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Background and purpose — Cartilage damage can develop due to 
trauma, resulting in focal chondral or osteochondral defects, or as 
more diffuse loss of cartilage in a generalized organ disease such 
as osteoarthritis. A loss of cartilage function and quality is also 
seen with increasing age. There is a spectrum of diseases ranging 
from focal cartilage defects with healthy surrounding cartilage 
to focal lesions in degenerative cartilage, to multiple and diffuse 
lesions in osteoarthritic cartilage. At the recent Aarhus Regenera-
tive Orthopaedics Symposium (AROS) 2015, regenerative chal-
lenges in an ageing population were discussed by clinicians and 
basic scientists. A group of clinicians was given the task of discuss-
ing the role of tissue engineering in the treatment of degenera-
tive cartilage lesions in ageing patients. We present the outcomes 
of our discussions on current treatment options for such lesions, 
with particular emphasis on different biological repair techniques 
and their supporting level of evidence.

Results and interpretation — Based on the studies on treat-
ment of degenerative lesions and early OA, there is low-level 
evidence to suggest that cartilage repair is a possible treatment 
for such lesions, but there are confl icting results regarding the 
effect of advanced age on the outcome. We concluded that further 
improvements are needed for direct repair of focal, purely trau-
matic defects before we can routinely use such repair techniques 
for the more challenging degenerative lesions. Furthermore, we 
need to identify trigger mechanisms that start generalized loss of 
cartilage matrix, and induce subchondral bone changes and con-
comitant synovial pathology, to maximize our treatment methods 
for biological repair in degenerative ageing joints.

■

Degeneration is by defi nition a deterioration of a tissue or an 
organ where its function is reduced or its structure is degraded. 
Joint cartilage degeneration can be seen after trauma, or it can 
be generalized in ageing cartilage and as part of the osteo-
arthritic process (Richmond et al. 2013). It is important to 
understand that while a degenerative ageing joint is not nec-
essarily an osteoarthritic joint, the reverse is certainly true: 
joint tissue degeneration is a key factor in osteoarthritis (OA). 
OA has been described as degenerative arthritis, degenerative 
joint disease, or osteoarthrosis, and it is a type of joint dis-
ease that results from breakdown of articular cartilage and the 
underlying subchondral bone (Poulet and Staines 2016). An 
initial degeneration may progress to a pre-OA state that may 
be reversible, spontaneously or through preventive measures, 
and if it is not stopped, continues on to early OA and fi nally 
established OA (Ryd et al. 2015).

There is an increasing frequency of OA in the elderly popu-
lation (Greene and Loeser 2015). Changes that are seen in the 
articular cartilage during the development of OA are the result 
of an age-related loss in normal joint homeostasis. A disturbed 
balance promotes increased production of matrix degrading 
enzymes by chondrocytes, such as matrix metalloproteinases, 
aggrecanases, and other proteases, which degrade the cartilage 
matrix. Similar changes can also occur in ageing cartilage and 
appear to contribute to the loss of homeostasis (Goldring and 
Marcu 2009, Loeser 2009, Greene and Loeser 2015).

In the cartilage of elderly individuals, matrix biosynthesis is 
inhibited by static loading while cyclic loading is stimulatory 
(Plumb and Aspden 2005). This knowledge is important for 
tissue engineering approaches to repair of osteoarthritic carti-
lage, where the source of the replacement tissue or cells must 
be considered. Although the tissue response appears to be dif-
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ferent from that in young individuals, these fi ndings still sup-
port the importance of exercise in the elderly to regulate the 
biosynthetic activity of the tissue (Plumb and Aspden 2005). 
However, the same information is of importance when trying 
to use tissue engineering to restore or replace a degenerative 
and osteoarthritic joint surface.

As the world population continues to age, osteoarthritis is 
increasingly being recognized as a signifi cant cause of disabil-
ity in the elderly population (Rahmati et al. 2016). Estimates 
are wide-ranging, but a study done in 2008 by the National 
Health and Nutrition Examination Survey (NHANES) esti-
mated that approximately 27 million American adults had 
been clinically diagnosed with osteoarthritis (Lawrence et al. 
2008), and up to 46 million had reported a history of osteoar-
thritis (Ma et al. 2014). Because of these numbers, therapies 
aimed at preventing the development of advanced disease are 
of vital importance to orthopedics and society. 

In this paper, we will look at various techniques that are 
normally used for focal cartilage repair, and discuss the pos-
sibilities and the means by which these techniques could be 
applied to patients with OA.

Methods 

All the co-authors were responsible for their own areas of 
expertise in cartilage repair and they all evaluated and dis-
cussed their chosen papers on cartilage repair related to 
ageing degenerative and osteoarthritic joints. The databases 
Medline, PubMed, Cochrane Systematic Reviews, and Clini-
cal Keys were then searched by the fi rst author (MB) to check 
that all papers of relevance to the area studied were included. 
The clinical cartilage repair papers evaluated have been pre-
sented with a level of evidence grading (LOE 1–5) (Obrems-
key et al. 2005). The risk of bias (RoB) in the clinical cartilage 
repair papers presented has been calculated using the Jadad 
scale with scoring from 0 to 5 points (Jadad et al. 1996, Jadad 
and Enkin 2007) and the RoB has been classifi ed as low (4–5 
points), moderate (2–3 points), or high (0–1 point). RoB in the 
papers was calculated by 2 of the authors (MB and JF) and 
was fi nally agreed upon by all the authors.

The cartilage defects
There are several methods to repair traumatic cartilage 
defects, but the natural course of such lesions is still not well 
known (Grieshober et al. 2016). Similarly, the natural course 
of degenerative lesions is not well characterized, even though 
it is associated with increased cartilage loss. It has been shown 
that cartilage defects tend to progress over 2 years in people 
with symptomatic OA, with only a small percentage decreas-
ing in severity (Davies-Tuck et al. 2008). 

Isolated cartilage lesions are often related to subchondral 
bone marrow lesions (BMLs). Baseline BMLs are predictive 
of site-specifi c defect progression and cartilage volume loss in 

a dose-response manner, which suggests that BMLs may have 
a local effect on cartilage homeostasis. Such baseline defects 
are predictive of site-specifi c BML progression, which may 
represent increased bone loading adjacent to defects (Dore 
et al. 2010). These results suggest that BMLs and cartilage 
defects are closely related and may have key roles in knee car-
tilage volume loss. As such, both cartilage defects and bone 
marrow lesions should be considered targets for interven-
tion. Furthermore, knee cartilage defects in older adults are 
common but less likely to regress than in younger individuals 
(Carnes et al. 2012). Baseline factors found to be associated 
with increase in defect score over 3 years were radiographic 
osteoarthritis, tibial bone size, BMI, and being female (Carnes 
et al. 2012). However, the clinical decision to perform carti-
lage repair is based on the degree of pain caused by the lesion 
in a healthy joint, or even in an early OA joint.

The established cartilage repair methods were developed 
for focal traumatic defects, most frequently in an otherwise 
healthy joint. Those methods also have limited application in 
early degenerative joints, such as those with chronic instabil-
ity and meniscal loss. Cartilage lesions in these patients are 
characterized not only by existing biomechanical problems 
but also by occasionally severe biochemical changes that may 
negatively infl uence the cartilage repair (Ferruzzi et al. 2014). 
The use of such methods in joints with more severe OA is, 
however, rare.

Repair methods
The goal is to fi ll a symptomatic cartilage defect with a dura-
ble repair tissue that will provide patients with pain relief and 
functional recovery. The techniques could be either procedures 
that only address cartilage repair, or osteochondral procedures 
to treat both cartilage and subchondral bone.

Classically, the different repair technologies include:
• Bone marrow stimulation techniques—in isolation or aug-

mented
• Cartilage tissue-based repair 
• Chondrogeneic cell-based repair 
• Synthetic or metal-based repair 
• Pharmacologically stimulated repair 

Normal cartilage repair is very much dependent on the pres-
ence of an intact surrounding shouldering cartilage. Lesions in 
a degenerative environment have much less healthy surround-
ing cartilage, and the cartilage thickness surrounding such a 
lesion varies substantially. There is not one repair technique 
that addresses all types of lesions equally well, and consider-
able knowledge about the repair of focal defects in normal 
cartilage is necessary before initiating treatment for early 
osteoarthritic lesions.

From here on, we will discuss the biological surgical meth-
ods that are available and have been used to some extent for 
the treatment of degenerative and/or OA joints, with the aim 
of inducing a repair tissue.
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Bone marrow stimulation of degenerative and/or 
osteoarthritic joints (Table 1)
The chondrogeneic potency of bone marrow-derived mesen-
chymal stem cells of elderly patients is clearly inferior, which 
could negatively affect the treatment outcome of bone marrow 
stimulation techniques when used in older patients. Further-
more, if these patients’ joints are not only affected by age but 
are also in a diseased state, the reparative capacity will be fur-
ther reduced (Smeriglio et al. 2015). 

A recent review summarized the primary indications for 
bone marrow stimulation (BMS) with either microfracture or 

drilling (Gomoll et al. 2012). Briefl y, BMS is indicated for 
the treatment of full-thickness defects in articular cartilage 
without signifi cant bone involvement and measuring less than 
or equal to 2–4 cm2. The review also noted that an elevated 
BMI (30 or over), defects larger than 2–4 cm2, patellofemoral 
compartment/tibial plateau defects, and a patient age of 35–45 
years or more, are associated with worse outcomes (Gomoll 
2012).

The most frequently used BMS technique is microfracture. 
Only a few studies have looked at microfracture outcomes in 
patients aged 45 years and older, without any reference to the 
joints being diseased (Miller et al. 2004, Bae et al. 2013). In 
these studies, it was clear that younger age was benefi cial for a 
successful outcome (Miller et al. 2004, Bae et al. 2013). 

Furthermore, reports on patients with established OA treated 
by BMS are few. A minimum 10-year follow-up survival anal-
ysis on microfracture in osteoarthritic knees showed that only 
40% of the surviving patients underwent total knee arthro-
plasty (TKA) (Bae et al. 2013). These fi ndings suggest that the 
size of the initial OA lesion (improved outcomes in lesions < 2 
cm2 in their study) is the most important factor in determining 
the survival of microfractured OA knees—defi ning survival as 
time before TKA is performed (Bae et al. 2013). 

In another study carried out on 81 middle-aged patients 
with a mean age of 49 years who had undergone arthroscopic 
microfracture for isolated osteoarthritic cartilage defects, out-
come scores improved signifi cantly without any signifi cant 
association between the improvement in score and a patient’s 
age or sex (Miller et al. 2004). The study, however, revealed 
complications in one fi fth of the patients, including the need 
for lysis of adhesions, the need for revision surgery, and the 
need for subsequent TKA.

The use of marrow stimulation as a treatment for large car-
tilage defects in osteoarthritic knees has also been explored 
(Sakata et al. 2013). Marrow stimulation resulted in reduced 
knee pain in the short term. However, varus leg alignment 
gradually progressed and TKA was required in many patients. 
It is important to note that the grade of cartilage repair was 
not improved. Marrow stimulation resulted in insuffi cient car-
tilage regeneration on medial femoral condyles. The reason 
for failure might be explained by the fact that failed marrow 
stimulation of articular cartilage defects in patients with early 
osteoarthritis is characterized by fi brocartilaginous repair 
(Kaul et al. 2012). A failure could also be due to malalign-
ment that has not been corrected at the time of surgery, as 
shown in a retrospective study of 106 patients (Sterett et al. 
2010). A knee survivorship of 91% was found at 7 years after 
a combination of high tibial osteotomy and microfracture, and 
12 patients (11%) had been revised with arthroplasty.

In summary, BMS, mainly performed as microfracture, is 
an extensively studied procedure for the treatment of isolated 
traumatic cartilage defects. However, the applicability and 
outcomes of the procedure in OA patients have not been rigor-
ously studied, and the few studies that have been published 

Table 1. Bone marrow stimulation of degenerative and/or osteo-
arthritic joints

≥ 45 years without any reference to the joints being diseased
• Miller et al. 2004, therapeutic case series  LOE 4  RoB high
• Bae et al. 2013, therapeutic case series  LOE 4  RoB high
• Solheim et al. 2014, case series  LOE 4  RoB high
 Summary: Younger age was benefi cial for the outcome.

Reports on pure OA patients treated by bone marrow stimulations
• Bae et al. 2013, case series LOE 4  RoB high
 Summary: Half of the patients (62) had undergone total knee 

arthroplasties (TKA) at a follow-up of 12 years after the index 
procedure.

• Miller et al. 2004, therapeutic case series  LOE 4  RoB high
 Summary: Signifi cant improvement in outcome scores but 1/5 had 

complications needing extra surgeries.

• Sakata et al. 2013, case series  LOE 4  RoB high
• Kaul et al. 2012, case series  LOE 4  RoB high
 Summary: Results suggest that arthroscopic marrow stimulation 

might not improve clinical symptoms for the long-term due to poor 
repair tissue formation.

• Sterett et al. 2010, case series  LOE 4  RoB high
 Summary: 91% survivorship at 7 years after a combination of high 

tibial osteotomy and microfracture. Eleven percent of the patients 
were operated on with artifi cial arthroplasty after mean 81 months.

Bone marrow augmented techniques for degenerative and/or
osteoarthritic joints
• Gille et al. 2013, prognostic study  LOE 4  RoB high
 Summary: Three age groups were studied with less good results 

in the age group > 47 years.

• Anders et al. 2013, RCT LOE 2  RoB mod.
 Summary: No age infl uences seen on the repair between micro-

fracture alone or augmented microfracture. Mean age 37 (21–50).

• Shive et al. 2015, RCT  LOE 1  RoB low
 Summary: Gel augmentation patients had signifi cantly better MRI 

results compared to only microfracture patients but the mirctofrac-
ture group was signifi cantly older; mean age 40.0 ± 10.0 vs 34.3 ± 
9.7 years; p = 0.03.

• Di Martino et al. 2015, case series  LOE 4  RoB high
 Summary: A signifi cant difference was shown between patients 

younger versus older than 40 years, with younger patients having 
a signifi cant better clinical improvement.

• Brittberg et al.1994, case series  LOE 4  RoB high
• De Windt et al. 2012, case series  LOE 4  RoB high
 Summary: Carbon as scaffolds for treatment of early localized OA 

gives signifi cant pain relief up to 4 years follow-up.

LOE = Level of evidence (1–4)
RCT = Randomized controlled trial
RoB = Risk of bias (low, moderate, high)
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have shown results that are generally worse in older patients 
with OA.

Bone marrow-augmented techniques for degenera-
tive and/or osteoarthritic joints (Table 1)
Various single-stage scaffold-based cartilage repair techniques 
exist today that can improve clinical outcomes after treatment 
of isolated cartilage defects. Scaffolds used in cartilage repair 
can be based on components of the cartilage matrix such as 
collagen or hyaluronan (van Osch et al. 2009, Gomoll 2012), 
proteins and natural polymers (such as fi brin, agarose, algi-
nate, and chitosan) (Bonzani et al. 2006), or synthetic poly-
esters (such as polylactic acid, polyglycolic acid, polylactide-
coglycolide, polyethylene oxide, and polypropylene oxide) 
(Kon et al. 2015). Chondral scaffolds are either composed of a 
single material (monophasic scaffold) or are layered structures 
to better reconstruct the biphasic architecture of the osteo-
chondral unit (cartilage and bone). The matrices currently 
used most frequently for cartilage repair consist of collagen 
(Gille et al. 2013).

There have been few studies involving the repair of degen-
erative cartilage lesions using cell-based techniques (de Windt 
et al. 2013). Since cell-free scaffolds have been developed 
only recently, even fewer clinical studies have been published, 
mostly with short-term follow-up and a limited number of 
patients with degenerative joints. 

Scaffold-enhanced microfracture is a treatment principle for 
focal full-thickness cartilage defects, combining microfrac-
ture with a protective cover of a collagen or polymer scaffold. 
If a collagen scaffold is used, the principle is also designated 
autologous matrix-induced chondrogenesis (AMIC) (Gille et 
al. 2013). With the use of microfractures, chondrogenic cells 
(MSCs) migrate into the fi brin network of the blood clot. 
However, the fi brin clot is not very stable (Benthien and Beh-
rens 2010, 2015). An implanted covering scaffold (e.g. a col-
lagen matrix) can possibly improve the mechanical stability 
of endogenous cells from the bone marrow. A study from an 
AMIC company registry included 57 patients in 3 age groups: 
17–32 years, 33–46 years, and over 46 years. It was found 
that all 3 age groups had signifi cant improvements in outcome 
scores at 2-year follow-up. It was also shown that there was a 
tendency for less improvement in patients over 47 years of age 
(Gille et al. 2013). 

In another study, 38 patients (mean age 37 years, mean 
defect size 3.4 cm2) were randomized and treated either with 
microfracture alone, with sutured AMIC, or with glued AMIC 
(Anders et al. 2013). Considerable improvements were seen 
in all groups, but without statistically signifi cant differences 
between the groups (Anders et al. 2013).

Cartilage-stimulating hydrogels have been developed, and 
one such scaffold is a chitosan-based biomaterial developed 
to form a stable clot in the cartilage lesion after microfracture 
(Shive et al. 2015). This product has been tested in a random-
ized study and compared to microfracture alone. Blinded MRI 

analysis demonstrated that hydrogel-treated patients showed a 
statistically signifi cantly greater treatment effect for lesion fi ll-
ing over 5 years compared to microfracture alone. It is impor-
tant to highlight that these patients with microfracture alone 
were signifi cantly older than those in the gel group (mean age 
40 years as opposed to 34.3 years) (Shive et al. 2015). Other 
hydrogels for cartilage repair exist but so far only used clini-
cally too short and those gels have not yet been tried in elderly.

Osteochondral scaffolds are designed to induce healing of 
combined bone and cartilage lesions. One scaffold (Maiore-
gen; Fin-Ceramica, Faenza, Italy) is a porous 3-dimensional 
tri-layer hydroxyapatite-collagen composite structure that 
mimics the osteochondral anatomy (Delcogliano et al. 2014). 
It has been used in a study for treatment of early OA (Di 
Martino et al. 2015), in which 23 patients were prospectively 
evaluated for up to 2 years. The etiology of the chondral or 
osteochondral defect was rated as micro-traumatic or degen-
erative in 18 cases, and traumatic in 5 cases. All the patients 
improved in a statistically signifi cant manner clinically in all 
the scores that were used. Patients less than 40 years of age 
had statistically signifi cant better clinical improvements than 
those who were older. 

Woven meshworks of carbon fi ber fi laments (used as carbon 
pads and rods) have been used for more than 25 years to treat 
a spectrum of cartilage damage ranging from focal defects to 
widespread degenerative lesions and early OA. In a carbon 
fi ber study on 37 patients with an average age of 39 (25–53) 
years and an average follow-up of 48 (33–63) months, the out-
comes were assessed with 4 scoring systems (Brittberg et al. 
1994b). 30 of the 36 patients who could be observed were 
rated as good or excellent. The most striking result was good 
pain relief. In another study (de Windt et al. 2012), carbon 
fi ber implants were used for salvage cases with degenerative 
joints treated arthroscopically, and there were statistically sig-
nifi cant clinical improvements at 3 years after surgery.

In summary, several single-stage scaffold-based cartilage 
repair techniques exist today that can improve clinical out-
comes after treatment of isolated cartilage defects. Only lim-
ited data are available regarding the application of these tech-
niques specifi cally for the treatment of early OA or cartilage 
lesions in older patients.

Autologous chondrocyte implantation as treatment 
for degenerative and/or osteoarthritic joints (Table 2)
Autologous chondrocyte implantation (ACI) was introduced 
in the late 1980s as the fi rst manipulated cell-based treatment 
for cartilage defects of the knee (Brittberg et al. 1994a). 

There have been numerous reports on ACI treatment of 
various patient subpopulations, but most reports have been on 
non-OA joints. Today, there are long-term results covering up 
to 20 years with fi rst-generation ACI (Peterson et al. 2010, 
Brix et al. 2014, Niemeyer et al. 2014, Knutsen et al. 2016). 
In 2016, there have been 14 RCTs where different generations 
of autologous chondrocyte-mediated repair (ACI genera-
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tions1–4) have been compared with other techniques (Horas 
et al. 2003, Bentley et al. 2003, Visna et al. 2004, Knutsen 
et al. 2004, 2007, 2016, Dozin et al. 2005, Basad et al. 2010, 
Vanlauwe et al. 2011, Cole et al. 2011, Spalding et al. 2011, 
Lim et al. 2012, Crawford et al. 2012, Saris et al. 2014, Akgun 
et al. 2015, Clavé et al. 2016). 

While there continues to be no indication for cartilage 
repair in severe OA with complete loss of joint space, favor-
able results have been obtained with ACI in early OA when 
all articular comorbidities involved were recognized and 

addressed (Minas 2003, Minas et al. 2010, Filardo et al. 2012).
Although the disturbed homeostasis presents a challenging 

environment, studies have provided evidence that even degen-
erative pathology may benefi t from regenerative techniques. 
In a clinical pilot study, cell-based implants were placed in 
human osteoarthritic joints and showed signs of healing, thus 
demonstrating that regenerative processes are not completely 
inhibited by the degenerative environment (Hollander et al. 
2006). Furthermore, it has been shown that chondrocytes 
obtained from arthritic knees still exhibit good proliferative 
potential and are able to re-differentiate and produce extra-
cellular matrix when re-introduced into a three-dimensional 
pellet model (Tallheden et al. 2005). Cavallo et al. (2010) 
confi rmed these fi ndings, showing that a hyaluronan-based 
scaffold might favor the activation of anabolic factors, and 
the same research group reported that the addition of chon-
drocytes to a scaffold produced better repair tissue than scaf-
fold alone in an animal model of osteoarthritis (Desando et 
al. 2012). 

The literature also has fi ndings that are promising for the 
treatment of degenerative lesions. Overall improvements 
have been noted in patients affected by early osteoarthritis 
who were treated with polymer-based autologous cartilage 
implants (Ossendorf et al. 2007). These results have been con-
fi rmed by another study that found stable results 4 years after 
implantation of focal degenerative lesions, with signifi cant 
improvement in symptoms and good defect fi lling on MRI 
(Kreuz et al. 2009).

There are long-term fi rst-generation ACI results for the treat-
ment of early OA, in 153 patients with a mean age of 38 years 
who were followed for up to 11 years (Minas et al. 2010). On 
average, 2.1 defects were treated per knee with a defect size 
of 4.9 cm2 and a total area per knee of 10 cm2. It was noted 
that 12 joints were revised with arthroplasty; the remaining 
patients experienced 50–75% improvement in WOMAC sub-
scale, and patient satisfaction exceeded 90%. The same group 
also reported on their outcomes of ACI in 56 patients over 45 
years of age, a group that can be considered to represent early 
OA rather than acute focal defects. These patients (average 
age 48 years; average follow-up 4.7 years) with an average 
defect size of 4.7 cm2 and a total treated area of 9.8 cm2 had 
a total of 8 patients with failures, 6 patients being worker’s 
compensation patients (Rosenberger et al. 2008). 

For patients with degenerative cartilage lesions (but not 
established OA) treated with arthroscopic hyaluronic scaffold 
ACI, statistically signifi cant improvement was found in all the 
scores at medium-term follow-up (Filardo et al. 2012). These 
scores were lower, however, and failures were observed more 
frequently than what had been reported previously in non-
arthritic populations (Kon et al. 2011).

Cartilage defects rarely exist in isolation, especially in 
patients with early OA. Thus, special consideration must be 
given to the identifi cation and treatment of concurrent pathol-
ogies, such as malalignment. Unloading as part of ACI treat-

Table 2. Autologous chondrocyte implantations (ACI)

ACI (1st Generation)
• Brittberg et al. 1994, case series  LOE 4 RoB high

Long-term follow-ups with ACI
• Peterson et al. 2010 case series  LOE 4  RoB high
• Brix et al. 2014 case series  LOE 4  RoB high
• Niemeyer et al. 2014 case series  LOE 4  RoB high

RCT with different ACI generations
– 1st and 2nd generation ACI
• Horas et al. 2003, RCT  LOE 2  RoB mod.
• Bentley et al. 2003, RCT  LOE 2  RoB mod.
• Dozin et al. 2005, RCT  LOE 2  RoB mod.
• Knutsen et al. 2004, 2007, 2016, RCT  LOE 1  RoB mod.
• Lim et al. 2012 RCT  LOE 2  RoB mod.
• Vanlauwe et al. 2011, RCT  LOE 1  RoB low

–  3rd generation ACI
• Visna et al.2004, RCT  LOE 2  RoB mod.
• Basad et al. 2010, RCT  LOE 1  RoB Low
• Crawford et al. 2012, RCT  LOE 2  RoB mod.
• Saris et al. 2014, RCT  LOE 1  RoB low
• Akgun et al. 2015, RCT  LOE 2  RoB low
• Clavé et al. 2016, RCT  LOE 1  RoB mod.

– 4th generation ACI (cartilage fragments)
• Cole et al. 2011, RCT  LOE 2  RoB mod.
• Spalding et al. 2011, RCT  LOE 2  RoB mod.

Autologous chondrocyte implantation as treatment for degen-
erative and/or osteoarthritic joints
• Ossendorf et al 2007, case series  LOE 4  RoB high
• Kreuz et al. 2009, case series  LOE 4  RoB high
 Summary: Overall improvements in patients affected by early 

osteoarthritis treated with polymer-based autologous cartilage 
implants. Results were sustained over 4 years follow up and sig-
nifi cant improvement in symptoms and good defect fi lling on MRI 
were seen.

• Minas et al. 2010, case series  LOE 4  RoB high
• Rosenberger et al. 2008, case series  LOE 4  RoB high
 Summary: Large early OA knees were treated with signifi cant out-

come improvements and with failure rates between 8–14% (knees 
turned into joint arthroplasties after up to 11 years follow up).

• Filardo et al. 2012, case series  LOE 4  RoB high
 Summary: Patients with degenerative lesions were treated and 

statistically signifi cant improvements were observed in all the 
scores at mid-term follow-up. However, these scores were lower 
and failures more frequently than previously reported in non-
arthritic populations.

• Bauer et. 2012, case series  LOE 4  RoB high
 Summary: There were signifi cant improvements in all fi ve KOOS 

domains. Four were signifi cantly maintained to 5 years.

LOE, RCT, and RoB, see Table 1
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ment has been investigated, with a statistically signifi cant 
clinical improvement being noted in 18 patients with medial 
knee OA (mean age 47 years) who received matrix-induced 
ACI and concurrent high tibial osteotomy (Bauer et al. 2012).

In summary, ACI can be considered for the treatment of car-
tilage defects in the setting of early OA in younger patients. 
Different generations of ACI techniques have been studied 
both in long-term follow-ups and in several randomized trials 
(level 1–2, most of them with a moderate RoB; see Table 2), 
showing that chondrocyte implantation may give improve-
ment in patients with traumatic local cartilage defects. In this 
section on ACI treatment of degenerative joints, the studies 
presented have investigated outcomes with a level of evidence 
limited to case series—accordingly with a high risk of bias. 
Reported outcomes showed improved pain and function, and 
also a high degree of satisfaction in the majority of patients. 
However, patients with local defects in a degenerative/early 
OA joint should be counselled that this procedure will not pro-
vide a normal knee and should be seen as a bridging interven-
tion to probably delay arthroplasty.

Allografts for degenerative and/or osteoarthritic 
joints (Table 3)
Very large chondral and osteochondral defects have tradition-
ally been treated with osteochondral allograft transplantation. 
Young patients with severe joint trauma can develop a degen-
erative joint that, if the patient was older, would be treated 
with a prosthetic joint replacement. For such young to middle-
aged patients affl icted by degenerative joint disease, osteo-
chondral allograft transplantation may be an alternative. How-
ever, because biologically subtle immunological responses 
may occur within the joint, the long-term consequences of 
which have yet to be fully characterized, the allografts do not 
last forever (failure can occur both within the bone and in the 
cartilage). Fresh and cryopreserved allografts are available 
options for these patients. Patients with opposing (bipolar) 
joint lesions (Meric et al. 2015), uncorrectable malalignment, 
or advanced osteoarthritis—and those over 40—tend to have 
less favorable outcomes. 

Fresh stored osteochondral allograft
In comparison to autograft tissue, osteochondral allografts 
(OCAs) have no donor site morbidity and OCA reports have 
demonstrated good long-term outcomes (Gross et al. 2005, 
Raz et al. 2014). In addition, OCA can be used to treat large 
and uncontained lesions. However, disadvantages of OCA are 
the possibility of disease transmission, unknown long-term 
immune response, and limited availability.

Pioneering work on allografts was done in Canada (Gross 
et al. 1975) and in the USA (Locht et al. 1984, Garrett 1986, 
Meyers et al. 1989, Convery et al. 1991). These reports were 
case series with LOE 4 and high RoBs involving patients 
with degenerative, traumatic large defects. Long-term follow-
up has shown 95% survivorship of OCA at 5 years and 85% 

survivorship at 10 years in 60 patients with femoral condylar 
lesions, and survivorship rates of 95%, 80%, and 65% at 5, 
10, and 15 years, respectively, in 65 patients treated with tibial 
plateau lesions (Gross et al. 2005). A recent long-term follow-
up found similar results in 58 patients (Raz et al. 2014). 

Reports exist also on 48 patients who received simultane-
ous meniscal allograft transplantation (MAT) and osteochon-
dral allografts (OCA) between 1983 and 2011 (Getgood et al. 
2015). The main underlying diagnoses were trauma in one 
third and osteoarthritis in one half of the cases. The overall 
success rate of concomitant meniscal allografts and OCA was 
comparable with results reported for either procedure in isola-
tion. A trend of worse outcomes was observed with bipolar 
tibial-femoral grafts in the setting of OA. The 5-year survivor-
ship was 78% and 73% for MAT and OCA, respectively, and 
69% and 68% at 10 years (Getgood et al. 2015).

Particulate osteochondral allograft
The implantation of fragments of juvenile allograft carti-
lage is termed particulate juvenile allograft cartilage (PJAC) 
(DeNovo NT Natural Tissue Graft; Zimmer Inc., Warsaw, IN) 
(Tompkins et al. 2014). The tissue is juvenile allograft articu-
lar cartilage (with donors being less than 13 years of age) that 
is cut into approximately 1- to 2-mm cubes. PJAC is applied 
in a monolayer and secured in the defect with fi brin glue, 

Table 3. Osteochondral allografts

Longterm results with osteochondral allografts
• Gross et al. 2005, prospective cohort study  LOE 2 RoB mod.
• Raz et al. 2014, case series  LOE 4  RoB high
 Summary: Survival analysis revealed 95% survival at 5 years and 

59% at 25 years. Patients with surviving grafts had good function, 
with a mean modifi ed HSS score of 86 at 15 years or more follow-
ing the allograft transplant surgery. Late osteoarthritic degenera-
tion on radiographs was associatedwith lower HSS scores and 
poorer clinical outcomes.

Allografts for degenerative and/or osteoarthritic joints
– Fresh stored osteochondral allograft
• Jamali et al. 2005, case series  LOE 4 RoB high
 Summary: Fresh osteochondral allografting is a salvage procedure 

for the young, active patient with severe degenerative articular 
cartilage disease of the patellofemoral joint.

• Getgood et al. 2015, case series  LOE 4  RoB high
 Summary: Concomitant osteochondral allografts + meniscal 

allografts were performed. The underlying diagnosis was trauma 
(tibial plateau fracture) in 33 % with osteoarthritis predominating 
in 54 % of cases. A trend towards a worse outcome was observed 
with bipolar tibio-femoral grafts in the setting of OA.

– Particulated osteochondral allograft (PJAC)
 Summary: There are no reports on the use of PJAC on aging, 

degenerative joints.

– Cryopreserved osteochondral allograft
 Summary: No clinical report on the treatment ofdegenerative 

cartilage exist but the technique is interesting for an early OA 
treatment related to a potential delivery of growth factors to the 
diseased environment.

LOE, RCT, and RoB, see Table 1
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which has been prepared for use with cell implants (cleared 
base and vertical walls) (Farr et al. 2014). In the USA, PJAC 
falls under the same human tissue regulatory pathway as fresh 
stored OCA (HCT/P 361). As this does not require a Biologi-
cal License Application (BLA) based on a randomized con-
trolled trial, none are planned. 

There have been no reports on the use of PJAC in ageing, 
degenerative joints. 

Cryopreserved osteochondral allograft
As fresh tissue is diffi cult to manage logistically, the alter-
native possibility of using frozen osteochondral allograft was 
enticing (Malinin et al. 1994). Unfortunately, the freezing 
process had resulted in chondrocyte lysis, and the absence of 
chondrocytes in turn caused gradual deterioration of the extra-
cellular matrix. 

With new developments in tissue processing, there is a 
recent technique that reportedly maintains chondrocyte via-
bility at approximately 70%, which may give an adequate 
cell number to maintain the matrix (Cook et al. 2014). This 
proprietary tissue cryopreservation technique differs from 
past attempts: all bone, apart from a few microns, is removed 
and the resulting cartilage is then perforated. This treatment 
may aid in better dispersion of cryopreservatives and allow 
molding of the graft into complex topology while not requir-
ing bone removal when there is no bony lesion/defect (note 
that OCA removes normal bone if there are no bony defects). 
Theoretically, the CPAC (cryopreserved perforated allogeneic 
cartilage) could deliver cells (similar to PJAC) and a variety of 
growth factors, both of which may infl uence marrow, cartilage, 
and synovial recruited mesenchymal stem cells (e.g. TGF-β1: 
for promotion of chondrogeneic differentiation and regulation 
of type-II collagen expression; BMP-2, 4, 7: for induction of 
chondrogenesis by MSCs and stimulation of ECM production 
by chondrocytes; bFGF: for proliferation of chondrocytes; 
and IGF-1: for induction of ECM synthesis) (Geraghty et al. 
2015). A proprietary in-house study showed defect fi lling in 
an animal model, and there is one case report in the literature 
(Hoffman et al. 2015).

CPAC falls under the same FDA exclusion as PJAC and 
OCA, and therefore does not require a BLA.  There have been 
no clinical reports on the treatment of degenerative cartilage 
with CPAC. However, the technique is interesting for an early 
OA treatment related to a potential growth factor delivery 
through the perforated structure of CPAC to a diseased envi-
ronment. (Geraghty et al. 2015). 

In summary, the indications for the different types of 
allograft transplantations include treatment of large chon-
dral or osteochondral defects and salvage of previously failed 
cartilage repair. The procedure can also be used for complex 
biological knee reconstruction, as seen in osteonecrosis, in 
fracture malunion, and in early posttraumatic osteoarthritis in 
young patients (Sherman et al. 2014).

Stem cell treatment for degenerative and/or osteoar-
thritic joints (Table 4)
The self-renewing ability and pluripotency of stem cells has 
led to it being keenly explored as an alternative to chondro-
cytes for cartilage repair. Its superior proliferation rate has 
made the use of greater cell numbers possible for the treat-
ment of large cartilage defects. The collection of stem cells is 
usually minimally invasive, and some stem cell treatments are 
offered as single-stage procedures, which enhances the attrac-
tiveness of its usage—alongside the reduced fi nancial burden 
on patients. 

Bone marrow-derived mesenchymal stem cells 
Encouraging results have arisen from the use of bone 
marrow mesenchymal stem cells (BM-MSCs) for cartilage 
regeneration. In 2002, successful repair of cartilage defects 
using expanded BM-MSCs in osteoarthritic patients oper-
ated with high tibial osteotomy was reported (Waitangi et al. 
2002). Despite the lack of obvious clinical improvements, 
arthroscopic and histological grading scores were better in 
the cell-transplanted group than in the cell-free control group 
(Wakitani et al. 2002). This discovery played a leading role in 
opening up the possibility of BM-MSCs being used for car-
tilage repair in ageing joints. Safety of autologous BM-MSC 
transplantation for cartilage repair has been confi rmed by 
long-term follow-up of 41 patients (Wakitani et al. 2011). The 
results showed that patients who received the stem cell treat-
ment did not develop tumors or infections even after 11 years 
of follow-up, which is currently the strongest evidence for 
the safety of BM-MSC transplantation for articular cartilage 
repair (Wakitani et al. 2011). 

In a comparison between ACI and BM-MSCs, BM-MSC 
transplantation was found to be as effective as ACI for articular 
cartilage repair (Nejadnik et al. 2010). A greater improvement 
in “physical role functioning” was observed in the BM-MSC 
group over time. Patient age was found to be negatively cor-
related to the clinical outcome in the ACI-treated group but 
not in the BM-MSC-treated group, where patients older than 
45 years had the same clinical outcomes as younger patients. 

A phase-I/II trial (open-label, single-dose, single-arm clini-
cal trial) on 15 patients (mean age 52 years) suffering from 
grade-II to -III Kellgren-Lawrence OA showed a relevant 
decrease in pain intensity from the eighth day after injec-
tion, and confi rmed the safety of MSC treatment for ageing 
patients, as seen from the low number of adverse events that 
were reported during the follow-up period (Soler et al. 2016). 
Interesting results were also reported from a clinical trial 
involving older patients (mean age 57 years) using BM-MSC 
treatment (Kim et al. 2013). The improvement was better in 
patients with large lesions.

Allogeneic BM-MSCs hold great potential for the treatment 
of knee cartilage defects. 30 patients with chronic knee pain 
that was unresponsive to non-operative treatments, and with 
radiological osteoarthritis, were randomized into 2 groups of 
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15 (Vega et al. 2015). 1 group was treated with allogeneic bone 
marrow MSCs by intra-articular injection. The control group 
received hyaluronic acid intra-articularly in a single dose. 1 

year postoperatively, T2 relaxation measurements showed 
that MSC treatment had led to improved cartilage quality. The 
MSC-treated patients showed statistically signifi cant improve-
ment in pain reduction relative to the controls.

The use of high tibial osteotomy (HTO) combined with 
microfracture with or without BM-MSCs mixed in hyaluronic 
acid gel (HA) for injection in patients (mean age 51) with 
varus knee and cartilage defects has also been reported (Wong 
et al. 2013). At the 1 year follow-up, the cell-recipient group 
showed statistically signifi cantly better clinical scores than the 
control group. 

Bone marrow concentrate (BMC) implantation has been 
successfully demonstrated as a single-stage technique for car-
tilage repair in 9 patients with focal lesions (mean age 48 years) 
(Enea et al. 2013). The patients were treated with microfrac-
ture and BMC scaffold, and 8 of them showed improvement 
at the 2-year follow-up. The results demonstrated the clinical 
effectiveness of BMC implantation for cartilage repair, even in 
this middle-aged group with early signs of cartilage degenera-
tion. In a comparative study, the effi cacy of BMC treatment 
in patients over 45 years of age and in younger patients was 
studied (Gobbi et al. 2016). BMC was found to be effective 
for patients over 45, and the outcome was mainly affected by 
lesion size, not patient age (Gobbi et al. 2016). 

Peripheral blood progenitor cells
Stem cells can also be induced to enter the peripheral blood 
through the use of growth factors. In a randomized level-2 
study, the use of peripheral blood progenitor cells (PBPCs) 
and HA gel for the treatment of cartilage defects after 
arthroscopic subchondral drilling was studied in 50 patients 
with a mean age of 38 years (Saw et al. 2013). Arthroscopy 
results confi rmed that there was articular cartilage repair, and 
hyaline-like cartilage tissue repair was observed by histologi-
cal analysis. The result showed that intra-articular injection 
of PBPCs and HA is a possible method for articular cartilage 
repair, and in another paper the same authors also described 
the method as being usable for knees with varus deformity 
(Saw et al. 2015).

Adipose-derived mesenchymal stem cells
Lipo-aspirates offer a convenient source of cells for cartilage 
tissue engineering, due to their abundance and potential to 
differentiate into cartilage. 25 patients diagnosed with knee 
osteoarthritis (mean age 54 years) underwent arthroscopic 
debridement and injection of adipose stem cells combined 
with platelet-rich plasma (PRP) (Koh and Choi 2012). No 
major adverse events related to the injections were observed 
during the 12- to 18-month follow-up period. Patients sub-
jected to adipose stem cell treatment showed poorer scores 
than the control group. However, the clinical results during the 
follow-up period were similar. 

In summary, the use of both autologous and allogeneic bone 
marrow MSCs has consistently resulted in early pain relief. 

Table 4. Stem cells treatment for degenerative and/or osteoarthritic 
joints

Autologous bone marrow-derived mesenchymal stem cells
– Safety study
 Yamasaki et al. 2014, RCT  LOE 2  RoB mod.
 Summary: patients who received the stem cell treatment did not 

develop tumours or infections even at 11 years follow-up.

– Clinical follow-up studies
• Wakitani et al. 2002, RCT LOE 2 RoB mod.
 Summary: Successful repair of cartilage defects using expanded 

bone marrow mesenchymal cells for 24 patients with mean 63 
years age with OA who underwent a high tibial osteotomy.

• Nejadnik et al. 2010, cohort study  LOE 3  RoB mod.
 Summary: It was found out that age affected the clinical outcome 

in chondrocyte implanted group, but not in the bone marrow-MSCs 
group. Patients older than 45 years in bone marrow-MSCs group 
had the same results as younger patients.

• Soler et al. 2016, open-label, single-dose, 
 single-arm trial LOE 3 RoB mod.
 Summary: The study showed decrease in the intensity of pain 

in the study patients since day 8 post injection, and confi rmed 
safety of MSCs treatment for aging patients by low adverse events 
reported during the follow-up period.

• Kim et al. 2015. Cohort study LOE 3 RoB high
 Summary: Old patients were treated with signifi cant improvement 

in pan relief. The improvement was more signifi cant for patients 
with large lesion size or existence of subchondral cysts.

Allogeneic bone marrow-derived mesenchymal stem cells
• Vega et al. 2014, RCT  LOE 2  RoB low
 Summary: OA Patients with mean age of 57 were treated by 

MSCs. The result showed cartilage quality improvements by T2 
relaxation measurements and safety was confi rmed by no serious 
adverse event reported.

• Wong et al. 2015, RCT  LOE 2  RoB low
 Summary: 56 knees with unicompartmental osteoarthritic knees 

were treated by microfracture and osteotomy ±mscs. The cell-
recipient group showed signifi cantly better clinical scores after 1 
year follow-up than control group.

• Enea et al. 2013, case series  LOE 4  RoB high
• Gobbi et al. 2016, prospective cohort study  LOE 2  RoB mod.
 Summary: The follow ups showed similar results that bone marrow 

mscs or bone marrow concentrates could be useful for patients 
older 45 years, and the outcome was mainly affected by lesion 
size and number but not age.

Peripheral blood progenitor cells
• Saw et al. 2015, therapeutic case series  LOE 4  RoB high
 Summary: Repair with stem cells in combination with medial 

open-wedge HTO for varus deformity correction of the knee joint 
induced a repair tissue that closely resembled the native articular 
cartilage.

Adipose-derived mesenchymal stem cells
• Koh et al. 2012, therapeutic case-control study  LOE 3  RoB high
 Summary: Adipose stem cells group showed signifi cantly poorer 

scores than a control group but the clinical results during the 
follow-up period were similar and had no signifi cant difference.

• Kim et al. 2014, cohort study  LOE 3  RoB high
 Summary: Patient age > 46 years.

LOE, RCT, and RoB, see Table 1
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Several studies have shown clinical improvements in osteoar-
thritic patients with large lesion sizes. Despite these encour-
aging fi ndings, studies with larger numbers of patients are 
required to confi rm the effi cacy of MSCs for repair of osteoar-
thritic cartilage defects.

General discussion

In this review, there have been many papers studying the effect 
of different cartilage repair methods on cartilage injuries in 
middle-aged patients where one can expect a certain degree 
of degenerative cartilage, but there have not been many papers 
where the study group had manifest osteoarthritis. 

In general, results were less good when using pure bone 
marrow stimulation, but in some reports the results were less 
age-dependent when using an augmentation. Regarding the 
treatment of early degenerative joints with ACI, reported out-
comes showed improved pain and function, as well as high sat-
isfaction, in the majority of patients—but the level of evidence 
was limited to case series with a high risk of bias. The tech-
nique with the largest number of degenerative joints treated 
and the longest follow-up is osteochondral allograft trans-
plantation (OCA). However, the OCA studies and most of the 
other repair studies that have been reviewed were level-4 stud-
ies, with only a few high-level studies. Furthermore, the risk 
of bias in the studies included has been mostly high. Differ-
ent forms of stem cell treatment are now being presented, and 
with direct focus on OA. Several of these papers have reported 
pain relief in their study groups, but the stem cells were of dif-
ferent origin and it is diffi cult to compare the studies.

In summary, the applicability and outcomes of these carti-
lage repair techniques in OA patients have not been rigorously 
studied, but the few available studies have had results that are 
generally worse in older patients and those with OA. The main 
effect of the different treatments has been pain relief.

It is important to understand that cartilage repair techniques 
have been developed to treat patients with localized carti-
lage injuries, to reduce joint pain and mechanical disabilities. 
These techniques should be seen as plug-in techniques induc-
ing a reasonably functional, good-quality repair tissue that 
can reduce symptoms—and with long durability. A common 
misunderstanding is that it might be possible to use these car-
tilage repair methods to resurface a generalized osteoarthritic 
joint characterized by thinning of cartilage and subchondral 
cyst development. However, such a tissue engineered product 
is still a dream scenario. 

In early OA, however, local defects exist that may also give 
pain and mechanical disability. Such defects can be treated 
with the cartilage repair methods described in this review, but 
increasing age may infl uence the results negatively, and the 
results are based on case series with a high degree of bias. 
Such patients may not be suitable candidates for joint arthro-
plasty, and when non-operative treatments such as physiother-

apy and weight reduction are not enough, local repair of such 
defects may be useful.

The challenge, and translation to the clinic
The treatment of local cartilage injuries in an otherwise healthy 
joint has been successful in terms of pain relief and functional 
recovery using a variety of methods in young patients. How-
ever, the translation of methods used for local traumatic car-
tilage defects to joints with an unhealthy cartilage matrix and 
disturbed joint homeostasis is a diffi cult task. Still, the local 
repair methods need to be improved regarding our knowledge 
of how to induce and control the repair events for different 
types and locations of lesions. 

The weaknesses of all the cartilage repair techniques avail-
able to date is that none of them have been able to induce the 
zonal organization of chondrocytes that is seen in vivo. Such 
zonal organization must be shown in local cartilage repair 
before one can use cartilage repair techniques to resurface 
an osteoarthritic joint (Felka et al. 2016). The choice of type 
of cell could be crucial. There are multipotent mesenchymal 
progenitor cells, defi ned as CD105+/CD166+ cells, in human 
articular cartilage of all ages (Chang et al. 2011). It is of inter-
est that the fetal mesenchymal progenitor cells have the high-
est rates of proliferation (measured by cell doubling times and 
chondrogeneic differentiation) compared to those from adults 
and elderly patients. Furthermore, spontaneous osteogenic dif-
ferentiation has been detected only in mesenchymal progeni-
tor cells from elderly patients (Chang et al. 2011). The above 
fi ndings suggest that committed chondrocytes outperform 
mesenchymal stem cells, that young chondrocytes outperform 
old chondrocytes, and that cartilage progenitor cells outper-
form committed chondrocytes. The most suitable cell type to 
use when repairing a cartilage defect in an early degenera-
tive joint would then theoretically be allogenic cartilage pro-
genitor cells from young individuals. Further support for this 
theory comes from a study showing statistically signifi cantly 
better repair when allogenic young cartilage fragments were 
mixed with fragments from old donors, compared to the use 
of only old cartilage fragments when treating cartilage defects 
in a rabbit model (Bonasia et al. 2015).

Furthermore, there is a sliding scale of cartilage areas to 
treat—from the local fresh lesions with normal surrounding 
cartilage to slightly degenerative cartilage to early OA, but 
still with a substantial amount of cartilage shouldering the 
traumatized cartilage. With better characterization of the car-
tilage defects that are treated and well-documented in carti-
lage registries, we will be able to defi ne when and where an 
operative attempt could be performed, related to the status of 
the cartilage and the joint. Monitoring of these patients with 
serum biomarkers could be of great value for evaluation of the 
effect of local repair on joint disease processes.

Future treatment goals 
To move our knowledge forward for improvement of treat-
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ment possibilities for degenerative joints, we need to:
• Defi ne more precisely the difference between a local trau-

matic defect, a posttraumatic degenerative lesion, and OA 
(Jarraya et al. 2016, Dore et al. 2010).

• Determine whether a local cartilage repair may not only 
reduce pain and disability but also have a disease-modifying 
effect, slowing down progression to OA (Heir et al. 2010, 
Ryd et al. 2015).

• Evaluate and compare the use of committed chondrocytes 
and stem cells of various origins (Sakaguchi et al. 2005, 
Karlsson et al. 2007, Williams et al. 2010, Marmotti et al. 
2014, Nelson et al. 2014).

• Make better use of outcome databases to follow ongoing 
studies on a global basis, such as ACL- hip and knee pros-
thesis databases (Gracitelli et al. 2016). 

Furthermore, studies of importance that should be done are:
• Prospective long-term studies on the natural course of carti-

lage lesions of different origins and types.
• Large long-term multicenter RCTs comparing physiother-

apy, local biological repairs, and prosthesis implants for 
early OA.

MB wrote the Introduction and the Discussion and edited the manuscript 
content into the full manuscript. Together with JF, MB calculated the level 
of evidence and risk of bias grading of the papers presented. AG wrote the 
section on chondrocyte implantation while JF wrote the section on allografts. 
ML wrote about scaffold augmentation bone marrow techniques and JC wrote 
the bone marrow section. Finally JH was responsible for the section on stem 
cells. All the authors have fi nally agreed on the content and design of the fi nal 
manuscript.

MB is a consultant for Episurf AB, Sweden; Fin-Ceramica Faenza S, Italy; 
and BMI Biomedical Implants GmbH, Germany. JF is a consultant for RTI 
Surgical Inc., Alachua, FL, USA; and Allosource Nonprofi t, Centennial, CO, 
USA. AG is a consultant for Vericel Corporation, Cambridge, MA, USA. JC, 
JH, and ML declare that they have no competing interests.
 

 
Akgun I, Unlu M C, Erdal OA, Ogut T, Erturk M, Ovali E, Kantarci F, Cal-

iskan G, Akgun Y. Matrix-induced autologous mesenchymal stem cell 
implantation versus matrix-induced autologous chondrocyte implantation 
in the treatment of chondral defects of the knee: a 2-year randomized study. 
Arch Orthop Trauma Surg 2015; 135(2): 251-63.

Anders S, Volz M, Frick H, Gellissen J. A randomized, controlled trial com-
paring autologous matrix-induced chondrogenesis (AMIC®) to microfrac-
ture: analysis of 1- and 2-year follow-up data of 2 centers. Open Orthop J 
2013; 7: 133-43.

Bae D K, Song S J, Yoon K H, Heo D B, Kim T J. Survival analysis of micro-
fracture in the osteoarthritic knee-minimum 10-year follow-up. Arthros-
copy 2013; 29(2): 244-50. 

Basad E, Ishaque B, Bachmann G, Stürz H, Steinmeyer J. Matrix-induced 
autologous chondrocyte implantation versus microfracture in the treatment 
of cartilage defects of the knee: a 2-year randomised study. Knee Surg 
Sports Traumatol Arthrosc 2010; 18(4): 519-27.

Bauer S, Khan R J, Ebert J R, Robertson W B, Breidahl W, Ackland T R, et al. 
Knee joint preservation with combined neutralising high tibial osteotomy 
(HTO) and matrix-induced autologous chondrocyte implantation (MACI) 
in younger patients with medial knee osteoarthritis: a case series with pro-
spective clinical and MRI follow-up over 5 years. Knee 2012; 19(4): 431-9.

Benthien J P, Behrens P. Autologous matrix-induced chondrogenesis (AMIC): 
combining microfracturing and a collagen I/III matrix for articular carti-
lage resurfacing. Cartilage 2010; 1(1): 65-8.

Benthien J P, Behrens P. Nanofractured autologous matrix induced chondro-
genesis (NAMIC©)--Further development of collagen membrane aided 
chondrogenesis combined with subchondral needling: A technical note. 
Knee 2015; 22(5): 411-5.

Bentley G, Biant L C, Carrington R W, Akmal M, Goldberg A, Williams A M, 
Skinner J A, Pringle J. A prospective, randomised comparison of autolo-
gous chondrocyte implantation versus mosaicplasty for osteochondral 
defects in the knee. J Bone Joint Surg Br 2003; 85(2): 223-30

Bonasia D E, Martin J A, Marmotti A, Kurriger GL, Lehman A D, Rossi R, 
Amendola A. The use of autologous adult, allogenic juvenile, and com-
bined juvenile-adult cartilage fragments for the repair of chondral defects. 
Knee Surg Sports Traumatol Arthrosc 2015 [Epub ahead of print]

Bonzani I C, George J H, Stevens M M. Novel materials for bone and carti-
lage regeneration. Curr Opin Chem Biol 2006; 10(6): 568-75.

Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. Treat-
ment of deep cartilage defects in the knee with autologous chondrocyte 
transplantation. N Engl J Med 1994a; 331: 889-95. 

Brittberg M, Faxén E, Peterson L. Carbon fi ber scaffolds in the treatment of 
early knee osteoarthritis. A prospective 4-year followup of 37 patients. Clin 
Orthop Relat Res 1994b; (307): 155-64. 

Brix M O, Stelzeneder D, Chiari C, Koller U, Nehrer S, Dorotka R, Wind-
hager R, Domayer S E. Treatment of full-thickness chondral defects with 
Hyalograft C in the knee: long-term results. Am J Sports Med 2014; 42(6): 
1426-32.

Carnes J, Stannus O, Cicuttini F, Ding C, Jones G. Knee cartilage defects in 
a sample of older adults: natural history, clinical signifi cance and factors 
infl uencing change over 2.9 years. Osteoarthritis Cartilage 2012; 20(12): 
1541-7.

Cavallo C, Desando G, Facchini A, Grigolo B. Chondrocytes from patients 
with osteoarthritis express typical extracellular matrix molecules once 
grown onto a three-dimensional hyaluronan-based scaffold. J Biomed 
Mater Res A 2010; 93: 86-95.

Chang H X, Yang L, Li Z, Chen G, Dai G. Age-related biological charac-
terization of mesenchymal progenitor cells in human articular cartilage. 
Orthopedics 2011; 34(8): e382-8

Clavé A, Potel J F, Servien E, Neyret P, Dubrana F, Stindel E. Third-gener-
ation autologous chondrocyte implantation versus mosaicplasty for knee 
cartilage injury: 2-year randomized trial.J Orthop Res 2016; 34(4): 658-65.

Cole B J, Farr J, Winalski C S, Hosea T, Richmond J, Mandelbaum B, De 
Deyne P G. Outcomes after a single-stage procedure for cell-based carti-
lage repair: a prospective clinical safety trial with 2-year follow-up. Am J 
Sports Med 2011; 39(6): 1170-9.

Convery F R, Meyers M H, Akeson W H. Fresh osteochondral allografting of 
the femoral condyle. Clin Orthop Relat Res 1991; (273): 139-45.

Cook J L, Stoker A M, Stannard J P, Kuroki K, Cook C R, Pfeiffer F M, 
Bozynski C, Hung C T. A novel system improves preservation of osteo-
chondral allografts. Clin Orthop Relat Res 2014; 472(11): 3404-14.

Crawford D C, DeBerardino T M, Williams R J 3rd. NeoCart, an autologous 
cartilage tissue implant, compared with microfracture for treatment of 
distal femoral cartilage lesions: an FDA phase-II prospective, randomized 
clinical trial after two years. J Bone Joint Surg Am 2012 6; 94(11): 979-89.

Davies-Tuck M L, Wluka A E, Wang Y, Teichtahl A J, Jones G, Ding C, Cicut-
tini F M. The natural history of cartilage defects in people with knee osteo-
arthritis. Osteoarthritis Cartilage 2008; 16(3): 337-42.

Delcogliano M, de Caro F, Scaravella E, Ziveri G, De Biase CF , Marotta 
D, Marenghi P, Delcogliano A. Use of innovative biomimetic scaffold in 
the treatment for large osteochondral lesions of the knee.Knee Surg Sports 
Traumatol Arthrosc 2014; 22(6): 1260-9.

Desando G, Cavallo C, Tschon M, Giavaresi G, Martini L, Fini M, Giardino 
R, Facchini A, Grigolo B. Early-term effect of adult chondrocyte transplan-
tation in an osteoarthritis animal model. Tissue Eng Part A 2012; 18(15-
16): 1617-27.

10174 Brittberg.indd   3510174 Brittberg.indd   35 3/9/2017   3:05:55 PM3/9/2017   3:05:55 PM



36 Acta Orthopaedica 2016; 87 (eSuppl 363): 26–38

de Windt T S, Concaro S, Lindahl A, Saris D B, Brittberg M. Strategies for 
patient profi ling in articular cartilage repair of the knee: a prospective 
cohort of patients treated by one experienced cartilage surgeon. Knee Surg 
Sports Traumatol Arthrosc 2012; 20(11): 2225-32.

de Windt T S, Vonk L A, Brittberg M, Saris D B. Treatment and prevention 
of (early) osteoarthritis using articular cartilage repair—fact or fi ction? A 
systematic review. Cartilage 2013; 4: 5S-12S.

Di Martino A, Kon E, Perdisa F, Sessa A, Filardo G, Neri M P, Bragonzoni L, 
Marcacci M. Surgical treatment of early knee osteoarthritis with a cell-free 
osteochondral scaffold: results at 24 months of follow-up. Injury 2015;  46 
(Suppl 8): S33-38.

Dore D, Martens A, Quinn S, Ding C, Winzenberg T, Zhai G, Pelletier J P, 
Martel-Pelletier J, Abram F, Cicuttini F, Jones G. Bone marrow lesions 
predict site-specifi c cartilage defect development and volume loss: a pro-
spective study in older adults. Arthritis Res Ther 2010; 12(6): R222.

Dozin B, Malpeli M, Cancedda R, Bruzzi P, Calcagno S, Molfetta L, Priano 
F, Kon E, Marcacci M. Comparative evaluation of autologous chondrocyte 
implantation and mosaicplasty: a multicentered randomized clinical trial. 
Clin J Sport Med 2005; 15(4): 220-6.

Enea D, Cecconi S, Calcagno S, Busilacchi A, Manzotti S, Kaps C, Gigante 
A. Single-stage cartilage repair in the knee with microfracture covered with 
a resorbable polymer-based matrix and autologous bone marrow concen-
trate. Knee 2013; 20(6): 562-9.

Farr J, Tabet S K, Margerrison E, Cole B J. Clinical, radiographic, and histo-
logical outcomes after cartilage repair with particulated juvenile articular 
cartilage: a 2-year prospective study. Am J Sports Med 2014; 42(6): 1417-
25.

Felka T, Rothdiener M, Bast S, Uynuk-Ool T, Zouhair S, Ochs B G, De 
Zwart P, Stoeckle U, Aicher W K, Hart M L, Shiozawa T, Grodzinsky AJ, 
Schenke-Layland K, Venkatesan J K, Cucchiarini M, Madry H, Kurz B, 
Rolauffs B. Loss of spatial organization and destruction of the pericellular 
matrix in early osteoarthritis in vivo and in a novel in vitro methodology. 
Osteoarthritis Cartilage 2016; 24(7): 1200-9.

Ferruzzi A, Buda R, Cavallo M, Timoncini A, Natali S, Giannini S. Cartilage 
repair procedures associated with high tibial osteotomy in varus knees: 
clinical results at 11 years’ follow-up. Knee 2014; 21(2): 445-50.

Filardo G, Kon E, Di Martino A, Patella S, Altadonna G, Balboni F, Bragon-
zoni L, Visani A, Marcacci M. Second-generation arthroscopic autolo-
gous chondrocyte implantation for the treatment of degenerative cartilage 
lesions.Knee Surg Sports Traumatol Arthrosc 2012; 20(9): 1704-13. 

Garrett J C.Treatment of osteochondral defects of the distal femur with fresh 
osteochondral allografts: a preliminary report. Arthroscopy 1986; 2(4): 
222-6.

Geraghty S, Kuang J Q, Yoo D, LeRoux-Williams M, Vangsness C T, Jr., 
Danilkovitch A. A novel, cryopreserved, viable osteochondral allograft 
designed to augment marrow stimulation for articular cartilage repair. J 
Orthop Surg Res 2015; 10: 66.

Getgood A, Gelber J, Gortz S, De Young A, Bugbee W. Combined osteochon-
dral allograft and meniscal allograft transplantation: a survivorship analy-
sis. Knee Surg Sports Traumatol Arthrosc 2015; 23(4): 946-53.

Gille J, Behrens P, Volpi P, de Girolamo L, Reiss E, Zoch W, Anders S. Out-
come of autologous matrix induced chondrogenesis (AMIC) in cartilage 
knee surgery: data of the AMIC Registry. Arch Orthop Trauma Surg 2013; 
133 (1): 87-93

Gobbi A, Scotti C, Karnatzikos G, Mudhigere A, Castro M, Peretti G M. One-
step surgery with multipotent stem cells and Hyaluronan-based scaffold 
for the treatment of full-thickness chondral defects of the knee in patients 
older than 45 years. Knee Surg Sports Traumatol Arthrosc 2016 Jan 14. 
[Epub ahead of print]

Goldring M B, Marcu K B. Cartilage homeostasis in health and rheumatic 
diseases. Arthritis Res Ther 2009; 11(3): 224.

Gomoll A H. Microfracture and augments. J Knee Surg 2012; 25(1): 9-15. 
Review.

Gracitelli G C, Moraes V Y, Franciozi C E, Luzo M V, Belloti J C. Surgical 
interventions (microfracture, drilling, mosaicplasty, and allograft trans-
plantation) for treating isolated cartilage defects of the knee in adults. 
Cochrane Database Syst Rev 2016; 9: CD010675

Greene M A, Loeser R F. Aging-related infl ammation in osteoarthritis.Osteo-
arthritis Cartilage 2015; 23(11): 1966-71. Review.

Grieshober J A, Stanton M, Gambardella R. Debridement of articular carti-
lage: The natural course. Sports Med Arthrosc 2016; 24(2): 56-62.

Gross A E, Silverstein E A, Falk J, Falk R, Langer F. The allotransplantation 
of partial joints in the treatment of osteoarthritis of the knee. Clin Orthop 
Relat Res 1975; (108): 7-14.

Gross A E, Shasha N, Aubin P. Long-term followup of the use of fresh osteo-
chondral allografts for posttraumatic knee defect. Clin Orthop Relat Res 
2005; 435(6): 79-87.

Heir S, Nerhus T K, Røtterud J H, Løken S, Ekeland A, Engebretsen L, Arøen 
A. Focal cartilage defects in the knee impair quality of life as much as 
severe osteoarthritis: a comparison of knee injury and osteoarthritis out-
come score in 4 patient categories scheduled for knee surgery. Am J Sports 
Med 2010; 38(2): 231-7. 

Hoffman J K, Geraghty S, Protzman N M. Articular cartilage repair using 
marrow stimulation augmented with a viable chondral allograft: 9-month 
postoperative histological evaluation. Case Rep Orthop 2015; Article ID 
617365

Hollander A P, Dickinson S C, Sims T J, Brun P, Cortivo R, Kon E, Marcacci 
M, Zanasi S, Borrione A, De Luca C, Pavesio A, Soranzo C, Abatangelo G. 
Maturation of tissue engineered cartilage implanted in injured and osteoar-
thritic human knees. Tissue Eng 2006; 12(7): 1787-98.

Jadad A R, Enkin M. Randomized controlled trials: questions, answers and 
musings (2nd ed.). Blackwell. 2007. 

Jadad A, Moore R, Carroll D, Jenkinson C, Reynolds D, Gavaghan D, 
McQuay H. Assessing the quality of reports of randomized clinical trials: 
is blinding necessary?. Controlled Clinical Trials 1996; 17(1): 1-12.

Jarraya M, Hayashi D, Roemer F W, Guermazi A. MR imaging-based semi-
quantitative methods for knee osteoarthritis. Magn Reson Med Sci 2016; 
15(2): 153-64.

Karlsson C, Brantsing C, Svensson T, Brisby H, Asp J, Tallheden T, Lindahl 
A.Differentiation of human mesenchymal stem cells and articular chondro-
cytes: analysis of chondrogenic potential and expression pattern of differ-
entiation-related transcription factors. J Orthop Res 2007; 25(2): 152-63.

Kaul G, Cucchiarini M, Remberger K, Kohn D, Madry H. Failed cartilage 
repair for early osteoarthritis defects: a biochemical, histological and 
immunohistochemical analysis of the repair tissue after treatment with 
marrow-stimulation techniques. Knee Surg Sports Traumatol Arthrosc 
2012; 20(11): 2315-24. 

Kim Y S, Park E H, Kim Y C, Koh Y G .Clinical outcomes of mesenchymal 
stem cell injection with arthroscopic treatment in older patients with osteo-
chondral lesions of the talus. Am J Sports Med 2013; 41(5): 1090-9.

Knutsen G, Engebretsen L, Ludvigsen T C, Drogset J O, Grøntvedt T, Sol-
heim E, Strand T, Roberts S, Isaksen V, Johansen O. Autologous chondro-
cyte implantation compared with microfracture in the knee. A randomized 
trial. J Bone Joint Surg Am 2004; 86-A(3): 455-64.

Knutsen G, Drogset J O, Engebretsen L, Grøntvedt T, Isaksen V, Ludvigsen 
T C, Roberts S, Solheim E, Strand T, Johansen O. A randomized trial com-
paring autologous chondrocyte implantation with microfracture. Findings 
at fi ve years. J Bone Joint Surg Am 2007; 89(10): 2105-12.

Knutsen G, Drogset J O, Engebretsen L, Grøntvedt T, Ludvigsen T C, Løken 
S, Solheim E, Strand T, Johansen O. A randomized multicenter trial com-
paring autologous chondrocyte implantation with microfracture: long-term 
follow-up at 14 to 15 years. J  Bone Joint Surg Am 2016; 98(16): 1332-9.

Koh Y G, Choi Y J. Infrapatellar fat pad-derived mesenchymal stem cell ther-
apy for knee osteoarthritis. Knee 2012; 19(6): 902-7.

Kon E, Roffi  A, Filardo G, Tesei G, Marcacci M. Scaffold-based cartilage 
treatments: with or without cells? A systematic review of preclinical and 
clinical evidence. Arthroscopy 2015 31 (4): 767-75. 

Kon E, Filardo G, Berruto M, Benazzo F, Zanon G, Della Villa S, Marcacci 
M. Articular cartilage treatment in high-level male soccer players: a pro-
spective comparative study of arthroscopic second-generation autologous 
chondrocyte implantation versus microfracture. Am J Sports Med 2011; 
39(12): 2549-57.

10174 Brittberg.indd   3610174 Brittberg.indd   36 3/9/2017   3:05:55 PM3/9/2017   3:05:55 PM



Acta Orthopaedica 2016; 87 (eSuppl 363): 26–38 37

Kreuz P C, Muller S, Ossendorf C, Kaps C, Erggelet C. Treatment of focal 
degenerative cartilage defects with polymer-based autologous chondrocyte 
grafts: four-year clinical results. Arthritis Res Ther 2009; 11: R33.

Lawrence R C, Felson D T, Helmick C G, Arnold L M, Choi H, Deyo R A, 
Gabriel S, Hirsch R, Hochberg M C, Hunder G G, Jordan J M, Katz J N, 
Kremers H M, Wolfe F; National Arthritis Data Workgroup. Estimates of 
the prevalence of arthritis and other rheumatic conditions in the United 
States. Part II. Arthritis Rheum 2008; 58(1): 26-35.

Lim H C, Bae J H, Song S H, Park Y E, Kim S J. Current treatments of iso-
lated articular cartilage lesions of the knee achieve similar outcomes. Clin 
Orthop Relat Res 2012; 470(8): 2261-7.

Locht R C, Gross A E, Langer F. Late osteochondral allograft resurfacing for 
tibial plateau fractures. J Bone Joint Surg Am 1984; 66(3): 328-35.

Loeser R F. Aging and osteoarthritis: the role of chondrocyte senescence and 
aging changes in the cartilage matrix.Osteoarthritis Cartilage 2009; 17(8): 
971-9.

Ma V Y, Chan L, Carruthers K J. Incidence, prevalence, costs, and impact 
on disability of common conditions requiring rehabilitation in the United 
States: stroke, spinal cord injury, traumatic brain injury, multiple sclerosis, 
osteoarthritis, rheumatoid arthritis, limb loss, and back pain. Arch Phys 
Med Rehabil 2014; 95(5): 986-95.

Malinin T, Mnaymneh W, Lo H K, Hinkle D K. Cryopreservation of articular 
cartilage: ultrastructural observations and long-term results of experimental 
distal femoral transplantation. Clin Orthop Relat Res 1994; 303(6): 18-32.

Marmotti A, Peretti G M, Mattia S, Bonasia D E, Bruzzone M, Dettoni F, 
Rossi R, Castoldi F. A future in our past: the umbilical cord for orthopaedic 
tissue engineering. Joints 2014 8; 2(1): 20-5.

Meric G, Gracitelli G C, Görtz S, De Young A J, Bugbee W D. Fresh osteo-
chondral allograft transplantation for bipolar reciprocal osteochondral 
lesions of the knee. Am J Sports Med 2015; 43(3): 709-14. 

Meyers M H, Akeson W, Convery F R. Resurfacing of the knee with fresh 
osteochondral allograft. J Bone Joint Surg Am 1989; 71(5): 704-13.

Miller B S, Steadman J R, Briggs K K, Rodrigo J J, Rodkey W G. Patient 
satisfaction and outcome after microfracture of the degenerative knee. J 
Knee Surg 2004; 17(1): 13-7.

Minas T. Autologous chondrocyte implantation in the arthritic knee. Orthope-
dics 2003; 26: 945-7.

Minas T, Gomoll A H, Solhpour S, Rosenberger R, Probst C, Bryant T. Autol-
ogous chondrocyte implantation for joint preservation in patients with early 
osteoarthritis. Clin Orthop Relat Res 2010; 468: 147-57.

Nejadnik H, Hui J H, Feng Choong E P, Tai B C, Lee E H. Autologous bone 
marrow-derived mesenchymal stem cells versus autologous chondrocyte 
implantation: an observational cohort study. Am J Sports Med 2010; 38(6): 
1110-6. 

Nelson L, McCarthy H E, Fairclough J, Williams R, Archer C W. Evidence of 
a viable pool of stem cells within human osteoarthritic cartilage. Cartilage 
2014; 5(4): 203-14.  

Obremskey W T, Pappas N, Attallah-Wasif E, Tornetta P 3rd, Bhandari M. 
Level of evidence in orthopedic journals. J Bone Joint Surg Am 2005; 87: 
2632-8.

Ossendorf C, Kaps C, Kreuz P C, Burmester G R, Sittinger M, Erggelet C. 
Treatment of posttraumatic and focal osteoarthritic cartilage defects of 
the knee with autologous polymer-based three-dimensional chondrocyte 
grafts: 2-year clinical results. Arthritis Res Ther 2007; 9: R41.

Peterson L, Vasiliadis H S, Brittberg M, Lindahl A. Autologous chondrocyte 
implantation: a long-term follow-up. Am J Sports Med 2010; 38(6): 1117-
24.

Plumb M S, Aspden R M. The response of elderly human articular cartilage to 
mechanical stimuli in vitro. Osteoarthritis Cartilage 2005; 13(12): 1084-91. 

Poulet B, Staines K A. New developments in osteoarthritis and cartilage biol-
ogy. Curr Opin Pharmacol 2016 24; 28: 8-13.

Rahmati M, Mobasheri A, Mozafari M. Infl ammatory mediators in osteoar-
thritis: A critical review of the state-of-the-art, current prospects, and future 
challenges. Bone 2016; 85: 81-90.

Raz G, Safi r O A, Backstein D J, Lee P T, Gross A E. Distal femoral fresh 
osteochondral allografts: follow-up at a mean twenty-two years. J Bone 
Joint Surg Am 2014; 96(13): 1101-7.

Richmond S A, Fukuchi R K, Ezzat A, Schneider K, Schneider G, Emery C 
A. Are joint injury, sport activity, physical activity, obesity, or occupational 
activities predictors for osteoarthritis? A systematic review. J Orthop Sports 
Phys Ther 2013; 43(8): 515-19. 

Ryd L, Brittberg M, Eriksson K, Jurvelin J S, Lindahl A, Marlovits S, Möller 
P, Richardson J B, Steinwachs M, Zenobi-Wong M. Pre-osteoarthritis: 
defi nition and diagnosis of an elusive clinical entity. Cartilage 2015; 6(3): 
156-65. 

Rosenberger R E, Gomoll A H, Bryant T, Minas T. Repair of large chondral 
defects of the knee with autologous chondrocyte implantation in patients 
45 years or older. Am J Sports Med 2008; 36(12): 2336-44.

Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem 
cells derived from various mesenchymal tissues: superiority of synovium 
as a cell source. Arthritis Rheum 2005; 52: 2521-9.

Sakata K, Furumatsu T, Abe N, Miyazawa S, Sakoma Y, Ozaki T. Histological 
analysis of failed cartilage repair after marrow stimulation for the treatment 
of large cartilage defect in medial compartmental osteoarthritis of the knee. 
Acta Med Okayama 2013; 67(1): 65-74.

Saris D, Price A, Widuchowski W, Bertrand-Marchand M, Caron J, Drogset 
J O, Emans P, Podskubka A, Tsuchida A, Kili S, Levine D, Brittberg M; 
SUMMIT study group. Matrix-applied characterized autologous cultured 
chondrocytes versus microfracture: two year follow-up of a prospective 
randomized trial. Am J Sports Med 2014; 42(6): 1384-94.

Saw K Y, Anz A, Siew-Yoke Jee C, Merican S, Ching-Soong Ng R, Roohi S 
A, Ragavanaidu K. Articular cartilage regeneration with autologous periph-
eral blood stem cells versus hyaluronic acid: a randomized controlled trial. 
Arthroscopy 2013; 29(4): 684-94. 

Saw K Y, Anz A, Jee C S, Ng R C, Mohtarrudin N, Ragavanaidu K. High tibial 
osteotomy in combination with chondrogenesis after stem cell therapy: a 
histologic report of 8 cases. Arthroscopy 2015; 31(10): 1909-20.

Sherman S L, Garrity J, Bauer K, Cook J, Stannard J, Bugbee W. Fresh osteo-
chondral allograft transplantation for the knee: current concepts. J Am 
Acad Orthop Surg 2014; 22(2): 121-33. 

Shive M S, Stanish W D, McCormack R, Forriol F, Mohtadi N, Pelet S, Des-
noyers J, Méthot S, Vehik K, Restrepo A. BST-CarGel® treatment main-
tains cartilage repair superiority over microfracture at 5 years in a multi-
center randomized controlled trial. Cartilage 2015; 6(2): 62-72.

Smeriglio P, Lai J H, Dhulipala L, Behn A W, Goodman S B, Smith R L, 
Maloney W J, Yang F, Bhutani N. Comparative potential of juvenile and 
adult human articular chondrocytes for cartilage tissue formation in three-
dimensional biomimetic hydrogels. Tissue Eng Part A 2015; 21(1-2): 147-
55.

Soler R, Orozco L, Munar A, Huguet M, López R, Vives J, Coll R, Codinach 
M, Garcia-Lopez J. Final results of a phase I-II trial using ex vivo expanded 
autologous Mesenchymal Stromal Cells for the treatment of osteoarthritis 
of the knee confi rming safety and suggesting cartilage regeneration. Knee 
2016; 23(4): 647-54.

Spalding T, Almqvist F, Brittberg M, Cole B, Farr J, Hosea T, Imhoff A, Man-
delbaum B, Nehrer S, Richmond J. The CAIS project; European multi-
centre randomised controlled pilot study of a one stage procedure for cell 
based cartilage repair. Proceedings. J Bone Joint Surg (Br) 2011; 93-B 
SUPP III: 292

Sterett W I, Steadman J R, Huang M J, Matheny L M, Briggs K K. Chondral 
resurfacing and high tibial osteotomy in the varus knee: survivorship analy-
sis. Am J Sports Med 2010; 38(7): 1420-4.

Tallheden T, Bengtsson C, Brantsing C, Sjögren-Jansson E, Carlsson L, Peter-
son L, Brittberg M, Lindahl A. Proliferation and differentiation potential of 
chondrocytes from osteoarthritic patients. Arthritis Res Ther 2005; 7(3): 
R560-8.

Tompkins M, Adkisson H D, Bonner K F. DeNovo NT allograft. Oper Tech 
Sports Med 2013; 21(2): 82-9. 

10174 Brittberg.indd   3710174 Brittberg.indd   37 3/9/2017   3:05:55 PM3/9/2017   3:05:55 PM



38 Acta Orthopaedica 2016; 87 (eSuppl 363): 26–38

Vanlauwe J, Saris D B, Victor J, Almqvist K F, Bellemans J, Luyten F P; 
TIG/ACT/01/2000&EXT Study Group. Five-year outcome of character-
ized chondrocyte implantation versus microfracture for symptomatic car-
tilage defects of the knee: early treatment matters. Am J Sports Med 2011; 
39(12): 2566-74.

van Osch G J, Brittberg M, Dennis J E, Bastiaansen-Jenniskens Y M, Erben R 
G, Konttinen Y T, Luyten F P. Cartilage repair: past and future--lessons for 
regenerative medicine. J Cell Mol Med 2009; (5): 792-810.

Vega A, Martín-Ferrero M A, Del Canto F, Alberca M, García V, Munar A, 
Orozco L, Soler R, Fuertes J J, Huguet M, Sánchez A, García-Sancho J. 
Treatment of knee osteoarthritis with allogeneic bone marrow mesenchy-
mal stem cells: a randomized controlled trial. Transplantation 2015; 99(8): 
1681-90.

Visna P, Pasa L, Cizmár I, Hart R, Hoch J. Treatment of deep cartilage defects 
of the knee using autologous chondrograft transplantation and by abrasive 
techniques--a randomized controlled study. Acta Chir Belg 2004; 104(6): 
709-14.

Wakitani S, Imoto K, Yamamoto T, Saito M, Murata N, Yoneda M. Human 
autologous culture expanded bone marrow mesenchymal cell transplanta-
tion for repair of cartilage defects in osteoarthritic knees. Osteoarthritis 
Cartilage 2002; 10(3): 199-206.

Wakitani S, Okabe T, Horibe S, Mitsuoka T, Saito M, Koyama T, Nawata M, 
Tensho K, Kato H, Uematsu K, Kuroda R, Kurosaka M, Yoshiya S, Hat-
tori K, Ohgushi. Safety of autologous bone marrow-derived mesenchymal 
stem cell transplantation for cartilage repair in 41 patients with 45 joints 
followed for up to 11 years and 5 months. J Tissue Eng Regen Med 2011; 
5(2): 146-50.

Williams R, Khan I M, Richardson K, Nelson L, McCarthy H E, Analbelsi T, 
Singhrao S K, Dowthwaite G P, Jones R E, Baird D M, Lewis H, Roberts 
S, Shaw H M, Dudhia J, Fairclough J, Briggs T, Archer C W. Identifi cation 
and clonal characterisation of a progenitor cell sub-population in normal 
human articular cartilage. PLoS One 2010; 5(10): e13246.

Wong K L, Lee K B, Tai B C, Law P, Lee E H, Hui J H. Injectable cultured 
bone marrow-derived mesenchymal stem cells in varus knees with carti-
lage defects undergoing high tibial osteotomy: a prospective, randomized 
controlled clinical trial with 2 years’ follow-up. Arthroscopy 2013; 29(12): 
2020-8.

10174 Brittberg.indd   3810174 Brittberg.indd   38 3/9/2017   3:05:55 PM3/9/2017   3:05:55 PM


