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Cartilage Repair Variants

Introduction

Focal chondral or osteochondral defects of the knee joint, 
caused by trauma or other reasons, are a risk factor for the 
development of premature osteoarthritis (OA) in the spon-
taneous course (if left untreated) or after unsuitable defect 
treatment.1,2

Different methods are available for the surgical treatment 
of localized full-thickness cartilage defects. In this context, 
restorative procedures, such as matrix-assisted autologous 
chondrocyte implantation (M-ACI) or osteochondral auto-
graft transplantation (OAT), have been reported to be 
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Abstract
Objective. To compare substantial clinical benefit (SCB) of a hydrogel-based, matrix-associated autologous chondrocyte 
implantation (M-ACI) method versus microfracture (MFx) in the treatment of knee cartilage defects. Design. Propensity 
score matched-pair analysis, using the MFx control group of a phase III study as comparator for M-ACI treatment in a 
single-arm phase III study, resulting in 144 patients in the matched-pair set. Results. Groups were comparable regarding 
baseline Knee Injury and Osteoarthritis Outcome Score (KOOS), sex, age, body mass index, symptom duration, 
smoking status, and previous knee surgeries. Defect sizes in the M-ACI group were significantly larger than in the MFx 
group (6.4 cm2 vs. 3.7 cm2). Other differences concerned location, number, and etiology of defects that were not 
considered to influence the interpretation of results. At 24 months, significantly more patients in the M-ACI group 
achieved SCB in KOOS pain (72.2% vs. 48.6%; P = 0.0108), symptoms (84.7% vs. 61.1%, P = 0.0039), sports/recreation 
(84.7% vs. 56.9%, P = 0.0008), and quality of life (QoL; 72.2% vs. 44.4%, P = 0.0014). The SCBs for KOOS activities 
in daily living and International Knee Documentation Committee score were higher for M-ACI but not significantly 
different from MFx. The SCB rates consistently favored M-ACI from 3 months onward. The highest improvements 
from baseline at 24 months in patients with SCB were observed for KOOS sports/rec. (M-ACI: 60.8 points, MFx: 55.9 
points) and QoL (M-ACI: 58.1, MFx: 57.4). Conclusion. Hydrogel-based M-ACI demonstrated superior SCB in KOOS 
pain, symptoms, sports/rec., and QoL compared with MFx in patients with knee cartilage defects through 2 years 
follow-up.
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associated with better mid- to long-term clinical outcomes, 
including lower complication and failure rates when com-
pared with reparative marrow stimulation techniques, such 
as microfracture (MFx), provided that the appropriate treat-
ment indications including manageable defect size of the 
respective restorative procedure are observed.3,4

To assess the outcome of cartilage repair procedures, 
patient-reported outcome measures (PROMs) are com-
monly used that typically focus on assessing patient’s 
symptoms, physical function, and quality of life (QoL).5 
The threshold for what is considered a successful treatment 
outcome assessed by PROMs depends on several factors, 
including the specific PROM being used, the patient popu-
lation being treated, and the goals of the treatment.

The Knee Injury and Osteoarthritis Outcome Score 
(KOOS) and International Knee Documentation Committee 
(IKDC) score are widely used PROMs validated for articu-
lar cartilage repair with good psychometric properties and 
are recommended as a primary endpoint for studies in knee 
articular cartilage repair by the International Cartilage 
Regeneration and Joint Preservation Society (ICRS).6,7

Although clinically relevant improvement is often used 
as a benchmark to evaluate the effectiveness of cartilage 
repair,5,8 there has been increasing recognition that substan-
tial clinical benefit (SCB), that is, an improvement in clini-
cal outcome that is needed for a patient to feel substantially 
better, is a more relevant endpoint for evaluating treatment 
success. This is particularly important in the context of knee 
cartilage repair, where patients often suffer from chronic 
pain and disability during or after physical activities or even 
at rest, which is perceived as a significant reduction in QoL, 
similar to patients scheduled for knee arthroplasty.9,10 In 
addition, these patients frequently avoid or reduce sports 
and exercise, which, in turn, may increase the risk of cardio-
vascular disease and other conditions.9,11

The purpose of this study was to assess the SCB achieved 
in the KOOS and IKDC score as defined by Ogura et al.12 
for a minimally invasive, hydrogel-based matrix-associated 
autologous chondrocyte implantation (M-ACI) in compari-
son with MFx in a propensity score matched-pair (PSM) 
analysis.

The authors hypothesized that superior outcomes would 
be demonstrated with hydrogel-based M-ACI.

Methods

Study Participants

Patients in the M-ACI group originated from the single-arm 
phase III study with NOVOCART Inject plus (TETEC—
Tissue Engineering Technologies AG, Reutlingen, 
Germany; EudraCT no. 2016-002817-22, referred to as the 
NInject trial) and patients in the MFx group from the con-
trol group of the randomized phase III study comparing 

NOVOCART 3D plus and MFx (EudraCT no. 2011-
005798-22, referred to as the N3D trial).

Both trials were conducted in full compliance with the 
principles laid down in the Declaration of Helsinki, the 
Guideline E6 for Good Clinical Practice of the International 
Conference on Harmonization (ICH GCP), and relevant 
local laws and regulations. After approval by the local eth-
ics committees and federal authorities, patients who con-
sented in writing to participate in the trials were enrolled 
and treated between October 2017 and February 2019, in 
the NInject trial, and between May 2013 and February 
2018, in the N3D trial.

In both trials, men and women aged 18 to 65 years (or 
minors in the age of at least 14 years with closed epiphyseal 
growth plate) with localized articular cartilage defects of 
the knee (defect grade of III or IV according to the ICRS 
classification; maximum of 2 defects) were eligible for 
enrollment.

Relevant differences in eligibility criteria included defect 
size (4-12 cm² in the NInject trial and 2-6 cm2 in the N3D 
trial), defect location (patellar and tibial defects could be 
treated in the NInject trial but were excluded in the N3D 
trial), and prior cartilage repair (allowed in the NInject trial 
but not in the N3D trial). Detailed inclusion and exclusion 
criteria for both trials were reported previously.13

Propensity Score Matching

One hundred patients were treated with M-ACI in the 
NInject trial and 85 patients received MFx in the N3D trial. 
Eight patients from the NInject trial with prior failed carti-
lage repair on the target knee were excluded from this anal-
ysis as this was an exclusion criterion in the N3D trial. 
Thus, 92 M-ACI patients and 85 MFx patients were avail-
able for PSM analysis. In the prespecified PSM procedure, 
each patient in the treatment group was provided with 1 
patient from the comparison group (1:1 matching). A greedy 
algorithm was used for matching patients from both trials. 
The width required for matching patients was set at 0.2 
times the pooled standard deviation estimate of the logit of 
the propensity score.

A logistic regression model was used for the 2 treatment 
groups to estimate the propensity score. Influencing vari-
ables, which were expected to have an impact on the ther-
apy effect included in the model, were overall KOOS at 
baseline, time since first symptoms, prior target knee sur-
gery, age, and sex. These variables were selected based on 
their statistical significance in the primary models and mod-
els of covariate effects for the KOOS score in the N3D trial. 
As defect sizes differed significantly in the 2 studies (4-12 
cm2 in the NInject trial vs. 2-6 cm2 in the N3D trial), defect 
size was not included as a variable in the model as this 
would have resulted in an insufficient number of expected 
matched pairs for meaningful statistical analyses.
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Surgical Techniques and Rehabilitation

M-ACI was performed as described earlier.14 Briefly, in the 
first step, osteochondral biopsies were harvested from 
patients during arthroscopic surgery from a non-weight-
bearing area of the knee joint and were in vitro-culture 
expanded. In the second step, M-ACI was performed either 
arthroscopically or through a mini-arthrotomy approach 
using NOVOCART Inject plus, a two-component hydro-
gel-based M-ACI system, consisting of an autologous 
articular chondrocyte suspension (2-8 Mio. cells per mL) 
and a crosslinker solution. During injection using a dual-
chamber syringe application system, the cell containing 
component and the crosslinker solution are mixed, result-
ing in the formation of the cell-seeded hydrogel at the site 
of administration.

MFx, a one-step surgical procedure, was performed 
according to Steadman and colleagues.15

After surgery, patients in both groups followed a 
defined rehabilitation protocol based on Hirschmüller and 
colleagues.13,16 Limitations on weightbearing for 6 weeks 
were recommended with stepwise increase to full weight-
bearing between 7 and 8 weeks after surgery. Continuous 
passive motion with increasing range of motion was 
started a day after surgery for 6 weeks. Within the first 6 
weeks, physical therapy was aimed primarily at the reduc-
tion of swelling, isometric quadriceps activity, and mobi-
lization. The phase from week 12 to 26 was characterized 
by strength training, maximum sensorimotor stimulation, 
and low-impact sports, such as cycling or Nordic Walking. 
After week 26, a stepwise return to sports was allowed, 
depending on the persisting differences between treated 
and untreated leg and clinical symptoms. Criteria for unre-
stricted sports performance included being completely 
pain-free and having normal findings in the clinical exam-
ination of the knee joint as well as an almost complete 
return of strength and sensorimotor control. High-impact 
sports were not recommended within the first year after 
treatment.

Assessment Criteria and Statistical Analysis

Outcome assessment was based on the KOOS and IKDC 
scores, collected in both studies preoperatively and at 3, 6, 
12, 18, and 24 months after treatment, respectively.

The SCB for the individual KOOS subscores and the 
IKDC score was defined as published by Ogura et al.12 
Accordingly, SCBs for the KOOS subscores were ≥27.7 
points improvement compared with the preoperative level 
for pain, ≥14.28 points for symptoms, ≥29.4 points for 
ADL, ≥30.0 points for sports/rec., ≥37.5 points for QoL, 
and ≥34.4 points for the IKDC score.

The rate of patients achieving SCB (SCB responder rate) 
was assessed at all time points. Patients with missing 

assessments and patients classified as treatment failures 
before or during the respective visit were to be handled as 
SCB nonresponders, regardless of KOOS or IKDC response.

A sensitivity analysis was performed using a complete 
case approach. Only non-missing KOOS subscores or 
IKDC scores collected at the respective visit were analyzed. 
Patients classified as treatment failures before or during the 
respective visit were to be handled as SCB nonresponders, 
regardless of KOOS or IKDC response.

The SCB responder rates (i.e., the proportion of patients 
achieving SCB) at month 24 were compared by means of 
the Cochran-Mantel-Haenszel χ2 test stratified by region 
(Western Europe vs. Central and Eastern Europe).

The changes in KOOS subscores and IKDC score from 
baseline to the 3-, 6-, 12-, 18- and 24-month assessments 
are summarized separately for SCB responders and 
nonresponders.

All statistical analyses were performed using the soft-
ware package SAS, Version 9.4 or higher.

Results

Propensity Score Analyses

Of the 92 patients eligible in the M-ACI group and 85 in the 
MFx group, a total of 72 matched pairs were selected by the 
predefined matching procedure.

The mean propensity scores in the eligible (i.e., prior to 
matching) M-ACI and MFx patients were 0.5543 and 
0.4824, respectively, with a mean difference of 0.0718. In 
the matched-pairs population, the mean propensity scores 
in the M-ACI and MFx groups were 0.5327 and 0.5166, 
respectively, with a reduction in mean difference to 0.0161.

For most variables, a marked decrease in the mean dif-
ference was observed between the eligible population and 
the matched pairs (baseline KOOS 81.7%, time since symp-
toms 44.3%, age 60.3%, sex 100%, and logit propensity 
score 77.9%).

The only variable with no reduction in mean differences 
was “prior surgeries on the target knee,” which is explained 
by the eligible population in both groups having optimally 
similar proportions of patients with prior surgeries on the 
target knee. The variance ratios for all variables in the 
matched-pairs population were well within the commonly 
used bounds of 0.5 to 2.0.17

The standardized mean differences between M-ACI and 
MFx groups in the eligible and matched populations are dis-
played in Figure 1, which includes a cutoff of 0.1 for negli-
gible differences, based on recommendations by Normand 
and colleagues.18 The standardized differences of all vari-
ables were in the range of negligible differences, except for 
time since symptoms and logit propensity score, which 
were slightly above the cutoff point (0.1062 and 0.1226), 
but considered insignificant.
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Patient Population

The matching procedure resulted in a total of 144 patients in 
the matched-pair set (72 patients in the M-ACI group and 
72 patients in the MFx group).

Patient demographic and baseline characteristics are 
summarized in Table 1. The treatment groups were well-
balanced with respect to overall KOOS at baseline, time 
since first symptoms, prior target knee surgery, age, and sex 
(i.e., the matched variables) as well as body mass index and 
tobacco use. A slight imbalance in the number of patients 
with concomitant surgeries (i.e., surgeries other than M-ACI 
transplantation or MFx) was considered irrelevant.

There were some statistically significant (P < 0.01) dif-
ferences in defect characteristics between treatment groups 
in terms of defect location (no patellar or tibial defects in 
the MFx group), number of defects (more patients with 
more than 1 defect in the M-ACI group), and defect etiol-
ogy (more patients with degenerative lesions in the M-ACI 
group; no osteochondritis dissecans [OCD] lesions in the 
MFx group). A further difference between treatment groups 
was defect size, which was significantly larger in the M-ACI 
group compared with the MFx group (total defect size: 6.4 
cm2 vs. 3.7 cm2, P < 0.0001).

Clinical Efficacy

At 24 months, significantly more patients in the M-ACI 
group compared with the MFx group achieved SCB in 
KOOS pain (72.2% vs. 48.6%; P = 0.0108), symptoms 

(84.7% vs. 61.1%, P = 0.0039), sports/rec. (84.7% vs. 
56.9%, P = 0.0008), and QoL (72.2% vs. 44.4%, P = 
0.0014; Table 2). The SCB responder rates for KOOS ADL 
and IKDC were also higher in the M-ACI group than in the 
MFx group (KOOS ADL: 58.3% vs. 44.4%, IKDC: 58.3% 
vs. 47.2%); however, the differences were not statistically 
significant (KOOS ADL: P = 0.2197, IKDC: P = 0.3969; 
Table 2). The corresponding results of the sensitivity analy-
sis indicated higher SCB responder rates in the M-ACI 
group for all KOOS subscores and the IKDC score, with 
statistical significance achieved for KOOS sports/rec. (P = 
0.0336) and QoL (P = 0.0251).

With respect to earlier time points, SCB responder rates 
in the main and sensitivity analyses were all in favor of the 
M-ACI group compared with MFx from 3 months onward 
(Fig. 2).

The KOOS subscore and IKDC score changes from 
baseline at 24 months in patients with SCB were overall 
comparable between treatment groups (Fig. 3A). The high-
est improvements were observed for sports/rec. (M-ACI: 
60.8 ± 17.2 points, MFx: 55.9 ± 20.8 points) and QoL 
(M-ACI: 58.1 ± 16.5, MFx: 57.4 ± 15.4).

For patients who did not achieve an SCB, the improve-
ment in both groups was by definition not as pronounced 
(Fig. 3B), but average improvements across all KOOS sub-
scores (9.0 points vs. 1.9 points) and the IKDC score (20.0 
points vs. 10.9 points) were still higher in the M-ACI group. 
Worsening from baseline was seen only for KOOS symp-
toms in both treatment groups (Fig. 3B).

Figure 1.  Standardized mean differences before and after matching. KOOS = Knee Injury and Osteoarthritis Outcome Score; MFx 
= microfracture.
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Table 1.  Patient Demographic and Baseline Data.

M-ACI
(N = 72)

MFx
(N = 72)

Age (y) 39.3 ± 12.1 (15-62) 39.3 ± 11.9 (18-61)
Sex, n (%)
  Male 51 (70.8) 51 (70.8)
  Female 21 (29.2) 21 (29.2)
Tobacco use, n (%)
  Yes 18 (25.0) 18 (25.0)
  No 54 (75.0) 54 (75.0)
Body mass index (kg/m2) 27.1 ± 4.1 (20.4-34.4) 27.4 ± 3.9 (20.1-34.9)
Time since first symptoms (mo) 18.5 ± 20.1 (1-84) 16.3 ± 19.5 (0-98)
Overall KOOS at baseline 41.7 ± 13.1 (13.2-63.9) 43.1 ± 14.5 (6.8-70.5
Previous surgery (target knee), n (%)a 46 (63.9) 45 (62.5)
  Meniscus removal 20 (27.8) 26 (36.1)
 L igament operation 12 (16.7) 11 (15.3)
  Joint debridement 10 (13.9) 11 (15.3)
 A rthroscopy 14 (19.4) 14 (19.4)
Concomitant surgery (target knee),b n (%) 15 (20.8) 7 (9.7)
 L igament operation 9 (12.5) 6 (8.3)
  Meniscus operation 1 (1.4) 2 (2.8)
  Osteotomy 3 (4.2) 0
  Meniscus removal 2 (2.8) 0
Number of defects, n (%)
  One defect 48 (66.7) 65 (90.3)
 T wo defects 24 (33.3) 7 (9.7)
Defect size (cm2)
 A ll lesions 4.8 ± 1.7 (1.0-10.4) 3.4 ± 1.3 (0.5-6.0)
 L arger lesionc 5.4 ± 1.4 (4.0-10.4) 3.5 ± 1.2 (2.0-6.0)
 T otald 6.4 ± 2.1 (4.0-12.5) 3.7 ± 1.3 (2.0-6.0)
ICRS grade, n defects (%)
 III  72 (75.0) 41 (51.9)
 I V 24 (25.0) 38 (48.1)
Defect location, n defects (%)
  Femur 82 (85.4) 79 (100.0)
 T ibia 4 (4.2) 0
  Patella 10 (10.4) 0
Diagnosis, n defects (%)
 T raumatic 58 (60.4) 62 (78.5)
  OCD 6 (6.3) 0
  Degenerative 32 (33.3) 5 (6.3)
  Othere 0 12 (15.2)

Data are shown as mean ± SD (range) unless otherwise indicated.
n = number of patients; n defects = number of defects; ICRS = International Cartilage Regeneration and Joint Preservation Society; OCD = 
osteochondritis dissecans; KOOS = Knee Injury and Osteoarthritis Outcome Score; M-ACI = Matrix-Associated Autologous Chondrocyte 
Implantation; MFx = microfracture.
aMost common previous surgeries (≥5% at the preferred term level).
bPerformed in more than one patient.
cLesions were classified into larger and smaller lesions, that is, in patients with 2 lesions, the classification was based on the size of the respective 
lesions, whereas in patients with 1 lesion only, this lesion was classified as the larger lesion.
dAll lesions per patient added to one single value.
eThe origin of these defects could not be attributed to the specified categories (traumatic, degenerative, OCD).
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Treatment Failures and Unplanned Surgeries

No treatment failures (defined as surgical re-interventions 
affecting the covered surface of the transplant area) were 
reported in either the M-ACI or MFx group. Unplanned sur-
geries (mainly concerning the meniscus) were performed in 
6 patients (8.3%) in the M-ACI group and 3 patients (4.2%) 
in the MFx group. In the MFx group, none of the unplanned 
subsequent surgeries were assessed as treatment related. In 
the M-ACI group 1 patient experienced a surgery-related 
lateral patellar compression syndrome that could have been 
caused by overtightened sutures of the knee joint capsule 
during transplantation surgery.

Discussion

In the present PSM, significantly more patients in the 
M-ACI group achieved SCB compared with patients treated 
by MFx in the KOOS subscores pain (P = 0.0108), symp-
toms (P = 0.0039), sports/rec. (P = 0.0008), and QoL (P = 
0.0014) after 24 months of follow-up. The SCB responder 
rates for KOOS ADL and IKDC were also higher in the 
M-ACI group, but not significantly different from MFx.

There is an increasing focus on SCB in cartilage repair 
research, reflecting the growing understanding that treat-
ment success should be evaluated from the perspective of 
patients, who typically expect optimal treatment results 
rather than minimal improvements.

Clinical benefit, including overall KOOS responder rates 
based on a threshold of a >10-point improvement and 
IKDC score based on a threshold of a >20.5-point improve-
ment, has recently been published in the same matched-pair 
patient population presented here.13 These thresholds were 

based on publications suggesting that an 8- to 10-point 
increase in KOOS and an improvement of more than 20.5 
points in the IKDC score represent a minimal clinically rel-
evant improvement (minimal clinically important differ-
ence [MCID]).5,8 In the abovementioned analysis, the 
overall KOOS and IKDC responder rates were significantly 
higher for hydrogel-based M-ACI compared with MFx 
(KOOS: 94.4% vs. 65.3%, P < 0.0001; IKDC: 83.3% vs. 
61.1%, P = 0.0126).13

The focus of this analysis was to compare the SCB, that 
is, an improvement significant enough to make a patient 
feel substantially better, of hydrogel-based M-ACI with 
MFx after a follow-up of 2 years. There is no universally 
agreed-upon threshold for what constitutes a substantial 
clinical improvement following cartilage repair procedures. 
The thresholds for SCB used in the current PSM analysis 
were based on a publication by Ogura et al.,12 who investi-
gated SCB for KOOS and IKDC after a minimum follow-
up of 2 years (mean 2.3 years) in 92 patients who had 
received ACI (either collagen membrane covered ACI or 
M-ACI) for the treatment of knee cartilage defects. The 
patient population was comparable to that in the present 
matched-pair analysis in terms of follow-up duration, defect 
size (total defect area: 6.9 cm2 vs. 6.4 cm2), and number of 
defects (1.6 vs. 1.2), but patients were younger (mean age 
31.4 vs. 39.3 years), concomitant procedures were per-
formed more frequently (67% vs. 20.8%), and more defects 
were located at the patella (43.4% vs. 10.4%).

Applying the SCB thresholds proposed by Ogura et al. to 
the present PSM analysis, changes from baseline in the 
individual subscores were clearly different in patients with 
and without SCB in both treatment groups, supporting the 

Table 2.  Substantial Benefit Responder Rates at 24 Months (Main Analysis).

Score

Improvement 
Required for SCB 

(Points) NInject (N = 72) MFx (N = 72)

KOOS pain ≥27.7 Responders n (%) 52 (72.2) 35 (48.6)
P valuea 0.0108

KOOS symptoms ≥14.28 Responders n (%) 61 (84.7) 44 (61.1)
P valuea 0.0039

KOOS ADL ≥29.4 Responders n (%) 42 (58.3) 32 (44.4)
P valuea 0.2197

KOOS sports/rec. ≥30.0 Responders n (%) 61 (84.7) 41 (56.9)
P valuea 0.0008

KOOS QoL ≥37.5 Responders n (%) 52 (72.2) 32 (44.4)
P valuea 0.0014

IKDC score ≥34.4 Responders n (%) 42 (58.3) 34 (47.2)
P valuea 0.3969

KOOS = Knee Injury and Osteoarthritis Outcome Score; SCB = substantial clinical benefit; MFx = microfracture; ADL = activities of daily living; N 
= number of patients in the matched-pairs set; QoL = quality of life; Sport/Rec. = sports and recreation; IKDC = International Knee Documentation 
Committee.
aCMH test: Cochran-Mantel-Haenszel–test stratified by region. Bold values indicate statistical significance based on a significance level of P < 0.05.
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validity of the proposed SCB thresholds. Hydrogel-based 
M-ACI has shown statistically significant superiority com-
pared with MFx in terms of the percentage of patients with 
SCB in KOOS pain (72.2% vs. 48.6%; P = 0.0108), symp-
toms (84.7% vs. 61.1%, P = 0.0039), sports/rec. (84.7% vs. 
56.9%, P = 0.0008), and QoL (72.2% vs. 44.4%, P = 
0.0014). The SCBs for KOOS ADL (58.3% vs. 44.4%, P = 
0.2197) and IKDC score (58.3% vs. 47.2%, P = 0.3969) 
were not significantly different. Overall, the proportion of 
patients achieving SCB in each KOOS subscore and IKDC 
score in the M-ACI group was clearly higher than reported 
in the study by Ogura et al.12 (pain: 45.8%, symptoms: 

37.6%, ADL: 37.3%, sports/rec.: 58.3%, QoL: 50.6%, and 
IKDC: 47.6).12

The strongest improvements from baseline in patients 
with SCB in both treatment groups of the matched-pair 
analysis were observed for KOOS sports/rec. (M-ACI: 60.8 
points, MFx: 55.9 points) and QoL (M-ACI: 58.1, MFx: 
57.4). This is in accordance with a systematic review of ran-
domized controlled trials (RCTs) by Abraamyan et al.19 
investigating KOOS subscores in response to various carti-
lage restoration procedures, where the authors consider 
KOOS sport/rec. and QoL the two most responsive KOOS 
subscores. Moreover, the differences in SCB rates between 

Figure 2.  Substantial clinical benefit rates for KOOS subscores and IKDC score over time (main analysis). An asterisk indicates 
significant differences between treatment groups (significance testing performed at 24 months only). The solid lines refer to the 
M-ACI group and dashed lines to the MFx group. The numbers represent the percentage of patients achieving substantial clinical 
benefit in the respective KOOS subscores and IKDC score at each time point. KOOS = Knee Injury and Osteoarthritis Outcome 
Score; ADL = activities of daily living; QoL = quality of life; Sports/rec. = sports and recreation; IKDC = International Knee 
Documentation Committee score.
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the 2 groups in the present matched-pair analysis were most 
pronounced in these subscores, which is consistent with the 
systematic review by Abraamyan et al., in which ACI/M-
ACI treatment resulted in clinically superior outcomes 
compared with microfracturing in KOOS sport/rec. The 
mean delta in KOOS QoL after ACI/MACI was 6.6 points 
greater than after microfracturing; however, statistical sig-
nificance was narrowly missed (P = 0.06).19 Of note, 
KOOS sport/rec. and QoL are also considered the most rel-
evant domains for determining patient satisfaction.20,21

The inferior outcome after MFx compared with other 
cartilage repair techniques could be due to the inferior qual-
ity of the repair tissue. MFx is known to result in primarily 
fibrocartilage with poor biomechanical properties and 

inferior degree of defect fill, particularly in larger lesions.22,23 
In this regard, in vitro studies have shown that mesenchy-
mal stromal cells from bone marrow or other origins pro-
duce less extracellular matrix per seeded cell in relation to 
chondrocytes isolated from articular cartilage and more 
proteins associated with fibrous cartilage, hypertrophic car-
tilage, and bone formation.24-27 In a meta-analysis compar-
ing histological outcomes after different cartilage repair 
techniques, OAT repair tissue primarily comprised hyaline 
cartilage, followed closely by repair tissue formed by cell-
based techniques, whereas MFx was found to produce pri-
marily fibrocartilage. The percent change in clinical 
outcome was also significantly associated with the percent 
of repair tissue biopsies showing only hyaline cartilage  
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(R2 = 0.24, P = 0.024).28 For hydrogel-based M-ACI, sig-
nificantly higher magnetic resonance observation of carti-
lage repair tissue (MOCART) scores were reported for the 
M-ACI group compared with MFx after 24 months 
(MOCART score least-squares mean: 86.9 points vs. 69.1 
points for MFx, P = 0.0096) based on the subgroup of 
patients with magnetic resonance imaging (MRI) examina-
tion (M-ACI: 21 patients with 25 lesions, MFx: 28 patients 
with 31 lesions).13 Of note, in the M-ACI group, knee carti-
lage defects in the MRI subpopulation were considerably 
larger (5.3 cm2) than in the MFx group (3.3 cm2). In addi-
tion, there is evidence from gray-level co-occurrence matrix 
(GLCM) texture analysis of quantitative T2 maps that the 
damaged perilesional cartilage also benefited from hydro-
gel-based M-ACI treatment in terms of tissue structure 
approximation to healthy cartilage.29

An inferior repair tissue structure characterized by fibro-
cartilage formation and/or lower MOCART scores might 
also be an explanation for worsening of clinical outcome 
after cartilage repair over time. In a meta-analysis from 
Jones et al. including 3,894 patients, MFx (mean defect 
size: 3.17 cm2) lost its ability to provide clinically relevant 
pain relief during midterm follow-up (5-9 years). This was 
not the case with ACI (mean defect size: 3.98 cm2) even in 
long-term follow-up (≥10 years), where a further decrease 
in pain was observed.30

The superior SCB of hydrogel-based M-ACI compared 
with MFx in this PSM analysis might be attributed to the ben-
eficial cartilage restoration properties of the product 
NOVOCART Inject plus. Both in vitro and in vivo experi-
ments have shown that in the three-dimensional crosslinked 
hydrogel, human chondrocytes have a chondrocyte-typical, 
spherical cell morphology, similar to that in hyaline cartilage, 
with high viability, and that the hydrogel stabilizes the phe-
notype of chondrogenic cells or significantly improves the 
phenotype of expanded chondrocytes, respectively.31-33 
Furthermore, due to its physical properties, the hydrogel pro-
vides a barrier function for inflammatory and endothelial cell 
invasion, resulting in anti-inflammatory, anti-angiogenic, and 
thus anti-osteogenic effects, thereby inhibiting the adverse 
consequences of these cartilage-destructive pathways.31,33,34 
Even low-grade inflammation, for example, following knee 
injury, can not only promote cartilage degeneration but also 
negatively alter the joint environment for chondrogenesis and 
impair the outcome of cartilage repair.35-38

Furthermore, unlike membrane-covered or scaffold-
seeded M-ACI, hydrogel-based M-ACI allows for 
arthroscopic or minimally invasive application without the 
need for additional implant manipulation or fixation. The 
associated reduction of surgical comorbidity and the short-
ened cut-to-suture time for product implantation reduces 
the risk of adverse events (surgical-site infection, sepsis, 
extended length of hospital stay, and readmission) and pro-
tects against detrimental structural, biochemical, and 

metabolic changes of articular cartilage correlated with 
increased operative times and suture or fibrin glue 
fixation.39-44

Limitations

A limitation of this analysis is that covariates for propensity 
score matching were limited to include as many patients as 
possible in the matched-pair analysis to achieve meaningful 
results. This led to some imbalances mainly in defect char-
acteristics (e.g., size, location, etiology, and number of 
lesions). The impact of these differences in patient charac-
teristics remains unclear; however, it can be assumed that 
they do not represent a bias in favor of the M-ACI group as 
discussed previously by Niemeyer et al.13 Nonetheless, it is 
acknowledged that MFx does not represent a suitable com-
parator for M-ACI in larger defects. Future studies may 
focus on comparing hydrogel-based M-ACI with other 
methods of treating larger cartilage defects. Another limita-
tion is that the definition of SCB thresholds is affected by a 
multitude of factors, such as patient characteristics, study 
size, pathology, intervention, length of follow-up, and cal-
culation methods for SCB. The thresholds for SCB used in 
the current PSM analysis were based on a publication by 
Ogura et al.12 Some parameters, such as pathology (carti-
lage defects of the knee), intervention (either collagen 
membrane covered ACI or M-ACI), length of follow-up 
(2.3 years), and defect characteristics, such as defect size 
and number of defects in this study were overall compara-
ble to the M-ACI group of the present matched-pair analy-
sis. Other parameters were not comparable, including age, 
concomitant procedures, and defect location. The impact of 
these differences in patient characteristics on the KOOS 
subscore SCB thresholds is unknown.

Conclusions

In this PSM analysis, M-ACI using an in situ crosslinked 
hydrogel has demonstrated SCB in large cartilage defects of 
the knee (4-12 cm2) that is superior to MFx in smaller defects 
(2-6 cm2) based on KOOS pain, symptoms, sports/rec., and 
QoL. Whereas the traditional benchmark for evaluating car-
tilage repair is clinically relevant improvement, this study 
demonstrates the need and value in further evaluating SCB 
as a measure of success more important to the patient. This 
endpoint is particularly relevant for knee cartilage repair as 
patients often suffer from chronic pain and disability.

Acknowledgments and Funding

The authors acknowledge the following investigators for contribut-
ing a significant number of patients to the phase III studies used for 
matching: Martin Hanus (Department of Orthopedics and 
Traumatology, 2nd Faculty of Medicine, Charles University in 
Prague and Motol University Hospital, Praha, Czech Republic), 



148	 Cartilage 16(2)

Rimtautas Gudas (Hospital of Lithuanian University of Health 
Sciences, Kaunas Clinics), Juozas Belickas (Lithuanian University 
of Health Sciences, Ortopedijos Technika, Kaunas, Lithuania), 
Markas Fiodorovas and Algimantas Cebatorius (University Hospital 
Klaipeda, Klaipeda, Lithuania), Milan Pastucha (Department of 
Orthopedics, Hospital Hořovice, Hořovice, Czech Republic), Petr 
Hoza (Department of Orthopedics, Hospital Pardubice, Pardubice, 
Czech Republic), and Krisztián Magos (Kastélypark Clinic Hajdú, 
Tata, Hungary). This study was funded by TETEC—Tissue 
Engineering Technologies AG, Reutlingen, Germany.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: C.G., A.Kö., and A.Ki. are employees of TETEC AG. R.S. 
is an employee of Aesculap Biologics LLC. P.A. and P.N. received 
consulting or advisory, and speaking and lecture fees from TETEC 
AG. P.A. holds a professorship sponsored by Aesculap AG.

Ethical Approval

Ethical approvals for the studies used for propensity score match-
ing were obtained from the independent ethics committee (IEC) of 
the University Medical Center Regensburg, Germany (lead IEC of 
the N3D study) and the ethics committee of the Bavarian State 
Medical Association, Germany (lead IEC of the NInject study).

Trial Registration: 

NInject trial: NCT03319797; EudraCT no. 2016-002817-22; N3D 
trial: NCT01656902; EudraCT no. 2011-005798-22

ORCID iDs

Peter Angele  https://orcid.org/0000-0002-2335-1087
Alexandra Kirner  https://orcid.org/0000-0001-8687-8284

References

	 1.	 Everhart JS, Abouljoud MM, Kirven JC, Flanigan DC. Full-
thickness cartilage defects are important independent pre-
dictive factors for progression to total knee arthroplasty in 
older adults with minimal to moderate osteoarthritis: data 
from the osteoarthritis initiative. J Bone Joint Surg Am. 
2019;101(1):56-63. doi:10.2106/JBJS.17.01657.

	 2.	 Sanders TL, Pareek A, Obey MR, Johnson NR, Carey JL, 
Stuart MJ et al. High rate of osteoarthritis after osteochon-
dritis dissecans fragment excision compared with surgical 
restoration at a mean 16-year follow-up. Am J Sports Med. 
2017;45(8):1799-805. doi:10.1177/0363546517699846.

	 3.	 Angele P, Zellner J, Schröter S, Flechtenmacher J, Fritz J, 
Niemeyer P. Biological reconstruction of localized full-thick-
ness cartilage defects of the knee: a systematic review of level 
1 studies with a minimum follow-up of 5 years. Cartilage. 
2022;13(4):5-18. doi:10.1177/19476035221129571.

	 4.	 Dhillon J, Decilveo AP, Kraeutler MJ, Belk JW, McCulloch 
PC, Scillia AJ. Third-generation autologous chondrocyte 
implantation (cells cultured within collagen membrane) ver-
sus microfracture for focal chondral defects of the knee joint: 
a systematic review of randomized controlled trials at mini-

mum two-year follow-up. Arthroscopy. 2022;38(8):2579-86. 
doi:10.1016/j.arthro.2022.02.011.

	 5.	 Roos EM, Engelhart L, Ranstam J, Anderson AF, Irrgang JJ, 
Marx RG et al. ICRS recommendation document: patient-
reported outcome instruments for use in patients with articular 
cartilage defects. Cartilage. 2011;2(2):122-36.

	 6.	 Mithoefer K, Saris DB, Farr J, Kon E, Zaslav K, Cole BJ et 
al. Guidelines for the design and conduct of clinical studies 
in knee articular cartilage repair: international cartilage repair 
society recommendations based on current scientific evidence 
and standards of clinical care. Cartilage. 2011;2(2):100-21.

	 7.	 Bekkers JE, de Windt TS, Raijmakers NJ, Dhert WJ, Saris 
DB. Validation of the Knee Injury and Osteoarthritis Outcome 
Score (KOOS) for the treatment of focal cartilage lesions. 
Osteoarthritis Cartilage. 2009;17(11):1434-9.

	 8.	 Roos EM, Lohmander LS. The Knee Injury and Osteoarthritis 
Outcome Score (KOOS): from joint injury to osteoarthritis. 
Health Qual Life Outcomes. 2003;1:64. doi:10.1186/1477-
7525-1-64.

	 9.	 Heir S, Nerhus TK, Røtterud JH, Løken S, Ekeland A, 
Engebretsen L et al. Focal cartilage defects in the knee impair 
quality of life as much as severe osteoarthritis: a comparison 
of knee injury and osteoarthritis outcome score in 4 patient 
categories scheduled for knee surgery. Am J Sports Med. 
2010;38(2):231-7. doi:10.1177/0363546509352157.

	10.	 Randsborg PH, Årøen A, Owesen C. The effect of lesion size 
on pain and function in patients scheduled for cartilage sur-
gery of the knee. Cartilage. 2022;13(2):19476035221109242. 
doi:10.1177/19476035221109242.

	11.	 Katzmarzyk PT. Expanding our understanding of the 
global impact of physical inactivity. Lancet Glob Health. 
2023;11(1):e2-3. doi:10.1016/S2214-109X(22)00482-X.

	12.	 Ogura T, Ackermann J, Barbieri Mestriner A, Merkely G, 
Gomoll AH. Minimal clinically important differences and 
substantial clinical benefit in patient-reported outcome mea-
sures after autologous chondrocyte implantation. Cartilage. 
2020;11(4):412-22. doi:10.1177/1947603518799839.

	13.	 Niemeyer P, Angele P, Spiro RC, Kirner A, Gaissmaier 
C. Comparison of hydrogel-based autologous chon-
drocyte implantation versus microfracture: a propen-
sity score matched-pair analysis. Orthop J Sports Med. 
2023;11(8):23259671231193325. doi:10.1177/23259671231 
193325.

	14.	 Niemeyer P, Hanus M, Belickas J, László T, Gudas R, 
Fiodorovas M et al. Treatment of large cartilage defects in the 
knee by hydrogel-based autologous chondrocyte implanta-
tion: two-year results of a prospective, multicenter, single-arm 
phase III trial. Cartilage. 2022;13(1):19476035221085146.

	15.	 Steadman JR, Briggs KK, Rodrigo JJ, Kocher MS, Gill TJ, 
Rodkey WG. Outcomes of microfracture for traumatic chon-
dral defects of the knee. Arthroscopy. 2003;19(5):477-84.

	16.	 Hirschmüller A, Baur H, Braun S, Kreuz PC, Südkamp NP, 
Niemeyer P. Rehabilitation after autologous chondrocyte 
implantation for isolated cartilage defects of the knee. Am J 
Sports Med. 2011;39(12):2686-96.

	17.	 Stuart EA. Matching methods for causal inference: a review 
and a look forward. Statist Sci. 2010;25:1-21.

	18.	 Normand ST, Landrum MB, Guadagnoli E, Ayanian JZ, Ryan 
TJ, Cleary PD et al. Validating recommendations for coro-

https://orcid.org/0000-0002-2335-1087
https://orcid.org/0000-0001-8687-8284


Gaissmaier et al.	 149

nary angiography following acute myocardial infarction in 
the elderly: a matched analysis using propensity scores. J Clin 
Epidemiol. 2001;54(4):387-98.

	19.	 Abraamyan T, Johnson AJ, Wiedrick J, Crawford DC. 
Marrow stimulation has relatively inferior patient-reported 
outcomes in cartilage restoration surgery of the knee: a sys-
tematic review and meta-analysis of randomized controlled 
trials. Am J Sports Med. 2022;50(3):858-66.

	20.	 Ebert JR, Smith A, Wood DJ, Ackland TR. A compari-
son of the responsiveness of 4 commonly used patient-
reported outcome instruments at 5 years after matrix-induced 
autologous chondrocyte implantation. Am J Sports Med. 
2013;41(12):2791-9. doi:10.1177/0363546513502314.

	21.	 Faber S, Seiferth N, Angele P, Spahn G, Buhs M, Zinser 
W et al. Factors correlating with patients’ satisfaction after 
undergoing cartilage repair surgery-data from the German 
Cartilage Registry (KnorpelRegister DGOU). Int Orthop. 
2022;46(3):457-64. doi:10.1186/s13018-020-01668-9.

	22.	 Saris DB, Vanlauwe J, Victor J, Haspl M, Bohnsack M, 
Fortems Y et al. Characterized chondrocyte implantation 
results in better structural repair when treating symptomatic 
cartilage defects of the knee in a randomized controlled trial 
versus microfracture. Am J Sports Med. 2008;36:235-46.

	23.	 Mithoefer K, McAdams T, Williams RJ 3rd, Kreuz PC, 
Mandelbaum BR. Clinical efficacy of the microfrac-
ture technique for articular cartilage repair in the knee: an 
evidence-based systematic analysis. Am J Sports Med. 
2009;37(10):2053-63.

	24.	 Somoza RA, Welter JF, Correa D, Caplan AI. Chondrogenic 
differentiation of mesenchymal stem cells: challenges 
and unfulfilled expectations. Tissue Eng Part B Rev. 
2014;20(6):596-608.

	25.	 Li S, Sengers BG, Oreffo RO, Tare RS. Chondrogenic poten-
tial of human articular chondrocytes and skeletal stem cells: a 
comparative study. J Biomater Appl. 2015;29(6):824-36.

	26.	 Garcia J, Mennan C, McCarthy HS, Roberts S, Richardson JB, 
Wright KT. Chondrogenic potency analyses of donor-matched 
chondrocytes and mesenchymal stem cells derived from bone 
marrow, infrapatellar fat pad, and subcutaneous fat. Stem 
Cells Int. 2016;2016:6969726. doi:10.1155/2016/6969726.

	27.	 Frerker N, Karlsen TA, Stensland M, Nyman TA, Rayner 
S, Brinchmann JE. Comparison between articular chon-
drocytes and mesenchymal stromal cells for the production 
of articular cartilage implants. Front Bioeng Biotechnol. 
2023;11:1116513. doi:10.3389/fbioe.2023.1116513.

	28.	 DiBartola AC, Everhart JS, Magnussen RA, Carey JL, Brophy 
RH, Schmitt LC et al. Correlation between histological out-
come and surgical cartilage repair technique in the knee. A 
meta-analysis. Knee. 2016;23(3):344-9.

	29.	 Janacova V, Szomolanyi P, Kirner A, Trattnig S, Juras V. 
Adjacent cartilage tissue structure after successful transplan-
tation: a quantitative MRI study using T2 mapping and tex-
ture analysis. Eur Radiol. 2022;32(12):8364-75.

	30.	 Jones KJ, Kelley BV, Arshi A, McAllister DR, Fabricant PD. 
Comparative effectiveness of cartilage repair with respect 
to the minimal clinically important difference. Am J Sports 
Med. 2019;47(13):3284-93.

	31.	 Benz K, Freudigmann C, Müller J, Wurst H, Albrecht D, 
Badke A et al. A polyethylene glycolcrosslinked serum albu-
min/hyaluronan hydrogel for the cultivation of chondrogenic 
cell types. Adv Eng Mater. 2010;12(9):B535-51.

	32.	 Benz K, Stippich C, Osswald C, Gaissmaier C, Lembert 
N, Badke A et al. Rheological and biological properties of 
a hydrogel support for cells intended for intervertebral disc 
repair. BMC Musculoskelet Disord. 2012;13:54.

	33.	 Scholz B, Kinzelmann C, Benz K, Mollenhauer J, Wurst H, 
Schlosshauer B. Suppression of adverse angiogenesis in an 
albumin-based hydrogel for articular cartilage and interverte-
bral disc regeneration. Eur Cells Mater. 2010;20:24-37.

	34.	 Pei YA, Chen S, Pei M. The essential anti-angiogenic strate-
gies in cartilage engineering and osteoarthritic cartilage repair. 
Cell Mol Life Sci. 2022;79(1):71. doi:10.1007/s00018-021-
04105-0.

	35.	 Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, 
Lindstrom TM et al. Low-grade inflammation as a key media-
tor of the pathogenesis of osteoarthritis. Nat Rev Rheumatol. 
2016;12(10):580-92. doi:10.1038/nrrheum.2016.136.

	36.	 Paudel S, Feltham T, Manandhar L, Guo Y, Schon L, Zhang 
Z. Mild synovitis impairs chondrogenic joint environment. 
Cells Tissues Organs. Published online  July 31, 2023. doi: 
10.1159/000532008.

	37.	 Li M, Yin H, Yan Z, Li H, Wu J, Wang Y et al. The immune 
microenvironment in cartilage injury and repair. Acta 
Biomater. 2022;140:23-42. doi:10.1016/j.actbio.2021.12.006.

	38.	 Khella CM, Asgarian R, Horvath JM, Rolauffs B, Hart ML. 
An evidence-based systematic review of human knee post-
traumatic osteoarthritis (PTOA): timeline of clinical pre-
sentation and disease markers, comparison of knee joint 
PTOA models and early disease implications. Int J Mol Sci. 
2021;22(4):1996. doi:10.3390/ijms22041996.

	39.	 Shen P, Li X, Xie G, Huangfu X, Zhao J. Time-dependent 
effects of arthroscopic conditions on human articular carti-
lage. An in vivo study. Arthroscopy. 2016;32(12):2582-91.

	40.	 Gowd AK, Liu JN, Bohl DD, Agarwalla A, Cabarcas 
BC, Manderle BJ et al. Operative time as an independent 
and modifiable risk factor for short-term complications 
after knee arthroscopy. Arthroscopy. 2019;35(7):2089-98. 
doi:10.1016/j.arthro.2019.01.059.

	41.	 Hunziker EB, Stähli A. Surgical suturing of articular cartilage 
induces osteoarthritis-like changes. Osteoarthritis Cartilage. 
2008;16(9):1067-73.

	42.	 Maréchal M, Van Hauwermeiren H, Neys J, Vanderlinden G, 
Van de Putte T. In vivo evaluation of different surgical pro-
cedures for autologous chondrocyte implantation. Cartilage. 
2013;4(1):83-90.

	43.	 Migliorini F, Vaishya R, Bell A, Weber CD, Götze C, 
Maffulli N. Fixation of the membrane during matrix-induced 
autologous chondrocyte implantation in the knee: a system-
atic review. Life. 2022;12(11):1718.

	44.	 Migliorini F, Prinz J, Maffulli N, Eschweiler J, Weber C, 
Lecoutrier S et al. Fibrin glue does not assist migration and 
proliferation of chondrocytes in collagenic membranes: an in 
vitro study. J Orthop Surg Res. 2022;17(1):311. doi:10.1186/
s13018-022-03201-6.

doi: 10.1159/000532008
doi: 10.1159/000532008

