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Marc Ewig • Tilman Calliess • Christina Stukenborg-Colsman •

Hajo Thermann

Received: 2 July 2013 / Accepted: 9 February 2014 / Published online: 23 February 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract

Purpose To compare repaired cartilage with native car-

tilage, and inter-observer reliability, using T2 mapping at

3 T for assessing cartilage repair in osteochondral defects

of the talus after the microfracture technique.

Methods We enrolled eight females and seven males

undergoing arthroscopic microfracture for osteochondral

defects of the talus at an average follow-up of

7.9 ± 2.2 years (range 5–13 years). Cartilage tissue was

assessed using a 3-T magnetic resonance imaging unit with

an 8-channel phased array foot and ankle coil (gradient

strength, 50 mT/m; slew rate, 200 T/m/s). T2 maps were

then calculated. Three independent boarded specialists

evaluated the images, and magnetic resonance observation

of cartilage repair tissue scores was used to assess the

cartilage and joint status. Clinical results were assessed

using the Hannover Scoring System (HSS) for the ankle

and the American Orthopaedic Foot and Ankle Society

(AOFAS) hind-foot score.

Results No significant mean differences were found

between the T2 properties of the repair tissue and those of

the native reference cartilage (T2 = 38.6 ± 5.3 ms, range

30.2–55.8 ms vs. 40.3 ± 8.5 ms, range 31.4–59.8 ms,

respectively; intra-class correlation coefficient = 0.94;

confidence interval 0.84–0.99, P B 0.001). Despite C50 %

defect filling in all patients, subchondral bone changes

were considerable. The HSS at the follow-up revealed a

mean score of 87 ± 12 (range 51–97), and the AOFAS-

Score was 90 ± 13 (range 59–100).

Conclusions 3 T T2 maps were similar in repaired and

native cartilage with good inter-observer reliability.

Level of evidence IV.

Keywords Ankle � Microfracture technique �
Osteochondral defect � T2 mapping

Introduction

Arthroscopic debridement and bone marrow stimulation

using the microfracture technique are an established, sim-

ple, and cost-effective operative treatment for osteochon-

dral defects (OCD) of the talus, with low morbidity [6, 7,

16, 17, 28].

In recent years, magnetic resonance imaging has

become increasingly useful for the evaluation of cartilage

repair. Newly developed biochemical MR methods such as

T2 mapping, delayed gadolinium-enhanced MRI of carti-

lage, and diffusion-weighted imaging (DWI) provide

information on the morphological appearance of the repair

tissue, as well as the cartilage structure and molecular

composition [1, 26]. T2 mapping was recently used to

evaluate cartilage repair in the ankle at different field

strengths and using operative techniques such as micro-

fracture, matrix-associated autologous chondrocyte trans-

plantation (MACT), and bone marrow-derived cell

transplantation [4, 5, 12–14, 25]. T2 values were shown to

be related to both the water and collagen content of
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cartilage but especially to the collagen network structure

[26]. Because microfracture suggests fibrocartilage healing

of the defect, disorganization of the fibre network may

result in different T2 properties compared with healthy

hyaline cartilage. These differences might explain deteri-

oration of clinical results over time as found after the

application of microfracture for treating knee cartilage

defects. However, although the microfracture technique in

the knee suggested significant differences between the

repair tissue after microfracture and the native cartilage

[30], similar T2 properties were demonstrated in the ankle

joint [12] showing that no deterioration of results was

found after microfracture for treating chondral and osteo-

chondral defects of the talus [6].

The aim of this study was to evaluate patients with a

mid- to long-term follow-up after microfracture treatment

for an osteochondral defect of the talus using T2 mapping

at 3 T and common clinical scores. The hypothesis was that

the T2 properties of the repair tissue after microfracture are

not different to those of the adjacent native cartilage, and

evaluation by T2 mapping at 3T MRI demonstrates a high

inter-observer reliability. Furthermore, it was evaluated

whether acquired T2 properties show correlations to the

magnetic resonance observation of cartilage repair tissue

(MOCART) score, age, follow-up time, and clinical scores

of the patients.

Materials and methods

Patients from our database who underwent arthroscopic

microfracture for isolated osteochondral defects of the talus

with a minimum follow-up of 5 years were invited for

clinical and MRI evaluation. Patients with rheumatologic

diseases, degenerative defects or kissing lesions, severe

arthritis of the hind foot, metabolic diseases, and structural

malalignment or clinical instability requiring operative

correction were excluded. Fifteen patients (eight female

and seven male) with an average age of 37 ± 17 years

(range 16–61 years) at the time of surgery participated in

the study. All patients gave informed consent. The average

follow-up was 7.9 ± 2.2 years (range 5–13 years). Defects

were located in 13 cases at the medial side and two cases at

the lateral side, and two patients had undergone prior

operative treatment (ligament reconstruction).

Surgical technique and post-operative protocol

The surgical technique consisted of arthroscopic micro-

fracture as previously described [6–8]. Briefly, the patients

were operated in the supine position. Noninvasive dis-

traction of the ankle was performed, and in some cases, in

addition to the standard anteromedial and anterolateral

ports, a superomedial port located 1 cm above the joint,

medial to the tibialis anterior tendon, was used. A 2.5- or

2.7-mm arthroscope was used in all procedures. After

debridement of all necrotic and sclerotic bone from the

defect, the microfractures were placed with arthroscopic

awls of different angles approximately 3–4 mm apart and

2–4 mm deep until fat droplets were evident.

A standard protocol for rehabilitation was used as

described earlier [6]. Briefly, continuous passive motion

(Artromot, DJO Global, Freiburg, Germany) was started as

early as tolerated by pain and swelling, and continued for

6–8 h daily for 4–6 weeks. Patients were advised to limit

weight bearing to no more than 15 kg for the first 4 weeks.

If the ankle was pain-free, weight bearing was increased as

tolerated.

MRI assessment

Cartilage repair tissue MRI assessment was performed

using a 3 T MR unit (Discovery MR750, GE Healthcare,

Milwaukee, WI, USA) with a maximum gradient strength

of 50 mT/m and 200 T/m/s slew rate using an 8-channel

(phased array) foot and ankle coil. The patients were

placed in the supine position with the foot at a 90� angle

relative to the lower leg. The following sequences were

obtained: (1) sagittal isotropic 3-dimensional (3D) gradient

echo fast imaging employing steady-state acquisition

(FIESTA) with a 160-mm field of view (FOV) and 512

matrix resulting in 0.3 9 0.3 9 0.4-mm isotropic resolu-

tion; (2) sagittal proton density fat-suppressed fast-spin

echo (PD-FSE) with an in-plane resolution of 0.3 9 0.3

mm with a slice thickness of 3 mm, repetition time/echo

time (TR/TE) of 2,000/31 ms, a flip angle of 90�, and a

bandwidth of 195 Hz/pixel; and (3) coronal and sagittal

multiecho spin echo (T2 map) to obtain the T2 relaxation

times for T2 mapping. A 160 9 160-mm FOV and

512 9 512-pixel matrix resulted in an in-plane resolution

of 0.3 9 0.3 mm with a slice thickness of 2 mm; TR was

1,300 s, and eight different echo times were used. The

bandwidth was 244 Hz/pixel. T2 maps were calculated

with a pixel-wise, monoexponential nonnegative least-

squares-fit analysis (CartiGram, GE Healthcare).

Images were evaluated by three independent examiners

(two board-certified orthopaedic surgeons and a board-

certified radiologist) blinded to the clinical outcome. Prior

to the beginning of the study, the protocol was discussed

among the examiners for agreement on the measurement

methodology by evaluating an excluded patient with an

osteochondral defect of the talus. The morphological 3D-

true fast imaging with steady-state precession and the PD-

weighted fast-spin turbo spin echo images determined the

defect site. Region-of-interest (ROI) analysis with the

measurement of the defect size and T2 values (Figs. 1, 2a)
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was done at the repair tissue (RT) and at the native adjacent

healthy cartilage (RC) as an internal reference using two

consecutive representative coronal and sagittal images

following earlier published protocols [26]. The ROIs were

drawn manually, carefully excluding the subchondral bone

and synovial fluid. The data of all measurements were then

analysed to calculate mean RT T2 and RC T2.

The classification system for cartilage repair by Marlo-

vits et al. (MOCART) [20] was used to assess the cartilage

repair and joint status comprising the following variables:

(1) degree of defect repair and filling; (2) integration to

border zone; (3) surface of the repair tissue; (4) structure of

the repair tissue; (5) subchondral bone alterations; (6)

signal intensity of the repair tissue; and (7) effusion. Dis-

crepancies in interpretation were settled by consensus.

Score outcome measures

Data collection was performed at the follow-up examination

and according to the patient records. Rating of the results was

performed with the Hannover Scoring System (HSS) for the

ankle [7, 24] and the American Orthopaedic Foot and Ankle

Society (AOFAS) hind-foot score [18]. The HSS was modi-

fied because of the lack of access to standard preoperative and

post-operative plain film radiographs. The maximum score

was therefore adjusted to 100 %, and the scores were reported

as a percentage of the maximum [6, 8]. Satisfaction was

evaluated by a questionnaire that rated the general satisfaction

with the treatment outcomes (1 = excellent, 2 = very good,

3 = good, 4 = fair, and 5 = poor), also asking patients if

they would undergo the procedure again and if they would

recommend this procedure. Institutional review board

approval (ID 5791) was obtained from the ethical committee

of Hannover Medical School prior to the study.

Statistical analysis

Descriptive statistics were calculated (mean, range, and

standard deviation values). To determine differences

between the T2 values, a two-sided independent Student’s

t test was used after confirming normality of the variances

of the T2 values by the Kolmogorov–Smirnov test. The

nonparametric Mann–Whitney test was used to confirm the

t test result. Correlations between the T2 values, MOCART

score, and associations between the clinical scores as well

as defect size, age, and the follow-up time were assessed

using the Pearson coefficient of correlation. Inter-observer

reliability was evaluated using the intra-class correlation

coefficient (ICC). SPSS 18.0 (SPSS Inc., Chicago, IL,

USA) was used for all analyses. A P value B0.05 was

considered significant.

Fig. 1 Coronal T1-weighted spin echo image with T2 map and an

illustration of the region-of-interest (ROI) analysis of a 28-year-old

female 5.4 years post-operatively. The RT (repair tissue) was

40.3 ms, and the RC (healthy cartilage) was 38.8 ms. The defect is

completely covered with repair tissue that appears slightly

hypertrophic

Fig. 2 Sagittal and coronal T1-weighted spin echo image with T2

map and an illustration of the ROI analysis a of a 23-year-old female

6.5 years post-operatively. The RT was 41.8 ms, and the RC was

43.3 ms. The defect is completely covered with repair tissue that

appears slightly hypertrophic. b The T2 value of the majority of the

repair tissue appears comparable to that of the adjacent native

cartilage. However, although integration appears complete, the

integration zone displays higher T2 properties
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Results

No intra- or post-operative complications were observed,

and none of the patients underwent further operative

treatment of the affected ankle. One of the patients

underwent arthroscopic microfracture for contralateral

OCD of the talus 8 months prior to the follow-up

examination.

The mean defect size was 87 ± 30 mm2 (range

37–189 mm2). The ICC for measuring the defect size was

0.94 (CI 0.84–0.99, P B 0.001). No significant mean dif-

ferences were found between the T2 properties of the repair

tissue and the native adjacent reference cartilage. RC T2

was 40.3 ± 8.5 ms (range 31.4–59.8 ms), and RT T2 was

38.6 ± 5.3 ms (range 30.2–55.8 ms) (n.s.). The ICC for

evaluating the T2 properties was 0.80 (CI 0.43–0.94,

P B 0.001).

MRI showed regeneration of tissue in the microfractured

area in all patients, and the mean MOCART score was

64 ± 14 points (Table 1). The structure of the repair tissue

was inhomogeneous, and the surface was damaged in 13/15

of patients. Integration of the repair tissue to the border

zone was complete in 10/15 of the patients with 5/15 ankles

having a small demarcating border. The signal intensity of

the repair tissue appeared normal with both 3-D FIESTA

and PD-FSE in 5/15 patients. Although coverage with

repair tissue occurred, with no patient having\50 % filling

of the defect compared with the level of the adjacent car-

tilage, considerable changes were observed in the sub-

chondral bone. In 11/15 ankles, the subchondral bone

appeared not intact with oedema in 4/15 (Fig. 3), granu-

lation tissue in 4/15 (Fig. 4), cyst formation in 6/15

(Figs. 3, 4), and sclerosis in 8/15 ankles (Fig. 5).

The modified HSS at the follow-up revealed a mean

score of 87 ± 12 (range 51–97), and the AOFAS-Score

was 90 ± 13 (range 59–100). Of the 15 patients, the result

was rated excellent in 8/15, very good in 6/15, and in 1/15

as fair. All but one patient indicated that they would

undergo the procedure again and would recommend it.

Statistically significant correlations were found between

the HSS and AOFAS score (r = 0.76; P B 0.001) as well

as the MOCART score and defect size (r = 0.71;

P = 0.008) with better MOCART score results for patients

with smaller defects. No other statistically significant cor-

relations were observed.

Discussion

The most important finding of our study was that the T2

properties of the repair tissue after microfracture in the

treatment of osteochondral defects did not differ when

compared with those of the adjacent native cartilage. This

is consistent with the findings of Domayer et al. who found

no significant differences between the repair tissue after

ankle microfracture and the adjacent native cartilage at a

mean follow-up of 4.6 ± 2.3 years [12]. The mean RC T2

in our study was 40.3 ± 8.5 ms, and RT T2 was

38.6 ± 5.3 ms—well within the range of 35–45 ms

Table 1 MRI findings of the repair tissue in 15 ankles by using the

MOCART score [20]

Finding No. of

ankles

n (%)

Degree of defect repair and filling of the defect

(1) Complete (on level with the adjacent cartilage) 7 (47)

(2) Hypertrophy (over the level with the adjacent cartilage)

Incomplete (under the level with the adjacent cartilage)

5 (33)

(3) Greater than 50 % of the adjacent cartilage 3 (20)

(4) Less 50 % of the adjacent cartilage

(5) Subchondral bone exposed

Integration to border zone

(1) Complete (complete integration with adjacent cartilage)

Incomplete (incomplete integration with adjacent cartilage)

10 (67)

(2) Demarcating boarder visible (split-like) 5 (33)

(3) Defect visible (less than or greater than 50 % of the

length of the repair tissue)

Surface of the repair tissue

(1) Surface intact (congruent articular surface)

Surface damaged (fibrillations, fissures, and ulcerations)

2 (13)

(2) Less than 50 % of repair tissue depth 13 (87)

(3) Greater than 50 % of repair tissue depth or total

degeneration

Structure of the repair tissue

(1) Homogen (typical cartilage layers are formed over the

entire repair tissue)

2 (13)

(2) Inhomogen or cleft formation (structural formation is

lost)

13 (87)

Signal intensity of the repair tissue

(1) Normal (identical to adjacent cartilage) 5 (33)

(2) Nearly normal (slight areas of signal alteration) 10 (67)

(3) Abnormal (large areas of signal alteration)

Subchondral lamina

(1) Intact 3 (20)

(2) Not intact 12 (80)

Subchondral bone

(1) Intact 4 (27)

(2) Not intact 11 (73)

Adhesions

(1) No 14 (93)

(2) Yes 1 (7)

Effusion

(1) No 13 (87)

(2) Yes 2 (13)
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considered compatible with normal hyaline cartilage pre-

viously reported [4]. However, individual evaluation of the

repair tissue as shown in the figures demonstrated vari-

ability of the T2 properties within the tissue with typical

alterations such as abnormalities of the structure and sur-

face consistent with the description of fibrocartilage [22,

23].

The mean MOCART score for the repair tissue in our

series was 64 ± 14 points. Previous studies evaluating

spongiosa grafting and autologous matrix-induced chon-

drogenesis (AMIC) or matrix-induced autologous chon-

drocyte transplantation (MACT) obtained similar results,

but had shorter follow-up periods than that in our study

[1, 2, 21, 27]. Therefore, considering the considerably

longer follow-up of our series, the repair tissue appears not

to deteriorate in terms of morphological appearance. How-

ever, complete (or hypertrophic) fill or complete integration

with the adjacent cartilage was found in only 80 and 67 % of

the patients, respectively. In addition, the structure and

surface of the repair tissue was damaged in the majority of

patients (87 %). Although most authors described better

results concerning the structure and especially the surface of

the repair tissue than those in the present study [2, 12, 15,

21, 27], comparable findings were reported with respect to

the defect fill and integration of the repair tissue using the

MOCART score [2, 15, 21, 27]. Subchondral alterations

such as oedema, granulation tissue cyst formation, and

sclerosis were evident in 73 % of our patients. Other authors

confirm these findings independent of the technique used

with rates of 57 % after microfracture [12], 88 % after

spongiosa grafting and an AMIC procedure [27], 65 % after

ACT [5], and 92 % after MACT [21]. In contrast, however,

one report stated that the subchondral bone was intact in all

cases (100 %) after MACT [2].

Although a systematic review and meta-analysis showed

that MRI findings after cartilage repair surgery in the knee

correlate with clinical outcomes, no current MRI classifi-

cation system, including the MOCART score, has been

shown to correlate with clinical outcomes after all types of

cartilage repair surgery [9]. We found no significant cor-

relations of the T2 properties with the MOCART score,

age, follow-up time, and clinical scores in our patients.

This is consistent with findings in previous studies after

ACT revealing neither significant correlations of clinical

scores and T2 properties nor MOCART score parameters

Fig. 3 Sagittal isotropic three-dimensional (3-D) gradient echo fast

imaging employing steady-state acquisition (FIESTA) sequence of

the same patient from Fig. 2. The repair tissue is moderately

hyperintense compared with the adjacent cartilage. The subchondral

bone appears sclerotic

Fig. 4 Sagittal proton density fat-suppressed fast-spin echo (PD-

FSE) of a 63-year-old male 7.3 years post-operatively. Marked

subchondral alterations are observed with cyst formation and oedema.

The American Orthopaedic Foot and Ankle Society (AOFAS) and

Hannover Scoring System (HSS) scores were 94 and 87, respectively.

The patient rated the result as very good

Fig. 5 Sagittal PD-FSE of a 26-year-old female 9 years post-

operatively. The patient underwent lateral ligament reconstruction

(Broström procedure) 1 year prior to the microfracture procedure for

the osteochondral defect (OCD). The defect appears to be completely

filled with repair tissue, and effusion is observed anteriorly. The

subchondral bone shows a small cyst and slight oedema. The AOFAS

and HSS scores were 100 and 95, respectively, and the patient rated

the result as excellent
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[5]. However, the MOCART scores in our series correlated

with defect size, suggesting better MOCART scores for

patients with smaller defects, similar to reports of inferior

clinical results for patients with defect sizes[1.5 cm2 [10,

11]. However, it should be noted that the clinical scores

were excellent with a high satisfaction in our patients,

regardless of the defect size. We hypothesize that the

comparable T2 properties and excellent clinical results at

an average follow-up of 8 years are related to better met-

abolic, biochemical, and biomechanical properties of the

ankle cartilage repair tissue as well as better joint congruity

of the ankle allowing less shear forces on the repair tissue

compared with the knee [3, 19, 29]. However, this remains

to be proven.

The major strength of this series is the long average

follow-up of 7.9 ± 2.2 years. The major limitation is the

small number of patients (n = 15). However, other pub-

lished series using T2 mapping after talar cartilage repair at

3 T also had small numbers [12]. Larger series using T2

mapping after bone marrow-derived cell transplantation or

arthroscopic ACT used a 1.5-T MR scanner for evaluation,

rather than a 3 T scanner [5, 15]. Another limitation of our

cohort is the lack of a control group. RC T2 was measured

at the adjacent cartilage in the same ankles without histo-

logical controls. An additional healthy control group might

have improved the informative value and validity of the

findings. However, previous studies used the adjacent

cartilage as a reference [11–13], and because talar cartilage

rarely undergoes primary degenerative changes, it can be

assumed that the adjacent healthy-appearing cartilage in a

high-resolution MRI provides satisfactory comparative

value.

Conclusion

It was found that the T2 properties of the repair tissue after

microfracture in the treatment of osteochondral defects of

the talus were similar to those of the adjacent native car-

tilage and that evaluation by T2 mapping using 3T MRI

demonstrated a high inter-observer reliability. The T2

values demonstrated no correlation with the MOCART

score, age, follow-up time, and clinical scores of our

patients. Although the T2 properties were comparable to

the native adjacent cartilage, the appearance of the repair

tissue and the MOCART scores suggest fibrocartilaginous

repair tissue with persistent high rates of subchondral

alterations in the defect area.
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