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Chapter 18

Emerging Technologies
in Cartilage Restoration

Andrew J. Riff, Annabelle Davey, and Brian J. Cole

Injuries to articular cartilage are common and increasing in
prevalence due to the rise in obesity and involvement in orga-
nized sports. However, due to limited vascularity and cellular-
ity, articular cartilage possesses little capacity for spontaneous
healing. If left untreated, articular cartilage injuries are one of
the most common causes of permanent disability in athletes
and may lead to widespread osteoarthritis. This increasing
disease burden has prompted investigation into finding
durable solutions to this challenging problem.

Over the last 25 years, surgical intervention for cartilage
injury has increased dramatically, with the most broadly uti-
lized techniques including marrow stimulation techniques
(MST, including microfracture and subchondral drilling),
autologous chondrocyte implantation (ACI), and osteochon-
dral grafting (including osteochondral autograft transfer [OAT]
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and osteochondral allograft transplantation [OCA]). While
each of these techniques has had a significant impact on the
field of cartilage restoration, each has inherent drawbacks.
Marrow stimulation is simple and inexpensive; however, it is
limited by fibrocartilage repair tissue, poor durability, and poor
results for larger lesions. ACI renders greater longevity and
greater utility for larger lesions than microfracture; however, it
is limited by its expense, two-stage nature, and the fact that it
generates hyaline-like cartilage but not true hyaline cartilage.
Osteochondral allografts offer immediate hyaline cartilage and
the ability to restore subchondral bone; however, allografts are
available in limited supply and have associated concerns
regarding disease transmission and chondrocyte viability.

Due to the shortcomings of existing cartilage repair tech-
niques, several new technologies have recently entered the
global cartilage repair market. Many of these novel products
are first introduced in Europe or Asia due to less strict regu-
latory standards than those required by the US Food and
Drug Administration (FDA). A limited number of products
are able to come to market quickly in the United States if
they qualify as “minimally manipulated” or intended for
“homologous use,” as such products do not require the FDA
market approval pathway. Recently developed techniques
that have garnered enthusiasm include augmented microfrac-
ture, matrix-assisted autologous chondrocyte implantation
(MACI), minced cartilage products, off-the-shelf osteochon-
dral implants, matrix plus stem cell products, and injectable
agents. In this chapter, we will discuss new techniques being
investigated abroad or recently introduced in the United
States and the rationale behind each of these innovations and
summarize available evidence for these new technologies.

Augmented Marrow Stimulation Techniques

Marrow stimulation techniques (MST), including microfrac-
ture and subchondral drilling, have long been the primary
treatment for articular cartilage lesions due to the relative



Chapter 18. Emerging Technologies in Cartilage... 297

ease and low cost. However, due to fibrocartilage repair tis-
sue, MST has demonstrated inferior durability to more costly
treatments [1]. In augmented MST, a matrix or scaffold is
added to the defect following marrow stimulation to stabilize
the mesenchymal clot and to improve mesenchymal stem cell
(MSC) differentiation into more hyaline-like articular carti-
lage [2]. Augmented MST techniques include autologous
matrix-induced chondrogenesis (AMIC), BST-CarGel,
GelrinC, BioCartilage, and chondrotissue.

First described by Behrens and colleagues in 2010, AMIC
was the first described augmented marrow stimulation tech-
nique. AMIC combines microfracture with the application of
a porcine collagen I/III matrix (ChondroGide, Geistlich,
Pharma AG) fixated with either autologous or allogeneic
fibrin glue [3]. This technique can be employed either
arthroscopically or following a mini-arthrotomy [4]. A retro-
spective case series of 21 patients with large chondral defects
(>2 cm?) treated with AMIC reported MRI evidence of high-
quality repair tissue in 67% of patients and 76% patient sat-
isfaction [5]. These results are noteworthy because large
lesions have demonstrated poor results with conventional
MST [1]. A multicenter RCT compared AMIC with conven-
tional microfracture in 47 patients with a mean defect size of
3.6 +/— 1.6 cm?. Patients were randomized to receive either
microfracture alone, glued AMIC, or sutured AMIC. All
three groups showed significant improvements in Cincinnati
and ICRS scores from preoperative to 2-year follow-up; how-
ever, patient-reported outcomes remained favorable between
2- and 5-year follow-up in both AMIC-treated groups, while
the results of isolated microfracture declined between the 2-
and S-year time points. Moreover, MRI results indicated
more complete defect fill in both AMIC groups than the iso-
lated microfracture group [4].

BST-CarGel (Piramal Life Sciences, Laval, Quebec,
Canada) is a bioscaffold containing liquid chitosan and
autologous whole blood. Chitosan is an abundant glucos-
amine polysaccharide derived from the exoskeleton of crus-
taceans and is favored as a scaffold due to its biocompatibility,
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biodegradability, and adhesive properties. BST-CarGel is
typically applied to the microfracture site through a mini-
arthrotomy after creating a “dry-field” by swabbing the lesion
with gauze. In a multicenter randomized controlled trial,
BST-CarGel was shown to have superior outcomes to micro-
fracture at 1-year and at 5-year follow-up [6]. Eighty patients
with symptomatic grade III or IV articular cartilage lesions
were randomized to receive either conventional microfrac-
ture or microfracture augmented with BST-CarGel. Second-
look arthroscopy was performed at a year postoperatively,
and tissue biopsies were obtained. The BST-CarGel cohort
demonstrated superior ICRS scores by surgeon visualization,
superior histological parameters, and harbored repair tissue
with improved collagen organization based on polarized light
microscopy. At S-year follow-up, the BST-CarGel group dem-
onstrated superior fill by 3D quantitative MRI findings and
reduced T2 relaxation times (suggesting more organized
collagen).

GelrinC (Regentis Biomaterials, Or Akiva, Israel) is an
investigational hydrogel composed of polyethylene glycol di-
acrylate (PEG-DA) and denatured fibrinogen. These two
liquid materials are added to the defect following microfrac-
ture and are cross-linked in situ with UV light, forming a
semisolid biodegradable scaffold for MSCs. In one study
conducted in Austria reporting on the MRI outcomes of 21
patients undergoing microfracture augmented with GelrinC,
the quality of the cartilage in the defect was found to be the
same as healthy cartilage after 24 months in 81% of the
patients as determined by global T2 index [7]. Additionally,
average MOCART score increased at each follow-up time
point from 6 months to 24 months, indicating that cartilage
quality improved over the course of the postoperative time
points [7]. While early results are promising, longer-term
comparative literature is still necessary. A multicenter, open-
label, phase I/II clinical trial is ongoing at institutions in
Belgium, Germany, Israel, the Netherlands, and Poland
(NCT00989794).



Chapter 18. Emerging Technologies in Cartilage... 299

Ficure 18.1 Central patellar chondral lesion measuring roughly
25 mm x 25 mm following lesion curettage and marrow stimulation
(a) and application of BioCartilage and PRP (b)

BioCartilage (Arthrex, Inc., Naples, Florida) is a product
made from dehydrated, micronized allogeneic cartilage that
is designed to be implanted with platelet-rich plasma (PRP)
(Fig. 18.1a, b). It contains components of hyaline cartilage
extracellular matrix including type II collagen and proteogly-
cans that are thought to direct MSCs to produce higher-
quality cartilage to fill the defect [2].In a controlled laboratory
study in an equine model, Fortier and colleagues demon-
strated that microfracture augmented with BioCartilage and
PRP was significantly better than microfracture alone in
terms of ICRS histologic score and quantitative MRI T2
relaxation times at 13 months postoperatively [8]. There are
currently no published clinical outcome studies in human
subjects; however, Stannard and colleagues are currently con-
ducting a single-center prospective cohort study comparing
BioCartilage-augmented microfracture with microfracture in
isolation (NCT02203071). BioCartilage is available for use in
the United States.

Chondrotissue (BioTissue AG, Zurich, Switzerland) is a
scaffold composed of polyglycolic acid (PGA) and hyaluronic
acid (HA) immersed in PRP designed for application after
marrow stimulation. In an ovine model, chondrotissue plus
microfracture has been shown to improve the quality of
repair tissue compared to isolated microfracture. Siclari and
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colleagues published a series of 52 patients with focal chon-
dral lesions in the knee treated with chondrotissue-enhanced
subchondral drilling, noting significant improvements in
KOOS scores and histology (from 4 s-look biopsies) consis-
tent with hyaline-like to hyaline repair tissue with increased
proteoglycan content and type II collagen [9]. Released in
2007, chondrotissue is CE marked for use in Europe, but not
commercially available in the United States.

Matrix-Assisted Autologous Chondrocyte
Implantation

Introduced in 1987 and first published in 1994, autologous
chondrocyte implantation (ACI) represented the first cell-
based surgical technique for cartilage restoration. First-
generation ACI was limited by the need for periosteal flaps,
graft hypertrophy, and formation of hyaline-like cartilage.
Second- and third-generation ACI techniques make use of
three-dimensional matrices that eliminate the need for peri-
osteal flaps and offer the promise of generating more natural
hyaline cartilage. Although just recently approved by the
FDA for use in the United States in December 2016, matrix-
assisted autologous chondrocyte implantation (MACI) has
been performed extensively in Europe and Australia since
1999 [10, 11]. MACI products are made by application of cul-
tured autologous chondrocytes to a substrate composed of a
collagen hydrogel or membrane, a copolymer of polyglycolic
or polylactic acid and polydioxanone, or HA. A multitude of
MACI products have been investigated including Hyalograft
C, cartilage regeneration system (CaReS), Novocart 3D,
NeoCart, and Biocart, among others.

In use since 1999, Hyalograft C (Fidia Advanced Polymers,
Abano Terme, Italy) was the first autologous tissue-engineered
cartilage product to hit the market [11]. Hyalograft C is a
MACI product utilizing a HYAFF-11 scaffold, a nonwoven,
esterified derivative of hyaluronic acid designed to support
in vitro growth of chondrocytes. Following cell harvest
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performed in the same manner as conventional ACI, the
biopsy specimen is sent to Fidia Advanced Biopolymers for
in vitro cell culture. After 4 weeks of cell culture, the cell-
seeded matrix can be implanted via a mini-arthrotomy and
fixated around the periphery with fibrin glue. Initial studies
revealed that Hyalograft C was safe, biocompatible, and
avoided adverse events associated with the periosteal flap. Brix
and colleagues published a case series of 53 subjects treated
with Hyalograft C at an average 9-year follow-up [11]. The
authors noted excellent patient-reported outcomes and surviv-
ability for simple cases (isolated defects <4cm?~failure rate of
4%) but poor results of salvage cases (early osteoarthritic
changes or bipolar lesions—failure rate of 88%). Although
Hyalograft C represented one of the most broadly used matri-
ces on the market, it was removed from the European market
in 2013 by the European Medical Association (EMA) due to
concerns about manufacturing practices and low-quality com-
parative studies [12].

CaReS (Arthro Kinetics, Krems, Austria) is a MACI prod-
uct based on type I collagen scaffold derived from rat tail
tendons. Preparation of CaReS involves (1) isolation of chon-
drocytes from the biopsy specimen using collagenase, (2)
suspension of isolated chondrocytes in type I collagen from
rat tail tendons, (3) polymerization of the chondrocyte-
collagen mixture in 37 °C in a humidified atmosphere, and (4)
culture in autologous serum for 10-13 days. To meet quality
control standards, all specimens are required to display cell
viability >80% and expression of type II collagen based on
real-time PCR. CaReS implants can be manufactured to a
custom height and area. Schneider and colleagues published
a multicenter case series of 116 German patients treated with
CaReS between 2003 and 2008 [13]. The authors noted sig-
nificant improvement in all patient-reported outcomes and
80% patient satisfaction.

Novocart 3D (TeTeC, Reutlingen, Germany) is a bilay-
ered type I collagen sponge containing chondroitin sulfate.
After processing, harvested cells are seeded onto the scaf-
fold and cultivated in homologous serum for 2 days, and the
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graft is returned to the treating hospital. An Austrian study
of Novocart 3D in 28 patients demonstrated that all
patients had significant improvement in patient-reported
outcomes and most cases revealed complete defect fill by
MRI [14]. Somewhat concerning, Niethammer and col-
leagues noted MRI evidence of graft hypertrophy 25% of
patients (11/44) treated with Novocart 3D, with particular
abundance in those with history of acute trauma or OCD. It
has been used commercially in Europe since 2003 and as
part of a phase III trial in the United States since 2014
(NCT01957722).

NeoCart (Histogenics, Waltham, MA) combines a biode-
gradable bovine type I collagen patch with autogenous
chondrocytes and bioreactor technology (Fig. 18.2a-d).
Bioreactor treatment aims to optimize oxygen concentra-
tion, pressure, and perfusion and has been shown to improve
integration of chondrocytes with a collagen matrix com-
pared to untreated constructs in an in vivo porcine model
[15, 16]. A phase II randomized clinical trial comparing
NeoCart and microfracture in 30 patients with grade III
lesions of the femoral condyle demonstrated that NeoCart
was superior to microfracture with regard to percentage of
patients improved and improvement in KOOS pain [17]. A
phase III trial comparing NeoCart with microfracture is cur-
rently enrolling (NCT01066702).

BioCart II (Histogenics, Waltham, MA) is MACI product
generated by culturing harvested chondrocytes with autolo-
gous serum and fibroblast growth factor 2v1 before they are
seeded into a fibrin-hyaluronan matrix. Cells cultured in a
medium containing an FGF variant have demonstrated a
tenfold increase in cell proliferation compared to those cul-
tured without the growth factor [18]. MRI evaluation of six
knees between 15 and 27 months following treatment with
BioCart II revealed that BioCart II rendered repair tissue
similar to hyaline cartilage based on T2 relaxation times and
dGEMRIC analysis [19]. A multicenter phase II trial compar-
ing BioCart II to microfracture has been ongoing since 2008
but remains unpublished (NCT00729716).
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Figure 18.2 Large chondral lesion involving the medial femoral
condyle measuring roughly 15 mm x 30 mm following lesion curet-
tage (a). Lesion templating with aluminum foil (b). NeoCart graft
preparation on the back table (¢). NeoCart graft placement (d)

A recent systematic review of MACI techniques revealed
that MACI results in hyaline-like histology in 38-75% of
cases and better histology and patient-reported outcomes
than microfracture [12]. This review highlighted the poor
quality of the available literature and the need for future
studies comparing different matrices to help surgeons in
selecting the optimal graft choice for their patients.
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Matrix plus Mesenchymal Stem Cells

In pursuit of a single-stage alternative to ACI, multiple prod-
ucts have emerged that combine mesenchymal stem cells
(MSCs) with three-dimensional scaffolds. Proponents of
these techniques theorize that coupling MSCs with the
appropriate matrix and growth factors may offer a reliable
method of generating durable hyaline-like cartilage. MSCs
augment the quality of repair tissue by increasing the aggre-
can concentration and enhancing cartilage firmness [20].
Products are available in this category utilizing both autolo-
gous (Hyalofast) and allogeneic (Cartistem) MSCs.
Hyalofast (Anika Therapeutics, Bedford, Massachusetts,
USA) is a product that combines the HYAFF11 scaffold (the
same scaffold used in Hyalograft C) with MSCs derived from
bone marrow aspirate concentrate (BMAC). BMAC contains
adult MSCs, platelets, cytokines, and growth factors (includ-
ing platelet-derived growth factor [PDGF], transforming
growth factor beta [TGFp], and bone morphogenetic protein
[BMP-2 and BMP-7]), which improve the healing milieu
through their anabolic and anti-inflammatory properties
[21-24]. MSCs constitute just 0.001% of nucleated cells in
bone marrow aspirate; therefore, bone marrow aspirate is
subjected to centrifugation to increase the MSC concentra-
tion. The Hyalofast technique involves templating the hyal-
uronan scaffold to the defect, soaking the scaffold with
BMAUC, and fixating it to surrounding cartilage with 6-0 PDS
suture and/or fibrin glue. Gobbi and colleagues recently pub-
lished a prospective matched cohort study comparing 25
patients treated with microfracture, and 27 patients were
treated with Hyalofast [25]. At 2-year follow-up, a signifi-
cantly greater proportion of the microfracture group had
returned to pre-injury activity level, as determined by Tegner
score. However, at 5-year follow-up, a significantly greater
portion of the HA-BMAC group had returned to the pre-
injury activity level [25]. The same group published a Level 2
cohort study comparing results of Hyalofast in patients
>45 years of age with those <45 years of age [26]. At 4-year
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follow-up, both groups improved significantly in IKDC,
KOOS, VAS, and Tenger scores, with no significant difference
between the groups. As one would expect, patient-reported
outcomes were superior in patients with lesion area <8 cm”2
and in patients with a single lesion as opposed to multiple
lesions [26]. Hyalofast is commercially available in most
European countries and some Asian and South American
countries but is not available in the United States.

Multiple other strategies combining autologous stem cells
and matrices are in early phases of clinical testing. There is
interest in the use of a collagen matrix seeded with bioactive
factors and adipose-derived stem cells (ADSCs). While there
are not yet any clinical results, Calabrese and colleagues have
demonstrated that ADSCs are able to completely differenti-
ate into mature chondrocytes when combined with a type I
collagen scaffold and chondrogenic inducing factors in vitro
[27]. Dragoo and colleagues are currently enrolling patients
in a multicenter RCT comparing ADSCs plus collagen scaf-
fold with microfracture for isolated chondral lesions of the
knee (NCT02090140).

The use of allogeneic stem cells in conjunction with a
three-dimensional scaffold is another option that is being
explored to avoid donor site morbidity. Cartistem (Medipost
Co., Ltd., Korea) is a product that utilizes a sodium hyaluro-
nate scaffold seeded with culture-expanded human umbilical
cord blood-derived mesenchymal stem cells (hUBC-MSCs).
The only available literature on Cartistem is a phase I/II
single-center clinical trial of seven patients treated with
either low-dose or high-dose hUBC-MSCs conducted in
Korea [28]. Six of the seven patients consented to undergo
second-look arthroscopy at 12-week follow-up, at which point
the treating physician observed maturing cartilage in all six
knees. VAS and IKDC scores improved in all subjects from
preoperative level to 3-month follow-up and remained rela-
tively stable from 3 months to 7 years [28]. This study suggests
that Cartistem is safe and effective, but it is limited by its
small sample size. Cole and Gomoll are currently conducting
a phase I/II clinical trial investigating the safety and efficacy
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of Cartistem in 12 patients with full-thickness grade 3-4
articular cartilage defects of the knee which is expected to
finish data collection in July of 2017 (NCT01733186).

Minced Cartilage Products

Minced cartilage repair is another treatment strategy that
harnesses the theory of ACI in a single-stage alternative. This
technique involves filling a chondral defect with a small
amount of particulate hyaline cartilage secured with fibrin
glue and often combined with a scaffold delivery system.
Mincing cartilage into 1-2-mm?® fragments allows the chon-
drocytes to escape from the extracellular matrix and to pro-
duce hyaline-like cartilage that will integrate with the
surrounding native tissue [29]. Minced cartilage products
utilizing both autologous (Cartilage Autograft Implantation
System [CAIS]) and allogeneic (DeNovo Natural Tissue)
cartilage have been investigated.

Cartilage Autograft Implantation System (CAIS) (DePuy
Mitek, Raynham, Massachusetts, USA) is a proprietary tech-
nique which involves harvesting autologous cells from the
intercondylar notch or trochlear border, mincing cartilage
into 1-2-mm? fragments, securing minced fragments to a pro-
prietary scaffold composed of polycaprolactone (35%) and
PGA (65%) reinforced with PDO mesh, and fixating the
implant to the defect using biodegradable anchors [30]. An
initial randomized pilot study compared CAIS and micro-
fracture in 29 patients with lesions involving the trochlea or
femoral condyle [31]. At 24-month follow-up, both groups
had a significant improvement in IKDC and KOOS scores
from baseline, and the CAIS group had significantly higher
scores than the microfracture group. Despite these promising
results, the phase 111 multicenter randomized controlled trial
(NCT00881023) was discontinued due to lack of enrollment
and prohibitive expense [32].

DeNovo Natural Tissue (NT) (Zimmer Biomet, Warsaw,
Indiana, USA) utilizes 1-mm? pieces of allogeneic cartilage
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from donors younger than 13 of age and secured with fibrin
glue (Fig. 18.3a-d) [33]. The primary advantages of this tech-
nique relate to the fact that juvenile chondrocytes have a 100-
fold increased ability to produce proteoglycans and that these
cells do not stimulate an immunogenic response. The primary
drawback of this technique is that DeNovo NT has a ~40-day
shelf life and, as such, many surgeons will only perform this
technique after performing a diagnostic arthroscopy making it
a two-stage technique. While there are not yet any long-term
outcome studies or Level I evidence, early clinical results are

Ficure 18.3 Central patellar lesion measuring 15 mm x 30 mm (a).
Lesion following curettage to establish vertical walls (b). DeNovo
NT graft in delivery packaging (c¢). Lesion following application of
DeNovo NT with fibrin glue mixture (d)
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extremely promising. In a case series of 25 patients with a
mean femoral lesion size of 2.7 + 0.8 cm?, IKDC and KOOS
clinical outcome scores showed significant improvements
compared to baseline at 24 months after surgery [34].
Additionally, quantitative MRI results with T2 mapping dem-
onstrated that the repair cartilage was of a similar composi-
tion to native cartilage after 2 years. Histologic results from
biopsies taken from eight patients indicated that there was
excellent integration of the transplant tissue with the native
cartilage, although the biopsies contained both hyaline and
fibrocartilage [34]. Additionally, in a retrospective Level IV
case series, 17 patients with patellar chondral lesions who were
treated with DeNovo NT were reviewed. Follow-up at a mean
8.2 months revealed significant improvement in KOOS score
[35]. This technique is rapidly gaining popularity, with approxi-
mately 8700 cases performed since 2007 [29].

CartiONE (Orteq Ltd., London, UK) is a novel technique
that combines minced cartilage, BMAC, and a commercially
available scaffold in a single-step cartilage repair technique. In
a 1 h time span, non-articular hyaline cartilage is harvested
from the periphery of the trochlea or the intercondylar notch
and subjected to patented cell-isolation technology, co-cultured
with BMAC, and added to a commercially available scaffold
prior to implantation. The rationale behind this technique is
based on literature suggesting that trophic factors from MSCs
help to increase chondrocyte proliferation and matrix forma-
tion [36]. The INSTRUCT clinical trial evaluated PROs, histo-
logic outcomes, and radiologic outcomes of 40 patients treated
with CartiONE for symptomatic cartilage defects in the knee
(NCT01041885). This trial reported significant improvements
in KOOS, IKDC, and VAS; consistent defect filling by MRI;
and evidence of hyaline cartilage in most patients.

Off-the-Shelf Osteochondral Implants

Fresh osteochondral allograft (OCA) transplantation has
emerged as a valuable and successful treatment for chondral
and osteochondral defects with graft survivorship approaching
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90% at 10 years [37 38]. Despite the success of this technique,
OCA remains limited by graft availability and concerns
regarding disease transmission. Additionally, due to graft
expense, many surgeons perform diagnostic arthroscopy prior
to OCA transplantation making this a two-stage technique.
Due to these limitations, stand-alone proprietary osteochon-
dral implants have been developed that are readily available
with prolonged shelf lives. Three off-the-shelf osteochondral
implants are presently available on the market including
Chondrofix, Cartiform, and ProChondrix. Although they con-
tain no osteocytes on chondrocytes, two novel scaffolds
(Maioregen and Agili-C) are also discussed in this section as
they are used in isolation for the treatment of osteochondral
defects.

Made available in 2012, Chondrofix (Zimmer Inc., Warsaw,
IN) represented the first off-the-shelf osteochondral allograft.
Chondrofix is a decellularized osteochondral allograft which
is available in four precut sizes and offers a 2-year shelf life.
Unfortunately, a prospective series of 32 patients treated with
Chondrofix demonstrated a 72% failure rate within 2 years of
implantation [39]. Although the authors did not speculate in
their abstract on the cause of the high failure rate, it is prob-
able that the lack of viable chondrocytes played a role.

Cartiform (Arthrex Inc., Naples, FL) and ProChondrix
(AlloSource, Centennial, CO) represent two recently released,
commercially available osteochondral allograft disc implants
that contain viable chondrocytes. Since these implants are
considered “minimally manipulated,” they are available for
use in the United States. Cartiform is a cryopreserved, viable
osteochondral allograft (CVOCA) available in four sizes
including 10 mm diameter, 20 mm diameter, 12x19mm, and
20x25mm. Cartiform contains full-thickness pores through-
out its area that improve graft flexibility and allow the
cryopreservation solution to penetrate the tissue to preserve
cell viability throughout rather than just the surface of the
graft. As a result, Cartiform possesses a 2-year shelf life when
stored at —80 °C. Additionally, Cartiform has a minimal bone
component which further improves graft flexibility to match
the topography of the underlying bone. Released in 2016,
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ProChondrix is a fresh chondral allograft composed of viable
chondrocytes, matrix, and growth factors. ProChondrix is
stored at 4 °C with 875% viability at the expiration of its
35-day shelf life. The grafts are available in 11-mm, 13-mm,
15-mm, 17-mm, and 20-mm diameter discs. Cartiform and
ProChondrix have both been used as isolated grafts and in
conjunction with marrow stimulation, which affords both a
reparative response and restorative approach from the
allograft. There is not currently a consensus about the need
for concomitant marrow stimulation. In vitro histological
evaluation of Cartiform in a goat model revealed that the
graft retains viable chondrocytes, chondrogenic growth fac-
tors, and ECM proteins within intact hyaline cartilage and
that when used in conjunction with microfracture results in
improved cartilage regrowth compared to microfracture
alone [40]. Clinical results in humans are presently
unavailable.

Maioregen (Finceramica Faenza SpA, Faenza, Italy) is a
tri-layered biomimetic osteochondral scaffold first intro-
duced for clinical use in 2011 in Europe. The acellular scaf-
fold was designed for the treatment of osteochondral defects.
The superficial layer consists of type I equine collagen, the
intermediate layer of 60% equine collagen and 40%
magnesium-enriched HA (Mg-HA), and the deep layer of
30% equine collagen and 70% Mg-HA. The scaffold has
been shown to induce subchondral trabecular bone regenera-
tion in an equine model [41]. Berruto and colleagues recently
published on the use of Maioregen in 11 patients for the
treatment of spontaneous osteonecrosis of the knee (SPONK)
[42]. While 2 of 11 ultimately underwent total knee arthro-
plasty, the remaining 9 patients had favorable results with
significant improvements in Lysholm, IKDC, and VAS scores.
Maioregen is not currently available in the United States;
however, a phase IV clinical trial is recently completed in
Europe (NCT01282034).

Agili-C (CartiHeal, Israel) is a porous bioabsorbable
biphasic scaffold derived from coral, to which HA is added. It
contains (1) a bone phase composed of calcium carbonate in
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an aragnite crystalline form and (2) a cartilage phase com-
posed of modified aragonite and HA [43]. Aragonite pos-
sesses a nano-rough surface and porous architecture which
permit cell adhesion and proliferation. Kon and colleagues
reported complete histologic restoration of hyaline cartilage
and subchondral bone in 6/7 goats 12 months following treat-
ment with Agili-C for lesions measuring 6 mm in diameter
and 10 mm in depth [44]. A multicenter European trial of 97
patients treated with tapered (n = 21) and cylindrical (76)
implants revealed MRI findings 84% of patients with >75%
defect fill and 90% with complete restoration of the cartilage
interface [43]. Agili-C is not currently commercially available
and is available only via a phase IV clinical trial in Europe
(NCT02423629).

Injectable Agents

Traditional joint injections for osteoarthritis including corti-
costeroids or HA aim to decrease inflammation and improve
symptoms without modifying the disease. Newer injectable
agents including PRP, stem cells, and growth factors have
recently become the focus of intensive study both to augment
cartilage repair techniques and to delay progression of carti-
lage breakdown in osteoarthritis. The rationale behind these
injections is to optimize the healing milieu within the joint by
both increasing the concentration of favorable cytokines
which increase glycosaminoglycan synthesis (IGF-1, FGF,
and TGF-beta superfamily) and decreasing catabolic cyto-
kines that contribute to osteoarthritis (IL-1, TNF, and IL-6,
IL-7 and IL-8). Agents that have recently garnered attention
include Orthokine/Regenokine, PRP, autologous and alloge-
neic MSCs, sprifermin (FGFR-18), and OP-1 (BMP?7).

Much of the interest in injectable growth factors was
sparked by reports of professional athletes traveling interna-
tionally for injections of Orthokine (Orthogen, Dusseldorf,
Germany). Orthokine, now available in the United States as
Regenokine, is autologous conditioned serum (ACS) which is
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procured from autologous blood that is incubated with boro-
silicate glass spheres leading to increased levels of IL-1 recep-
tor antagonist (IL-1ra) [45]. While there is little available
literature on the use of Orthokine/Regenokine and nothing
to suggest it is disease modifying, Baltzer and colleagues
demonstrated that Orthokine/Regenokine rendered superior
improvement in patient-reported outcomes (VAS, SF-8, and
all WOMAC subscales) when compared to HA and saline in
a randomized, controlled trial of 376 patients with knee
osteoarthritis [46].

Platelet-rich plasma (PRP) is biologic therapeutic modal-
ity derived from centrifugation of autologous blood to attain
a supraphysiologic concentration of platelet and plasma pro-
teins that accelerate the repair process. Numerous growth
factors in PRP stimulate cartilage matrix synthesis and coun-
teract the effects of catabolic cytokines like IL-1 and TNF-a.
A recent double-blind, randomized controlled trial demon-
strated no difference between PRP and HA in WOMAC pain
score; however, the authors did demonstrate a trend toward
lower concentrations of IL-1 and TNF-a at 12 weeks follow-
ing injection in the PRP group [47]. A recent systematic
review of 29 studies evaluating results of PRP in the setting
of osteoarthritis reported that 9 of 11 studies comparing PRP
with HA revealed superior outcomes with PRP [48].

Bone marrow aspirate concentrate (BMAC) has been
used as both a cell source for matrix plus MSC products and
for symptomatic management of osteoarthritis. As discussed
previously, BMAC contains adult bone marrow-derived
MSCs (bmMSCs), platelets, cytokines, and growth factors—
all of which harbor unique anti-inflammatory and immuno-
modulatory effects. Chahla and colleagues recently performed
a systematic review of the use of BMAC for both repair of
focal chondral defects and treatment of osteoarthritis [49].
Three studies demonstrated that BMAC is effective in treat-
ing osteoarthritis. The available literature demonstrated that
BMAC rendered significant improvements in patient symp-
toms with more pronounced improvement in patients with
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Kellgren and Lawrence grade II/III compared to grade IV
disease; however, there is no available evidence to suggest
that BMAC alters the natural history of osteoarthritis.

Lipogems (Lipogems International SpA, Milan, Italy) is a
single-use system, available since 2013, designed for aspira-
tion, processing, and transfer of adipose tissue for the harvest
of adipose-derived MSCs (adMSCs). Evidence regarding
Lipogems for the treatment of osteoarthritis is currently lim-
ited to case reports; however, significant improvements in
pain, functional scores, and cartilage thickness have been
reported in patients with osteoarthritis treated with Lipogems
[50, 51]. Of note, in vitro comparison of chondrogenic poten-
tial of adMSCs and bmMSCs has demonstrated greater effi-
ciency and quality of chondrogenesis with bmMSCs [52, 53].

Bone morphogenetic protein 7 (BMP7), marketed as
osteogenic protein 1 (OP-1, Olympus Biotech, West Lebanon,
NH), was the first isolated growth factor trialed for the treat-
ment of osteoarthritis. OP-1 was shown to have reparative
effects on cartilage including stimulating synthesis of proteo-
glycan, collagen, and HA and preventing catabolism by IL-1.
While the phase I safety trial of OP1 demonstrated safety and
subtle benefits relative to placebo [54], further trials were
discontinued, and Olympus Biotech halted its effort to com-
mercialize OP-1 in 2014.

Sprifermin (recombinant human fibroblast growth factor
18; rhFGF-18) binds to and activates fibroblast growth factor
receptor 3 (FGFR-3) in cartilage to promote chondrogenesis
and cartilage matrix production in vivo. Preclinical studies
have demonstrated that sprifermin induces chondrocyte pro-
liferation which results in increased extracellular matrix pro-
duction [55]. However, a recent randomized, double-blind,
placebo-controlled trial comparing sprifermin and placebo
demonstrated no difference in cartilage thickness and infe-
rior improvement in WOMAC pain scores in the sprifermin
group compared to the control group [56]. A phase II multi-
center, placebo-controlled clinical trial evaluating sprifermin
in the setting of osteoarthritis is ongoing (NCT01919164).
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Conclusion

A broad variety of new cartilage repair products have
emerged over the last 20 years, designed to improve upon
limitations of existing techniques. Most products combine a
cell source with a matrix and/or growth factors to optimize
the healing environment. Techniques that have generated
excitement include augmented microfracture, matrix-
assisted ACI, matrix plus stem cell productions, minced
cartilage productions, off-the-shelf osteochondral implants,
and injectable agents. While these products have demon-
strated promising clinical and histologic results, many
remain unavailable in the United States due to FDA restric-
tions. Additionally, while many of these techniques have
compared favorably to conventional microfracture, there is
very little literature comparing them to more sophisticated
techniques (ACI or osteochondral grafting). Further results
from ongoing clinical trials will be essential in changing the
landscape of FDA-approved techniques and establishing the
place for each of these techniques within the cartilage resto-
ration algorithm.
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