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Introduction 
Articular hyaline cartilage is a tissue whose mechanical prop-

erties allow joint movements with a low coefficient of friction and 
a high absorption of constraints. Degradation of hyaline cartilage 
causes functional impairment of the joint, pain and decreased qual-
ity of life. In the case of isolated cartilage lesion of the knee, a rem-
edy that allows histological restoration of cartilage and therefore 
a functional improvement for the long-term represents a thera-
peutic challenge. The hyaline cartilage is organized into four dis-
tinct layers. It is a non-vascularised and non-innervated tissue [1] 
composed of chondrocytes, which come from the undifferentiated 
mesenchymal stem cells, immersed in an extracellular matrix. This 
matrix synthesized by chondrocytes consists mainly of water, elec-
trolytes, collagen (type II mainly, IX and XI), proteoglycans (aggre-
can) and glycoproteins. Production of the extracellular matrix is a 
function of various parameters such as growth factors, intra-articu-
lar mechanical stress, hormones or age. 

Nutrition of articular cartilage occurs by soaking in the joint flu-
id but also by capillary from the adjacent connective tissues. Sur-
gery offers many other restorative procedures with the objective  

 
of restoring joint function thanks to the return of a hyaline carti-
lage. The procedure chosen will depend on the size of the lesion, its 
depth, the age of the patient, the nature of the symptoms and the 
treatment authorization in each country. The therapeutic tools can 
be separated into three major groups; those conducting subchon-
dral stimulation (Pridie, microfractures), reconstruction tech-
niques which transplant mature cartilage (OATS: osteochondral au-
tologous transfer surgery, allograft) and finally cellular transplants 
which aim to create a favourable environment for cartilage healing. 
The aim of this literature review is to identify all surgical possi-
bilities used to repair articular cartilage of the knee using cellular 
transplant with or without culture. The main principles of these 
techniques will be reviewed in the light of articles and the most re-
cent results which will be compared and evaluated.

Autologous Chondrocyte Implantation
Since 1994, Brittberg [2] has paved the way for transplantation 

of chondrocytes (ACI/T: Autologous Chondrocyte Implantation/
Transplantation) to treat osteochondral lesions. Currently we can 
describe 3 generations of chondrocytes graft. 
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a) First generation: C1G

The criteria permitting us to consider transplantation of chon-
drocytes as first generation [3] are: a surgical procedure in two 
stages and chondrocytes coverage implanted by the periosteum or 
a collagen membrane. First generation chondrocyte grafts can be 
divided into ACIp (cover by periosteal) and ACIc (cover by a deriv-
ative of collagen). Brittberg [2] describes a cell culture from 11 to 
21 days, conducted through collected chondrocytes on healthy car-
tilage from the medial condyle with two surgical procedures where 
the second consists in grafting cultured chondrocytes. To do this, 
an arthrotomy is again practiced; the cartilage lesion is heightened 
and the graft is placed at the bottom of the lesion. A coverage is 
ensured by the tibial periosteal taken from the patient and sutured 
above the graft. Viste [4] uses fibrin on the edges of the suture to 
avoid leakage of implanted cells. This practice requires a mastery 
of cell culture which is expensive but also two surgical procedures. 
The initiators of this technique [5] reported the fate of 224 patients 
to 12.8 years follow-up. 

All assessed clinical scores are improved and 92% of patients 
stated they were ready to undergo the same procedure if necessary. 
Clinical improvement is progressing over time without renewed 
negative impact related to the size of the lesion or age. Peterson 
[5] conclude that this technique is permanently effective for large 
osteochondral lesions isolated in the knee; Viste [4] and Moradi [6] 
have also highlighted good functional results at 6 and 10 years post 
procedure but they underline however that the best results are in 
younger patients who have a small size lesion since a short time. 
They also point to the continuing improvement of symptoms 1 year 
after surgery. However, this is as level IV without histological eval-
uation studies. These results are sometimes contested. Horas [7] 
showed that clinical outcomes were significantly better after OATS 
rather than after transplants of chondrocytes in 2 years of post pro-
cedure. The author conducted a histological analysis of transplant 
tissue and found after biopsies of the OATS group one aspect of hy-
aline type while for the ACI, it is the beaches of fibrocartilage. 

Yet in another comparative study, after 10 years follow-up, Bent-
ley [8], on 100 randomized patients revealed a very significant dif-
ference in favour of the ACI over the OATS. Conversely, Knutsen [9], 
who likened the ACI to microfractures found good clinical results 
in both groups but did not detect a significant difference between 
the 2 techniques after 5 years of follow-up. He tells even 5% failure 
rate with the ACIp (against 2.5% for the microfractures) due to hy-
pertrophy of the periosteum. It has also been shown that the first 
generation ACI give less good results when they are not used as first 
line therapy; indeed, after stimulation of the sub-chondral or mi-
crofractures, recourse to the ACIp offers inferior results according 
to Pestka [10] and Minas [11] that during a first-time treatment. 
Minas [12] resumed with a series of 210 patients who had received 
an ACIp with an average decline after 10 years. The survival of the 
ACIp is 71% in his long decline series but it still reports 25% failure 
rate which includes mainly delamination. 

Despite this, the ACI’s first generation can be used reliably and 
yields good results in the long term according to the author. It re-

ported better results in young patients who have a single lesion of 
the knee, have the least possible recoil and whom the least surger-
ies were performed on the knee. With regard to age, Niemeyer [13] 
in a study of level II, doesn’t highlight however best results in the 
group of patients under 40 years versus the group of patients over 
40 years. Rosenberger [14] had already found similar results and 
felt that the reasons for the failures of the ACIp rates were similar 
before and after 45 years of age. In the therapeutic arsenal of carti-
lage lesions of the knee, it seems that a large initial lesion is a crite-
rion for use ACI. Indeed, even in the event of fairly extensive injury 
(average 6.4cm²), the ACIp can for referral to improve knee function 
and relieve the patient at 7.6 years follow-up according to Gillogly 
[15]. However, the analysis of his series is questionable because all 
the patients had a translation of the anterior tibial tuberosity and a 
16% trochleoplasty and 33% of transplants were complicated per-
iosteal hypertrophy. Concerning the location of the treated lesion, 
Trinh [16] shows that the ACIp improved patellofemoral function 
in the event of cartilage injury to the patella. However, the improve-
ment is significantly higher than if a patellofemoral osteotomy is as-
sociated. It has even been shown that women had poorer outcomes 
than men with ACI’s first generation of patella transplant [17].

The failures of the first generation ACI are mainly associat-
ed with periosteal hypertrophy or delamination of the cartilage 
[3,9,12&15]. Harris [3] even found significant differences between 
different generations of ACI (7.7% of failures for the ACI with per-
iosteal flap against 3.3% of second generation ACI). To avoid com-
plications associated with the Brittberg technique and attributed 
to periosteum, autologous chondrocyte implantations have been 
developed under a synthetic membrane. This artificial membrane 
replaces the periosteum and fills the same function as the perioste-
um (remember the graft, to limit hemarthrosis). Covered chondro-
cyte grafts of a synthetic membrane (ACIc) are also called 1st gen-
eration. The membrane used is often derived from porcine collagen 
types I and III. Its use was justified by a desire to be less aggressive 
surgically and also because it has been shown that the periosteum 
covering the graft caused a hypertrophy and a cartilaginous delam-
ination. Gooding [18] first, in a comparative study, highlighted the 
differences of clinical and histological findings in favour of synthet-
ic rather than the periosteum membrane and complication rates 
were lower in the case of the use of pig membranes. Samuelson 
[19] showed that the ACIc? were slightly more profitable than the 
ACIp; he is interested in the economic part of the treatment and 
which has highlighted an additional cost due to follow-up opera-
tions in the case of coverage by the periosteum. The use of a syn-
thetic membrane has emerged as a preferred alternative; however 
Pietschmann [20] showed in a comparative study that covered ACI 
periosteum or a synthetic membrane was accompanied in a similar 
way to hypertrophy of the graft. However, if a synthetic membrane 
is used, the hypertrophy tends to disappear.

From 2001, Dell’ Acció [21] introduced a new concept for the 
first generation ACI: molecular markers of human chondrocytes. 
Saris [22] uses these chondrocytes which are selected by calculat-
ing the potential chondrogenic score of cells collected by markers 
and witnesses to the preservation of the phenotypic differentiation 
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and maturation of these cells. The use of these selected chondro-
cytes (from first generation) was compared with some microfrac-
tures in a level I study. This method of selecting chondrocytes brings 
better clinical results [22] than the microfracture by 36 months of 
follow-up. Vanlauwe [23] with 5 years follow-up, finds that there’s 
no superiority of one technique over another but that the failure 
occurs earlier in the case of patients treated with microfracture. It 
also concludes that the long delay between the onset of symptoms 
and surgical support is a factor aggravating the clinical outcome. 
First generation ACI remains for many authors a future treatment 
for treating deep cartilage lesions of moderate to high size. All the 
injured articular surfaces of the knee may benefit from this tech-
nique and advanced age permit treatment processing. 

b) Second Generation: C2G

Second generation chondrocytes implantation has been devel-
oped from the beginning of the year 2000 to try to solve the prob-
lems encountered with first generation or procedures. Rather than 
re-siting the cultured chondrocytes the cartilage injury in vitro and 
then covering with a cloth, cartilage cells are cultured directly with-
in a structure that is, the same, and implanted on the pathological 
area. Harris [3] states that second-generation transplants are still 
made in 2 ways (arthroscopic or arthrotomy) with implantation 
of chondrocytes cultivated and planted in a bio-absorbable ma-
trix. There are many varieties of tissues able to ‘receive’ cultured 
chondrocytes. Kon [24] has listed in 2008 the nature of the availa-
ble structures. These tissues may be “simple” membranes or from 
scaffold in 3 dimensions. The advantage of 3D structures is to allow 
the continuation of the phenotypic differentiation of chondrocytes 
[25] but also to fill an osteochondral defect. The matrices must be 
biocompatible and biodegradable.

 The nature of the fabrics used varies and can be found in the 
literature of synthetic tissues and natural proteins (collagen type 
I, III, fibrin gel) [26-31] or polysaccharide (alginate agarose, hyalu-
ronic acid) [32, 33]. Some fabrics offer the possibility of a primary 
fixation without suture, allowing all arthroscopic [34]. 

Most have been evaluated scientifically however some tech-
niques have not been authorized for the market in Europe or in the 
US which limits the evaluations and comparisons to non-investiga-
tive teams. The main second generation chondrocyte transplants 
are listed below. The MACI(Matrix Autologous Chondrocyte Im-
plantation) were used by several authors since their first use [26] 
in 1998. This technique (Chondrogide ) uses a matrix of synthet-
ic, porcine origin of collagen types I and III membranes. Behrens 
[35] first reported encouraging results in 2006 even if the series 
contains few cases (5 knees with 5 years follow-up). Other studies 
show that an International Knee Documentation Committee (IKDC) 
score significantly improved after 6 months with a transplant type 
MACI Chondrogide  [36] extends to 3 years in 80% of cases. On 
the other hand, a low improvement 6 months after the surgery end-
ed in failure in 1 case out of 2. Macmull [37] showed that the results 
were best with the MACI for ACIc to treat patella osteomalacia. 
Salzmann [38] showed the superiority of the MACIover the 
OATS in a small number of cases.

Filardo [39] evaluates 133 knees treated with another type of 
ACI 2nd generation: Hyalograft C  (benzyl ester of hyaluronan) 
embedded with chondrocytes cultured [40] and then implanted. 
The results provide factors predictive of the best clinical outcomes. 
When the lesion was recent, small, traumatic or secondary to an os-
teochondritis dissecans of the condyle, in a young man and without 
prior surgery, results were better. It would also seem that the trans-
plant of the trochlea gives better results than the transplants to 
other regions of the knee [41] for 2nd generation transplants. The 
MACT ACI-Maix (Matricel GmbH, Germany) are also a matrix of 
collagen types I and III [42]. Their use is suitable for patients of less 
than 60 with “OA” lesions started after to Bauer [43]. Indeed, it re-
ported satisfactory clinical results 5 years post-transplant, but the 
relevance of this type of MACI evaluation is delicate. Indeed, Meyer-
kort [44] and Bauer [43] evaluated patients many of whom had un-
dergone an associated surgical procedure (valgisation, translation 
of the tibial tuberosity) and responsibility of chondrocytes trans-
plantation whether they had experienced clinical improvement is 
difficult to say. 

Furthermore Ebert [45] showed that 5 years after MACI sur-
gery, the correlation between clinical score (KOOS) and imaging was 
very limited making the relevance of these evaluations sometimes 
random. Saris [46] report in a multicentric study of level I, a signifi-
cant improvement in pain and function of the knee after 2 years for 
at least 3 cm² in the case of MACI compared to micro-lesions frac-
tures. Ibarra [34] reported a particular technique of MACI. It uses 
a membrane of PGFLA to encapsulate [47] chondrocytes, cultivated 
and seeded on a porcine matrix of collagen I and III. This technique 
seems to prevent the escape of cells in the joint during surgery and 
can be undertaken exclusive arthroscopically. Clinical improvement 
and integration of the transplant can be seen on MRI, 3 years after 
surgery on 10 patients [34], but the average size of the lesion was 
only 1 cm². CaReS is another type I collagen tissue which present 
like 3D gel with embedded chondrocytes. This method compared to 
microfractures [48] to treat patello-femoral cartilage injury, under 
3cm² and with 3 years follow-up, showed a clinical improvement 
with CaReS but no significant difference between the groups.

Zellner [49] reported the use of the NOVOCART 3D (bilayer 
matrix of collagen and chondroïtine sulfate) in a study which eval-
uates both histologically and clinically. The IKDC score is upgraded 
to one year of follow-up in patients treated for lesions of average 
size of 5 cm2 and level II, III or IV according the ICRS. The author 
insists on the need for favourable conditions for the survival and 
differentiation of chondrocytes that creates the matrix bilayer (a 
porous layer of collagen for the incorporation of chondrocytes and 
the other layer, dense in bovine pericardium for adhesion to the in-
jured area). The production of type II collagen and cells live/dead 
ratio would be good prognosis for transplants performed in these 
patients. Niethammer [50] who used NOVOCART 3D  evokes just 
the same graft hypertrophies but these complications are signifi-
cantly more common if the initial ethology of injury is due to a loss 
of recent traumatic substance or an osteochondritis dissecans.

Filardo [51] reported 44 patients with cartilage damage with 
radiological osteoarthritis (Kellgren 2 or 3) treated with second 
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generation ACI type Hyalograft. The results are mixed and the 
author evokes a negative joint environment in these patients al-
ready badly affected by osteoarthritis. The existence of radiologi-
cal osteoarthritis appears clearly to be a limiting factor in the use 
of these cartilage transplants. Yet Schinhan [52] had suggested the 
hope of comparing several treatments including Hyalograft 
stocked with chondrocytes with other therapies to treat a cartilage 
lesion with radiological osteoarthritis established. The results were 
better with the ACI but it was however an animal model.  Könst [53] 
reports his experience of the use of the Chondron (suspension of 
cultured chondrocytes in three-dimensional fibrin gel) for cases of 
damaged osteochondrals requiring transplantation of the spongy 
material underlying the bone. The practical aspect is here clearly 
established that due to the primary adhesion but the follow-up (9 
months) is too low for judging the effectiveness on the cartilaginous 
integration and the final nature of the fabric.

Selmi [32] published good results for 13 patients with carti-
lage damage, 2,7 cm average, treated by ACI embedded in Carti-
patch (alginate and algarose solid matrix). It seems that biggest 
and deeper is the lesion the better results are. The results were 
not significant and this technic is not available, because it is too ex-
pensive. ACI’s 2nd generation offers the theoretical advantage of a 
seeding of the structure transplanted by cultured chondrocytes, but 
also to fulfil the treated lesion (with the use of fabrics in 3D). The 
results are generally good and superior [54] to other techniques 
(ACIp, microfractures). However the follow-up is low and the extra 
cost is not yet offset by a significant improvement. Yet, Vijayan [55] 
is in favour of the use of these 2nd generation transplants of chon-
drocytes. It shows indeed that the surgical recovery after failure of 
the ACI or MACI is still possible by a new graft without resorting to 
arthroplasty and knee joint function is maintained. In a multcentric 
study Enea [56] showed that MACI (matrix of collagen type I and 
III) allows the development of a hyaline cartilage approximating 
normal tissue in most cases. Yet, the author recommends to use the 
adage ‘hyaline cartilage = decrease in symptoms’ carefully because 
it was unable to be highlighted in his series.

It is possible to transplant the chondrocytes in time without 
culture. The CAIS (Cartilage Autograft Implantation System, 
Depuy Mitek Inc.) and deNovo NT (Zimmer, Inc.) are techniques 
developed recently [57,58]. CAIS [58] which require chondro-
cytes from the knee in the healthy zone; cartilage chips are then 
scattered over the absorbable matrix of copolymers composed of 
65% of polycaprolactone (PCL), 35% of polyglycolic acid (PGA) and 
reinforced by a lattice of polydioxanone (PDS). For deNovo NT, 
pieces of cartilage from adolescents have been used. This is an allo-
graft included in a matrix and adhered with biological glue (fibrin 
glue). Farr [59] reported 25 cases with good integration and sig-
nificant clinical improvement. However this technic is not exporta-
ble in all countries because it is allograft and its ranking within the 
ACI remains ambiguous. Moreover follow-up are minor and few in 
numbers. 

c) Third generation: C3G

The same criticism can be seen by reading the article of Craw-
ford [60] that the use of NeoCart for 8 patients whose clinical out-

come and MRI after 2 years seems reliable. It is a matrix of bovine 
collagen type I seeded by chondrocytes cultivated and prepared in 
a bioreactor. The techniques described below constitute the ACI’s 
3rd generation which according to Harris [3] are defined by a pro-
cedure with 1 or 2 surgical steps but especially by chondrocytes 
cultured and implanted in a three-dimensional matrix ‘chondro-in-
ductive and conductive chondro’. There is a few studies reported in 
the literature about ACI 3G. If the difference between transplanta-
tion of chondrocytes of first and second generation is clear in the 
literature that between the second and third generations is much 
less. For Versier [61] and Basad [62] the principle of 2nd generation 
transplants is to replace only the periosteum by an artificial mem-
brane; Brittberg [63] and Goyal [64] gave the same explanation for 
the difference between the first and second generations of grafts. 
However they consider that 3rd generation transplants use a carri-
er in order to be better integrated into the lesion. 

Harris [3] in a review of failures after chondrocytes transplant 
clarifies the situation. For him second generation are defined by a 
surgical procedure in 2 steps with implantation of chondrocytes 
cultured on a bioabsorbable structured matrix, plane or tridimen-
sionnal. For transplants of the third generation, the difference lies 
in the level of support of chondrocytes because the matrix is in 3D, 
chondro-inductive and chondro-driver. Kon [65] in a review of the 
latest transplantation techniques does not distinguish between the 
second and third generation. For the author, C2G and C3G tech-
niques are grouped under a single entity MACT. This lack of distinc-
tion seems more logical because the main difference between the 
first generation (ACIc and ACIp) and the other is that grown chon-
drocytes are not covered up a membrane for the transplantation 
but taken by a matrix vector, regardless of its composition.

d) Transplantation of Mesenchymal stem Cells

The Mesenchymal Stems Cells (MSC) has been used for a few 
years and in one way represents the future for chondrocyte trans-
plants. Wakitani [66] reported in 2007 a first experience with 
transplantation of MSC under a flap. Clinical improvement has been 
proven in 3 cases to the maximum follow-up in 27 months. This 
same author [67] reported that these transplants of MSC are with-
out negative effects even at the maximum 11-year deterioration for 
a cohort of 45 knees. However, Nejadnik [68] provides no evidence 
of improvement two years after surgery of MSC grafts compared to 
the first generation (ACI). It use of MSC is justified by requiring less 
anesthesia (sampling at the level of the iliac crest), less cartilage 
aggression in the knee because healthy cartilage is not taken and a 
lower cost of the technique because of no need for culture of chon-
drocytes. Grafts were however performed with a periosteal flap to 
prevent the escape of the cells. Mazor and coll [69] showed in a re-
cent review the benefits of the MSC to repair the cartilage but for 
now MSC transplants under a membrane of synthesis of collagen or 
within a matrix have never been reported in clinical practice.

Conclusion
This literature review allowed us to update all of the available 

scientific information on the surgical treatment of cartilage lesions 
with cellular therapy. It is always difficult to assert the superiority 
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of one technique over another. For example Negrín [70] reviews in 
a meta-analysis all the releases that compared the microfractures 
with ACI of all generations and found no clinical superiority of one 
technique over another. In addition, compared treatments are not 
always applied to the same regions of the knee. Sometimes comple-
mentary actions, such as osteotomies or ACL plasty, are made and 
it is not certain that the evaluation of the tested technique is rele-
vant. Variations in methods of evaluation are complex comparisons. 
Some work is mainly focussed on the clinical and functional out-
come of the patient while others observe histological changes and 
imaging. For example, conventional MRI does not reliably assess 
cartilage after surgery. The evaluation of the mechanical axes of the 
lower limbs, as well as knee ligament stability is prerequisites to 
any support surgical cartilage pathologies. 

The main problems encountered during a 1st generation chon-
drocytes transplant are cartilage hypertrophy, the healing of the 
area registered in the form of a fibro cartilage rather than hyaline 
cartilage, the delamination of the fabric and intra articular adher-
ence [71]. The structural environment and the accession of chon-
drocytes were considered the major problems to be resolved to 
improve the results of transplantation of chondrocytes. Chondro-
cyte transplants have evolved for 20 years but still present the dis-
advantages of high cost, the need for a cartilage assault to remove 
chondrocytes to cultivate and often a two stage surgical procedure. 
Further comparison of the different generations of chondrocyte 
transplants collides with variations in naming between the dif-
ferent generations in the literature. Transplantation of cultivated 
chondrocytes and seeded on a matrix in 3 dimensions appear as 
by far the most accomplished technique for the treatment of the 
large cartilage lesions. It appears clearly that lesions treated will 
get a much better result if the patient is younger, if the duration of 
the symptoms is short or if the patient has never been operated on.
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