
Descriptive patients’ and OCLTs’ variables were expressed by first,
second and third quartiles of their distributions. Dichotomous vari-
ables or scores were expressed as frequencies and percentages of
occurrence.

FIGURE 2: Definition and transposition of the volumes of interest (VOIs). (a) Manual delineation of the surgically treated area
(TX) and cartilage control area (CTRL), on the coronal PD-TSE sequence performed in Horos software. The VOIs are shown as
contour lines on the interpolated rendering of the image. (b) The same VOIs in the first echo signal of the multi-echo sequence, after
optional alignment correction. (c) The VOIs in the first echo signal imported in MATLAB software. VOIs are delineated in white.
(d) The same VOIs transposed on the T2 map, also shown in white. The image was produced without interpolating color between
voxels.
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Variables were analyzed based on treatment received by
patients (i.e. BMDCT and MFS). Fisher’s exact test was used to
compare categorical data. Continuous data were checked for normal-
ity using Shapiro–Wilk test and nonparametric Mann–Whitney
U test was used to compare nonnormally distributed data. A P-value
<0.05 was considered to be statistically significant. Statistical analyses
were performed using the Stata software, (StataCorp, College Sta-
tion, Texas USA).

Results
Study Groups and Tissue Evaluations
The study considered a total of 35 patients (14 MFS and
21 BMDCT). Five MFS and 10 BMDCT patients declined
the invitation for the follow up MRI. Two cases (1 MFS and
1 BMDCT) were excluded because they received surgical
treatment different from the one defined in the inclusion
criteria. Two MFS and one BMDCT patient were excluded
after the MRI examination because of presenting a postsurgi-
cal osteoarthritis with residual cartilage thickness insufficient
to exclude the subchondral bone and the synovial fluid in

VOIs delineation. The final study group consisted of 15 cases
(11 males and 4 females, mean age at surgery 35 � 14 years,
mean age at follow-up 39 � 14 years) including six patients
treated with MFS and nine patients with BMDCT. Patients’
characteristics, OCLTs’ details, clinical and imaging scores
are summarized in Table 1. The two treatment groups
showed no significant differences in terms of patients’ charac-
teristics, apart from lesion size and grading.

On average, 193 and 173 voxels were identified in each
CTRL VOI and TX VOI, respectively, corresponding to a
tissue volume of 170 mm3 and 152 mm3. About 8% of these
voxels were excluded according to the criteria defined in the
methods section leaving a total of 2674 and 2416 voxels, over
the 15 patients, for the CTRL and TX VOIs, respectively.

The analysis of the T2 cumulative distribution of all
CTRL VOIs showed a median (first quartile–third quartile)
of 35 (25–45) msec. Similar figures were obtained for the
two treatment subgroups individually (34 (25–45) msec and
35 (25–46) msec in MFS (931 voxels) and BCMDT (1743
voxels) patients, respectively), confirming the homogeneity of

FIGURE 3: Example of the analysis of T2 data from voxels in a single volume of interest (VOI). (a) Frequency histogram showing the
number of voxels according to their T2 values. Ta and Tb represent the first and third quartile of the cumulative T2 distribution of
control VOIs. (b) Normalized frequency distribution of the same T2 values obtained using a 10 msec moving average filter. The
percentage of fibrocartilage, hyaline-like and remodeling tissue in the VOI was quantified by calculating the percentage of voxels
having T2 values respectively lower than Ta, between Ta and Tb, and higher than Tb. The same percentages correspond to the three
areas under the normalized distribution curve.
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the sub-groups in term of healthy cartilage. Ta and Tb values
were therefore set to 25 msec and 45 msec, respectively.
Accordingly, the intervals T2 < 25 msec, 25 msec ≤ T2
≤ 45 msec, and T2 > 45 were considered to be representative
of fibrocartilage, hyaline-like tissue and tissue undergoing
remodeling, respectively.

The normalized frequency distributions of the T2
values in the TX and CTRL VOIs of all patients, are shown
in Fig. 4. Lesion sites (TX VOIs) distributions for MFS
treated lesions were peaked at lower T2 values than BMDCT
(Fig. 4a). This difference was not present in the
corresponding CTRL VOIs (Fig. 4b). Consistently, T2 maps
in Fig. 5a showed that MFS treated areas were mainly com-
posed of voxels in the yellow-red color range (T2 < 25 msec,

fibrous tissue). On the contrary, BMDCT treated areas
showed mainly voxels in the green color range (25 msec
≤ T2 ≤ 45 msec, hyaline-like tissue), similar to voxels in
CTRL areas of both treatment groups (Fig. 5b).

The amount of the three different tissue types in TX
areas is reported as percentage of VOI volume in Table 2.
The comparison of tissue type percentages between the two
treatment groups is presented in Fig. 6. Significant differences
were found in tissue composition between the two treatment
groups, having a higher percentage of fibrocartilage and a
lower percentage of hyaline-like tissue in MFS than in
BMDCT treated lesions. The corresponding analysis of the
CTRL VOIs showed no statistical differences in healthy tissue
composition between MFS and BMDCT treated patients

TABLE 1. Patients’ and OCLTs’ Characteristics According to Regenerative (BMDCT) and Reparative (MFS)
Treatments

Patients’ Data BMDCT MFS P-Value

Patients, N (%) 9 (100) 6 (100)

Male, N (%) 7 (78) 4 (67) 1.00*

Female, N (%) 2 (22) 2 (33)

Body mass index (kg/cm2), median (q1–q3) 27 (23–29) 24 (22–25) 0.43**

Age at surgery (years), median (q1–q3) 36 (27–44) 28 (20–51) 0.52**

Age at follow-up (years), median (q1–q3) 40 (31–48) 32 (23–56) 0.55**

Follow-up (months), median (q1–q3) 47 (42–50) 48 (38–57) 0.77**

Lesions characteristics

Lateral defect, N (%) 4 (44) 3 (50) 1.00*

Medial defect, N (%) 5 (56) 3 (50)

Left side, N (%) 4 (44) 3 (50) 1.00*

Right side, N (%) 5 (56) 3 (50)

Defect’s surface area (cm2), median (q1–q3) 1.00 (0.87–1.16) 0.30 (0.27–0.73) 0.02**

Defect’s depth (mm), median (q1–q3) 5 (5–7) 5 (5–7) 0.90**

Clinical scores

AOFAS presurgery, median (q1–q3) 72 (72–76) 79 (73–79) 0.06**

AOFAS at follow-up, median (q1–q3) 96 (90–100) 100 (100–100) 0.18**

AOFAS score improvement (%), median (q1–q3) 90 (62–100) 100 (100–100) 0.18**

Imaging scores

MOCART at follow-up, median (q1–q3) 55 (50–60) 68 (65–75) 0.05**

AOFAS = The American Orthopedic Foot and Ankle Society; BMDCT = bone marrow derived cells transplantation;
MFS = microfracture; MOCART = Magnetic Resonance Observation of Cartilage Repair Tissue; q1 = first quartile; q3 = third
quartile.
*Fisher’s exact test.
**Nonparametric Mann–Whitney U test.
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(P = 0.724, P = 0.724, P = 0.814 for T2 < 25 msec,
25 msec < T2 < 45 msec, and T2 > 45 msec, respectively),
confirming the homogeneity of control cartilage in patients of
the two treatment groups.

Discussion
MRI has prognostic potential by noninvasively characterizing
newly formed tissue at the lesion site.11,13 A range of compo-
sitional MRI techniques have been proposed13 to infer

FIGURE 4: Normalized frequency histograms of T2 values of each volume of interest (VOI) in the whole study population. (a) Treated
(TX) VOIs. (b) Control (CTRL) VOIs. Data in each panel are color-coded according to the treatment type (MFX in red, BMDCT in blue).
Dashed lines indicate T2 values of Ta = 25 msec and Tb = 45 msec considered as boundaries for differentiating between fibro-
cartilage (T < 25 msec), hyaline-like tissue (25 msec < T2 < 45 msec), and tissue under remodeling (T > 45 msec).

FIGURE 5: T2 values inside the treatment (TX) and control (CTRL) VOIs, delineated in white, superimposed on the image of first echo
signal. (a) Patient treated with MFS. (b) Patient treated with BMDCT. Images were produced without interpolating color between
voxels.
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biochemical composition and mechanical properties21 of the
chondral tissue. However, many of these techniques are still
limited to research settings and clinical trials, requiring fur-
ther validation and dedicated equipment.22,23

Among the available techniques, T2 mapping is a well-
established quantitative approach, sensitive to collagen fiber

network organization and water content.11,24 Most T2 studies
on knee cartilage have reported lower T2 values for MFS
induced fibrocartilage with respect to hyaline-like tissue,25,26

but literature on the talus region is not definitive.7,15,27 T2
relaxation time in the newly formed tissue depends on the
time from treatment, with initial higher values associated with

TABLE 2. Percentages of Newly Formed Tissue Type at Lesion Site (TX) and Control VOIs (CTRL) According to
Regenerative (BMDCT) and Reparative (MFS) Surgical Treatment†

Treatment Subgroups

Patient Group Tissue Type (T2 Range)
BMDCT (%),
median (q1–q3)

MFS (%),
median (q1–q3) P-Value*

Treated (TX) Volume of fibrous tissue
(T2 < 25 msec)

0.18 (0.17–0.19) 0.46 (0.24–0.52) 0.045

Volume of hyaline-like tissue
(25 msec < T2 < 45 msec)

0.56 (0.48–0.58) 0.41 (0.39–0.46) 0.013

Volume of remodeling tissue
(T2 > 45 msec)

0.27 (0.27–0.33) 0.18 (0.08–0.30) 0.126

Controls (CTRL) Volume of fibrous tissue
(T2 < 25 msec)

0.16 (0.13–0.27) 0.21 (0.20–0.28) 0.724

Volume of hyaline-like tissue
(25 msec < T2 < 45 msec

0.51 (0.44–0.56) 0.45 (0.39–0.57) 0.724

Volume of remodeling tissue
(T2 > 45 msec)

0.24 (0.21–0.45) 0.31 (0.22–0.37) 0.814

BMDCT = bone marrow derived cells transplantation; MFS = microfracture.
*Nonparametric Mann–Whitney U test.
†Statistical significance of differences between the two treatment subgroups is also reported.

FIGURE 6: Box plot summarizing the percentage of the three different tissue types evaluated by T2 mapping in different volumes of
interests: controls (N = 15) (CTRL), lesions treated according to regenerative surgery (N = 9) (TX BMDCT), and lesions treated
according to reparative surgery (N = 6) (TX MFS).
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tissue under remodeling, and subsequent lower and more stable
values being reported after a maturation period of 1–2 years.28

Considering these aspects, this study included patients with a
minimum follow-up of 24 months and investigated the ability
of T2 mapping to discriminate newly formed tissue at surgi-
cally treated OCLTs. The study was performed using a time-
effective sequence (<5 min) in a 1.5 T scanner which could
realistically be used in a clinical setting. Such “real-world” data
enhances the efficiency of research, bridging the gap between
clinical research and practice, and increases the transfer of
research findings into clinical settings.23,29

In this study, the T2 thresholds that were used to
define different tissue types were tailored to the healthy tis-
sue of the same study population. The T2 range for the con-
trol cartilage in this study (25–45 msec) fell within the
range of values reported by previous studies on healthy ankle
cartilage: 37 � 11 msec,15 37 � 7 msec,30 39 � 8 msec,31

36 � 4 msec,32 and 47 � 9 msec.33 Minor variability in
observed healthy cartilage T2 values can be due to differ-
ences in scanners, acquisition protocols, analysis methodol-
ogy, and segmentation.11 The use of internal controls could
help in reducing variability and increasing data reliability.
Similar T2 values for healthy cartilage in the two treatment
subgroups (Table 1) were found in this study, thus adding
robustness to the results obtained from the comparison of
TX VOIs. A markedly different shape of the T2 distribu-
tions emerged when comparing TX VOIs according to treat-
ment subgroups. A higher percentage of fibrocartilage and a
lower percentage of hyaline-like tissue in MFS than in
BMDCT treated lesions was observed. These results were
consistent with a higher content of densely packed type I
collagen fibers having less interstitial water of fibrocartilage,
as previously shown with a higher field scanner.27 In addi-
tion, data from BMDCT treated lesions were in line with
several studies9,10,34 indicating that regenerated cartilage was
similar to hyaline cartilage in terms of T2 relaxation time.

Cartilage classification by T2 intervals alone does not
represent a conclusive tissue characterization, since while low
T2 may typically indicate fibrocartilage, it may also indicate
cartilage desiccation. Likewise, high T2 values are associated
with both remodeling and osteoarthritic tissue.35

Previous data on ankle cartilage9,10,34 were obtained
with dedicated coils and/or 3 T scanners. In our study, the
feasibility of T2 mapping on newly formed tissue of OCLTs
was confirmed in the clinical setting, and new data on T2
values for tissues resulting from both regenerative and repara-
tive surgical techniques was generated. The method presented
here could be applied at different time points from surgery,
potentially allowing for a comparative assessment of the
treated site at follow-up. This approach paves the way to a
real-world clinical use of noninvasive T2 analysis of talus car-
tilage, complementing morphological imaging in the assess-
ment of OCLT treatment outcome.

Limitations
The absence of second-look arthroscopy limited the possibil-
ity of validating tissue characterization based on T2. How-
ever, the comparative design of the study and the use of
internal controls added confidence to the MRI findings. The
use of an internal control for healthy cartilage within
the same lesioned ankle could introduce biased T2 values due
to biomechanics alteration of the treated ankle.32 However,
several advantages are associated with this study design and
the same approach has been previously applied in several
studies,15,31 whereas only few have opted for an external con-
trol group.9,27

From a technical perspective, the application of a time
effective sequence in a 1,5 T scanner implied acquisitions
with reduced spatial resolution and increased partial volume
effects, which would result in more difficulties in delineating
the VOIs, and insufficient resolution to explore differences in
cartilage thickness.27

Another limitation was the small population of this
pilot study. While this was sufficient to evidence a statistical
difference in T2 between the two treatment subgroups, fur-
ther analyses (eg, correlation between T2 and clinical or
imaging scores) are needed in larger cohorts of patients.10,15

A further limitation is that cartilage T2 values may have
regional variations, as detected with a 3 T scanner,36 which
may increase the analysis error. Since both medial and lateral
surgical sites were present in our datasets, the T2 values we
reported for the different tissue types are also affected by this
error.

Finally, the analysis reported here was focused on the
articular tissue. Future studies should take into account bone-
cartilage cross-talk37 in OCL, in order to provide a more
comprehensive evaluation of the whole osteochondral unit.

Conclusion
T2 mapping of surgically treated OCLTs is a promising tool
to provide quantitative information about the type and rela-
tive amount of fibrocartilage and hyaline-like tissue formed at
the lesion site. Our preliminary results suggest the feasibility
of obtaining this information by statistical analysis of local
voxels in a real-world clinical setting with a 1.5 T scanner
and time effective sequences.
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