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Abstract

, Ron Gilat?,

Cartilage defects in the knee are being diagnosed with increased frequency and are treated with a variety of techniques.
The aim of any cartilage repair procedure is to generate the highest tissue quality, which might correlate with improved
clinical outcomes, return-to-sport, and long-term durability. Minced cartilage implantation (MCI) is a relatively simple and
cost-effective technique to transplant autologous cartilage fragments in a single-step procedure. Minced cartilage has a
strong biologic potential since autologous, activated non-dedifferentiated chondrocytes are utilized. It can be used both
for small and large cartilage lesions, as well as for osteochondral lesions. As it is purely an autologous and homologous
approach, it lacks a significant regulatory oversight process and can be clinically adopted without such limitations. The
aim of this narrative review is to provide an overview of the current evidence supporting autologous minced cartilage

implantation.
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Introduction

Articular cartilage defects are being detected with increas-
ing frequency due to the increasing use of magnetic reso-
nance imaging (MRI) and higher accuracy and resolution
of newer MRI machines.!? Operative cartilage restoration
techniques in variety and foremost quantity are on the rise.
It is well known that existing cartilage defects do not heal
postpuberty.? The typical natural history of these defects is
progression in diameter and depth. During this process,
the knee joint is constantly affected by deleterious cata-
bolic cytokines.*

The generation of pain due to focal cartilage defects is
poorly understood. However, studies suggest that pain may
arise from exposed subchondral bone when the cartilage
lesion reaches a certain depth or from the development of
an inflammatory process within the joint.>> In most patients
both processes occur in parallel. Thus, the aim is to stop
both processes as early as possible in order to prevent the
evolution of osteoarthritis (OA).> As once early-onset
osteoarthritis develops, particularly in active young
patients, management of biologic joint restoration becomes
challenging.

Several techniques are available for the repair of
chondral and osteochondral lesions.® Only a few cartilage
repair techniques have a long track-record and supporting

evidence in terms of improvement in patient outcomes.’
These include marrow stimulation techniques (microfrac-
turing [MFX] and microdrilling), autologous chondrocyte
implantation (ACI), osteochondral autograft transplantation
system, and osteochondral allograft transplantation. Fresh
osteochondral allografts (OCA) are a very attractive and
effective tissue source, mainly used in the United States due
to relatively high availability of grafts.® However, in Europe,
only select countries have similar access to donor tissue,
yet, most do not and therefore are dependent on autologous
tissue. Treatment with microfracture is limited to small
diameter purely chondral lesions.’ Outcome deterioration
is expected at 3 to 5 years following surgery due to the
low quality of regenerative fibrocartilage. Well-designed
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randomized studies have shown superiority of ACI over
microfracture.”'® ACI is now in its fourth generation and
can be regarded as a highly effective tissue engineering pro-
cedure. Lesion diameter and depth does not preclude the
use of ACI due to the development of several techniques to
address these issues. However, a major limitation of ACI is
that currently 2 operations are required. The primary proce-
dure is typically a staging procedure in which a biopsy is
harvested. The biopsy must be prepared in a laboratory
under strict regulations. This process results in high health-
related costs, particularly in the United States.!" Also, final
cellular quality in terms of cell differentiation and the
regeneration of hyaline cartilage has been a frequent matter
of debate.'? In light of the limitations of currently available
cartilage restoration techniques,'® novel cartilage restora-
tion procedures are being developed.

The surgical technique of slicing viable cartilage into
small pieces and direct reimplantation is not novel.'*
However, it is currently gaining much interest among sur-
geons worldwide due to several attributes, including a
rather simple surgical technique, being a single-step proce-
dure, having a strong biologic potential, and relatively high
cost-effectiveness.'® This principal concept had been, to the
best of our knowledge, initially reported by Albrecht et al.'*
in 1982 and 1983 and thereafter by Lu et al.'® in 2006.
These are clearly distinct from a previously described clini-
cal procedure in which autologous osteochondral mor-
selized graft (mixed bone and cartilage) was used as the cell
source.'”!® The aim of this narrative review is to provide an
overview of the current evidence supporting autologous
minced cartilage implantation.

Biologic Background to Fragmented
Cartilage Repair Techniques

Postpuberty, articular cartilage cells are postmitotic. Within
intact cartilage the chondrocyte ceases to divide. The chon-
drocyte is responsible for constant matrix breakdown and
construction, in reaction to the surrounding biomechanical
and biochemical input.!® Cartilage damage initiates in situ
reparative processes, where available chondrocytes aim to
refill the defect by proliferation. Since chondral tissue is
hypocellular, hypovascular, and aneural, such proliferation
processes are ineffective. One can often see clustered chon-
drocytes within defective regions while the remainder of
the defect is filled up by biomechanically inferior connec-
tive tissue (fibrocartilage) that was generated by invading
fibroblastic cells. As a result, the whole organ system loses
homeostasis and catabolic processes ensue.?’

The biologic rationale behind particulated cartilage is to
perform an in situ repair using a sufficient amount of acti-
vated autologous tissue of the appropriate lineage. When a
small piece of articular cartilage is being inserted into an
in vitro cell culture flask and surrounded by chondrogenic

medium one can observe the process of outgrowth of the
chondrocytes off the piece to settle down on plastic.?' There,
the cells divide and proliferate until the cells contact each
other and the culture flask is covered with cells. Since an
adult chondrocyte cannot divide, it loses its phenotype in
order to proliferate—a process called dedifferentiation.?> As
the number of divisions per cell increases, the chondrocyte
parts from more of its original characteristics due to the
dedifferentiation process. Thus, a chondrocyte that had
divided 5 to 8 times in vitro is no longer expressing carti-
lage-typical proteins (such as collagen 2, aggrecan, and
others).?> The ability to produce differentiated cartilage-
typical matrix is therefore lost in favor of cell proliferation.
A fibroblast-like cell increases in quantity while producing
biomechanically weak type 1 collagen, among other pro-
teins. Simultaneously, telomere length is being shortened as
part of the aging process.?’

In summary, chondrocyte proliferation and dedifferen-
tiation constitute a pathologic process within damaged
articular cartilage tissue, that results in biomechanically
and biologically inferior fibrocartilage.>* Such processes
also take place when ACI products are prepared within in
vitro tissue engineering laboratories. It remains unclear
whether such cells are capable of redifferentiating when
being implanted in vivo.

The environment in vivo may differ significantly from
the environment in vitro. A highly complex mix of biome-
chanical and perhaps foremost biochemical input on the tis-
sue is present in in vivo models. Furthermore, the joint
milieu is constantly changing. Such a complex scenario
cannot be simulated or readjusted in vitro. Repair of carti-
lage defects with sufficient cellular quantity may produce
coverage of the lesion with high-quality tissue. However,
Hansen et al.? reported that increasing chondrocyte densi-
ties do not positively affect the outcome of cartilage repair
in a New Zealand White rabbit animal model. Chondrocytes
have the potential to proliferate physiologically without
severe dedifferentiation under naive surroundings within a
repairing joint. The process of in situ tissue engineering
may play a critical role in such interplay.?® Extracellular
surroundings have to be 3-dimensional (3D) and there must
be a biochemical input as well as mechanical stimulation
for an effective in situ cartilage engineering.?’ Such pro-
cesses may be key for the minced cartilage procedure,
where viable chondrocytes are brought into the defective
region at a high quantity. The purpose is to promote out-
growth of embedded chondrocytes through increased tissue
surface area that results from tissue fragmentation, a pro-
cess one may term as “activation.”

Via outgrowth, the defect is covered quickly by chondral
tissue due to chondrocyte proliferation. Lu et al.'® have
shown that chondrocyte migration and proliferation from
the tissue fragments were effectively elicited via tissue mor-
selization or fragmentation. In further studies, outgrowth
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Figure |. Scalpel-minced cartilage immediately prior to implantation. While the surgeon is preparing the defect, the assistant
is mincing the cartilage using a scalpel within a kidney basin (A). Fragmentation should be performed with caution and optimally
in a drop of isotonic solution for better adherence of the chips to the undersurface (B). The chips should have a final paste-like

appearance (C).

potential, viability for 28 days in culture, and matrix depo-
sition were demonstrated using human chondrocytes in
varying biomaterials.?® At the same time, differentiation is
kept at a certain level, which is related to the fact that the
cells are sitting within 3D surroundings. Such architecture
may limit dedifferentiation and promote differentiation.
Rothdiener ef al.?° reported in an in-vitro hydrogel culture
of human OA chondrons versus OA chondrocytes a sig-
nificantly higher cell viability and increased differentia-
tion pattern in the chondron culture. Additionally, there is
an abundance of cytokines and enzymes within the joint
in a reparative state following cartilage restoration proce-
dures that may suppress dedifferentiation and promote
differentiation.’® Not all minced cartilage pieces are com-
pletely digested, at least initially. Histological data had
shown that very small pieces of live chondrocytes and
unchanged surrounding matrix are being incorporated into
the newly built matrix around the chips.?®

Summary of Biologic Background

e Adult human cartilage cells are postmitotic

e Fragmentation of healthy cartilage is meant to acti-
vate mitogenic activity

e Following implantation, outgrowth of autologous
chondrocytes is initiated

e Outgrowth of chondrocytes from minced pieces
results in proliferation

e Proliferation to a differentiated state under 3D sur-
roundings in vivo may promote de novo extracellular
matrix (ECM) production of naive articular cartilage
tissue

e Via in situ/in vivo tissue engineering the differenti-
ated state of the chondrocyte is maintained

e The time course of healing following implantation is
positively influenced by biochemical and biome-
chanical input of the joint as a whole

Scientific Aspects of Preparation

Autologous minced cartilage implantation (Fig. 1) is com-
posed of cutting healthy and vital hyaline cartilage into
small pieces and then directly implanting the minced carti-
lage into the chondral or osteochondral lesion (Fig. 2). The
technique for debridement of cartilage lesions creating a
stable vertical wall with a viable rim has been well
described.’! This can be achieved via an arthroscopic or
open approach. The removal of the calcified layer remains a
matter of debate.!® Advocates for not performing marrow
stimulation emphasize that the aim of the minced cartilage
procedure is to promote healing of the cartilage defect via
chondrocytes and not via an influx of blood from the sub-
chondral bone, which may be regarded as contamination of
the transplanted cells. Some studies suggest that the amount
of “stem cells” in the developing blood clot is insignificant
and may not be the origin of repair when performing a
microfracture procedure.3?

Removal of nonhealthy bone is recommended when an
osteochondral lesion with more than 3 mm of osseous defi-
ciency is encountered. The defect should then be filled
using autologous or allogeneic cancellous bone fragments.*
For small bony defects, small allogeneic bone chips have
shown good results. For larger defects, autologous bone
grafting, possibly using the iliac crest, is recommended as
recently reported by Grechenig et al.>* A stable and viable
bone bed is key to successful augmentation of the overlying
cartilage repair. Autologous bone can also be harvested
from nonweightbearing areas such as the distal medial/lat-
eral femur or the intercondylar notch. Osteochondral cylin-
ders harvested from nonweightbearing areas (notch) can
provide both the osseous foundation and the cartilage to be
minced prior to implantation (Fig. 3).

There are several sources where cartilage can be har-
vested from. Two common sources are loose bodies (that
are purely chondral and appear healthy macroscopically) or
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Figure 2. Arthroscopically prepared cartilage defect (medial
femoral condyle, right knee joint, dry conditions). Using the
proximal medial portal, a probing hook is placed for defect size
measurement (application devices can be introduced into the
joint via the same portal). In the distal medial portal, a swab is
placed to safely keep the joint dry and to tense the joint capsule
and Hoffa fat, to distant them from the defect.

osteochondritis dissecans (OCD) fragments (i.e. when fixa-
tion is not a feasible option). In both scenarios, it has been
shown that the harvested cartilage is vital.! If such options
are not feasible, harvesting can be performed from non-
weightbearing areas such as the intercondylar notch. Such
technique allows for vital cartilage harvesting without sig-
nificant donor-site morbidity.3*3¢ Following standard carti-
lage defect preparation, one can easily harvest cartilage
from the healthy cartilage defect edge, using a ringed curette
or a shaver. This technique only slightly increases the
defect’s diameter, but at the same time ensures the remain-
ing margins of the defect contain only healthy cartilage
rim. Aurich et al.'> demonstrated a superior redifferentia-
tion of chondrocytes harvested from the edge of the defect
compared with nonweightbearing regions. Current evi-
dence is limited regarding the effect of defect size on cell-
based cartilage repair outcomes. Furthermore, it had been
shown via in vitro models that there is a clear difference
between weight-bearing and nonweightbearing cartilage.’’
Interestingly, Aurich et al.'? reported a superior redifferen-
tiation potential of cartilage lesion associated chondrocytes,
supporting harvest of cartilage from the defect margins.
The next step of the surgical technique is the fragmenta-
tion of cartilage. Cole et al.*® in their safety trial of cartilage
autograft implantation system (CAIS) reported the use of a
designated device for mincing the harvested cartilage. Such
devices, in some way, may display a black box when carti-
lage cell vitality is concerned. However, such devices can
be effective and fast, and decreased cell viability when
compared to other methods has yet to be proven. During
fragmentation, the cartilage should be cut sharply and not
crushed, in order to limit cell death. Redman et al.>* demon-
strated in a bovine cartilage injury model that blunt trauma

performed by trephine resulted in a 100-um zone of necro-
sis. In contrast sharp trauma by scalpel did not produce a
significant chondrocyte apoptosis rate. Similar results were
reported by Tew et al.*° in a bovine cartilage trephine injury
model. Skagen et al.*' presented a porcine culture model
with scalpel produced explants and reported a necrosis zone
of 40 to 80 um after 1 to 4 weeks’ culture. Nevertheless, the
main difference to minced cartilage is the additional culture
period. Christensen et al.** performed a clinical trial with
2-year follow up, where they reported on the use of a scal-
pel for particulation of cartilage. The goal of mincing carti-
lage is to mince the cartilage into the smallest pieces
possible until a paste-like appearance is achieved. However,
this must be achieved without negatively affecting cell via-
bility and further cellular performance. Bonasia et al.** per-
formed an experimental trial showing that the degree of
fragmentation is affecting proliferation and differentiation
capacity in vitro. They reported increased fragmentation
increases ECM production.® This is, most likely, related to
the increased surface of the chips that may promote out-
growth. However, there is no clear evidence of a lower limit
of cartilage fragment size. Further research is necessary to
analyze fragment size and viability. Levinson et al.?®
performed an in vitro study that compared mincing using a
scalpel versus a designated mincing device. They reported
that outgrowth potential, differentiation behavior, the via-
bility after 28 days in culture, and the matrix deposition
were not different between the mincing techniques. Yet, the
mincing device was faster and resulted in significantly
smaller cartilage particles, that were more homogenous
with regard to size. According to Hunziker et al.** approxi-
mately 1 million chondrocytes should be implanted per
1 cm? cartilage defect. This corresponds to 168 cartilage
chips of 1 X 1 X 1 mm in size. Currently knife-mincing,
device-mincing, and shaver-mincing methods are accept-
able. Future studies will need to identify the optimal tech-
nique to mince cartilage in clinical practice.

Scientific Aspects of Implantation

Fixation of the chips into the defective region following
implantation is the final step (Fig. 4). Albrecht et al.'* in
1983 reported on the use of fibrin glue in order to hold the
fragmented pieces in place. Lu et al.'® reported on the use of
a membrane that was preloaded with cartilage chips. The
membrane was secured into the lesion using resorbable
staples. Of note, such staples create perforations in the sub-
chondral bone resulting in an influx of blood into the bio-
material. Furthermore, during degradation, in many cases
the staples cause local inflammation, potentially harming
the maturing chondrocytes. The aim should be to have the
highest possible chips to biomaterial/carrier ratio at the
defect site. Articular chondrocytes perform best without
any disturbances after implantation and primary fixation.*
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Figure 3. Harvest site at the lateral femoral intercondylar notch (A). Here, long (2-4 cm) osteochondral cylinders (B) can be
easily harvested. The osseous part can be directly implanted (C) into osteochondral lesions and impacted to form a stable, vital,
and autologous cancellous bone-plasty (D). Chondrocytes off the top of the harvested cylinders (B) can be applied for a single-step

minced cartilage procedure.

Figure 4. Minced cartilage implanted at the patella retrosurface before fixation (A). Minced cartilage implanted at the lateral
femoral condyle (right knee joint) and covered by collagen membrane (Chondrogide, Geistlich) (B), minced cartilage at the patella

undersurface fixed by fibrin glue only (C).

Christensen et al.*® reported on fixation of the construct
using fibrin glue only. This approach may generate enough
initial stability so that the cells can attach to the base of the
defect and surrounding cartilage walls. Salzmann et al.’3
published a technical note where they reported the combi-
nation of fibrin glue with a collagen membrane. This com-
bination might increase initial stability to the developing
construct underneath, creating a water-tight chamber as
similarly reported by Brittberg et al.*’ during first-genera-
tion ACI. Moreover, a secondary coverage might increase
resistance to shearing forces in specific areas within the
knee, such as the patellofemoral joint.

Further developments might result in a purely autolo-
gous fixation technique that may combine a biologic agent
with a biologic sealant. For example, this can be applied
using platelet-rich plasma (PRP) (Fig. 5). However, there is
contradictory evidence in PRP effect and cartilage repair,
which is not the focus of this review. 3

The authors of this article had reported improved success
of the minced cartilage procedure when an anterior cruciate
ligament reconstruction (Fig. 6) is being performed at the
same time. Influx of bone marrow into the joint cavity may

be the explanation for that. A similar benefit had been
described in meniscal repair surgery as well.>! When sutur-
ing of the membrane on top of the cartilage chips, an open
approach is necessary. If fibrin glue or other hydrogel-based
biomaterials are applied, arthroscopic techniques are
feasible.

Last, postoperative rehabilitation is key to the success of
any procedure and the optimal protocol would need to be
elucidated. The biomechanical input is of great importance
to the generating tissue as it develops into functioning carti-
lage tissue. Bioreactor models have shown a significant dif-
ference between evolving cartilage (minced cartilage) tissue
that is mechanically challenged early on versus cartilage
tissue that was not subject to any mechanical stimulation.>?
Currently, similar rehabilitation protocols are recommended
for ACI and MCIL.>?

Summary of Surgical Techniques

e Fragmentation should achieve the smallest possible
cartilage chips (<1 mm?)—optimally resulting in a
paste-like appearance
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Figure 5. Arthroscopically prepared cartilage defect (medial
femoral condyle, right knee joint, dry conditions; defect from
Fig. 2). The cartilage chips (previously mixed with platelet-rich
plasma [PRP]) have been implanted already via arthroscopic
techniques. An autologous thrombin solution is currently applied
via a needle through the proximal portal for final fixation of

the chips. As the last step, a mix of PRP and the autologous
thrombin solution is applied to finalize the coagulation cascade
in order to provide initial construct stability. In the distal portal,
a swab is placed in order to safely keep the joint dry and to
tense the joint capsule and Hoffa fat to distance them from the
defect.

e Sharply cut and avoid crushing the cartilage during
particulation (to minimally decrease cell vitality)

e Fragmentation should be quick, controllable, and
highly standardized

e Optimal fragmentation promotes outgrowth and
differentiation

e Mincing devices hold potential to fragment in a fast,
effective, and highly standardized manner

e Fixation of minced cartilage can be performed via
fibrin/thrombin, hydrogels and/or membrane cover-
age, potentially augmented by PRP/platelet-poor
plasma (PPP)

In Vitro Studies

Lu et al.'® described initial experiments where cartilage tis-
sue was harvested from the intercondylar notch of human
subjects undergoing anterior cruciate ligament reconstruc-
tion and from the femoral condyles of adult bovine animals,
then the tissue was aseptically rinsed, and transferred into a
Petri dish. The tissue was minced into small fragments
(approximately 1 mm?®) with a surgical scalpel and evenly
loaded onto a 3D scaffold. The cell-matrix products were
then kept in vitro under standard chondrogenic culturing
conditions. They observed that the initial bromodeoxyuri-
dine (BrdU) incorporation was little, but that over time the
chondrocytes seemed to get activated and a progressive
increase in the BrdU signal was detected in chondrocytes

within the cultured cartilage fragments. It was also reported
that the BrdU signal in the chondrocytes seemed to localize
along the tissue edge or on the surface, suggesting a correla-
tion between tissue mincing and mitogenic activation of the
chondrocytes. Furthermore, chondrocyte outgrowth into the
scaffolds was reported. Outgrown cells were interconnected
with newly deposited extracellular matrix. An inverse rela-
tionship between tissue fragment size and the efficiency of
the outgrowth was found when cartilage fragments of dif-
ferent sizes were analyzed.

An observation that was again underlined by Bonasia
et al.® years later where cartilage was taken from 5 donors
undergoing total hip replacement. The cartilage was minced
to obtain 4 groups with different fragment sizes: (1) “fish
scale” (diameter, 8 mm; thickness, 0.3 mm); (2) cubes with
2-mm sides; (3) cubes with 1-mm sides; and (4) cartilage
paste (<0.3 mm). The cultures were maintained in chon-
drogenic medium for 6 weeks. The group concluded that
human cartilage fragmentation significantly affects ECM
production in vitro, suggesting increased fragmentation
enhances ECM production. Bonasia ef al.** assumed a
similar behavior in vivo and recommended mincing the
cartilage into small pieces when performing the cartilage
fragment autograft implantation technique in order to
increase ECM production.

In 2012, Marmotti et al.>* evaluated cultures of rabbit
cartilage fragments on Petri dishes. A paste scaffold with
injectable hyaluronic acid (HA), and a membrane scaffold
with an HA-derivative were saturated with cartilage chips.
At 60 days, a time-dependent cell outgrowth from cartilage
fragments was observed with both types of scaffolds. A
lesser extent of chondrocyte migration was observed with
Petri dishes than with scaffolds. After 2 months of in vitro
culture, neo-matrix was evident, and the migrated chondro-
cytes showed a roundish shape. Newly formed tissue was
positive for collagen type II immunostaining. In another
study published in 2013, Marmotti et al.>> compared the
cell outgrowth from human cartilage fragments of adult
and young donors using 2 different types of scaffolds
(HA-derivative injectable paste scaffold and HA-derivative
membrane scaffold) and evaluated the influence of trans-
forming growth factor—f1 (TGF-f1) and granulocyte col-
ony-stimulating factor (G-CSF) on chondrocyte behavior.
The histological analysis showed age- and time-dependent
chondrocyte migration. Marmotti et al.> later also reported
on beneficial effects of PRP on chondrocyte performance.
Other authors also reported on beneficial effects of PRP on
chondrocyte proliferation and differentiation.** Moreover,
immunomodulatory effects suppressing inflammation were
reported with the use of PRP. It is evident that chondrocyte
maturation and correct ECM production is dependent on con-
stant biochemical and biomechanical (physiobiochemical)
nput.
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Figure 6. Magnetic resonance image demonstrating a full-thickness cartilage lesion (and anterior cruciate ligament [ACL] rupture)
at the medial femoral condyle of a left knee joint (A). Intraoperative image of the medial femoral condyle displaying a large
diameter (7.5 cm?) cartilage lesion at the medial femoral condyle (B). Magnetic resonance Image 6 months following minced cartilage
implantation (MCI) at the medial femoral condyle (the patient also received an ACL reconstruction) (C).

A reaction to biomechanical input was tested by Wang
et al>® in 2014 using a knee-joint specific bioreactor with
dynamic compression and shear on minced bovine cartilage
fragment cultures. The authors noticed that this method of
culture was feasible under in vitro free-swelling and dynamic
loading conditions, simulating in vivo posttransplantation.
Mechanical stimulation significantly provoked cellular
outgrowth and long-term chondrogenic maturation at the
mRNA level, whereas histology depicted immature neo-tis-
sue (weaker collagen type II and aggrecan expression with
an increased collagen type I expression).

Tsuyuguchi et al.>” in 2018, compared minced cartilage
with enzymatically digested chondrocytes (control group)
embedded in a 3D carrier in vitro. After 3 weeks, the authors
reported, using histology and immunochemistry, that
minced cartilage showed cell migration from the cartilage
fragments into the gel, with the Bern score and cell count in
the minced cartilage group being significantly higher than
those in the control group. Minced cartilage exhibited supe-
rior cell migration, proliferation, and glycosaminoglycan
content than isolated chondrocytes. The authors concluded
that minced cartilage has a favorable potential for cell pro-
liferation and matrix production compared with the isolated
chondrocytes after enzymatic treatment.

In 2016, Andjelkov ef al’® cultured human arthritic
articular chondrocytes within fibrin in vitro and found that
none of the biopsies demonstrated outgrowth of chondro-
cytes or bone marrow-originated cells into the fibrin matrix.
Levinson et al?® in 2019 also cultured human arthritic
chondrocytes in vitro within fibrin and a collagen-based
hydrogel. They also compared hand (scalpel) to device
mincing. The group reported that the initial chondrocyte
viability in cartilage particles dropped by 25% with the use
of'amincing device as compared with no mincing. However,
the viability in hand-minced, device-minced, and unminced
samples was no longer different after 7 and 28 days in

culture. Outgrowth scores were similar among the 3 groups.
Fibrin and collagen biomaterials equally supported chondro-
cyte outgrowth and survival, but neither promoted matrix
deposition after in vitro culture.

Zingler et al®' also reported on limited outgrowth of
minced cartilage chondrocytes within fibrin or collagen
matrices. Furthermore, the effect of chemotactic stimuli,
including cell lysate, high-mobility-group-protein Bl
(HMGB-1), trefoil-factor 3 (TFF3), bone morphogenetic
protein-2 (BMP-2), and TGF-B1 were investigated. The
occurrence of cellular outgrowth was analyzed by histo-
logical examination after a culture period of 4 weeks.
Spontancous cellular outgrowth from cleansed cartilage
specimens was not observed at a relevant level and could
not significantly be induced by chemotactic stimuli or 3D
matrices either. A forming cartilage-adjoining cell layer
was only apparent in the case of native cartilage explants
with cellular remnants from surgical isolation or in co-cul-
ture experiments with synovial membrane. A major draw-
back of this study is that the authors did not fragment
(activate) the cartilage pieces into smaller pieces, but cul-
tured harvested material directly. This approach is oppos-
ing the initial idea of mincing cartilage that was initially
described by Lu et al.'® This theory is emphasized by
experimental data from Bonasia et al** Multiple other
studies, including many animal trials (see below), have
shown the functionality of mincing and activating carti-
lage. Therefore, the reported data from Zingler et al.?! may
not be representative for minced cartilage, since technical
execution differs from that recommended for minced carti-
lage procedures. However, these results may be applicable
for cultured cartilage pieces.

In vitro data demonstrated that primary activated chon-
drocytes establish de novo extracellular matrix via out-
growth, proliferation, and differentiation. Mechanical
stimulation is crucial for cartilage regeneration.
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Summary of In Vitro Studies

e Chondrocyte outgrowth from chondral fragments is
feasible in vitro
Chondrocytes are being activated via mincing
Chondrocytes divide and produce de novo ECM
after outgrowth
Activation and viability are time-dependent
3D surroundings promote chondrogenic differentiation
e Mechanical stimulation promotes chondrogenic
differentiation
e Biologic stimuli promote proliferation and chondro-
genic differentiation

Animal Models

Initial animal data presented by Albrecht et al.'* reported on
75 knee joints of 46 adult rabbits. Osteochondral defects of
4 mm diameter were created by a drill reaching the cancel-
lous bone. Twenty-three defects were left untreated, or
closed by a collagen foam or fibrin adhesive, or a combina-
tion of both. Fifty-two defects were closed with very small
autologous cartilage fragments and a special fibrin adhe-
sive. In the first group of 23 joints observed over 40 weeks,
no hyaline cartilage was found histologically in any of the
defects. In the second group, a rapid proliferation of chon-
drocytes appeared with development of hyaline cartilage
with Alcian blue—positive matrix. It resembled juvenile car-
tilage in its histologic appearance. The phenomenon was
interpreted as a “second adolescence” of the adult cartilage
induced by the rich nutritional and oxygen supply from the
cancellous vessels, which resembles the environmental
conditions before the forming of subchondral cortical bone
at the end of the growth period. This method enabled the
authors to achieve a complete closure of defects by hyaline
cartilage on the very level of the surrounding articular
surface.'*

Lu et al.'® were the first to reexamine the topic of carti-
lage piece implantation in the early 2000s. The group dem-
onstrated that autologous chondrocyte implantation can be
delivered without requiring ex vivo cell expansion. The
authors proposed that mechanical fragmentation of carti-
lage tissue is sufficient to mobilize embedded chondrocytes
via increased tissue surface area. Fragmented cartilage/
chondrocytes outgrown into 3D scaffolds and formed carti-
lage-like tissue when implanted in severe combined immu-
nodeficient (SCID) mice (subcutaneous pockets located in
the lateral thoracic region). The authors described in the
same publication on successful treatment of full-thickness
chondral defects in goats using cartilage fragments on a
resorbable scaffold, that produced hyaline-like repair tissue
at 6 months.

In 2008, Lind et al.*® investigated the cartilage repair
capacity of autologous cartilage chips compared to ACI

with a collagen membrane in a goat model. Sixteen full-
thickness cartilage defects (6 mm in diameter) were created
in the femoral condyles of 8 adult goats. At 4 months, no
difference was found in O’Driscoll and Pineda histology
scores, tissue filling (35%), or repair tissue stiffness between
the 2 groups. In a similar study, Frisbie et al.®° compared
empty control defects, the cartilage autograft implantation
(CAIS) technique, and ACI in a horse model (10 skeletally
mature horses). Arthroscopic, histologic, and immunohisto-
chemistry results showed superiority of both implantation
techniques (ACI and CAIS) compared with control groups,
with CAIS achieving the highest score.

In 2012, Marmotti et al.>* compared the repair tissue of 5
different groups of treatment in a rabbit model (50 adult
rabbits). At 6 months postoperatively, cartilage fragment-
loaded scaffolds induced significantly better repair tissue
(in terms of histological modified ICRS score and a modi-
fied O’Driscoll scale) than the scaffold alone groups. In
2013, Marmotti et al.® studied a culture-free approach to
osteochondral repair with minced autologous cartilage frag-
ments loaded onto a multi-composition scaffold, which
were implanted in 15 adult goats. Best hyaline-like repair
tissue was evident in the minced cartilage group in terms of
morphological, mechanical, and histological assessments.

In 2016, Christensen et al.*® randomized 12 Géttingen
minipigs to either autologous bone graft (ABG) combined
with autologous cartilage chips (autologous dual-tissue
transplantation [ADTT]) or ABG alone. There was signifi-
cantly more hyaline cartilage in the ADTT group (25.8%)
compared with the ABG group (12.8%) at 6 months after
treatment. At 12 months, the fraction of hyaline cartilage in
the ABG group had significantly decreased to 4.8%,
whereas the fraction of hyaline cartilage in the ADTT group
was unchanged (20.1%). The authors concluded that the
presence of cartilage chips in an osteochondral defect facili-
tated the formation of fibrocartilage as opposed to fibrous
tissue at both 6 and 12 months posttreatment. The implanted
chips were present in the defect and viable after 12 months.
In 2017, the same group®! reported on the direct comparison
of microfracture versus autologous cartilage chips (ACC)
embedded in fibrin glue within Géttingen minipigs and
concluded that the ACC transplant resulted in improved
quality of cartilage repair tissue compared with MFX at 6
months postoperatively.

In 2018, Perez et al.%? showed effective minced cartilage
repair plus PPP and PRP in a sheep model with 8 mm diam-
eter condylar defects. The treatment consisted of surgical
implantation of an autologous-based matrix of hyaline car-
tilage chips combined with a clot of PPP and intraarticular
injection of plasma rich in growth factors. The 6-month
macroscopic evaluation showed nearly normal (11.1 = 0.7)
cartilage repair assessment. The ICRS (International
Cartilage Repair Society) score was significantly higher at
6 months compared with 3 months (5.5 = 1.3; P < 0.0001)
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and 1 (1.1 = 0.4; P < 0.0001) month. At 6 months, hyaline
cartilage tissue filling the defect was observed with adequate
integration of the regenerated cartilage at the surrounding
healthy cartilage margin. At 6 months, mature chondrons
and cartilage matrix contained collagen fibers with masked
fibrillary structure, and the expression of collagen in the
newly formed cartilage was similar in intensity and distribu-
tion pattern compared to the healthy adjacent cartilage.
Matsushita et al.®> embedded minced cartilage or isolated
chondrocytes from rabbits in atelocollagen gel and cultured
for 3 weeks. Chondrocyte proliferation and matrix produc-
tion were evaluated in vitro. An osteochondral defect at
the trochlear groove was created in 56 rabbits, which were
divided into 4 groups. The defect was left empty (defect
group), filled with allogeneic minced cartilage (minced car-
tilage group), filled with isolated allogeneic chondrocytes
embedded in atelocollagen gel (ACI group), or filled with
atelocollagen gel (atelocollagen with periosteal flap group).
The group concluded that implantation of minced cartilage
embedded in atelocollagen gel as a single-step procedure has
outcomes similar to those of ACI but is cheaper and more
convenient than ACL

Animal models have demonstrated a clear biologic
potential of implanted activated primary chondrocytes simi-
lar to that of autologous chondrocyte implantation, the cur-
rent gold standard in cartilage repair.

Summary of Animal Models

e Chondrocyte outgrowth from chondral fragments is
feasible in vivo

e Minced cartilage shows results superior to control
(empty defect, empty membrane)

e Minced cartilage shows results
microfracture

e Minced cartilage shows results similar to ACI

superior to

Clinical Data

Cole et al.*® performed the first clinical trial in 2011, evalu-
ating the safety and outcomes of CAIS using a designated
mincing device. Patients (n = 29) were randomized to
receive either MFX or the CAIS procedure. Patients were
followed at predetermined time points for 2 years using sev-
eral standardized outcomes assessment tools. General out-
come measures indicated an overall improvement in both
groups, and no differences in the number of adverse effects
were noted between the CAIS and MFX groups. The IKDC
(International Knee Documentation Committee) score of
the CAIS group was significantly higher at 12 months and
at 24 months compared with the MFX group. Qualitative
analysis of the imaging data did not demonstrate differences
between the 2 groups in fill of the graft bed, tissue integration,

or presence of subchondral cysts. The authors concluded
that CAIS is a safe, feasible, and effective method.

In 2015, Christensen et al.*? presented preliminary data
on a combined autologous bone and cartilage chips: autol-
ogous dual-tissue transplantation (ADTT) technique. Eight
patients (age 32 *+ 7.5 years) suffering from osteochondri-
tis dissecans (OCD) received a cancellous bone-plasty that
was covered by autologous cartilage chips embedded
within fibrin glue. Cartilage tissue repair evaluated using
the Magnetic Resonance Observation of Cartilage Repair
Tissue (MOCART) score improved from 22.5 to 52.5
(P < 0.01). Computed tomography imaging demonstrated
very good subchondral bone healing, with all 8 patients
having a bone filling of >80%. Improvements were found
among all clinical scores that were collected (final Knee
Injury and Osteoarthritis Outcome Score [KOOS] of 68.1).
The authors concluded that treatment of OCD with ADTT
resulted in very good subchondral bone restoration and
good cartilage repair.

In 2019, Massen et al.** reported on 2-year outcome data
among 27 consecutive subjects that were treated by the sec-
ond-generation minced cartilage implantation technique.
All patients underwent preoperative and postoperative mag-
netic resonance imaging for the collection of Area
Measurement And Depth and Underlying Structures
(AMADEUS)® and MOCART scores. Clinical analysis
was conducted by a numeric analogure scale (NAS) for pain
and knee function before the intervention and at 12 and 24
months postoperatively. There was a significant decrease in
pain from 7.2 = 1.9 preoperatively to 1.8 = 1.6 (P < 0.001)
at 2-year follow-up. Knee function improved from a mean
of 7.2 = 2.0 preoperatively to 2.1 = 2.3 (P < 0.001) at 2
years after surgery. The mean preoperative AMADEUS
score was 57.4 £ 21.4. Postoperatively, the mean MOCART
score was 40.6 = 21.1 at 6-month follow-up. No correlation
was observed between the clinical data and the MOCART
or AMADEUS scores. The authors concluded that patients
undergoing a single-step autologous minced cartilage pro-
cedure had a satisfactory outcome at 2-year follow-up
(Figs. 6, 7, and 8) for varying indications (large chondral,
osteochondral, tibia).

These results suggest the single-step autologous minced
cartilage procedure does represent a possible alternative to
standard autologous chondrocyte implantation. Nevertheless,
available evidence is limited. To our best knowledge only 3
clinical trials evaluating outcomes of minced cartilage repair
are currently available. Longer follow-up and larger cohorts
are required to better define the benefits of this procedure.
There is frequent use of particulated juvenile articular carti-
lage (PJAC) as a single-step treatment of chondral lesions in
varying musculoskeletal pathologies in the United States.
The evidence is still scarce, yet certain investigations have
reported good success.®
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Figure 7. Magnetic resonance image demonstrating a full-thickness
osteochondral lesion at the medial femoral condyle of a right knee
joint (A). Magnetic resonance image 6 months following minced
cartilage implantation (MCI) and underlying cancellous bone-plasty
(single-step procedure) at the medial femoral condyle (B).

Figure 8. Magnetic resonance image demonstrating a full-
thickness cartilage lesion at the lateral tibia plateau of a right knee
joint (A). Magnetic resonance image 6 months following minced
cartilage implantation (MCI) at the lateral tibia plateau (B).

Summary of Clinical Data

e C(linical evidence on autologous minced cartilage
procedures is limited

e Available data supports the notion that minced carti-
lage is a safe procedure

e Published studies have shown satisfying clinical
outcomes

e Failure and revision rates are comparable to other
available cartilage repair techniques

e More comparative trials are necessary to allow com-
parison with alternative cartilage repair techniques

e Long-term outcomes data are required to determine
minced cartilage implant durability

Outlook and Conclusion

There are several aspects that still need to be clarified. Future
studies should aim to define lower and upper limits for defect
diameter. With regard to small-diameter cartilage defects,

minced cartilage can clearly be regarded as an alternative
option to marrow stimulation procedures, since minced carti-
lage implantation can also be applied in a single-step proce-
dure and via arthroscopic techniques. It must be clarified if
minced cartilage can also be effectively applied for osteo-
chondral lesions in a standard fashion. Clinical data regard-
ing the efficacy of minced cartilage for different anatomical
regions in the knee joint (i.e., lateral femoral condyle versus
medial tibial plateau) is needed. Several fragmentation tech-
niques have been described including the use of a scalpel, as
well as mincing devices, which have been developed and
introduced to the field during the CAIS trial (marketing dis-
continued) and the newly introduced AutoCart procedure
(Arthrex, GmbH, Munich) for an all autologous cartilage
regeneration. Experimental studies have shown no signifi-
cant difference in vitality and proliferation of particulated
chondrocytes minced using a scalpel and designated devices.
Mincing devices are much faster (seconds) and fragmenta-
tion is highly standardized.

Another matter that requires further knowledge is fixa-
tion techniques, which currently include the use of staples, a
membrane, fibrin glue, and membrane-fibrin glue combina-
tion. When aiming for an all-arthroscopic and purely single-
step autologous cartilage repair procedure, a hydrogel or
similar vehicle might provide higher structural integrity.
PRP/PPP may be beneficial for minced cartilage prolifera-
tion and differentiation and can be used as an adjunct for
minced cartilage repair procedures (Fig. 5). As shown by
Irwin et al.,*” autologous thrombin solution may be applied
as a sealant to increase stability. Finally, optimal arthroscopic
techniques should be defined and published to make the pro-
cedure more accessible to surgeons worldwide.

Autologous minced cartilage repair is a single-step
approach that does not require manipulation of the specimen
in the laboratory or the use of allografts. It is therefore eco-
nomically attractive and should not require significant regu-
lations, as other procedures might. So far published clinical
evidence is limited and further studies are required to estab-
lish the clinical efficacy of autologous minced cartilage res-
toration procedures. Based on the findings of this review, it
appears this procedure may have a strong biologic, eco-
nomic, and clinical potential for future cartilage repair.
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