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T2-relaxation time of cartilage repair tissue is associated with bone
remodeling after spongiosa-augmented matrix-associated autologous
chondrocyte implantation
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Objective: To investigate whether T2 relaxation time measurements of cartilage repair tissue and
structural changes of the knee joint are associated with subchondral bone architecture after spongiosa-
augmented matrix-associated autologous chondrocyte implantation (MACI).
Design: Both knees of 25 patients (25.5 ± 7.8y; 10 women) were examined preoperatively and 2.7 years
after unilateral spongiosa-augmented MACI with 3T magnetic resonance (MR) imaging. Cartilage
composition was assessed using T2 relaxation time measurements, subchondral trabecular bone
microstructure was quantified using a 3D phase-cycled balanced steady state free-precision sequence.
Structural knee joint changes were assessed using the modified Whole-Organ Magnetic Resonance
Imaging Score (WORMS). The Magnetic Resonance Observation of Cartilage Repair Tissue (MOCART)
score was used for the postoperative description of the area that underwent MACI. Correlations were
assessed using Spearman's rank correlation coefficients.
Results: Hypertrophy of the cartilage repair tissue was found in 2 of 25 patients, both after a MACI
procedure at the patella, 21 patients showed congruent filling. In subchondral bone of the cartilage repair
compartment, apparent trabecular thickness was significantly higher in compartments with elevated
cartilage T2 (n ¼ 17; 0.37 ± 0.05 mm) compared to those showing no difference in cartilage T2 compared
to the same compartment in the contralateral knee (n ¼ 8; 0.27 ± 0.05 mm; P ¼ 0.042). Significant
correlations were found between the overall progression of WORMS and the ipsilateral vs contralateral
ratio of average trabecular thickness (r ¼ 0.48, P ¼ 0.031) and bone fraction (r ¼ 0.57, P ¼ 0.007).
Conclusions: After spongiosa-augmented MACI, T2 values of cartilage repair tissue and structural knee
joint changes correlated with the quality of the underlying trabecular bone.
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Introduction

Cartilage defects caused by traumatic injuries may accelerate
the development of osteoarthritis in young patients1. Once cartilage
damage has occurred, articular cartilage is unable to regenerate the
same hyaline matrix2. Therefore, a number of cartilage repair
techniques, including osteochondral transplantation and matrix-
associated autologous chondrocyte implantation (MACI), have
been developed2e5, in order to repair articular cartilage in cases of
focal cartilage defects and to slow the onset of osteoarthritis6,7.
td. All rights reserved.
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Good to excellent clinical outcome as well as radiological outcome,
assessed using morphological magnetic resonance (MR) sequences
and radiographs, have been reported after cartilage repair with the
MACI procedure6,8e11; few studies have evaluated outcome of pa-
tients that had undergone MACI with quantitative MR imag-
ing12e14. It is known, that cartilage collagen content decrease and
water content increase cause prolonged T2 relaxation times and
therefore elevated cartilage T2 values on T2 maps15. Therefore, T2
relaxation time measurements, as one of the quantitative MR im-
aging techniques, is known to reflect cartilage quality.

More recently, MACI was also introduced in combination with
spongiosa augmentation of the subchondral bone for treatment of
osteochondral defects, which previously required osteochondral
transplantation in order to repair bony defect, however, so far only
one study assessed this combination of spongiosa graft and autol-
ogous matrix-induced chondrogenesis in the talus16. Moreover, the
quantitative assessment of cartilage and subchondral bone archi-
tecture after cartilage repair has not been assessed after MACI until
today.

Therefore, purpose of this study was to investigate the osteo-
chondral maturation after spongiosa-augmented MACI in the knee
and whether the quality of the cartilage repair tissue is associated
with the architecture of the underlying subchondral bone, as
assessed with quantitative MR imaging.
Methods

Subjects

Between September 2008 and August 2013, unilateral, uni-
compartmental MACI was performed at the patella or at the medial
or lateral femoral condyle of the knee joint in 42 consecutive pa-
tients. The patient selection is shown in Fig. 1. Exclusion criteria for
this study were previous surgery at the ipsilateral knee (n ¼ 1) and
surgery at the contralateral knee (n ¼ 6). Ten patients were not
willing to participate in the study. The remaining patients (n¼ 25; 10
women, mean age 25.5 ± 7.8 years) did not present MR imaging
contraindications and were included in the study. None of the
included patients had subsequent surgery at the ipsilateral knee.
Clinical assessment and MRI of the treated knee was performed
preoperatively and after 2.7 years. The patient characteristics of the
patients excluded from this study (N¼ 17) did not differ significantly
compared to the patient characteristics of the patients included in
this study (7 women, mean age 28 ± 9.2 years, P > 0.05 for each
comparison). None of the patients included in this study underwent
treatment with medication which may have affected bone or carti-
lage biology at the time of inclusion in the study and at 2.7-year
Fig. 1. Flow chart illustrating patient selection.
follow-up. The study was approved by the local institutional re-
view board (Ethikkommission der Fakult€at für Medizin der Techni-
schen Universit€at München, Munich, Germany). All patients gave
written and informed consent prior to the participation in the study.

An a priori power analysis was performed to calculate the
appropriate size of study cohorts in order to analyze differences
between the knee that underwent MACI and the contralateral
knee. Using data of our previous study, the mean difference
(±standard deviation) between the ipsilateral knee and the
contralateral knee of cartilage T2 averaged over all compartments
was 1.7 ± 2.9 ms. With these data a comparison of the ipsilateral
and contralateral was simulated and we determined a sample size
of at least 25 patients would achieve a power >0.817. Therefore,
the size of the assess cohort (N ¼ 25 patients) was sufficient for
the analysis.

Surgery

All included patients received spongiosa-augmented MACI
either at the patella or at the medial or lateral femoral condyle. In
brief, the treatment consisted of an initial arthroscopic surgery (as
the first intervention of this two-step procedure) during which
healthy articular cartilage was harvested via biopsy from a non-
weight-bearing region, either from the trochlear notch or from
the medial or lateral femur condylar ridge18. Following, chon-
drocyteswere isolated from the cartilage tissue. Chondrocytes were
passaged in a medium, cultured for approximately 6e8 weeks and
seeded onto a biphasic membrane composed of collagen and
chondroitin sulfate before implantation. At the second stage of the
procedure, the implantation, open arthrotomy was performed.
Spongiosa plugs were harvested from either the distal femur or
from the iliac crest and implanted into the bony defect. Then, the
MACI membrane was shaped according to the cartilage defect. The
membrane surface was dried and sealed using a final fibrin glue
application to make in order to improve stability and in order to
create a water proof surface.

Postoperatively, reduced weight bearing to 20 kg was required
for 6 weeks with following weekly increases of weight bearing. All
patients underwent physiotherapy for at least 3 months.

MR imaging

Morphological and quantitative MR imaging of both knees was
performed 2.7 years after unilateral surgery at a 3T MR scanner
(Ingenia, Philips Healthcare, Best, the Netherlands) using a dedi-
cated 8-channel knee coil (Medical Advances Milwaukee WI, USA).
MR sequence parameters are displayed in Table I. For the quanti-
tative assessment of cartilage composition, a sagittal 2D multislice
multi echo (MSME) spin echo T2-weighted (w) sequence was ac-
quired. The employed T2 mapping sequence was a modification of
the T2 mapping sequence from the imaging protocol used in the
multi-center Osteoarthritis Initiative (OAI) study19. The sequence
acquired 6 echoes at echo times (TE) ¼ 10, 20, 30, 40, 50 and 60 ms.
However, the first echo of the multi-echo spin echo sequence at
TE ¼ 10 ms was excluded from the T2 fitting. The maximum TE was
60ms. The longest TE image had therefore adequate signal-to-noise
ratio (SNR).

A three-dimensional phase-cycled balanced steady-state free
precision (bSSFP) sequence was used in order to quantify the sub-
chondral bone structure.

Morphological MR assessment

Morphologic MR images acquired preoperatively and 2.7 years
after surgery were evaluated independently by two radiologists



Table I
MR sequence parameters

Sequence IM-w TSE IM-w TSE T1-w TSE bSSFP MSME SE T2

Additional features 2D 2D 2D 2D 2D
Plane Cor Sag Sag Cor Sag
Echo time/step (TE; ms) 44 44 13 3 10, 20, 30, 40, 50, 60
Repetition time (TR; ms) 3363 4202 785 8 2200
Field of view (FOV; mm) 140 140 140 100 140
Slice thickness (mm) 3 3 3 1 2.5
In-plane resolution (mm2) 0.4 � 0.4 0.4 � 0.4 0.4 � 0.4 0.2 � 0.2 0.4x0.4
Flip angle (�) 90 90 90 40 90
Number of slices 24 30 28 200 30 (per echo)
Slice distance (mm) 3.6 3.6 3.6 0.5 2.5
Echo Train Length 9 9 3 1 5
Bandwidth per pixel (Hz) 187 187 143 244 251
Phase Encoding Direction F/H F/H F/H R/L F/H
SENSE reduction factor 1.7 1.7 1.5 2 2
Number of averages 2 2 1 2 1
Acquisition time (min) 4:50 4:50 3:06 6:42 5:33
Fat saturation yes yes no no no
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(ASG and BJS, 6 years of experience) using the semi-quantitative
scoring systems as described below. Radiologists were blinded for
clinical information and imaging findings at other time points. In
cases of disagreement a consensus reading was performed.

MOCART score

The MR observation of cartilage repair tissue (MOCART) score
was used for the postoperative description of the area that under-
went MACI20, assessing the degree of filling of the defect, the
integration to the adjacent border zone, the surface of the repair
tissue and bone surface as well as the subchondral bone.

Whole-Organ Magnetic Resonance Imaging (WORMS) score

Pre- and postoperative morphological MR sequences of the
ipsilateral knees were assessed using the semi-quantitative modi-
fied WORMS grading system, as previously described21,22. For each
subscale a sum score was calculated by adding the scores of all
subregions. A total WORMS score was estimated by summing up all
sum scores.

In addition, the size of the defect that was consequently treated
with spongiosa-augmented MACI was measured on preoperative
images.

Quantitative analyses

For trabecular bone analysis and cartilage analysis, segmenta-
tions were performed by two readers (GF and ASG), both under the
supervision of an experienced radiologist (PJM, 10 years of
experience).

Histomorphometric trabecular bone analyses

For the trabecular bone analysis, an in-house interface
description language (IDL)-based program was used, as described
previously23. OsiriX Lite 7.0.2 (Pixmeo, Bernex, Switzerland) was
used for manual segmentation of the subchondral bone in the pa-
tella (PAT), trochlea (TRO), medial femoral condyle (MF), lateral
femoral condyle (LF), medial tibia (MT), lateral tibia (LT), based on
coronal bSSFP sequences. Regions of interest (ROI) were drawn on
the coronal images, on 20 consecutive sections from anterior to
posterior23e26. The height of the ROI of the segmented subchondral
bone was 1 cm. For the segmentation of the subchondral bone of
the patellofemoral joint, axial reconstructions were obtained from
the bSSFP datasets and segmented on 20 consecutive sections from
the proximal to the distal subchondral region (Fig. 2). For the
calculation of the trabecular bone parameters, a dual threshold
algorithm was used24e26. Histomorphometric parameters were
then calculated using a mean intercept length method and the
following values were calculated from the sequence23: apparent
bone fraction (BF), apparent trabecular number (Tb.N), apparent
trabecular separation (Tb.Sp), and apparent trabecular thickness
(Tb.Th). This analysis was performed for the ipsilateral and
contralateral knee.

T2 relaxation time measurements

For the analyses of the cartilage T2 relaxation times, T2 relaxa-
tion time maps were calculated from 2D T2 MSME standard error
(SE) images using a mono-exponential nonnegative least square fit
analysis (27). Five compartments were analyzed at the ipsilateral
and the contralateral knee (PAT, MF, LF, MT, LT). The region of the
cartilage repair tissue at the PAT, MF or LF was segmented sepa-
rately from the surrounding tissue of the specific knee compart-
ment (Fig. 2). The ROI of the cartilage repair regionwas mirrored on
the contralateral knee and was excluded from the compartmental
measurements of the contralateral knee.

Moreover, mean values of all analyzed compartments, excluding
the MACI site, were calculated for both knees. A T2 ratio between
the cartilage T2 of the ipsilateral and contralateral knee was
assessed for the analysis in order to take the large inter-individual
variability of T2 values into account, as previously described27,28.
Increased T2 relaxation times in repair tissue compared to the
cartilage of the contralateral knee implies a stronger anisotropy of
the collagen matrix and increased water content in respective
cartilage areas15. Therefore, high T2 values of the cartilage repair
region may indicate an impairment of cartilage quality in the
repaired region or may suggest a difference regarding the inte-
gration of the cartilage transplant in the surrounding tissue.
Consequently, an analysis of cartilage regions with high and low T2
ratios was assessed separately. The cut off was an increase by two
standard deviations of the matching contralateral cartilage region.

Clinical evaluation

For the evaluation of the clinical outcome 2.7 years after surgery,
the knee injury and Osteoarthritis Outcome score (KOOS)29 was
used assessing knee pain, symptoms other than pain, activities of
daily living (ADL), sport and recreation and related quality of life.



Fig. 2. Exemplary MR images and T2-maps of a 24-year-old male patient with high subchondral trabecular thickness at the osteochondral repair site (upper row) compared to the
contralateral knee and a 22-year old male patient with low trabecular thickness at the osteochondral repair site (lower row) compared to the contralateral knee 2.7 years after MACI.
The ROI segmenting the cartilage of the cartilage repair region (red) the medial femur condyle (blue) and the medial tibia (green) were mirrored to the contralateral knee for the T2
analysis. Trabecular bone structure post-processing: bone and marrow ROI were outlined for the lateral and medial femur condyle (white).
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Statistical analysis

Statistical processing was performed using SPSS 23 (IBM,
Armonk, NY, USA) (PMJ, TB). All tests were performed based on a
two-sided 0.05 level of significance. Differences in characteristics
between patients that participated in the study and patients that
did not participate in this study were evaluated by using one-way
analysis of variance (parametric testing) and Chi-squared test
(categorical variables). For the assessment of the linear relation-
ships between the body mass index (BMI) and total MOCART score
as well as the BMI and KOOS score, linear regression analyses were
performed, with b as standardized coefficient. b indicates the
amount by which the mean/average of the dependent variable
changes if the independent variable is changed by one standard
deviation keeping other independent variables constant.

The values of cartilage T2 are presented as mean ± SE. Normal
distribution of T2 relaxation times was confirmed using
KolmogoroveSmirnov and ShapiroeWilk tests. Cartilage T2 values
were compared between the knee that underwent MACI (ipsilat-
eral) and the contralateral knee in the same patient using paired t-
tests. All included patients had datasets for both knees and for the
statistical analyses performed in this study, the unit of the analyses
was the patient. Non-parametric data are presented as median and
interquartile range. Correlations between semi-quantitative imag-
ing subscores (MOCART at follow-up, WORMS at follow-up,
WORMS progression (¼WORMS at follow-up e WORMS at base-
line) and trabecular parameters were assessed by using Spearman's
rank correlation coefficient. The differences regarding the fre-
quency of worsening between patellofemoral and tibiofemoral
joint were assessed using Chi-squared tests with worsening
defined as a change in WORMS >0. Cartilage T2 values in the
compartments undergoing MACI (PAT, MF, LF) that were higher
than those of the corresponding compartment on the contralateral
knee were considered as elevated. The KolmogoroveSmirnov test
indicated for the subchondral trabecular bone parameters no
normal distribution (P < 0.05). Therefore, differences of the sub-
chondral trabecular bone parameters between the group with
elevated and normal cartilage T2 values were assessed using the
ManneWhitney U test.
Reproducibility

For intrareader reproducibility analysis, the same reader per-
formed repeated WORMS and MOCART gradings in 4 randomly
selected patients for each time point with readings separated by at
least 14 days. Inter-reader reproducibility was assessed based on all
subjects separately for each time point. Intra-class correlation co-
efficients (ICCs) were calculated for MOCART as well as each
WORMS subscore. Intra- and interreader reproducibility were
calculated for trabecular measurements and for cartilage T2 values
on a percentage basis as the root mean square coefficient of vari-
ation (CV) to assess the reproducibility error, as previously
described30. For the reproducibility analyses, segmentations each
segmentation in each patient was performed once by each reader
(ASG and GF) and for intra-reader reproducibility the readings were
repeated by each reader in 10 patients. Results are shown in the
Supplemental data.

Results

Patient and lesion characteristics

MACI was performed at the medial femur condyle (n ¼ 14), at
the patella (n ¼ 8) and at the lateral femur condyle (n ¼ 3). The
median size and range of the cartilage defects measured on MRI
was 4.1 cm2 (range 1.5e7.0 cm2). All patients (n ¼ 25) presented an
osteochondral lesion and the average depth of the bone defect was
3.47 ± 1.98 mm and the average length of the bone lesion was
13.42 ± 6.68 mm. The intraoperatively measured cartilage lesion
size was 3.8 cm2 (range 1.8e8.8 cm2). The average BMI was
25.8 ± 4.5 kg/m2. The follow-up time averaged over all patients was
2.7 ± 0.3 years (range: from 2.4 to 3.0 years).

Cartilage T2 relaxation times and subchondral trabecular analyses

When comparing the cartilage T2 values of the ipsilateral with
the contralateral knee 2.7 years after the patella MACI procedure
(n ¼ 8), cartilage T2 values at the trochlea were significantly higher
in the ipsilateral compared to the contralateral knee (mean

mailto:Image of Fig. 2|tif
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difference 2.81 ± 0.85, P ¼ 0.03; Table II). Moreover, after MACI at
the femoral condyles (n ¼ 17), there were no significantly elevated
T2 values found in the compartments of the ipsilateral knee
compared to the corresponding compartments of the contralateral
knee (Table III). The T2 values and trabecular analysis values are
shown as Supplemental data.

A significant correlation was found between the ratio of global
T2 of the ipsilateral and contralateral knee and the ratio between
the Tb.Th in the spongiosa-augmented region and the contralateral
region (r ¼ 0.47, P ¼ 0.032). An analogous significant correlation
was between the ratio of T2 of MACI regions and the corresponding
contralateral regions and the ratio between the Tb.Th in the
spongiosa-augmented regions and the contralateral regions
(r ¼ 0.36, P ¼ 0.031, Table IV). The ratio of the ipsilateral and the
contralateral Tb.N in the cartilage repair region correlated signifi-
cantly with the ratio between global T2 values of the ipsilateral and
contralateral knee (r ¼ 0.44, P ¼ 0.041). Moreover, the ratio of the
BF (P ¼ 0.026) and Tb.N (P ¼ 0.015) of the ipsilateral and contra-
lateral knee were significantly elevated in spongiosa-augmented
areas with high T2 values in the ipsilateral overlying MACI repair
Table II
Cartilage T2 relaxation time values of the ipsilateral and contralateral knee after unilatera
individual joint compartment and for the global knee joint. MF ¼ medial femoral condy
(without the cartilage repair region); TRO ¼ trochlea; CR ¼ cartilage repair region

T2 relaxation time (ms) Ipsilateral compartment Std. Error Mean

MT 30.12 1.77
LT 30.01 1.67
MF 37.55 0.78
LF 39.79 1.10
CR 35.72 1.76
TRO 42.14 1.73
PAT 33.88 0.92
Global 36.09 0.85

*P-values <0.05 are in bold.

Table III
Cartilage T2 relaxation time values of the ipsilateral and contralateral knee after unilater
values are presented for each individual joint compartments and for the global knee join
LF¼ lateral femoral condyle (without the cartilage repair region, if applicable); MT¼med

T2 relaxation time (ms) Ipsilateral compartment Std. Error Mean

MT 33.10 0.87
LT 31.16 1.34
MF 41.74 0.88
LF 41.06 0.99
CR 42.21 1.28
TRO 40.13 1.03
PAT 34.37 0.80
Global 37.04 0.67

*P-values <0.05 are in bold.

Table IV
Correlations of the cartilage T2 ratio of the ipsilateral and the corresponding contralateral
of each compartment. MF ¼ medial femoral condyle; LF ¼ lateral femoral condyle; MT ¼
region

Ratio between ipsilateral an

Global T2 MT

Trabecular Thickness (Tb.Th) Correlation coefficient 0.47 0.21
P-value* 0.032 0.38

Trabecular Space (Tb.Sp) Correlation coefficient 0.27 0.03
P-value* 0.24 0.92

Bone fraction Correlation coefficient �0.29 �0.04
P-value* 0.21 0.86

Trabecular number (Tb.N) Correlation coefficient �0.21 �0.05
P-value* 0.36 0.85

*P-values <0.05 are in bold.
tissue (versus T2 values of the corresponding area in the contra-
lateral knee) compared to patients with equal or lower T2 values
(Fig. 3).
Trabecular parameters and morphological knee joint assessment

A significant correlation was found between the change over
time in total WORMS and the ratio between the global ipsilateral
and contralateral knee of the Tb.Th (r¼ 0.48, P¼ 0.031; Table V), BF
(r ¼ 0.57, P ¼ 0.007) and Th.N (r ¼ 0.48, P ¼ 0.034). The same effect
was found for change in the subscore WORMS meniscus (ratio
Tb.Th, P ¼ 0.001) and cartilage (ratio BF, P ¼ 0.004).

The integration of cartilage repair tissue in the surrounding
cartilage as depicted using the MOCART score correlated negatively
significantly with the ratio of the Tb.Th and with the ratio of the BF
(r ¼ �0.46, P ¼ 0.031 and r ¼ �0.49, P ¼ 0.022; Table V and
Supplemental data). No significant correlations were found be-
tween the clinical outcome as assessed with KOOS and the histo-
morphometric trabecular bone parameters (P > 0.05 for all).
l spongiosa-augmented MACI at the patella (n ¼ 8). T2 values are presented for each
le; LF ¼ lateral femoral condyle; MT ¼ medial tibia; LT ¼ lateral tibia; PAT ¼ patella

Contralateral compartment t Std. Error Mean P-value*

33.48 1.40 0.13
32.69 1.18 0.06
38.23 1.09 0.65
39.78 0.98 1.00
33.31 2.24 0.39
39.33 1.22 0.03
33.41 1.73 0.34
36.66 0.92 0.23

al spongiosa-augmented MACI at the medial or lateral femur condyle (n ¼ 17). T2
t. MF ¼ medial femoral condyle (without the cartilage repair region, if applicable);
ial tibia; LT¼ lateral tibia; PAT¼ patella; TRO¼ trochlea; CR¼ cartilage repair region

Contralateral compartment Std. Error Mean P-value*

34.43 2.63 0.16
35.11 1.09 0.01
41.49 1.17 0.90
39.65 1.15 0.18
43.45 1.16 0.60
40.80 0.98 0.60
36.01 0.92 0.10
38.53 0.68 0.06

knee compartments with the respective ratio of the trabecular bone parameter ratios
medial tibia; LT ¼ lateral tibia; PAT ¼ patella; TRO ¼ trochlea; CR ¼ cartilage repair

d contralateral cartilage T2 value of each knee compartment

LT MF LF CR TRO PAT

�0.07 0.42 0.05 0.36 0.20 0.31
0.76 0.06 0.82 0.031 0.39 0.18
0.04 0.03 0.51 0.20 0.15 0.24
0.85 0.92 0.02 0.39 0.52 0.31
0.09 �0.14 �0.06 �0.35 �0.20 �0.27
0.71 0.55 0.80 0.12 0.39 0.26
0.12 �0.11 �0.05 0.44 �0.22 �0.25
0.60 0.63 0.84 0.041 0.33 0.29
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Morphological outcome

The averageMOCART score was 67.7 ± 18.2 points. Full thickness
defects within the MACI region or complete delamination of the
entire transplant were found in 2 of 25 patients (one with a MACI
procedure at the medial femur condyle and one with a MACI pro-
cedure at the patella). Hypertrophy of the cartilage repair tissue
was found in 2 of 25 patients, both after a MACI procedure at the
patella. The remaining patients (n¼ 21) showed congruent filling of
the MACI region.

A statistical trend was found for the association between pre-
operative BMI and total MOCART score (b ¼ �0.4 (95% confidence
interval �0.5, 0.1; P ¼ 0.09); Supplemental data). Nevertheless,
there was no significance found when assessing the association
between the preoperative BMI and the clinical symptoms assessed
with the KOOS score (P ¼ 0.62). A higher preoperative BMI was
associated with presence of knee joint effusion in the mid-term
postoperative follow-up (b ¼ �0.4, (95% confidence interval �0.5,
0.0; P ¼ 0.046).

Over 2.7 years, total WORMS only showed a subtle progression
(median total WORMS 3.0, interquartile range 2.00e6.00;
Supplemental data). Cartilage WORMS showed overall low rates of
cartilage degeneration within 2.7 years after MACI (WORMS in-
crease cartilage between baseline and 2.7 year follow up: median
WORMS cartilage progression 2.50, interquartile range 2.00e4.00).
Fig. 3. Comparison of the average ratio of trabecular parameters at the osteochondral rep
(ipsilateral cartilage T2/contralateral cartilage T2, n ¼ 14) and patients with low cartilage
distinguish patients with high and low T2 values in the repair tissue was defined as the mea
Average ratio of trabecular parameters, upper and lower boxes indicating the 1. and 3. quar
trabecular parameters.
With respect to the localization of MACI, worsening of cartilage
lesions, assessed with the subscore WORMS cartilage, was only
substantial in the subgroup that underwent MACI procedure at the
patella compared to patients that underwent MACI at the tibiofe-
moral joint (median 2.50, interquartile range 2.00; 3.50 vs median
1.5, interquartile range 0.5e2.50) andworsening of cartilage lesions
was significantly more often found at the patellofemoral joint than
at the tibiofemoral joint in these patients (P ¼ 0.036).

Discussion

In this study, we have shown significant correlations between
the cartilage quality of compartments treated with MACI, as eval-
uated with quantitative T2 relaxation time mapping, and structural
parameters describing the regeneration and integration of sub-
chondral trabecular bone. Moreover, we have shown that the
overall cartilage quality as well as the longitudinal, postoperative
development of degenerative joint changes are correlated with
these subchondral trabecular bone parameters. Therefore, cartilage
repair tissue quality may depend on the proper regeneration of the
underlying trabecular bone.

In contrast to isolated cartilage defects, osteochondral defects
require not only cartilage repair but also repair of the underlying
bony defect. Therefore, osteochondral defects were mostly treated
using Osteochondral autograft transfer system (OATS) techniques31.
air site (ipsilateral/contralateral knee) between patients with a high cartilage T2 ratio
T2 ratio (n ¼ 11) in the cartilage repair region 2.7 years after MACI. The threshold to
n T2 value of the matching contralateral cartilage region plus two standard deviations.
tile of the ratios and upper and lower whisker indicating the range of the ratios of the



Table V
Correlation of the ratio of the trabecular bone parameters of the ipsilateral and contralateral kneewithin theMACI regionwith change inWORMS subscore from preoperatively
to 2.7 years postoperatively after spongiosa-augmented MACI (total WORMS, meniscus WORMS, cartilage WORMS, bme WORMS) as well as with MOCART subscores (filling
MOCART, integration MOCART, surface MOCART, total MOCART)

Change in WORMS subscore over 2.7 years after MACI Trabecular Thickness (Tb.Th) Trabecular Space (Tb.Sp) Bone fraction (BF) Trabecular number (Tb.N)

Total Correlation coefficient 0.48 �0.22 0.57 0.48
P-value* 0.031 0.34 0.007 0.034

Meniscus Correlation coefficient 0.65 �0.10 �0.04 0.03
P-value* 0.001 0.66 0.85 0.90

Cartilage Correlation coefficient 0.42 �0.06 0.60 0.42
P-value* 0.06 0.81 0.004 0.06

BME Correlation coefficient �0.36 �0.274 0.49 0.49
P-value* 0.11 0.23 0.031 0.022

MOCART Score
Filling MOCART Correlation coefficient �0.09 0.25 �0.27 �0.34

P-value* 0.69 0.25 0.2 0.11
Integration MOCART Correlation coefficient ¡0.46 0.38 ¡0.49 �0.41

P-value* 0.03 0.08 0.02 0.05
Surface MOCART Correlation coefficient �0.39 0.37 �0.39 �0.30

P-value* 0.06 0.08 0.07 0.16
Total MOCART Correlation coefficient �0.30 0.16 �0.23 �0.11

P-value* 0.16 0.46 0.28 0.61

*P-values <0.05 are in bold.
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However, the indication for OATS plugs is limited by the defect size.
Previous studies have shown good clinical outcomes afterMACI also
for large cartilage defects at the knee joint, however, integrity of the
subchondral lamina is required for this technique18,32.MACIhasnow
been combinedwith additional spongiosa augmentation in order to
treat osteochondral lesions with large underlying bony defects.

Therefore, aim of this study was to qualitatively and quantita-
tively assess the progression of knee joint degeneration within 2.7
years after spongiosa-augmented MACI surgery with a focus on the
quantitative assessment of the cartilage repair tissue and sub-
chondral bone architecture. Our results showed higher rates of
degeneration of the knee joint in patients with higher trabecular
thickness and a higher BF in the osteochondral repair region.
Especially cartilage and meniscal degeneration averaged over all
compartments were significantly higher in patients with higher BF
at the osteochondral repair site. Also, the integration of the MACI
graft was significantly worse (according to MOCART score) and T2
values of the cartilage repair tissue were increased in patients with
thicker trabeculae and a higher BF ratio at the osteochondral repair
site. These results may suggest an interaction of the subchondral
bone with the cartilage layer and are in line with a previous study
showing interactions among bone, bone marrow and cartilage in
the progression of knee joint degeneration33. Higher T2 values,
indicating an insufficient cartilage matrix regeneration within the
cartilage repair tissue, were found in patients with a higher BF and
trabecular number 2.7 years after the MACI procedure. Conse-
quently, a proper matrix formation, matrix integration and matu-
ration may depend on regeneration and integration of subchondral
trabecular bone. One pathophysiological explanation for this
finding may be a reduced blood supply for cartilage in regions
within bone regions with thicker trabeculae or even sclerotic
bone34. Also, it needs to be mentioned that thicker trabeculae or
sclerotic bone may also occur secondary, as reaction to increased
stress on the subchondral bone due to the impaired quality of the
cartilage repair tissue. This hypothesis is supported by previous
studies showing that degenerative changes of the subchondral
bone depend on the quality of the adjacent cartilage33,35. Correla-
tions between cartilage T2 and subchondral bone changes were
assessed in order to assess associations between cartilage matu-
ration and the underlying subchondral bone. The results may
indicate the necessity to reconstruct the subchondral bone in pa-
tients with a osteochondral defect, since the healing of the under-
lying subchondral bone may improve the outcome of cartilage
maturation in patients that undergo the MACI procedure.
Moreover, after transplantation of spongiosa and cartilage
repair, a further reason for a successful MACI procedure could be
the structure and quality of the bone prior to surgery. In this study
the quantitative subchondral bone parameters were only acquired
postoperatively, which is a major limitation of this study. The
morphological preoperative MR images revealed no pathologies in
the remaining bone aside from the extent of the bony defect,
therefore further studies with preoperative quantitative imaging
are needed in order to assess the potential influence of these pa-
rameters on the outcome of the MACI procedure.

Moreover, the integration of the MACI in the surrounding
cartilage showed slightly higher success rates in patients with
initially lower bodyweight. A previous study showing that a BMI of
more than 27.5 kg/m2 was associated with poor results in a second
look arthroscopy after mesenchymal stem cell implantation for
cartilage repair36 may emphasize the result of this analysis, yet
there was no association found between the preoperative BMI and
the clinical outcome, therefore the results regarding the association
between BMI and structural and clinical outcome remain incon-
clusive and need to be further evaluated in future studies with a
longer follow-up.

The arthroscopy revealed a slightly wider range of cartilage
lesion sizes than measured preoperatively on MR images. Yet, the
discrepancy between intraoperative lesion measurements and le-
sions size measured on preoperative MR images has been noted
and discussed previously37.

This study has limitations. In this first prospective analysis, the
number of patients with complete assessment of the clinical
outcome and radiological data at baseline and after 2.7 years was
relatively small, since this is a fairly new surgical technique. As a
consequence, and also due to the paucity of previously published
data on interactions between cartilage integrity and subchondral
bone maturation after MACI and other repair techniques, analyses
in this study were primarily performed following an exploratory
approach. Therefore, multiple comparisons and correlations were
assessed, and many significant findings showed only moderate
correlations. Furthermore, as to be expected with exploratory ap-
proaches, multiple testing may have generated significant results.
Therefore, larger study cohorts with a longer study period are
needed in order to validate our findings. Furthermore, no histo-
logical analysis of the cartilage repair tissue or of the trabecular
bone was provided in our study. Since there is no reference data-
base for cartilage T2 values yet, the contralateral knee was used as
an internal reference for each individual patient. Moreover, the
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maximum TE could be increased and in order to increase the
sensitivity of the sequence for T2 changes.

In summary, spongiosa-augmented MACI for treatment of
osteochondral defects at the knee showed promising results in a
mid-term follow-up 2.7 years after surgery, with the best results
after osteochondral repair at the medial and lateral femur condyle.
Cartilage repair tissue after spongiosa-augmented MACI, as
assessed with quantitative MRI, correlates with the quality of the
underlying trabecular bone. Moreover, degree of degeneration of
the knee joint correlated with the quantitative parameters
describing the subchondral bone. These results suggest, that
cartilage and subchondral bone need to be considered as an
osteochondral unit with synergistic function, particularly in the
context of osteochondral repair.
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