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Abstract: Microfracture is a common technique that uses bone marrow components to stimulate carti-
lage regeneration. However, the clinical results of microfracture range from poor to good. To enhance
cartilage healing, several reinforcing techniques have been developed, including porcine-derived col-
lagen scaffold, hyaluronic acid, and chitosan. Autologous collagen-induced chondrogenesis (ACIC)
is a single-step surgical technique for cartilage regeneration that combines gel-type atelocollagen
scaffolding with microfracture. Even though ACIC is a relatively new technique, literature show
excellent clinical results. In addition, all procedures of ACIC are performed arthroscopically, which
is increasing in preference among surgeons and patients. The ACIC technique also is called the
Shetty–Kim technique because it was developed from the works of A.A. Shetty and S.J. Kim. This is
an up-to-date review of the history of ACIC.
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1. Introduction

The articular cartilage is a thin layer of viscoelastic connective tissue that complicates
repair of the cartilage. Studies have emphasized the importance of repairing articular
cartilage to delay arthroplasty. Multiple drilling techniques have been used to treat articular
cartilage defects. In 1959, Pridie [1] said, “If these sclerotic areas were drilled and the holes
were not too far apart, smooth fibro-cartilage would spread over the surface.” He introduced
the drilling of the subchondral bone to heal cartilage defects.

Steadman et al. [2] modified this method to avoid thermal necrosis from drilling, using
bone marrow from the subchondral bone to form a clot on the defect holes (Figure 1). The
clot contained mesenchymal stem cells (MSCs) and abundant growth factors, inducing
repair by fibrous and hyaline-like cartilage [3] (Figure 2).

Multiple drilling techniques produce predominantly fibrocartilage [4]; therefore, sev-
eral methods have been introduced to produce hyaline-like cartilage. Autologous chon-
drocyte implantation is considered an ideal procedure to induce hyaline-like cartilage.
However, it requires a two-stage procedure, damages the donor site cartilage, and has a
high cost.

The limitation of the marrow stimulation technique is that bone marrow stem cells
and growth factors are released into the joint rather than remaining at an articular surface.
Collagen gel or scaffold has been used to overcome this limitation by providing mechanical
stability to form clots [5]. Cell-free type I collagen gels or scaffolds combined with marrow
stimulation, such as multiple drilling, have shown good outcomes regarding the induction
of hyaline-like cartilage [6–8]. Autologous matrix-induced chondrogenesis (AMIC) uses a
porcine collagen matrix to provide a biological scaffold.
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induction of hyaline-like cartilage [6–8]. Autologous matrix-induced chondrogenesis 

(AMIC) uses a porcine collagen matrix to provide a biological scaffold. 

Despite its popularity since 2000, the AMIC technique requires an open surgical in-

cision for the preparation of the defect and the application of the collagen membrane. To 

overcome this weakness, autologous collagen-induced chondrogenesis (ACIC) was devel-

oped, for which the procedures are performed arthroscopically. For ACIC, atelocollagen 

gel is used as a scaffold instead of the membrane used in AMIC. Atelocollagen is a highly 

purified type I collagen obtained following the treatment of skin dermis with pepsin and 

telopeptide removal, which reduces immunogenicity. 

  
(a) (b) 

Figure 1. (a) Multiple holes drilled into a cartilage defect; (b) second-look arthroscopy 2 years later. 

  
(a) (b) 

Figure 2. (a) Microfracture of a cartilage defect of the trochlea; (b) second-look arthroscopy 2 years 

later. 

This article reviews the developmental history with a basic scientific rationale and 

the various techniques and results of ACIC for the repairing of knee cartilage. 

2. Basic Science and Methods for Chondrogenesis 

2.1. Basic Science of Cartilage Injury 

Articular cartilage is a thin, viscoelastic layer of connective tissue 2–3 mm thick [9] 

(Figure 3). It is of mesodermal origin and is characterized by a cellular component im-

mersed within an extracellular matrix composed of polysaccharides, fibrous protein, and 

interstitial fluid [10]. The cartilage has no direct supply of blood, nerve signals, or nutri-

tion and relies on diffusion through the surrounding tissues. 

Figure 1. (a) Multiple holes drilled into a cartilage defect; (b) second-look arthroscopy 2 years later.
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2 years later.

Despite its popularity since 2000, the AMIC technique requires an open surgical in-
cision for the preparation of the defect and the application of the collagen membrane. To
overcome this weakness, autologous collagen-induced chondrogenesis (ACIC) was devel-
oped, for which the procedures are performed arthroscopically. For ACIC, atelocollagen
gel is used as a scaffold instead of the membrane used in AMIC. Atelocollagen is a highly
purified type I collagen obtained following the treatment of skin dermis with pepsin and
telopeptide removal, which reduces immunogenicity.

This article reviews the developmental history with a basic scientific rationale and the
various techniques and results of ACIC for the repairing of knee cartilage.

2. Basic Science and Methods for Chondrogenesis
2.1. Basic Science of Cartilage Injury

Articular cartilage is a thin, viscoelastic layer of connective tissue 2–3 mm thick [9]
(Figure 3). It is of mesodermal origin and is characterized by a cellular component immersed
within an extracellular matrix composed of polysaccharides, fibrous protein, and interstitial
fluid [10]. The cartilage has no direct supply of blood, nerve signals, or nutrition and relies
on diffusion through the surrounding tissues.
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Figure 3. The structure of articular cartilage, comprised of four zones: superficial, middle, deep, 

and calcified. Among zones, there are differences in collagen fibers, arrangement of chondrocytes, 

and distribution of proteoglycans and glycosaminoglycans (GAGs). Hematoxylin and eosin stain-

ing. Scale bar, 200 μm. 

Cartilage can be damaged easily by acute trauma or repetitive microtrauma and is 

exposed to mechanical stress during active daily living. Such stress can be increased to 10 

or 20 times the body weight during sports activities [9]. Acute cartilage injury initiates a 

repair process that starts with the formation of a blood clot containing bone marrow cells 

that form fibrocartilaginous tissue. However, repeated microtraumas damage chondro-

cytes, decrease production of proteoglycan, and damage collagen meshwork. As this 

meshwork limits water penetration, damage leads to swelling and stiffness of the tissue. 

Responses to cartilage injury involve both anabolic and catabolic reactions. Aggrecan-de-

grading enzyme disintegrin, metalloproteinase with thrombospondin motif 5 (ADAMTS-

5), and collagenase matrix metalloproteinase 13 (MMP-13), which degrades type II colla-

gen, all contribute to the breakdown of cartilage. However, the induction of chondropro-

tective genes leads to anabolic effects on the cartilage [11] (Figure 4). 

 

Figure 4. Mechanism leading to the breakdown of cartilage. 

Figure 3. The structure of articular cartilage, comprised of four zones: superficial, middle, deep, and
calcified. Among zones, there are differences in collagen fibers, arrangement of chondrocytes, and
distribution of proteoglycans and glycosaminoglycans (GAGs). Hematoxylin and eosin staining.
Scale bar, 200 µm.

Cartilage can be damaged easily by acute trauma or repetitive microtrauma and is
exposed to mechanical stress during active daily living. Such stress can be increased to 10 or
20 times the body weight during sports activities [9]. Acute cartilage injury initiates a repair
process that starts with the formation of a blood clot containing bone marrow cells that
form fibrocartilaginous tissue. However, repeated microtraumas damage chondrocytes,
decrease production of proteoglycan, and damage collagen meshwork. As this meshwork
limits water penetration, damage leads to swelling and stiffness of the tissue. Responses to
cartilage injury involve both anabolic and catabolic reactions. Aggrecan-degrading enzyme
disintegrin, metalloproteinase with thrombospondin motif 5 (ADAMTS-5), and collagenase
matrix metalloproteinase 13 (MMP-13), which degrades type II collagen, all contribute to
the breakdown of cartilage. However, the induction of chondroprotective genes leads to
anabolic effects on the cartilage [11] (Figure 4).
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2.2. Microfracture and Enhanced Microfracture

Microfracture is a minimally invasive technique that uses an arthroscope to drill small,
equidistant holes in subchondral bone, at least 3–4 mm apart and 4 mm in depth, with
3–4 holes per a 1 cm area [12]. This procedure induces the migration of MSCs from the
bone marrow to the cartilage defect to allow the formation of fibrocartilage [13]. Kruez et al.
reported that microfracture showed good short-term results in small cartilage defects but
poorer results at 18 months after surgery, as reflected by Cincinnati Knee Rating System and
International Cartilage Repair Society (ICRS) scores. This effect is clearer in large defects
and in defects of the patellofemoral joint [14], where subchondral osteophytes develop in
20–50% of cases [15].

AMIC adds a collagen scaffold to multiple drilled holes in a cartilage defect. The
scaffold of the collagen binds MSCs and growth factors to the cartilage defect, enhancing
regeneration [16,17]. MSCs from microfracture have the same phenotypic plasticity as
chondrogenic cells in the cartilage basal zone. With AMIC, MSCs are distributed on the
membrane, which acts as the roof of a “biological chamber” [18]. A systematic review
conducted in 2022 by Migliorini et al. reported that AMIC showed better clinical scores
and a lower rate of revision, compared to microfracture [19].

AMIC requires an open procedure to attach the collagen matrix to the cartilage defect
(Figure 5). Even a small defect in articular cartilage needs a large incision for the AMIC
procedure, which can delay patient recovery.
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Figure 5. (a) Cartilage defect, (b) after defect preparation, (c) membrane-covered defect, and
(d) second-look arthroscopy 2 years later. Image courtesy of Prof. Sung-Hwan Kim.

To overcome this, ACIC was introduced as an alternative in 2009. Together, Shetty and
Kim developed the ACIC technique to be performed with arthroscopy, leaving wounds
only for the arthroscopic portal incisions [20]. In this procedure, atelocollagen gel is mixed
with fibrin and thrombin and used as a scaffold. The mixture is applied on the cartilage
defect after microdrilling the defect under CO2 gas insufflation to maintain the collagen
clot in the chondral defect area.

2.3. Autologous Collagen-Induced Chondrogenesis (ACIC)
2.3.1. Basic Science of ACIC

Atelocollagen is a porcine type I collagen that has been treated to detach the telomeres
(Figure 6). This process suppresses immunologic reactions, increasing the effects of the
surrounding environment on the collagen.

Atelocollagen induces MSCs to differentiate into chondrocytes (Figure 7). The process
is examined by the expression of genes such as Sox9, type II collagen, and aggrecan.
Jeong et al. conducted an animal study with rabbits involving a circular, articular cartilage
defect 4 mm in diameter in the trochlear region. The 10 rabbits in the control group were not
treated, and the 10 rabbits in the experimental group underwent injections of atelocollagen
mixed with fibrin. After 12 weeks, the cartilage was examined. The experimental group had
regenerated smooth, hyaline-like cartilage, whereas the control group showed incomplete
and irregular cartilage [21] (Figure 8).
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Figure 6. Overview of collagen production. Procollagen chains are synthesized and form a helix in the
endoplasmic reticulum (ER). Propeptides are removed by proteinases, and the fibrils are assembled
into collagen fibers in the extracellular space (EC).

Many clinical trials have used atelocollagen as an enhancing material for microfrac-
tures in a cartilage defect [20–22]. A recent study showed that atelocollagen promotes the
chondrogenic differentiation of human adipose-derived MSCs. Chondrogenic genes and
proteins were evaluated by RT-qPCR and ELISA, showing differentiation on day 21 [23].
MRI follow-up was conducted at 1 year and showed good cartilage defect filling [20].
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(b) Atelocollagen injection group after 12 weeks. (c) Control group without injection after 12 weeks.

2.3.2. Surgical Technique

ACIC is performed in the same manner as routine knee arthroscopy (Figure 9). The
articular cartilage is evaluated and mapped according to ICRS guidelines. The lesion is
debrided until the margins show stable vertical cartilage. The surface is lightly abraded
with a curette or burr to debride sclerotic subchondral bone. Microdrilling is performed,
and the subchondral bone is drilled with a 3.5 mm diameter bit up to a depth of 6–10 mm,
with a 3 mm interval. After that, the arthroscopic water of the knee joint is drained, and
the joint is insufflated with CO2 (Figure 9). The surface of the subchondral bone is dried
with cotton to promote adhesion by the collagen mixture. Atelocollagen gel mixed with
fibrinogen and thrombin (ratio—fibrin 1: thrombin 0.2 and atelocollagen 0.8) is prepared
and applied under arthroscopy. The applied mixture is assessed for stability in the cartilage
defect by observing the range of motion of the knee after 2 min [20,24] (Figure 10).
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Figure 10. (a) Cartilage defect, (b) defect preparation and multiple drilling, (c) collagen gel injection
into the defect under CO2 gas insufflation, and (d) second-look arthroscopy at 2 years later.

2.3.3. Post-Operative Protocol

Patients are recommended to undergo continuous passive motion (CPM) rehabilitation
for 4 h/day post-operatively for 4–6 weeks. Patients with a femoral condyle lesion are
allowed partial weight-bearing at 6 weeks, and progression to full weight-bearing is
encouraged at 3 months. Cartilage being repaired in patellar and trochlear lesions is
protected with a knee brace locked at 0–20% movement, which is gradually increased to
90% over 6 weeks. Full weight-bearing is encouraged with protected knee motion right
after the surgery [24].
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2.3.4. Clinical Results

Clinical studies of ACIC were collected through PubMed, the Cochrane library, and
ScienceDirect, with keywords “autologous collagen-induced chondrogenesis” and “porcine,
collagen, chondrogenesis”; there have been several studies using ACIC on the knee or the
talus. Excluding studies about the talus, five studies were analyzed. Two studies were
randomized, controlled trials (RCTs), one study was a matched, comparative study, and
two were noncomparative studies. (Table 1)

Table 1. Summary of clinical studies on ACIC for knee chondral defects.

Authors No. of Patients Study Design Cohort Group Clinical Scores MRI Evaluation

Kim, M.S. [25] 100 Multicenter RCT Microfracture KOOS pain, VAS;
significant difference MOCART

Silva [26] 11 Comparative study Microfracture SF-36, IKDC;
significant difference none

Kim, S.J. [24] 30 Longitudinal study Lysholm, KOOS, IKDC MOCART
Shetty [20] 10 Longitudinal study Lysholm MOCART

KOOS: Knee Injury and Osteoarthritis Outcome Score, MOCART: Magnetic Resonance Observation of Cartilage
Repair Tissue, IKDC: International Knee Documentation Committee.

Kim M.S. et al. compared porcine-derived collagen-augmented chondrogenesis to
microfracture in 2020 in a multicenter, randomized control study. One hundred patients
were randomly assigned to a microfracture or an investigational group. Clinical and
MRI outcomes were assessed at 12 and 24 months post-operatively. Magnetic resonance
observation of cartilage repair tissue (MOCART) assessment was used to analyze cartilage
tissue repair. MOCART score, VAS score, and KOOS pain score were significantly improved
in the test group. In addition, the investigational group showed better filling of the cartilage
defect in the knee joint [25].

Silva et al. compared ACIC to microfracture in 2020 based on clinical scores at 6 months
and 24 months. Eleven patients who underwent ACIC were compared with 11 age- and
sex-matched patients who underwent a microfracture-only procedure. The ACIC group
showed a significantly better SF36 mental function, International Knee Documentation
Committee (IKDC) score, and VAS score at 24 months [26].

Kim S.J. et al. evaluated 30 patients with ICRS grade III/IVa symptomatic knees
who were treated with ACIC. Patients were followed for 6 years, and the Lysholm score,
Knee Injury and Osteoarthritis Outcome Score (KOOS), and IKDC score were significantly
improved. Radiological evaluation was performed using MRI at 6 months, 1 year, and
3 years using the MOCART scoring system. The mean MOCART score was 78, similar to
those of other successful cartilage repair techniques [24].

Shetty et al. evaluated 10 patients with symptomatic chondral defects who were
treated with ACIC. Morphological and biochemical MRIs were performed at the 1-year
follow-up, and the Lysholm score was assessed at the 2-year follow-up. MRIs showed good
cartilage defect filling and suggested hyaline-like repair tissue, and the Lysholm score was
significantly improved [20].

3. Discussion

Mithoefer et al. conducted a systematic review about microfracture in 2009. Microfrac-
ture was a good first-line treatment for cartilage defect but did have a few disadvantages.
The short-term outcome was good, but the long-term outcome was inconclusive, due to
insufficient data. Shortcomings of microfracture included limited regeneration of hyaline-
like cartilage, variable volume of cartilage repair, and functional deterioration [15]. As a
consequence, many cartilage regeneration techniques were designed to overcome these
limitations of microfracture. ACIC not only improved short-term clinical outcomes, it also
significantly improved long-term clinical outcomes at 6 years [24].
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ACIC is one of the methods for enhancing cartilage repair; it has no donor site comor-
bidity and is performed using arthroscopy in a single stage. An animal study and an in vitro
study showed that atelocollagen promotes hyaline-like cartilage regeneration [21,23]. These
encouraging outcomes and the concept of a single-stage cartilage resurfacing technique are
attractive for many surgeons.

Though ACIC is performed mostly under arthroscopy, one study involved a mini open
procedure. A multicenter study by Kim M.S. et al. involved an open procedure applying
atelocollagen at the chondral defect, whereas S Kim S.J. used CO2 gas to inflate the joint
space while applying atelocollagen. CO2 gas allows the gravity-independent application of
the gel mixture without opening the joint. Thus, all procedures can be conducted under
arthroscopy, minimizing soft tissue damage. The method of microfracture may influence
the outcomes of cartilage regeneration. Kim S.J. used a 3.5 mm diameter drill up to a depth
of 10 mm, with a 3 mm interval. On the other hand, the multicenter study of Kim M.S.
did not specify the technique of microfracture. A fibrin and thrombin mixture is used to
stabilize the collagen scaffold; however, the mixture ratio varies among studies. Since the
collagen scaffold plays a major role in the good outcome of the microfracture technique, the
durability of the collagen scaffold may influence the outcomes of cartilage regeneration.

Clinical trials about ACIC are limited. Silva et al. compared ACIC with microfracture
in an RCT, another of which was performed by Kim M.S. et al. In addition, Kim S.J. et al.
and Shetty et al. found better clinical results and superior MRI findings to microfracture.

This review showed the need to standardize reporting of the AMIC technique to enable
future comparisons of efficacy and determine the effects of various technical variations [5].
Some of the technical factors that should be reported are as follows:

(1) Arthroscopic or open surgery
(2) Method of subchondral drilling or microfracture
(3) Type of gel used
(4) Fixation of the matrix or scaffold
(5) Postoperative rehabilitation

In addition, we suggest that the measures for outcomes be standardized. The most
common outcome instruments are KOOS, Lysholm, and IKDC scoring. We suggest that
these three instruments be used in studies with follow-ups of at least 1–2 years for adequate
comparison. MRI protocols for cartilage assessment, such as the modified MOCART score
suggested by Marlovits et al., [27], should be routine to allow the comparison of follow-up
radiographic studies.

An advantage of ACIC is its cost-effectiveness, compared to ACI. In the UK, the cost
of ACI is three times that of ACIC [28]. In addition, ACIC has no donor site morbidity and
is performed in one stage.

There are some limitations of ACIC. The few prospective studies of ACIC each had
a small sample size. While the results were positive and showed the usefulness of ACIC,
comparison studies to other enhanced microfracture techniques are needed.

4. Conclusions

Our review of the ACIC technique suggests it is a promising cartilage repair technique.
The outcome scores and MRI results are promising, but there are few comparative stud-
ies with other cell-based cartilage methods. Ideal conditions for chondrogenesis should
be studied.

Author Contributions: Conceptualization, S.J.K. and A.A.S.; investigation, Y.H.K. and J.H.L.;
writing—draft preparation, Y.S.C.; description of surgical methods, S.J.K.; description of basic science,
S.A.K.; administration, Y.S.C.; supervision, S.J.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Previous studies included in this study can be found on PubMed.



Medicina 2023, 59, 530 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Martin, R.; Jakob, R.P. Review of K.H. Pridie (1959) on “A method of resurfacing osteoarthritic knee joints”. J. ISAKOS 2022, 7,

39–46. [CrossRef] [PubMed]
2. Steadman, J.R.; Briggs, K.K.; Rodrigo, J.J.; Kocher, M.S.; Gill, T.J.; Rodkey, W.G. Outcomes of microfracture for traumatic chondral

defects of the knee: Average 11-year follow-up. Arthroscopy 2003, 19, 477–484. [CrossRef] [PubMed]
3. Hunziker, E.B. Articular cartilage repair: Basic science and clinical progress. A review of the current status and prospects.

Osteoarthr. Cartil. 2002, 10, 432–463. [CrossRef] [PubMed]
4. Redler, L.H.; Caldwell, J.M.; Schulz, B.M.; Levine, W.N. Management of articular cartilage defects of the knee. Phys. Sportsmed.

2012, 40, 20–35. [CrossRef]
5. Lee, Y.H.; Suzer, F.; Thermann, H. Autologous Matrix-Induced Chondrogenesis in the Knee: A Review. Cartilage 2014, 5, 145–153.

[CrossRef]
6. Efe, T.; Theisen, C.; Fuchs-Winkelmann, S.; Stein, T.; Getgood, A.; Rominger, M.B.; Paletta, J.R.; Schofer, M.D. Cell-free collagen

type I matrix for repair of cartilage defects-clinical and magnetic resonance imaging results. Knee Surg. Sports Traumatol. Arthrosc.
2012, 20, 1915–1922. [CrossRef]

7. Benthien, J.P.; Behrens, P. The treatment of chondral and osteochondral defects of the knee with autologous matrix-induced
chondrogenesis (AMIC): Method description and recent developments. Knee Surg. Sports Traumatol. Arthrosc. 2011, 19, 1316–1319.
[CrossRef]

8. Dhollander, A.A.; De Neve, F.; Almqvist, K.F.; Verdonk, R.; Lambrecht, S.; Elewaut, D.; Verbruggen, G.; Verdonk, P.C. Autologous
matrix-induced chondrogenesis combined with platelet-rich plasma gel: Technical description and a five pilot patients report.
Knee Surg. Sports Traumatol. Arthrosc. 2011, 19, 536–542. [CrossRef]

9. Solanki, K.; Shanmugasundaram, S.; Shetty, N.; Kim, S.J. Articular cartilage repair & joint preservation: A review of the current
status of biological approach. J. Clin. Orthop. Trauma 2021, 22, 101602.

10. Armiento, A.R.; Alini, M.; Stoddart, M.J. Articular fibrocartilage—Why does hyaline cartilage fail to repair? Adv. Drug Deliv. Rev.
2019, 146, 289–305. [CrossRef]

11. Burleigh, A.; Chanalaris, A.; Gardiner, M.D.; Driscoll, C.; Boruc, O.; Saklatvala, J.; Vincent, T.L. Joint immobilization prevents
murine osteoarthritis and reveals the highly mechanosensitive nature of protease expression in vivo. Arthritis Rheum. 2012, 64,
2278–2288. [CrossRef] [PubMed]

12. Steadman, J.R.; Rodkey, W.G.; Rodrigo, J.J. Microfracture: Surgical technique and rehabilitation to treat chondral defects. Clin.
Orthop. Relat. Res. 2001, S362–S369. [CrossRef] [PubMed]

13. Gao, L.; Goebel, L.K.H.; Orth, P.; Cucchiarini, M.; Madry, H. Subchondral drilling for articular cartilage repair: A systematic
review of translational research. Dis. Model. Mech. 2018, 11, dmm034280. [CrossRef]

14. Kreuz, P.C.; Steinwachs, M.R.; Erggelet, C.; Krause, S.J.; Konrad, G.; Uhl, M.; Sudkamp, N. Results after microfracture of
full-thickness chondral defects in different compartments in the knee. Osteoarthr. Cartil. 2006, 14, 1119–1125. [CrossRef]

15. Mithoefer, K.; McAdams, T.; Williams, R.J.; Kreuz, P.C.; Mandelbaum, B.R. Clinical efficacy of the microfracture technique for
articular cartilage repair in the knee: An evidence-based systematic analysis. Am. J. Sports Med. 2009, 37, 2053–2063. [CrossRef]

16. Benthien, J.P.; Behrens, P. Autologous matrix-induced chondrogenesis (AMIC). A one-step procedure for retropatellar articular
resurfacing. Acta Orthop. Belg. 2010, 76, 260–263.

17. Kramer, J.; Böhrnsen, F.; Lindner, U.; Behrens, P.; Schlenke, P.; Rohwedel, J. In vivo matrix-guided human mesenchymal stem
cells. Cell. Mol. Life Sci. 2006, 63, 616–626. [CrossRef]

18. Tallheden, T.; Dennis, J.E.; Lennon, D.P.; Sjögren-Jansson, E.; Caplan, A.I.; Lindahl, A. Phenotypic plasticity of human articular
chondrocytes. JBJS 2003, 85 (Suppl. 2), 93–100. [CrossRef]

19. Migliorini, F.; Maffulli, N.; Baroncini, A.; Bell, A.; Hildebrand, F.; Schenker, H. Autologous matrix-induced chondrogenesis is
effective for focal chondral defects of the knee. Sci. Rep. 2022, 12, 9328. [CrossRef]

20. Shetty, A.A.; Kim, S.J.; Bilagi, P.; Stelzeneder, D. Autologous collagen-induced chondrogenesis: Single-stage arthroscopic cartilage
repair technique. Orthopedics 2013, 36, e648–e652. [CrossRef]

21. Jeong, I.H.; Shetty, A.A.; Kim, S.J.; Jang, J.D.; Kim, Y.J.; Chung, Y.G.; Choi, N.Y.; Liu, C.H. Autologous collagen-induced
chondrogenesis using fibrin and atelocollagen mixture. Cells Tissues Organs 2013, 198, 278–288. [CrossRef] [PubMed]

22. Shetty, A.A.; Kim, S.J.; Shetty, V.; Jang, J.D.; Huh, S.W.; Lee, D.H. Autologous collagen induced chondrogenesis (ACIC: Shetty-Kim
technique)—A matrix based acellular single stage arthroscopic cartilage repair technique. J. Clin. Orthop. Trauma 2016, 7, 164–169.
[CrossRef] [PubMed]

23. Kim, S.A.; Sur, Y.J.; Cho, M.L.; Go, E.J.; Kim, Y.H.; Shetty, A.A.; Kim, S.J. Atelocollagen promotes chondrogenic differentiation of
human adipose-derived mesenchymal stem cells. Sci. Rep. 2020, 10, 10678. [CrossRef]

24. Kim, S.J.; Shetty, A.A.; Kurian, N.M.; Ahmed, S.; Shetty, N.; Stelzeneder, D.; Shin, Y.W.; Cho, Y.J.; Lee, S.H. Articular cartilage
repair using autologous collagen-induced chondrogenesis (ACIC): A pragmatic and cost-effective enhancement of a traditional
technique. Knee Surg. Sports Traumatol. Arthrosc. 2020, 28, 2598–2603. [CrossRef]

http://doi.org/10.1016/j.jisako.2021.11.001
http://www.ncbi.nlm.nih.gov/pubmed/35543659
http://doi.org/10.1053/jars.2003.50112
http://www.ncbi.nlm.nih.gov/pubmed/12724676
http://doi.org/10.1053/joca.2002.0801
http://www.ncbi.nlm.nih.gov/pubmed/12056848
http://doi.org/10.3810/psm.2012.02.1948
http://doi.org/10.1177/1947603514529445
http://doi.org/10.1007/s00167-011-1777-5
http://doi.org/10.1007/s00167-010-1356-1
http://doi.org/10.1007/s00167-010-1337-4
http://doi.org/10.1016/j.addr.2018.12.015
http://doi.org/10.1002/art.34420
http://www.ncbi.nlm.nih.gov/pubmed/22307759
http://doi.org/10.1097/00003086-200110001-00033
http://www.ncbi.nlm.nih.gov/pubmed/11603719
http://doi.org/10.1242/dmm.034280
http://doi.org/10.1016/j.joca.2006.05.003
http://doi.org/10.1177/0363546508328414
http://doi.org/10.1007/s00018-005-5527-z
http://doi.org/10.2106/00004623-200300002-00012
http://doi.org/10.1038/s41598-022-13591-6
http://doi.org/10.3928/01477447-20130426-30
http://doi.org/10.1159/000356488
http://www.ncbi.nlm.nih.gov/pubmed/24356241
http://doi.org/10.1016/j.jcot.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27489411
http://doi.org/10.1038/s41598-020-67836-3
http://doi.org/10.1007/s00167-020-05884-y


Medicina 2023, 59, 530 11 of 11

25. Kim, M.S.; Chun, C.H.; Wang, J.H.; Kim, J.G.; Kang, S.B.; Yoo, J.D.; Chon, J.G.; Kim, M.K.; Moon, C.W.; Chang, C.B.; et al.
Microfractures Versus a Porcine-Derived Collagen-Augmented Chondrogenesis Technique for Treating Knee Cartilage Defects: A
Multicenter Randomized Controlled Trial. Arthroscopy 2020, 36, 1612–1624. [CrossRef]

26. Silva, A.N.; Lim, W.J.; Cheok, J.W.G.; Gatot, C.; Tan, H.C.A. Autologous collagen-induced chondrogenesis versus microfracture
for chondral defects of the knee: Surgical technique and 2-year comparison outcome study. J. Orthop. 2020, 22, 294–299. [CrossRef]

27. Marlovits, S.; Singer, P.; Zeller, P.; Mandl, I.; Haller, J.; Trattnig, S. Magnetic resonance observation of cartilage repair tissue
(MOCART) for the evaluation of autologous chondrocyte transplantation: Determination of interobserver variability and
correlation to clinical outcome after 2 years. Eur. J. Radiol. 2006, 57, 16–23. [CrossRef] [PubMed]

28. Mistry, H.; Connock, M.; Pink, J.; Shyangdan, D.; Clar, C.; Royle, P.; Court, R.; Biant, L.C.; Metcalfe, A.; Waugh, N. Autologous
chondrocyte implantation in the knee: Systematic review and economic evaluation. Health Technol. Assess. 2017, 21, 1–294.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.arthro.2019.11.110
http://doi.org/10.1016/j.jor.2020.06.008
http://doi.org/10.1016/j.ejrad.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16203119
http://doi.org/10.3310/hta21060

	Introduction 
	Basic Science and Methods for Chondrogenesis 
	Basic Science of Cartilage Injury 
	Microfracture and Enhanced Microfracture 
	Autologous Collagen-Induced Chondrogenesis (ACIC) 
	Basic Science of ACIC 
	Surgical Technique 
	Post-Operative Protocol 
	Clinical Results 


	Discussion 
	Conclusions 
	References

