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Abstract
Purpose  Autologous matrix-induced chondrogenesis (AMIC®) and microfracture are established treatments for focal chon-
dral defects in the knee, but there are little clinical data concerning these procedures over the long term. This study evaluates 
the outcomes of AMIC® compared to microfracture over 10-year follow-up.
Methods  Forty-seven patients were randomized and treated either with MFx (n = 13), sutured AMIC® (n = 17) or glued 
AMIC® (n = 17) in a prospective, randomized, controlled multicentre trial. The Modified Cincinnati Knee Score, a visual 
analogue scale for pain and MOCART score were used to assess outcomes over 10 years post-operatively.
Results  All treatment arms improved in the first 2 years, but a progressive and significant deterioration in scores was observed 
in the MFx group, while both AMIC® groups remained stable. MOCART scores were comparable between groups.
Conclusion  The AMIC® procedure results in improved patient outcomes in comparison with microfracture up to 10 years 
following surgery for the repair of focal chondral defects in the knee.
ClinicalTrials.gov Identifier: NCT02993510
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Introduction

Surgery for focal knee cartilage lesions pursues the goal 
of chondral repair in order to restore full, pain-free joint 
function and preventing, or at least delaying, the early onset 
of osteoarthritis. In clinical practice, a plethora of surgical 
interventions aim to repair cartilage tissue and overcome the 
poor healing potential of articular cartilage. Understandably, 
a better quality of the repair tissue should result in a better 
long-term clinical outcome [1, 2].

Microfracture (MFx) perforates the subchondral bone in 
order to access the bone marrow compartment, releasing 
mesenchymal stem cells that can differentiate but are also 

immunoregulatory, serving to foster regenerative microen-
vironments in areas of tissue injury [3]. Therefore, a more 
comprehensive term for this is bone marrow stimulation 
(BMS) [4]. As a basic BMS procedure, MFx can provide 
good, initial results, but unfavourable long-term results have 
been reported, especially in larger lesions [5]. Considering 
this limitation, the combination of MFx with a collagen I/III 
scaffold, referred to as the autologous matrix-induced chon-
drogenesis (AMIC®) procedure, offers another prospective 
treatment option to overcome this burden. The bioresorbable 
membrane stabilizes the “super clot”, reduces edge loading 
of the surrounding cartilage and supports chondral differen-
tiation by providing a biological chamber [6, 7] and therefore 
optimizes the conditions for successful cartilage repair, with 
the attendant clinical benefits. We therefore hypothesized 
that adding a collagen I/III scaffold onto a microfractured 
area in focal cartilage defects in the knee would result in 
superior outcome than with MFx alone.

Accordingly, we initiated a prospective, randomized 
controlled clinical trial (PRCT) to evaluate outcomes of 
both therapies. Short-term results had shown compara-
ble improvements in pain and function [8]. These results, 
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however, started to diverge by 5 years, with the MFx cohort 
displaying a worsening of pain and outcome scores in com-
parison with AMIC®-treated patient [9]. In continuation, 
the aim of this current study was to evaluate the 10-year 
outcomes of these cohorts.

Material and methods

Study design

This PRCT was designed to compare the efficacy and safety 
of the AMIC® technique to MFx alone in the treatment of 
focal cartilage defects of the knee. Informed consent was 
given by every patient participating in this study. Enrolled 
patients were 18–50 years of age with one or two isolated, 
Outerbridge grade III or IV [10] cartilage defects of the knee 
and a defect size of 2–10 cm2. Exclusion factors, such as 
more than 2 defects, 2 corresponding defects or bilateral 
defects, signs of osteoarthritis, bone lesions deeper than 
0.7 cm, axis deviation by clinical evaluation, unresolved 
knee instability, along with certain systemic diseases, were 
detailed in the previous publications [8, 9].

Patients were randomly assigned to one of 3 groups, 
receiving one of the following treatments: microfracture 
alone (MFx), sutured AMIC® or glued AMIC®. Due to slow 
enrolment only 47 patients were available for evaluation in 
this study. The study design, comparing a total arthroscopic 
procedure (MFx alone) to an open procedure (AMIC® glued 
or AMIC® sutured), meant that neither patients nor physi-
cians were blinded.

Ethical approval

The study was approved by the Ethics Committee (03–088, 
03/173-MZ and 20–1875-101, ZKS, University of Regens-
burg, Germany), conducted according to the Declaration of 
Helsinki and Good Clinical Practice and registered on clini-
caltrials.gov (NCT02993510).

Surgical technique

The surgical procedures and rehabilitation had been detailed 
in our previous publications [8, 9]. In summary, MFx was 
performed according to the technique published by Stead-
man et al. [11]. The surgical technique for the AMIC® groups 
was performed using a mini-arthrotomy, as described in our 
initial paper concerning this cohort. Specifically, following 
the MFx procedure, a collagen type I/III matrix (Chondro-
Gide®, Geistlich Pharma AG, Wolhusen, Switzerland) was 
added to cover the treated defect area. Chondro-Gide® was 
placed with the porous layer facing the bone surface and 
fixed using either sutures (PDS 5.0, Ethicon, Norderstedt, 

Germany; sutured AMIC®) or by gluing the matrix onto 
the bone surface with fibrin glue (Tissucol, Baxter, Unter-
schleissheim, Germany; glued AMIC®). The stability of the 
matrix was checked by flexing and extending the knee 10 
times. An intra-articular drain without suction was inserted, 
the wound was closed, and patients were hospitalized for 
2–5 days after surgery.

Post‑operative rehabilitation program

All patients were assigned to the same rehabilitation proto-
col. The staged program included a progression of weight 
bearing over 6 weeks and mobilisation of the index knee and 
included electrotherapy of lower limb musculature, proprio-
ceptive exercises and progression from walking to sports, as 
indicated by the patients’ clinical progression. Additionally, 
scar tissue management was part of the clinical routine.

Clinical evaluation and data collection

Prior to surgery, all patients underwent physical examina-
tion and every patient had a standard X-ray of the knee and 
patella and MRI. All patients were followed prospectively.

Each patient was contacted and scheduled for clinical 
evaluation of the knee and collection of Patient Related 
Outcome Measures (PROMs) at 6 weeks, 3, 6, 12, 24, 60 
and 120 months. MRI imaging was done at 6, 12, 24, 60 and 
120 months. Any type of complication, injury or subsequent 
surgery was documented. Clinical outcome was assessed by 
the Modified Cincinnati score [12] and a visual analogue 
scale (VAS; 0–100) for pain, which ranged from 0 (no pain) 
to 100 (severe pain). Safety was evaluated by monitoring 
adverse events (AE). Radiological outcomes were assessed 
with magnetic resonance imaging (MRI, 1.5 T) by an inde-
pendent and blinded radiologist using the MOCART score 
[13].

Statistical analysis

Quantitative variables were described using the mean and 
standard deviation, whereas qualitative variables were 
reported with absolute and percentage frequencies. Cin-
cinnati and VAS scores were analysed using the Brun-
ner–Langer approach which is particularly suitable for the 
analysis of longitudinal data (repeated measures) with small 
sample sizes [14]. A p value < 0.05 was considered statisti-
cally significant. For each of the endpoints listed, two ques-
tions were addressed:

1.	 Do the values differ systematically over time? (e.g. main 
effect of time)
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2.	 Do the changes over time differ systematically between 
treatments? (e.g. interaction effect between treatment 
and time)

All statistical analyses were performed using the statistics 
software R version 3.0.3 [15].

Results

Baseline characteristics

There were 47 patients enrolled, and the 10-year follow-up 
included 37 patients as displayed in Fig. 1. The mean defect 
size after debridement was 3.6 cm2 (range 2.1–6.6 cm2). 
Demographic data for the patients are shown in Table 1, and 
a more detailed description can be found in our previous 
publication [9]. Demographic data did not differ between 
groups at baseline or at 10 years, except for lesion size. The 
demographic data are presented in Table 1.

Clinical outcomes

Modified Cincinnati score

For the Modified Cincinnati score, there was a significant 
overall change over time (p < 0.001). This time effect, how-
ever, differed significantly between the groups (Fig. 2). 

While at years 1 and 2, the changes from baseline were 
similar in all groups, a statistically significant difference 
between both AMIC® groups and the MFx-treated patients 
was noted at years 5 and 10. The scores between the two 
AMIC® groups (glued: 84.3 ± 17.1, sutured: 81.6 ± 21.2) and 
the MFx group (56.1 ± 18.6) showed a significant difference 
at 10 years, but no difference between the scores of either of 
the two AMIC® fixation methods was detected.

Pain

For the VAS pain, a similar result as for the Modified Cin-
cinnati Knee Score could be observed. The mean base-
line values were 57 ± 22, 46 ± 20 and 54 ± 19 for patients 
assigned to the MFx, AMIC®-glued and AMIC®-sutured 
groups, respectively. The changes in the pain score between 
groups are shown in Fig. 3. All patients showed a significant 
improvement in their pain scores up to 2 years (p < 0.001). 

Fig. 1   The CONSORT diagram for the patient allocation and follow-up. TKA: total knee arthroplasty; AMIC: autologous matrix-induced chon-
drogenesis; ACI: autologous chondrocyte implantation

Table 1   Demographic data of patients in each treatment group

* significance versus MFX: p = 0.01, MFX: microfracture; AMIC: 
autologous matrix-induced chondrogenesis; BMI: body mass index; 
m/f: male/female; n: number

Lesion size 
(cm2)

BMI (kg/m2) Age (years) m/f(n)

MFx 2.9 ± 0.8 25.2 ± 2.1 39.9 ± 6.5 10/3
AMIC glued 3.9 ± 1.1 27.6 ± 4.1 38.7 ± 8.9 15/2
AMIC sutured 3.8 ± 1.9 27.4 ± 4.5 33.7 ± 11.5 12/5
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After 5 years, both AMIC®-treated groups still reported very 
low pain, whereas pain increased non-significantly in the 
MFx group. Between year 5 and 10, pain was stable within 
the MFx group (30 ± 19 and 31 ± 20) and AMIC®-glued 
group (11 ± 20 and 12 ± 21) and slightly decreased in the 
AMIC®-sutured group (15 ± 22 and 11 ± 16). It should be 
noted that while there was an apparent divergence of the 
scores, this was not statistically significant.

Clinical responders

We considered the case a poor outcome if the Modified Cin-
cinnati Knee Score was ≤ 65 points. This score was chosen 
as 62 has been cited to be the minimum Patient Accept-
able Symptom State (PASS) score for the IKDC, while 70 
has been cited as the PASS for the Lysholm [16]. Figure 4 
depicts the proportion of patients in each treatment arm who 
exceeded this threshold at 2, 5 and 10 years after surgery. 

This reflects a responder rate of 22% for the MFx cohort 
at 10-year follow-up, while the AMIC® cohorts showed a 
responder rate of 83% (glued) and 88% (sutured).

Radiology

Of the 37 patients for whom we had 10-year data, MRIs 
were available for 32 (86%). The time between surgery and 
the date of the most recent MRI is shown in Table 2, with 
no significant difference between groups with respect to the 
date from surgery to the date of the MRI (p > 0.05).

The mean overall MOCART scores at 10  years 
were 37.7 ± 29.3 (MFx), 34.4 ± 23.2 (AMIC glued®) 
and 31.0 ± 20.3 (AMIC® sutured) points, respec-
tively. A Kruskal–Wallis test showed no difference in 
the MOCART scores between the treatment groups 
(p = 0.879). The effusion was, at least in absolute terms, 

Fig. 2   The mean scores over 
time for the MODIFIED Cincin-
nati knee score over time. (*sig-
nificance over microfracture, 
p < 0.05). AMIC: autologous 
matrix-induced chondrogenesis; 
BL: baseline
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Fig. 3   The data for the visual 
analogue scale for pain. AMIC: 
autologous matrix-induced 
chondrogenesis; BL: baseline
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lower among the AMIC®-treated patients (data not 
shown). Regarding changes in subchondral bone, which 
would include osteophytes, comparable proportions of 
patients in each group showed evidence of changes in sub-
chondral bone. Figure 5 shows a representative case MRI 
from one 46-year-old male patient treated with AMIC® 
glued at the medial femoral condyle.

Adverse events and failures

There were 2 patients in the MFx arm who underwent 
subsequent surgery (autologous chondrocyte implantation 
(ACI) at 12 months, a high tibial osteotomy (HTO) at 
15 months), while 1 patient in the AMIC®-glued treat-
ment arm converted to total knee arthroplasty (TKA) after 
1 year. Between year 5 and year 10, no revision surgery 
was observed in any of the treatment groups. No serious 
AE related to the treatment was reported for any patient.

Discussion

As a result of this PRCT, treating isolated cartilage defects 
in the knee with an AMIC® procedure, either glued or 
sutured, demonstrated significantly higher Modified Cincin-
nati scores and lower VAS pain compared to patients having 
received a MFx alone at 10 years. Thus, our hypothesis was 
confirmed.

Over a 10-year follow-up for the surgical repair of focal 
chondral defects, our results showed that the initial outcomes 
were comparable between the treatment groups for the first 
2 years, but diverged as time went on. Both AMIC® cohorts 
maintained their improvement, whether measured via the 
VAS or the Modified Cincinnati score, while the MFx 
patients exhibited a worsening of these scores at the 5- and 
10-year follow-ups. MOCART scores, however, were similar 
between all groups at the final follow-up. Additionally, with 
regard to safety, adverse events and failures were similar 
between the patient cohorts. Another result was a notable 
divergence between the treatment arms in relation to the 
clinical responder rate in the Modified Cincinnati score. Set 
at a minimum of 65 points, the proportion of MFx patients 
exceeding this threshold was notably smaller than seen in 
either of the AMIC® groups (Fig. 4).

AMIC® is a technique within the broader category of 
matrix-augmented bone marrow stimulation (mBMS). To 
our knowledge, this is the first PRCT comparing AMIC® 
procedures versus conventional MFx over a 10-year period. 
Additionally, other studies have shown a sustained improve-
ment in outcomes following the AMIC® procedure. A 
recent analysis, based on an ongoing registry, has shown 
a stable clinical improvement up to 7 years post-operative 
[17]. Similarly, an RCT that had compared AMIC® to 
AMIC® and bone marrow aspirate concentrate (BMAC) 

Fig. 4   Percentage of posi-
tive responders (Cincinnati 
score > 65 pts.) in each cohort 
at different time points. MFX: 
microfracture; AMIC: autolo-
gous matrix-induced chondro-
genesis

Table 2   Time passed, in years, between the date of surgery and the 
date of the final MRI

AMIC: autologous matrix-induced chondrogenesis; MFx: microfrac-
ture; n: number

MFX AMIC® glued AMIC® sutured

Patients (n) 9 9 14
Mean 10.8 10.9 11.5
Median 11.1 10.9 11.7
Maximum 13.3 12.2 13.0
Minimum 7.8 9.4 9.5
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demonstrated clinical improvements that were maintained 
up to 100 months status-post for both groups [18]. While 
both of those publications have shown sustainable outcomes 
over the longer term, the registry had no comparators, while 
the RCT compared the standard AMIC® procedure to an 
AMIC® procedure that added BMAC to the treatment site. 
Thus, a limitation is the lack of a comparison with different 
surgical procedures.

While microfracture is a simple, single-step arthroscopic 
procedure that has the longest clinical history, in terms of 
histological outcome, MFx manifested poorer tissue quality 
than other cartilage repair procedures [19]. In comparison 
with MFx, case–control studies have indicated that AMIC® 
provides superior clinical outcomes and lower rates of fail-
ure or revision. Improved IKDC, Lysholm and pain scores 
in the AMIC® group along with a lower rate of failure and 

a trend towards a lower rate of revision were noted when 
compared to MFx [20].

Aside from the AMIC® procedure, there are a number of 
different scaffolds used in mBMS. Examples include cell-
free type-1 collagen, as well as aragonite-based, chitosan, 
hyaluronan-based and a biomimetic nanostructure. Recently, 
a meta-analysis reported a significant improvement in out-
comes for scaffold-associated repair procedures compared 
to microfracture at 2 years for focal cartilage defects in the 
knee of 1699 patients at 2 years [21]. Likewise, another 
meta-analysis noted significantly greater improvements in 
744 patients with MFx + augmentation in the Lysholm score 
and post-operative MOCART scores compared with an iso-
lated MFx treatment after 26.7 (12–60) months. Here, the 
mean chondral defect size ranged from 1.3 to 4.8 cm2 [19]. 
However, most of these procedures are quite limited with 

Fig. 5   Representative MRI 
(1.5 T, t2PDw) with images of 
an AMIC® glued at the medial 
femoral condyle at 2 years 
(a), 5 years (b) and 10 years 
(c). The Cincinnati score was 
28/100/90/90 at baseline, 2, 
5 and 10 years, respectively. 
The arrows indicate area of the 
surgical procedure
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regard to clinical data, in contrast to the procedure that we 
perform which has a quantity of clinical data such that meta-
analysis could be published [22].

Based on these data, the German Orthopaedic and 
Trauma Society (DGOU) guideline has stated that mBMS 
is standard of care treatment for focal chondral or osteochon-
dral defects ranging from 1 to 4.5 cm2 [23]. In the context 
of mBMS, the use of the Chondro-Gide® membrane in the 
AMIC® procedure is based on sound clinical data, and the 
DGOU consensus statement rated it having the best clinical 
evidence [23]. AMIC® and other mBMS procedures, how-
ever, are not the only procedures that have shown improved 
outcomes for chondral repair. The results from case series 
concerning ACI have shown a significant clinical improve-
ment up to 25 years [24], while the clinical superiority of 
ACI relative to MFx at 5 years has also been published [25]. 
However, an RCT that compared collagen-covered ACI to 
AMIC® noted no differences in outcomes after 2 years in 
patients with large defects (5 cm2) [26]. Another surgical 
option is osteochondral autologous cylinder transfer, for 
which long-term results are available, but some data sug-
gest an increased risk of failure after 2 years, thus a caveat 
that these procedures might be more appropriate for smaller 
lesions [27].

Specific to the strength of clinical evidence and level 1 
studies, there are relatively few RCTs that have compared 
surgical techniques for the repair of focal chondral defects. 
Similar to our data using MFx as a control group, an RCT 
that compared mosaicplasty to MFx reported better patient 
outcomes in the mosaicplasty cohort [28]. In contrast, an 
RCT that compared MFx to ACI noted that both groups 
improved their clinical scores in the short-, medium-, and 
long-term evaluations, with no significant difference at the 
long-term follow-up [29]. Most recently, a large RCT that 
evaluated outcome among a variety of procedures had stated 
that there was no evidence of a difference in Lysholm scores 
between ACI and alternative techniques, among which was 
AMIC® [30].

With regard to objective measures of cartilage repair, 
while the clinical data indicated that patients treated using 
the AMIC® surgical treatment had better long-term out-
comes, our radiological data were inconclusive. While 3 of 
the 14 AMIC®-sutured patients showed complete filling of 
the treated site (21%), none of the MFx patients presented 
with this level of filling. With regard to joint effusion, 8/9 
(88%) of the MFx patients for whom a 10-year MRI was 
available showed evidence of joint effusion, either mild or 
moderate, while this was 5/9 (55%) of the AMIC®-glued 
patients and 5/14 (36%) of the AMIC®-sutured patients. 
Our MRI data noted comparable rates of bony hypertrophy 
in the cohorts: AMIC® 8/23 (35%) and MFx 3/9 (33%), 
which is comparable to what has been reported for mBMS 
or ACI [31]. Specific to MRI, recent research suggests that 

MOCART scores relate poorly to clinical outcomes [32]; 
therefore, the use of MOCART on assessment of surgical 
outcomes may have limited value.

We acknowledge our study limitations, the most obvious 
being low patient numbers at both enrolment and at 10 years. 
One of the challenges that face any PRCT is patient enrol-
ment, and our study was no exception to this. However, in 
comparison with our 2-year and 5-year data [9], few patients 
were lost to follow-up between the 5-year and 10-year fol-
low-up (Fig. 1). Another point worth noting in relation to 
the outcome scores is the lesion size. The defects for MFx 
(range 2–4.6 cm2, mean 2.9 cm2) were significantly smaller 
than defects in the AMIC® groups (range 2.4–6.3 cm2, mean 
3.9  cm2). While current recommendations limit MFx to 
defects ≤ 2 cm2 [23] and certainly no surgeon would today 
consider MFx for such lesions, it needs to be kept in mind 
that this guidance was developed several years after the sur-
geries in this study were performed. Indeed, the lesion size 
may impact the decrement in outcomes that we observed 
among the patients in the MFx cohort. Among the 3 groups 
in this study, there were 5 patients whose defects were 
greater than 5 cm2. When reviewing the case report forms, 
we noted that all of these patients had been randomized to 
an AMIC® treatment, with 2 undergoing fixation via sutures 
and 3 whose repairs were secured using fibrin glue. Thus, 
the worst cases scenarios, with respect to defect size, had 
undergone an AMIC® repair technique. Unfortunately, our 
sample size precludes a meaningful analysis, for example a 
linear regression, with regard to defect size and outcomes. 
The response rate is also an avenue for criticism. While there 
are established PASS values for IKDC and Lysholm scores, 
we approximated a PASS level for the Modified Cincinnati 
knee score, and while this is admittedly an arbitrary choice, 
it is close to both Lysholm and IKDC values [16].

Despite these limitations, our data provide evidence that 
the clinical outcomes for AMIC®, regardless of fixation, are 
superior to those of MFx alone for the treatment of focal, 
chondral lesions in the knee over 10 years and are consistent 
with our 5-year results [9].

Conclusion

For the treatment of focal chondral lesions of the knee, the 
AMIC® procedure, compared to microfracturing alone, 
maintains functional improvements and provides signifi-
cantly better clinical outcomes at 10 years post-operatively.

Acknowledgements  The clinical site investigators and their clini-
cal research coordinators who contributed to the initial phases of the 
study and recruitment and follow-up for 2 years are sincerely acknowl-
edged: Prof. P. Behrens, Universitätsklinikum Schleswig-Holstein, 
Lübeck; Dr. W. Zoch, Unfallklink Hannover; Prof. P. Niemeyer, 



	 European Journal of Orthopaedic Surgery & Traumatology

Universitätsklinikum.Freiburg; PD Dr. E. Basad, Universitätsklinikum 
Giessen; and Dr. H.R.W. Meyer, Orthopedikum Hamburg.

Author contributions  All authors contributed to the study conception 
and design. All authors read and approved the final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This study was funded by Geistlich Pharma AG, Wolhusen, 
Switzerland.

Declarations 

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethics approval  The study was approved by the Ethics Committee 
(03–088, 03/173-MZ and 20–1875-101, ZKS, University of Regens-
burg, Germany), conducted according to the Declaration of Hel-
sinki and Good Clinical Practice and registered on clinicaltrials.gov 
(NCT02993510).

Consent to participate  Informed consent was given by every patient 
participating in this study.

Consent to publish  The authors affirm that human research participants 
provided informed consent for publication of the images in Fig. 5.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Salzmann GM, Ossendorff R, Gilat R, Cole BJ (2021) Autolo-
gous minced cartilage implantation for treatment of chondral and 
osteochondral lesions in the knee joint: an overview. Cartilage 
13:1124S-1136S. https://​doi.​org/​10.​1177/​19476​03520​942952

	 2.	 deGirolamo L, Schonhuber H, Vigano M, Bait C, Quaglia A, 
Thiebat G et al (2019) Autologous matrix-induced chondrogen-
esis (AMIC) and amic enhanced by autologous concentrated bone 
marrow aspirate (BMAC) allow for stable clinical and functional 
improvements at up to 9 years follow-up: results from a rand-
omized controlled study. J Clin Med 8:392. https://​doi.​org/​10.​
3390/​jcm80​30392

	 3.	 Gao Q, Wang L, Wang S, Huang B, Jing Y, Su J (2022) Bone 
marrow mesenchymal stromal cells: identification, classification, 
and differentiation. Front Cell Dev Biol 9:787118. https://​doi.​org/​
10.​3389/​fcell.​2021.​787118

	 4.	 Steinwachs MR, Guhlke-Steinwachs U, Steinwachs A-C (2023) 
Knee Arthroscopy and knee preservation surgery. Springer Inter-
national Publishing, Cham, pp 1–13. https://​doi.​org/​10.​1007/​
978-3-​030-​82869-1

	 5.	 Neri T, Dehon M, Klasan A, Putnis SE, Farizon F, Philippot 
R (2020) Predictors of functional outcome after microfracture 

treatment of cartilage defects of the knee. Surg Technol Int 
37:341–347

	 6.	 Gille J, Kunow J, Boisch L, Behrens P, Bos I, Hoffmann C et al 
(2010) Cell-laden and cell-free matrix-induced chondrogen-
esis versus microfracture for the treatment of articular cartilage 
defects: a histological and biomechanical study in sheep. Cartilage 
1:29–42. https://​doi.​org/​10.​1177/​19476​03509​358721

	 7.	 Zhang C, Cai YZ, Lin XJ (2016) One-step cartilage repair tech-
nique as a next generation of cell therapy for cartilage defects: 
biological characteristics preclinical application surgical tech-
niques and clinical developments, Arthroscopy: J Arthroscopic 
and Related Surgery, 32:1444–50. https://​doi.​org/​10.​1016/j.​arthro.​
2016.​01.​061

	 8.	 Anders S, Volz M, Frick H, Gellissen J (2013) A randomized, 
controlled trial comparing autologous matrix-induced chondro-
genesis (AMIC®) to microfracture: analysis of 1- and 2-year 
follow-up data of 2 centers. Open Orthop J 7:133–143. https://​
doi.​org/​10.​2174/​18743​25001​30701​0133

	 9.	 Volz M, Schaumburger J, Frick H, Grifka J, Anders S (2017) A 
randomized controlled trial demonstrating sustained benefit of 
Autologous Matrix-Induced Chondrogenesis over microfracture 
at five years. Int Orthop 41:797–804. https://​doi.​org/​10.​1007/​
s00264-​016-​3391-0

	10	 Outerbridge RE (1961) The etiology of chondromalacia patel-
lae. J Bone Jt Surg Br 43-B:752–757. https://​doi.​org/​10.​1302/​
0301-​620x.​43b4.​752

	11.	 Steadman JR, Rodkey WG, Rodrigo JJ (2001) Microfracture: 
surgical technique and rehabilitation to treat chondral defects. 
Clin Orthop Relat Res 391:S362–S369. https://​doi.​org/​10.​1097/​
00003​086-​20011​0001-​00033

	12.	 Shelbourne KD, Barnes AF, Gray T (2012) Correlation of a sin-
gle assessment numeric evaluation (SANE) rating with modified 
cincinnati knee rating system and IKDC subjective total scores 
for patients after ACL reconstruction or knee arthroscopy. Am J 
Sports Med 40:2487–2491. https://​doi.​org/​10.​1177/​03635​46512​
458576

	13.	 Marlovits S, Singer P, Zeller P, Mandl I, Haller J, Trattnig S 
(2006) Magnetic resonance observation of cartilage repair tissue 
(MOCART) for the evaluation of autologous chondrocyte trans-
plantation: determination of interobserver variability and corre-
lation to clinical outcome after 2 years. Eur J Radiol 57:16–23. 
https://​doi.​org/​10.​1016/j.​ejrad.​2005.​08.​007

	14.	 Brunner E, Langer F (2000) Nonparametric analysis of ordered 
categorical data in designs with longitudinal observations and 
small sample sizes. Biom J 42:663–675. https://​doi.​org/​10.​1002/​
1521-​4036(200010)​42:6%​3c;​663::​aid-​bimj6​63%​3e3.0.​co;2-7

	15.	 Team RDC (2008) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing. Vienna, 
Austria.

	16.	 Chahal J, Lansdown DA, Davey A, Davis AM, Cole BJ (2021) 
The clinically important difference and patient acceptable symp-
tomatic state for commonly used patient-reported outcomes 
after knee cartilage repair. Am J Sports Med 49:193–199. 
https://​doi.​org/​10.​1177/​03635​46520​969883

	17.	 Gille J, Reiss E, Freitag M, Schagemann J, Steinwachs M, Pion-
tek T et al (2021) Autologous matrix-induced chondrogenesis 
for treatment of focal cartilage defects in the knee: a follow-up 
study. Orthop J Sports Med 9:2325967120981872. https://​doi.​
org/​10.​1177/​23259​67120​981872

	18.	 deGirolamo L, Schonhuber H, Vigano M, Bait C, Quaglia A, 
Thiebat G et al (2019) Autologous matrix-induced chondrogen-
esis (AMIC) and AMIC enhanced by autologous concentrated 
bone marrow aspirate (BMAC) allow for stable clinical and 
functional improvements at up to 9 years follow-up: results from 
a randomized controlled study. J Clin. https://​doi.​org/​10.​3390/​
jcm80​30392

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/1947603520942952
https://doi.org/10.3390/jcm8030392
https://doi.org/10.3390/jcm8030392
https://doi.org/10.3389/fcell.2021.787118
https://doi.org/10.3389/fcell.2021.787118
https://doi.org/10.1007/978-3-030-82869-1
https://doi.org/10.1007/978-3-030-82869-1
https://doi.org/10.1177/1947603509358721
https://doi.org/10.1016/j.arthro.2016.01.061
https://doi.org/10.1016/j.arthro.2016.01.061
https://doi.org/10.2174/1874325001307010133
https://doi.org/10.2174/1874325001307010133
https://doi.org/10.1007/s00264-016-3391-0
https://doi.org/10.1007/s00264-016-3391-0
https://doi.org/10.1302/0301-620x.43b4.752
https://doi.org/10.1302/0301-620x.43b4.752
https://doi.org/10.1097/00003086-200110001-00033
https://doi.org/10.1097/00003086-200110001-00033
https://doi.org/10.1177/0363546512458576
https://doi.org/10.1177/0363546512458576
https://doi.org/10.1016/j.ejrad.2005.08.007
https://doi.org/10.1002/1521-4036(200010)42:6%3c;663::aid-bimj663%3e3.0.co;2-7
https://doi.org/10.1002/1521-4036(200010)42:6%3c;663::aid-bimj663%3e3.0.co;2-7
https://doi.org/10.1177/0363546520969883
https://doi.org/10.1177/2325967120981872
https://doi.org/10.1177/2325967120981872
https://doi.org/10.3390/jcm8030392
https://doi.org/10.3390/jcm8030392


European Journal of Orthopaedic Surgery & Traumatology	

	19.	 Fortier LM, Knapik DM, Dasari SP, Polce EM, Familiari F, 
Gursoy S et al (2022) Clinical and magnetic resonance imag-
ing outcomes after microfracture treatment with and without 
augmentation for focal chondral lesions in the knee: a system-
atic review and meta-analysis. Am J Sports Med 51:2193–2206. 
https://​doi.​org/​10.​1177/​03635​46522​10873​65

	20	 Migliorini F, Eschweiler J, Maffulli N, Schenker H, Baroncini 
A, Tingart M et al (2021) Autologous matrix-induced chondro-
genesis (AMIC) and microfractures for focal chondral defects of 
the knee: a medium-term comparative study. Life (Basel, Swit) 
11(3):183. https://​doi.​org/​10.​3390/​life1​10301​83

	21.	 Seewoonarain S, Ganesh D, Perera E, Popat R, Jones J, Sugand 
K et al (2023) Scaffold-associated procedures are superior to 
microfracture in managing focal cartilage defects in the knee: A 
systematic review & meta-analysis. Knee 42:320–338. https://​
doi.​org/​10.​1016/j.​knee.​2023.​04.​001

	22.	 Steinwachs MR, Gille J, Volz M, Anders S, Jakob R, Girolamo LD 
et al (2019) Systematic review and meta-analysis of the clinical 
evidence on the use of autologous matrix-induced chondrogenesis 
in the knee. Cartilage 13(1_suppl):42S-56S. https://​doi.​org/​10.​
1177/​19476​03519​870846

	23.	 Niemeyer P, Albrecht D, Aurich M, Becher C, Behrens P, Bich-
mann P et al (2022) Empfehlungen der AG Klinische Gewebere-
generation zur Behandlung von Knorpelschäden am Kniegelenk. Z 
Orthop Unfall 161(1):57–64. https://​doi.​org/​10.​1055/a-​1663-​6807

	24.	 Carey JL, Shea KG, Lindahl A, Vasiliadis HS, Lindahl C, Peterson 
L (2020) Autologous chondrocyte implantation as treatment for 
unsalvageable osteochondritis dissecans: 10- to 25-year follow-up. 
Am J Sports Med 48:1134–1140. https://​doi.​org/​10.​1177/​03635​
46520​908588

	25.	 Na Y, Shi Y, Liu W, Jia Y, Kong L, Zhang T et al (2019) Is implan-
tation of autologous chondrocytes superior to microfracture for 
articular-cartilage defects of the knee? A systematic review of 
5-year follow-up data. Int J Surg 68:56–62. https://​doi.​org/​10.​
1016/j.​ijsu.​2019.​06.​007

	26.	 Fossum V, Hansen AK, Wilsgaard T, Knutsen G (2019) Collagen-
covered autologous chondrocyte implantation versus autologous 
matrix-induced chondrogenesis: a randomized trial comparing 2 
methods for repair of cartilage defects of the knee. Orthop J Sports 

Med 7:2325967119868212. https://​doi.​org/​10.​1177/​23259​67119​
868212

	27	 Lynch TS, Patel RM, Benedick A, Amin NH, Jones MH, Miniaci 
A (2015) Systematic review of autogenous osteochondral trans-
plant outcomes. Arthrosc: J Arthrosc Relat Surg 31:746–754. 
https://​doi.​org/​10.​1016/j.​arthro.​2014.​11.​018

	28.	 Solheim E, Hegna J, Strand T, Harlem T, Inderhaug E (2018) Ran-
domized study of long-term (15–17 years) outcome after microf-
racture versus mosaicplasty in knee articular cartilage defects. Am 
J Sports Med 46:826–831. https://​doi.​org/​10.​1177/​03635​46517​
745281

	29.	 Knutsen G, Drogset JO, Engebretsen L, Grøntvedt T, Ludvigsen 
TC, Løken S et al (2016) A randomized multicenter trial com-
paring autologous chondrocyte implantation with microfracture: 
long-term follow-up at 14 to 15 years. J Bone Joint Surg Am 
98:1332–1339. https://​doi.​org/​10.​2106/​jbjs.​15.​01208

	30.	 Snow M, Middleton L, Mehta S, Roberts A, Gray R, Richardson J 
et al (2023) A randomized trial of autologous chondrocyte implan-
tation versus alternative forms of surgical cartilage management 
in patients with a failed primary treatment for chondral or osteo-
chondral defects in the knee. Am J Sports Medicine 51:367–378. 
https://​doi.​org/​10.​1177/​03635​46522​11419​07

	31.	 Demange MK, Minas T, von Keudell A, Sodha S, Bryant T, 
Gomoll AH (2017) Intralesional osteophyte regrowth following 
autologous chondrocyte implantation after previous treatment 
with marrow stimulation technique. Cartilage 8:131–138. https://​
doi.​org/​10.​1177/​19476​03516​653208

	32.	 Casari FA, Germann C, Weigelt L, Wirth S, Viehöfer A, Acker-
mann J (2021) The role of magnetic resonance imaging in autolo-
gous matrix-induced chondrogenesis for osteochondral lesions of 
the talus: analyzing MOCART 1 and 2.0. Cartilage 13:639s-s645. 
https://​doi.​org/​10.​1177/​19476​03520​946382

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/03635465221087365
https://doi.org/10.3390/life11030183
https://doi.org/10.1016/j.knee.2023.04.001
https://doi.org/10.1016/j.knee.2023.04.001
https://doi.org/10.1177/1947603519870846
https://doi.org/10.1177/1947603519870846
https://doi.org/10.1055/a-1663-6807
https://doi.org/10.1177/0363546520908588
https://doi.org/10.1177/0363546520908588
https://doi.org/10.1016/j.ijsu.2019.06.007
https://doi.org/10.1016/j.ijsu.2019.06.007
https://doi.org/10.1177/2325967119868212
https://doi.org/10.1177/2325967119868212
https://doi.org/10.1016/j.arthro.2014.11.018
https://doi.org/10.1177/0363546517745281
https://doi.org/10.1177/0363546517745281
https://doi.org/10.2106/jbjs.15.01208
https://doi.org/10.1177/03635465221141907
https://doi.org/10.1177/1947603516653208
https://doi.org/10.1177/1947603516653208
https://doi.org/10.1177/1947603520946382

	A randomized controlled trial demonstrating sustained benefit of autologous matrix-induced chondrogenesis (AMIC®) over microfracture: 10-year follow-up
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Study design
	Ethical approval
	Surgical technique
	Post-operative rehabilitation program
	Clinical evaluation and data collection
	Statistical analysis

	Results
	Baseline characteristics

	Clinical outcomes
	Modified Cincinnati score
	Pain
	Clinical responders

	Radiology
	Adverse events and failures

	Discussion
	Conclusion
	Acknowledgements 
	References


