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Background: The purpose of the present study was to determine (1) whether the current literature supports the choice of
using autologous chondrocyte implantation over other cartilage procedures with regard to clinical outcome, magnetic
resonance imaging, arthroscopic assessment, and durability of treatment, (2) whether the current literature supports the
use of a specific generation of autologous chondrocyte implantation, and (3) whether there are patient-specific and defect-
specific factors that influence outcomes after autologous chondrocyte implantation in comparison with other cartilage
repair or restoration procedures.

Methods: We conducted a systematic review of multiple databases in which we evaluated Level-I and II studies com-
paring autologous chondrocyte implantation with another cartilage repair or restoration technique as well as comparative
intergenerational studies of autologous chondrocyte implantation. The methodological quality of studies was evaluated
with use of Delphi list and modified Coleman methodology scores. Effect size analysis was performed for all outcome
measures.

Results: Thirteen studies (917 subjects) were included. Study methodological quality improved with later publication
dates. The mean modified Coleman methodology score was 54 (of 100). Patients underwent autologous chondrocyte
implantation (n = 604), microfracture (n = 271), or osteochondral autograft (n = 42). All surgical techniques demonstrated
improvement in comparison with the preoperative status. Three of seven studies showed better clinical outcomes after
autologous chondrocyte implantation in comparison with microfracture after one to three years of follow-up, whereas one
study showed better outcomes two years after microfracture and three other studies showed no difference in these
treatments after one to five years. Clinical outcomes after microfracture deteriorated after eighteen to twenty-four months
(in three of seven studies). Autologous chondrocyte implantation and osteochondral autograft demonstrated equivalent
short-term clinical outcomes, although there was more rapid improvement after osteochondral autograft (two studies).
Although outcomes were equivalent between first and second-generation autologous chondrocyte implantation and be-
tween open and arthroscopic autologous chondrocyte implantation, complication rates were higher with open, periosteal-
cover, first-generation autologous chondrocyte implantation (four studies). Younger patients with a shorter preoperative
duration of symptoms and fewer prior surgical procedures had the best outcomes after both autologous chondrocyte
implantation and microfracture. A defect size of >4 cm2 was the only factor predictive of better outcomes when autologous
chondrocyte implantation was compared with a non-autologous chondrocyte implantation surgical technique.

Conclusions: Cartilage repair or restoration in the knee provides short-term success with microfracture, autologous
chondrocyte implantation, or osteochondral autograft. There are patient-specific and defect-specific factors that influence
clinical outcomes.

Level of Evidence: Therapeutic Level II. See Instructions to Authors for a complete description of levels of evidence.

H
yaline articular cartilage plays a vital role in the
function of the knee joint. Chondral injury that does
not violate the subchondral bone lacks an inherent

ability to heal spontaneously1. The natural history of an isolated
articular cartilage lesion is not completely understood, nor is it

understood which lesions become symptomatic. Nevertheless,
these defects have the potential to lead to substantial patient
morbidity and may progress to diffuse osteoarthritis2. Patients
with isolated focal chondral defects in the knee have consid-
erable impairment in their quality of life, similar to that of
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patients selecting knee replacement or tibial osteotomy for the
treatment of end-stage arthritis and worse than that of patients
with chronic anterior cruciate ligament-deficient knees3.

A wide variety of surgical procedures have been devel-
oped to address this problem. Repair techniques (marrow-
stimulation techniques such as abrasion arthroplasty, drilling,
and microfracture) penetrate the subchondral bone and induce
the formation of fibrocartilage repair tissue4. Although excel-
lent short-term clinical outcomes have been demonstrated
after marrow stimulation, the clinical durability of marrow-
stimulated repair tissue has shown an objective and functional
decline with further follow-up5-8. Restoration techniques such
as osteochondral autograft, mosaicplasty, and osteochondral
allograft attempt to replace the cartilage defect with host or
donor articular cartilage in a single stage. Clinical outcomes
after osteochondral autograft have been good to excellent after
as much as seventeen years of follow-up in >90% of patients
with defects measuring 1 to 5 cm2, although donor-site morbidity
remains a concern9. Restoration with autologous chondrocyte
implantation attempts to generate hyaline or hyaline-like carti-
lage but typically requires two surgical procedures. Long-term
follow-up (up to twenty years) after autologous chondrocyte
implantation has shown as much as a 92% rate of patient
satisfaction, with sustained improvement in clinical outcomes
and magnetic resonance imaging findings10-12. It is unknown
which cartilage repair or restoration technique provides the best
long-term clinical outcome.

Autologous chondrocyte implantation was first reported
in 1994 for the treatment of focal chondral injury in the
tibiofemoral and patellofemoral compartments13. Since then,
chondrocyte-based therapy has utilized a periosteal cover, a
collagen-membrane cover, and a variety of three-dimensional
scaffolds with different methods of fixation. Although ar-
throtomy and a two-stage procedure are most commonly used,
all-arthroscopic techniques14 and one-stage application of
minced articular cartilage15 have emerged as potentially viable
options. Pre-implantation chondrocyte phenotype manipula-
tion also has shown excellent outcomes5. Long-term durability
and success has been reported after as many as eleven years of
follow-up16.

The purpose of the present systematic review was to
address three questions. First and second, does the current
literature support the use of autologous chondrocyte implan-
tation over other cartilage procedures and the use of one spe-
cific generation of autologous chondrocyte implantation over
another? We hypothesize that autologous chondrocyte im-
plantation is equivalent to other cartilage procedures with re-
gard to clinical outcomes, magnetic resonance imaging findings,
arthroscopic assessment, and durability of treatment. We also
hypothesize that there is no difference in outcomes associated
with different generations of autologous chondrocyte im-
plantation. Finally, a secondary purpose of the present review
was to determine if there are patient-specific and defect-specific
factors that may predict better outcomes after autologous
chondrocyte implantation compared with other cartilage re-
pair or restoration procedures.

Materials and Methods

To address our hypothesis, we conducted a systematic re-
view of the available literature. Four independent re-

viewers (J.D.H., R.A.S., X.P., and D.C.F.) separately completed
the search, and the results were duplicated three times by each
reviewer. The initial search was performed on November 16,
2009, and it was repeated on November 17, 2009, to ensure
accuracy. A second search was performed on February 25,
2010. Two additional studies were identified by repeating the
search17,18. A search was performed with use of the following
databases: MEDLINE, EMBASE, CINAHL, PubMed, SPORT-
Discus, and Cochrane Collaboration systematic reviews. Search
terms included autologous chondrocyte implantation, ACT, au-
tologous, autogenous, chondrocyte, cartilage, implantation, and
transplantation. All studies with Level-I and II evidence (ac-
cording to the Oxford Centre for Evidence-Based Medicine
used by the American volume of The Journal of Bone and Joint
Surgery)19 that met criteria were included. Potentially inclusive
papers were manually reviewed and were discussed among the
authors, and a decision was made regarding inclusion. If there
was any disagreement among authors regarding the inclusion
of an article, the senior author (D.C.F.) made the final decision.
Bibliographies of all reviewed papers were also referenced to
assess for potentially inclusive papers that were missed by the
initial search. The heterogeneity of studies and their associated
outcomes precluded meta-analysis.

The inclusion criteria included (1) comparison of any gen-
eration of autologous chondrocyte implantation with any car-
tilage repair or restoration technique, with reporting of validated
clinical outcome measures, (2) comparison of any generation
of autologous chondrocyte implantation with a different gen-
eration of autologous chondrocyte implantation, with report-
ing of validated clinical outcome measures, (3) evaluation of
both arthroscopic and open arthrotomy autologous chondro-
cyte implantation, (4) evaluation of Outerbridge/ICRS (Inter-
national Cartilage Repair Society) Grade-III or IV focal cartilage
defects, (5) Level-I and II evidence (randomized controlled
trials with >80% follow-up; randomized controlled trials with
<80% follow-up, prospective cohort studies), (6) a minimum
duration of follow-up of twelve months, (7) use of the English
language or any language for which successful medical trans-
lation was achievable, (8) evaluation of human subjects, (9)
performance of the study from January 1, 1950 through Feb-
ruary 25, 2010, and (10) evaluation of the knee joint only (in-
cluding medial and lateral femoral condyles, trochlea, patella,
and medial and lateral tibial plateaus).

The exclusion criteria included (1) case-control studies,
all retrospective studies, case series, expert opinion (Level-V
evidence), commentary, surgical techniques, letters to the ed-
itor, basic science, or animal studies, (2) studies utilizing sur-
gical techniques that were not considered standard practice at
the time of the writing of the present manuscript, (3) studies
that did not use any validated clinical outcome measures, (4) a
duration of follow-up of less than twelve months, (5) use of a
language for which successful medical translation was impos-
sible, (6) evaluation of any joint other than the knee (including
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talus, humeral head, femoral head, and acetabulum), and (7)
diffuse osteoarthritis (as defined by a radiographic atlas of
osteoarthritis20 Grade ‡2 or Kellgren and Lawrence21 Grade ‡2).

Initial application of inclusion criteria yielded 424 cita-
tions. Figure 1 illustrates the application of inclusion and ex-
clusion criteria. Limitation with the term knee yielded 250
citations. Limitation to Level-I and II evidence yielded forty-six
citations. Twelve systematic reviews were identified22-28. No
meta-analyses were identified. Multiple studies were identified

in languages other than English (Spanish, French, German,
Czech, Chinese, Norwegian) but were translated with the as-
sistance of a medical/surgical translator. Thirteen studies were
deemed appropriate for inclusion.

For the assessment of the quality of the randomized
controlled trials, we utilized the Delphi list29 and a modifica-
tion of the Coleman methodology score30-32 (see Appendix).
The Delphi consensus29 established a criteria list for quality
assessment of randomized controlled trials for conducting

Fig. 1

Exclusion criteria flow chart. ACI = autologous chondrocyte implantation, OATS = osteochondral

autograft, STAR = Study of Treatment of Articular Repair, and MST = marrow-stimulation

technique.
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systematic reviews. The resultant Delphi list is a reference
standard for randomized controlled trials on many different
research topics. Consensus among epidemiologic and statis-
tical experts allowed for the creation of a set of nine generic
core items for quality assessment of randomized clinical trials.
A quality score is the sum of the individual components, with
1 point given for a ‘‘yes,’’ 1 point deducted for a ‘‘no,’’ and 0
points for ‘‘don’t know.’’ Quality scores generated from the
application of the Delphi list to each study allow for compar-
ison among studies. The Coleman methodology score was
designed for the grading of clinical studies on patellar30 and
Achilles33 tendinopathy and assesses methodology with use of
ten criteria, giving an overall score between 0 and 100, with 100
signifying a study that optimally limits chance, bias, and
confounders. The modified Coleman methodology score31 is
the sum of fifteen components, with a scaled potential score
between 0 and 100, assessing the quality of study reporting.
Scores were classified as excellent (85 to 100 points), good (70
to 84 points), fair (55 to 69 points), or poor (<55 points).

An attempt was made to identify common outcome
measures among studies. However, several different clinical
outcome measures were used across all studies, including the
Tegner activity score (n = 8), the Lysholm knee score (n = 7),
the IKDC (International Knee Documentation Committee)
subjective and objective scores (n = 6), the modified Cincinnati
knee score (n = 2), the SF-36 (Short Form-36) score (n = 3), the
KOOS score (Knee Injury and Osteoarthritis Outcomes Score)
(n = 2), the Stanmore functional score (n = 1), the Bentley
functional score (n = 1), and the Meyers score (n = 1). No
clinical outcome measure defines durability of treatment.
Durability must be inferred by the longevity of results of vali-
dated outcomes scores. For clinical outcome measures, the
effect size and 95% confidence interval were calculated.

Effect size is used to standardize the magnitude of dif-
ferences between two groups across different studies and
measures34. Effect size35 is the difference between the means
from the two groups (M1 - M2) divided by the within-group
standard deviation (S): (M1 - M2)/S. The accuracy of the esti-
mated effect size is dependent on the sample size. The sampling
error of the estimated effect size can be quantified with use of
its confidence interval. The standard error and 95% confidence
interval for an effect size can be calculated with a simple for-
mula36. If the confidence interval of the estimated effect size
includes 0, it can be normally interpreted that there is no sig-
nificant difference between the two groups. The absolute
magnitude of the effect size indicates its strength. Thus, an
effect size of 0.2 suggests a small effect, whereas an effect size of
1.2 indicates a large effect.

Source of Funding
The authors received no external funding in support of this
study.

Results

Thirteen studies were identified for inclusion. There were
917 subjects who underwent one of three relevant surgical

techniques: 604 underwent autologous chondrocyte implan-
tation, 271 underwent microfracture, and forty-two underwent
osteochondral autograft. Studies that duplicated patient pop-
ulations twice, with one of the two studies providing additional
follow-up, were included twice for the purpose of data analysis;
two pairs of studies involved a duplicate patient population. In
one pair of studies, eighty patients (forty managed with mi-
crofracture, forty managed with autologous chondrocyte im-
plantation) were reported twice, for a total of 1607,37. In another
pair of studies, 118 patients (sixty-one managed with micro-
fracture, fifty-seven managed with autologous chondrocyte
implantation) were reported twice, for a total of 2365,38. Thus,
198 patients were included twice in our analysis. These studies
evaluated clinical, radiographic, and arthroscopic outcomes.
No studies evaluated outcomes after osteochondral allograft
or metallic knee arthroplasty. Six studies were Level-I evi-
dence, and seven were Level-II evidence. Financial conflicts of
interest were declared in four studies7,37,39,40, not declared in six
studies5,8,18,38,41,42, and not reported in three studies17,43,44.

Study Methodological Quality
Delphi list quality scores and modified Coleman methodology
scores were calculated for all thirteen studies (see Appendix). A
general trend was observed that, with later years of publication,
study quality improved (Figs. 2-A and 2-B). Based on a scaled
maximum of 100, the mean overall study quality based on
modified Coleman methodology scores was 54. On the basis of
a categorical rating system established by Cowan et al.31, no
studies were considered good or excellent, seven were consid-
ered fair, and six were considered poor.

Patient Populations
Patients undergoing cartilage repair or restoration in this re-
view tended to be young (range of mean ages, 28.7 to 34.2
years); to have a long preoperative duration of knee symptoms
(range of mean duration of symptoms, twenty-one to 103
months); and to have had multiple previous surgical proce-
dures (range, zero to thirteen) (excluding arthroscopic cartilage
biopsy). The defects treated in this population were moderate-
sized (range of mean sizes, 1.9 cm2 to 6.2 cm2), full-thickness
(Outerbridge III/IV or International Cartilage Repair Society
III/IV/osteochondritis dissecans [100%]), and isolated, single
defects (range, 80% to 100%). The defects were primarily lo-
cated on the medial femoral condyle (range, 38% to 89% of all
defect locations). The minimum duration of follow-up ranged
from twelve to sixty months. Of the nine studies in which
autologous chondrocyte implantation was compared with ei-
ther microfracture or osteochondral autograft, two evaluated
outcomes after less than twenty-four months of follow-up. Of
the four studies comparing different generations of autologous
chondrocyte implantation, one evaluated outcomes after less
than twenty-four months of follow-up. All patient and defect
demographic data are given in the Appendix.

Four studies included a declaration of a financial conflict
of interest, but only one demonstrated a significant difference
between compared surgical techniques37. Of the six studies in
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which the authors did not declare a conflict of interest, all
demonstrated significant differences between compared sur-
gical techniques5,8,18,38,41,42. Three studies did not include a
conflict of interest statement and therefore, any financial in-
terest influence was unable to be analyzed17,43,44.

Surgical Interventions
Seven studies compared autologous chondrocyte implanta-
tion with a marrow-stimulation technique5,7,8,17,37,38,44. Two
studies compared autologous chondrocyte implantation with
osteochondral autograft40,42. Four studies compared two separate

generations of autologous chondrocyte implantation18,39,41,43.
Nine studies utilized a periosteal cover for autologous chon-
drocyte implantation5,7,18,37,38,40-43. Two studies utilized a Type
I/III collagen-membrane cover39,43. Two studies involved the use
of ChondroCelect (TiGenix, Leuven, Belgium) via character-
ized chondrocyte implantation under a periosteal cover5,38. This
latter technology (characterized chondrocyte implantation)
uses a genetic profile marker score to predictably optimize the
phenotype of the cartilage tissue produced with each autolo-
gous chondrocyte implantation cell batch. Six studies used
second-generation, three-dimensional scaffold-chondrocyte

Fig. 2-A

Fig. 2-B

Fig. 2-A Delphi score. There is a general trend of increasing score quality with later date of

publication. Fig. 2-B Modified Coleman methodology score. Although the score quality in-

creased to its peak in 2007, followed by a decline, the general trend line indicates increasing

score quality overall.
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products: two studies8,41 utilized Hyalograft C (HYAFF-11; Fidia
Advanced Biopolymers, Abano Terme, Italy), and four studies
used matrix-induced autologous chondrocyte implantation
(MACI; Verigen, London, United Kingdom)17,18,39,44. All mi-
crofracture comparative studies5,7,8,17,37,38,44 used the Steadman
technique4, with debridement of all unstable cartilage, inclu-
ding the calcified cartilage zone, the formation of perpendic-
ular healthy defect rims, and the placement of multiple holes
within the defect, 3 to 4 mm apart, with an arthroscopic awl.
Two studies40,42 utilized osteochondral transplants but could not
be compared with each other due to differences in surgical
techniques. One study involved the use of a large diamond bone-
cutting system with twin harvesting cylinders (10.0 to 17.0-mm-
diameter cylinders) (DBCS; Merck, Darmstadt, Germany) for
press-fit transplantation42, whereas the other study40 did not
describe details of the technique.

Concurrent Surgical Interventions
Five studies reported the use of additional surgical procedures
concurrent with the primary cartilage repair or restoration
technique5,8,17,18,38. Four5,8,17,38 of the five studies reporting concur-
rent procedures were comparisons of autologous chondrocyte
implantation and microfracture. In the studies reporting con-
comitant procedures, partial meniscectomy was the most
commonly performed procedure (18%; fifty of 279), followed
by anterior cruciate ligament reconstruction (16%; forty-six of
279). Partial meniscectomy was performed in twenty-nine
(24%) of 121 patients managed with microfracture and
twenty-one (13%) of 158 patients managed with autologous
chondrocyte implantation in these studies. Anterior cruciate
ligament reconstruction was performed in twenty-six (21%) of
121 patients managed with microfracture and twenty (13%) of
158 patients managed with autologous chondrocyte implan-
tation. Within two studies, there were significant differences
between microfracture and autologous chondrocyte implanta-
tion in terms of the number of subjects undergoing concomitant
surgery (with a greater number of meniscal procedures in pa-
tients undergoing microfracture as opposed to autologous
chondrocyte implantation)5,38. Within the other three studies
reporting surgical procedures concurrent with either autolo-
gous chondrocyte implantation, osteochondral autograft, or
microfracture, there were no significant differences between
the analyzed groups8,17,18.

Clinical Outcome Measures, Primary Outcomes
All studies showed improvement in clinical outcomes after all
cartilage techniques (as compared with baseline). Figure 3 and
tables in the Appendix summarize effect sizes and their cor-
responding confidence intervals for each study on the basis of
various outcome measurements. The data used for the effect
size calculation either were given in the text and tables or were
estimated from the tables and figures in the papers. In the tables
in the Appendix, large, positive effect sizes provide evidence in
favor of the group of interest (autologous chondrocyte im-
plantation), whereas large, negative effect sizes indicate ev-
idence against the group of interest.

Autologous Chondrocyte Implantation versus Microfracture
Basad et al.17 randomized sixty patients to either matrix-induced
autologous chondrocyte implantation (n = 40) or micro-
fracture (n = 20) and reported both clinically important and
statistically significant improvements and absolute outcomes in
terms of Lysholm, Tegner, and ICRS patient and surgeon scores
at one and two years. Saris et al.5 randomized 118 patients to
either characterized chondrocyte implantation (n = 57) or
microfracture (n = 61) and reported a mean improvement
from baseline to thirty-six months in terms of the overall
KOOS score that was greater in the characterized chondrocyte
implantation group. Although improvement was statistically
significant, the difference in absolute overall KOOS (78 com-
pared with 75) does not represent clinical importance. Signif-
icant differences were demonstrated supporting characterized
chondrocyte implantation over microfracture in terms of the
absolute overall KOOS score (p = 0.048) and the subdomains of
pain (p = 0.044) and quality of life (p = 0.036). Treatment
responder status was defined as an increase of at least 10% in
the overall KOOS score or decrease of at least 20% in the visual
analog pain score. Although there were more KOOS-based
(83% versus 62%) and visual analog score-based (83% versus
66%) treatment responders after characterized chondrocyte
implantation than after microfracture, the differences were not
significant (p = 0.084 and 0.165, respectively). Kon et al.8

performed a nonrandomized prospective cohort study of
eighty subjects (forty managed with second-generation autol-
ogous chondrocyte implantation and forty managed with mi-
crofracture) with a minimum of five years of follow-up. When
the groups were compared, better improvement in IKDC ob-
jective (p < 0.001) and subjective (p = 0.003) scores was seen
after autologous chondrocyte implantation at the time of the
five-year follow-up. The ability to return to sports was similar
at the time of the two-year follow-up in both groups and re-
mained constant after five years in the autologous chondrocyte
implantation group, whereas it worsened in the microfracture
group.

Knutsen et al.37 reported clinical outcomes (Lysholm,
Tegner, ICRS, and SF-36) in a randomized trial of eighty
subjects in which first-generation autologous chondrocyte
implantation (n = 40) was compared with microfracture (n = 40)
after two years of follow-up. Although both groups had sig-
nificant clinical improvement two years after surgery, patients
managed with microfracture had significantly greater improve-
ment in SF-36 scores (p = 0.004) than did those managed with
autologous chondrocyte implantation. No other significant
differences were observed. The five-year follow-up of these two
groups by Knutsen et al.7 demonstrated no significant clinical
or radiographic differences. While the number of failures after
autologous chondrocyte implantation was greater at two years
after surgery, the number of failures after microfracture (n = 9)
continued to increase to equal that after autologous chondro-
cyte implantation (n = 9) at five years postoperatively. Al-
though SF-36 physical component scores showed superiority
of microfracture over autologous chondrocyte implantation at
two years, this trend was gone by five years.
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Overall, comparison of autologous chondrocyte im-
plantation and microfracture often demonstrates better short
and intermediate-term clinical results with autologous chon-
drocyte implantation. Three of seven studies demonstrated a
significantly better overall clinical result following autologous
chondrocyte implantation as compared with microfracture5,8,17

in terms of one and two-year Lysholm scores (effect size = 0.66
[95% confidence interval, 0.05 to 1.25] and 1.42 [95% confi-
dence interval, 0.72 to 2.07], respectively)17, three-year overall
KOOS scores5 (effect size = 1.52; 95% confidence interval =
1.03 to 2.01), and five-year improvement in IKDC scores8

(effect size = 0.76; 95% confidence interval = 0.31 to 1.21). Two
studies showed positive but not significantly better results for
autologous chondrocyte implantation compared with micro-
fracture in terms of one-year improvement in Lysholm scores44

(effect size = 0.92; 95% confidence interval = –0.06 to 1.82),
and 1.5-year overall KOOS scores38 (effect size = 0.23; 95%
confidence interval = –0.14 to 0.61). Two studies referred to the

same population and suggested that microfracture was signif-
icantly superior to autologous chondrocyte implantation in terms
of the SF-36 physical component at two years (effect size =
–0.65; 95% confidence interval = –1.09 to –0.19)37; however,
these differences were not significant at five years of follow-up
(effect size = –0.40; 95% confidence interval = –0.79 to 0.01)7.

Autologous Chondrocyte Implantation versus
Osteochondral Autografts
Comparison between autologous chondrocyte implantation and
osteochondral autograft has demonstrated equivalent clinical
outcomes; however, a slower treatment response is seen after
autologous chondrocyte implantation. In both studies evalu-
ating osteochondral autograft, the surgical technique involved
congruent joint surfaces with plugs placed perpendicular to the
joint surface. Horas et al.42 randomized forty subjects to either
first-generation autologous chondrocyte implantation (n = 20)
or osteochondral autograft (n = 20). Significantly better Lysholm

Fig. 3

Forest plot demonstrating standardized mean difference between autologous chondrocyte implantation (ACI) and microfracture, between

autologous chondrocyte implantation and osteochondral autograft (OATS), and between first and second-generation autologous chondrocyte

implantation. Large boxes indicate large effect sizes, whereas small boxes indicate small effect sizes. A positive mean difference (on the

right side of zero) favors autologous chondrocyte implantation, whereas a negative mean difference (on the left side of zero) favors either

microfracture or osteochondral autograft (where applicable).
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scores (effect size = –1.0; 95% confidence interval = –1.65 to
–0.34) were seen after mosaicplasty as compared with autolo-
gous chondrocyte implantation at one year42. However, these
outcomes were not evident at two years42 (effect size = –0.36;
95% confidence interval = –0.97 to 0.28). Dozin et al.40 ran-
domized forty-four patients to either autologous chondrocyte
implantation or mosaicplasty. Although outcomes were pre-
sented as an intent-to-treat analysis, a large proportion of patients
(32%) were ‘‘clinically cured’’ after arthroscopic debridement and
biopsy or were lost to follow-up and therefore did not undergo
the intended surgical technique of autologous chondrocyte
implantation or mosaicplasty. This large attritional bias alters
the conclusions drawn from the study population.

First-Generation versus Second-Generation Autologous
Chondrocyte Implantation and Open versus Arthroscopic
Autologous Chondrocyte Implantation
Comparison of first and second-generation autologous chon-
drocyte implantation has, in large part, shown equivalent
short-term clinical outcomes, with similar complications and a
similar rate of reoperation. Bartlett et al.39 randomized ninety-
one patients to either collagen-covered, first-generation autolo-
gous chondrocyte implantation (n = 44) or second-generation,
matrix-induced autologous chondrocyte implantation (n = 47)
and reported significant improvement at the time of the one-year
follow-up in terms of modified Cincinnati scores but reported
no difference with regard to clinical outcome, complications, or
the rate of reoperation. Comparison of open versus arthroscopic
autologous chondrocyte implantation has shown more rapid
improvement with fewer complications and a lower rate of re-
operation with arthroscopic autologous chondrocyte implan-
tation. Zeifang et al.18 compared the outcomes after periosteal
autologous chondrocyte implantation with those after open
second-generation autologous chondrocyte implantation (matrix-
induced autologous chondrocyte implantation). While IKDC,
Tegner, and SF-36 scores were equivalent at one and two years
of follow-up, the study demonstrated significant differences
between periosteal autologous chondrocyte implantation and
matrix-induced autologous chondrocyte implantation in terms
of absolute values and improvements in Lysholm scores, with
better outcomes following periosteal autologous chondrocyte
implantation. Ferruzzi et al.41 performed a nonrandomized
prospective cohort study comparing open (n = 48) and ar-
throscopic (n = 50) autologous chondrocyte implantation at a
minimum of five years of follow-up and reported significantly
better IKDC subjective, objective, and functional scores in the
arthroscopic group as compared with the open group at six
(p = 0.001), twelve (p < 0.0005), and eighteen (p = 0.022)
months. While the arthroscopic group improved for as long as
eighteen months after surgery and then remained stable until
the time of the latest follow-up, the open group continued to
improve beyond eighteen to twenty-four months.

Arthroscopic and Histologic Outcomes
Of the 917 patients who were analyzed (including study du-
plicates), 376 (41%) underwent second-look arthroscopy (and

biopsy, when possible). There were 255 second-look arthros-
copies after autologous chondrocyte implantation (six were
performed because of symptoms, whereas all of the others were
planned a priori). There were 116 second-look arthroscopies
after microfracture (one was performed because of symptoms,
whereas all others were a priori) and five after osteochondral
autograft (all planned).

There is conflicting evidence on arthroscopic and his-
tologic outcomes following autologous chondrocyte implan-
tation. One study demonstrated significantly better outcomes
after autologous chondrocyte implantation than after micro-
fracture (effect size for histologic scores = 0.39 [95% confi-
dence interval, 0.01 to 0.77]; effect size for histomorphometric
scores = 0.46 [95% confidence interval, 0.08 to 0.85]) at the
time of the one-year follow-up38. However, four other studies
showed no significant difference in arthroscopic (ICRS) or
histologic outcomes after autologous chondrocyte implanta-
tion as compared with microfracture37, osteochondral au-
tograft42, or a different generation of autologous chondrocyte
implantation39,43.

Durability of Autologous Chondrocyte Implantation versus
Microfracture and Osteochondral Autograft
While the clinical outcomes of microfracture tended to either
plateau or deteriorate at longer follow-up periods, the results
of autologous chondrocyte implantation tended to remain
stable or to continue to improve5,7,8. Continued improvements
in the KOOS score have been documented at the time of the
latest follow-up (thirty-six months) after characterized chon-
drocyte implantation as compared with an initial improve-
ment followed by a decline and plateau after microfracture5.
A trend toward progressive elevation of the subchondral
bone plate, so-called ‘‘subchondral bone reaction,’’ was dem-
onstrated on magnetic resonance imaging more often after
microfracture than after characterized chondrocyte implan-
tation (p = 0.056)5. Sports activity and return to the pre-injury
level of sports, as illustrated by the Tegner activity score, was
significantly improved after both microfracture and second-
generation autologous chondrocyte implantation at two
years of follow-up8. The level of sports in the autologous
chondrocyte implantation group remained stable at five
years of follow-up as compared with a significant decline in
the microfracture group8. Of the group of twenty subjects
who were able to achieve the pre-injury level of sports at two
years after microfracture, only seven retained this ability
at five years (as compared with eighteen of eighteen in the
autologous chondrocyte implantation group)8. Although
Lysholm and SF-36 (physical component) scores after mi-
crofracture had higher values at two years of follow-up as
compared with those after autologous chondrocyte implan-
tation, these results were not maintained at five years of follow-
up7. The duration of follow-up within all included studies was
longest for microfracture and all generations and techniques
of autologous chondrocyte implantation (up to five years).
Follow-up after osteochondral autograft was shorter (two to
three years).
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Patient Factors Influencing Outcomes
Patient age was a significant predictor of outcome following
cartilage repair and restoration. Patients less than thirty years of
age had significantly better Lysholm and physical component
SF-36 scores at two and five years after both microfracture and
autologous chondrocyte implantation than did those more than
thirty years of age7. After matrix-induced autologous chondro-
cyte implantation and Type I/III collagen-membrane autologous
chondrocyte implantation, significantly better modified Cin-
cinnati knee scores were seen at the time of the one-year follow-
up in those who were less than thirty-five years old as compared
with those who were more than thirty-five years old39. Patient age
was not predictive of better outcomes with one technique over
another in either of the latter two studies. More active patients,
as evidenced by the Tegner score, had significantly improved
Lysholm, SF-36 physical component, and visual analog scale pain
scores after both microfracture and autologous chondrocyte
implantation than did less active patients at two years of follow-
up37. However, activity levels were not predictive of better out-
comes with one technique over another.

The duration of symptoms prior to cartilage repair or
restoration was an important factor affecting outcomes follow-
ing surgery. The mean symptomatic time period prior to surgical
intervention was highly variable between studies, ranging from
twenty-one months to more than 103 months. The mean modi-
fied Cincinnati knee scores after matrix-induced autologous
chondrocyte implantation or Type I/III collagen-membrane au-
tologous chondrocyte implantation were significantly greater
in subjects who had been symptomatic for less than fifty
months as compared with those who had been symptomatic
for more than fifty months (70.1 compared with 55.8)39. In the
group of subjects managed within twelve months (n = 7), the
outcome was even better (modified Cincinnati score, 79.1)39.
After characterized chondrocyte implantation, the mean over-
all improvement in the KOOS score was 28% and 71% higher
among patients who had been symptomatic for less than two
and three years prior to surgery, respectively5. Nevertheless, the
preoperative duration of symptoms was not predictive of better
outcomes with one technique over another.

Surgical procedures prior to cartilage repair or restora-
tion had a significant impact on postoperative outcomes in one
study39. Although this metric was not analyzed in all studies, all
patients in this study who were managed with matrix-induced
autologous chondrocyte implantation or Type I/III collagen-
membrane autologous chondrocyte implantation following
a previous failure of carbon-fiber grafting, mosaicplasty, or au-
tologous chondrocyte implantation had a poor postoperative
clinical outcome (mean modified Cincinnati score, 35)39. Again,
this factor was not predictive of better outcomes with one
technique over another.

Defect Factors Influencing Outcomes
No study has shown that the location of intra-articular defects
(medial or lateral femoral condylar weight-bearing defects or
patellofemoral defects) predicts better outcomes after any of
the analyzed surgical techniques. Small sample sizes of intra-

articular location-specific differences precluded statistical anal-
ysis of the effects that these areas have on the response to surgery.
No other significant associations between lesion location and
outcome were observed across all studies.

The only size-based clinical outcome association was
shown when autologous chondrocyte implantation was com-
pared with microfracture17,37. Although the mean defect size
ranged from 1.9 to 6.2 cm2 between studies, the mean defect
sizes of individual groups within each study were not signifi-
cantly different prior to cartilage repair or restoration. At two
years after microfracture, patients with defects measuring
<4 cm2 had significantly better Lysholm, visual analog scale, and
SF-36 physical component scores than did patients with larger
defects37. Furthermore, patients with lesions measuring >4 cm2

had better results following autologous chondrocyte implan-
tation as compared with microfracture. Nevertheless, this size
association was not demonstrated at five years of follow-up7.
An inclusion criterion in another study was the presence of
relatively large defects, specifically, an isolated defect measuring
>4 cm2 (range, 4 to 10 cm2)17. That study demonstrated better
clinical outcomes after matrix-induced autologous chondro-
cyte implantation as compared with microfracture. These latter
two studies were the only two studies that were able to identify
a patient-specific or defect-specific factor (defect size, >4 cm2)
that predicted a better outcome following autologous chon-
drocyte implantation as compared with a non-autologous
chondrocyte implantation cartilage technique.

Complications
Complications after autologous chondrocyte implantation, mi-
crofracture, and osteochondral autograft were reported in all
studies. When reported, graft hypertrophy occurred in fifty-
four (22%) of 243 cases after periosteal autologous chondrocyte
implantation, in six (6%) of 108 cases after collagen-membrane
autologous chondrocyte implantation, in two (4%) of fifty
cases after Hyalograft C autologous chondrocyte implantation,
and in four (7%) of fifty-eight cases after matrix-induced au-
tologous chondrocyte implantation. The rate of symptomatic
hypertrophy was not typically reported. Most commonly de-
fined as reoperation due to persistent symptoms, ‘‘failure’’ was
reported differently among all studies. Although this definition
was variable, it occurred in seventeen (2.8%) of 604 cases after
autologous chondrocyte implantation, ten (3.7%) of 271 cases
after microfracture, and three (7.1%) of forty-two cases after
mosaicplasty. Arthrofibrosis occurred in fifteen cases (2.5%)
after autologous chondrocyte implantation (including six cases
of periosteal autologous chondrocyte implantation, six cases
of Type I/III collagen-membrane autologous chondrocyte
implantation, and three cases of matrix-induced autologous
chondrocyte implantation), in seven cases (17%) after mosaic-
plasty, and in one case (0.4%) after microfracture. Less com-
mon complications included deep-vein thrombosis (n = 2),
superficial wound infection (n = 3), septic arthritis (n = 1)
(although there was no growth on culture), and reflex sym-
pathetic dystrophy (n = 2). Comparison between arthroscopic
and open autologous chondrocyte implantation revealed
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a significantly lower rate of complications and a lower rate of
reoperation in the arthroscopic group41.

Discussion

We hypothesized that autologous chondrocyte implanta-
tion was equivalent to other cartilage procedures with

regard to clinical outcome, magnetic resonance imaging and
arthroscopic assessment, and durability of treatment. Analysis
of the current body of high-level evidence suggests that there is
a trend for autologous chondrocyte implantation to demon-
strate improved outcomes in comparison with microfracture
but does not allow us to conclude that there is any difference
between autologous chondrocyte implantation and osteo-
chondral autograft transplantation. Also, there is no significant
difference between first and second-generation autologous
chondrocyte implantation. Our review demonstrated that there
are patient-specific and defect-specific factors that do influence
clinical outcome after autologous chondrocyte implantation.
Although the methodological quality of studies on these pro-
cedures was initially poor, recent studies have demonstrated
substantive improvement in study quality (Figs. 2-A and 2-B).
Younger, more active patients, with a shorter duration of pre-
operative symptoms, fewer surgical procedures prior to carti-
lage repair or restoration, smaller isolated defects on the medial
femoral condyle, and no concomitant ligamentous instability,
meniscal deficiency, or tibiofemoral or patellofemoral mala-
lignment, can expect the best outcome regardless of technique.

Despite several Level-III and IV studies demonstrating
unambiguous improvement after autologous chondrocyte
implantation, Level-I and II studies included in other system-
atic reviews23,25,26,45,46 have failed to show a clear superiority of
any cartilage repair or restoration technique. Furthermore, the
generally low methodological quality of cartilage-repair studies
overall precludes confident interpretation of their results32. This
finding has been further supported in several recent systema-
tic reviews22-28. Those reviews have analyzed cartilage tech-
niques, including autologous chondrocyte implantation, and
have shown short-term improvement in knee function23,25,26,45,46.
Despite the theoretical and proven advantage of an increased
proportion of hyaline cartilage after autologous chondrocyte
implantation and osteochondral autograft with its associated
improved histologic scores, the lack of long-term data in these
other reviews precluded a statement of superiority of one car-
tilage repair or restoration technique over another.

Previous systematic reviews have lacked consensus be-
cause of the heterogeneity of included studies, the inclusion of
comparative studies not utilizing autologous chondrocyte im-
plantation, and a focus on commercial funding and economic
issues of autologous chondrocyte implantation. The recent
addition of high-quality randomized trials not included in
previous reviews supplements the existing literature and may
show a trend toward better outcomes after autologous chon-
drocyte implantation5,8,17,38. Our current review of Level-I and II
studies and our statistical analysis indicate that autologous
chondrocyte implantation demonstrates sustained clinical
outcomes after as much as five years of follow-up. The theo-

retical potential benefit of autologous chondrocyte implanta-
tion over microfracture due to a more durable structural tissue
was not observed at the time of intermediate-term follow-up
but may be seen with longer-term follow-up. It must be noted
that, of the thirteen studies included in our review, three had
less than twenty-four months of follow-up. The short-term
assessment of the clinical outcomes after any surgical technique
clearly does not allow a sufficient time period for a definitive
statement regarding the efficacy or durability of the technique.
Although biopsies after autologous chondrocyte implanta-
tion continue to show maturation for as long as twenty-four
months47, the timing of maturation of cartilage repair and
restoration tissue and its clinical correlation have yet to be de-
finitively determined. The inclusion of studies with short-term
follow-up was deemed appropriate as there may be clinical
differences as the tissue evolves and the patients have already
returned to activities of daily living and high-impact sports.
Nevertheless, these results must be interpreted cautiously.

Other reviews of cartilage repair and restoration include
a recent study23 that demonstrated an increasing quality of
studies with time after second-generation autologous chon-
drocyte implantation, but there was an inverse relationship
between study outcome and study quality. This relationship
was also noted by Jakobsen et al.32, confirming that superior
outcomes may be inherently more biased. Nonetheless, hetero-
geneous outcome measures, lack of a control group across all
studies, analysis of multiple different techniques of autologous
chondrocyte implantation, and inherent limitations within
many of the individual studies still limit the conclusions one
may draw from comparison of these ‘‘high-level evidence’’
clinical studies.

The findings of this systematic review have confirmed
those of several recent systematic reviews23,25-28,45,46,48. Although
many of those recent reviews had small differences regarding
study inclusion and exclusion criteria, study methodological
assessment tools, and surgical techniques analyzed, their con-
clusions were quite similar. The unique strengths of our system-
atic review include the inclusion and discussion of high-level
(Level-I and II) evidence with inclusion and exclusion criteria
developed to properly achieve the aims of the study, com-
parison of autologous chondrocyte implantation with non-
autologous chondrocyte implantation cartilage techniques,
comparison of different generations of autologous chondrocyte
implantation, the identification of factors that influence out-
comes after autologous chondrocyte implantation, the identi-
fication of factors that predict better outcomes with autologous
chondrocyte implantation as compared with non-autologous
chondrocyte implantation techniques, and effect size statistics
of studies analyzed.

Three studies that were included in our review demon-
strated significantly better clinical outcomes following autol-
ogous chondrocyte implantation in comparison with other
techniques. Autologous chondrocyte implantation has dem-
onstrated significantly better clinical outcomes than micro-
fracture (in terms of KOOS5, IKDC8, Lysholm17, Tegner17,
ICRS17, and return to sports8) and better histologic38 outcomes
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than microfracture. A genetic profile score indicative of
chondrocyte quality, used in characterized chondrocyte im-
plantation, was shown by Saris et al. to be a significant pre-
dictor of outcome. This is the only study in the literature to
document ex vivo chondrocyte manipulation and implantation
of the preserved articular cartilage phenotype5. Although mi-
crofracture demonstrated significantly better improvement as
compared with autologous chondrocyte implantation at the
time of short-term follow-up, the results did not endure with
longer follow-up, with equivalent clinical outcomes being
demonstrated, indicating deterioration with time after micro-
fracture7. This deterioration was also observed in two other
Level-I studies5,8. Effect-size analysis of microfracture versus
autologous chondrocyte implantation indicates that the initial
benefit of microfracture peaks early and then declines with
time, eliminating any potential benefit over autologous chon-
drocyte implantation, especially for larger lesions. A recent
systematic review of twenty-eight clinical studies (3122 sub-
jects) on the clinical outcomes after microfracture confirmed
that microfracture peaks early and deteriorates with time6.
Progressively improved knee function generally was seen for as
long as twenty-four months. Although seven studies in that
review demonstrated deterioration in as many as 80% of pa-
tients between eighteen and thirty-six months after micro-
fracture, limited long-term data and the quality of existing short
and intermediate-term data precluded a statement of defini-
tive efficacy of microfracture as compared with other cartilage-
repair and restoration techniques6. A potential explanation for
the poor durability of repair and the lack of long-term success
after microfracture has been suggested to be related to the
actual nature of the procedure, specifically, violation of sub-
chondral bone38,49-52. Subsequent subchondral bone metabolic
changes include the formation of intralesional osteophytes,
tidemark advancement, and osseous overgrowth38,49-52. This
subchondral bone change, easily visualized with magnetic
resonance imaging or arthroscopy, has been shown to be a
precursor to degenerative osteoarthritis50,51,53. In the studies in
our review, microfracture was less likely to lead to arthrofi-
brosis than autologous chondrocyte implantation was. This
finding may be due to the minimal insult to the knee imposed
by the arthroscopy associated with microfracture as compared
with the arthrotomy required with autologous chondrocyte
implantation.

A slower clinical response has been observed after au-
tologous chondrocyte implantation as compared with os-
teochondral autograft. This difference in response can be
expected because of the immediate presence of hyaline cartilage
with osteochondral autograft as compared with the longer-
duration remodeling of liquid-based chondrocyte solution in
first-generation autologous chondrocyte implantation and in-
tegration of scaffold-chondrocyte-based matrices in second-
generation autologous chondrocyte implantation. A recent
prospective study47 of histologic quality after autologous
chondrocyte implantation showed a very strong dependency of
clinical outcomes on the timing of the biopsy. If the time after
implantation of chondrocytes doubles, then it is 4.21-times

more likely that the histologic result will be consistent with
hyaline-like tissue as opposed to fibrous tissue or fibrocartilage.
Furthermore, on the basis of the results of their study, the au-
thors proposed an optimal earliest timing of biopsy at twenty-
four months as histologic outcome continues to improve as
long as twenty-four months after surgery. The only high-level
evidence to support a more rapid clinical response with osteo-
chondral autograft as compared with autologous chondrocyte
implantation was in the study by Horas et al.42, which showed
significantly better Lysholm scores at one year after osteo-
chondral autograft as compared with autologous chondrocyte
implantation. By two years, however, these clinical scores were
equivalent. That study involved the use of large plugs, and,
thus, donor-site morbidity may become an issue with time.
However, after as long as seventeen years after osteochondral
autograft, patellofemoral pain related to donor-site morbidity
resulting from graft harvest was seen in <5% of patients9.

Despite the Level-I and II studies included in our review,
several limitations compromise their usefulness (see Appen-
dix). Properly conducted randomization attempts to eliminate
selection bias and to support the internal validity of a study54.
Allocation of treatment was adequately concealed via ran-
domization with use of sealed envelopes, random stratified lists
balanced in permuted blocks of varying block size in random
sequence, and an integrated voice response system (IVRS)
computer minimization method in nine studies5,7,17,18,37-40,43.
Alternating consecutive-selection randomization is a potential
source of selection bias and was used in one study42. None of
the study authors were involved in the randomization of sub-
jects. Demographic data such as subject age, duration of follow-
up, defect size, defect depth, and defect location were similar
among studies. However, across all studies, the number of
patients within each comparative surgical group was unequal,
with four times as many subjects undergoing microfracture as
compared with osteochondral autograft and three times as
many subjects undergoing autologous chondrocyte implanta-
tion as compared with microfracture. Study subjects should be
similar at the time of study onset and, although this is true in
most studies, the presence of prior and concurrent surgical
interventions (selection bias) alters all subsequent surgical in-
terventions and their dependent clinical outcomes. Nearly all of
the studies in this review included patients who had had pre-
vious operations to the affected knee. Although microfracture
and other marrow-stimulation techniques traditionally have
been regarded as low-morbidity, first-line, ‘‘non-bridge-burning’’
techniques, it has recently been shown that these procedures
cause a three-fold increase in the rate of failure of subsequent
autologous chondrocyte implantation55. This illustrates a strong
negative effect on subsequent autologous chondrocyte im-
plantation and warrants caution as marrow-stimulation tech-
niques may truly be a ‘‘bridge-burning’’ procedure via their effect
on the subchondral bone within the defect. Two of the studies
demonstrated significant differences between the number of
subjects within each group undergoing concurrent surgery to
address meniscal lesions. Even small degrees of meniscal pa-
thology and/or resection influence contact mechanics within
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the knee and thus influence the stress placed on cartilage repair
or restoration and the bias in the outcomes reported.

Many dissimilar autologous chondrocyte implantation
surgical techniques (open periosteal cover autologous chon-
drocyte implantation7,18,37,40-43, open periosteal cover autologous
chondrocyte implantation with characterized chondrocytes5,38,
open collagen-membrane cover autologous chondrocyte im-
plantation39,43, open second generation autologous chondro-
cyte implantation17,18,39,44, and arthroscopic second generation
autologous chondrocyte implantation8,41) are compared with
osteochondral autograft transplant, which also used dissimi-
lar techniques (different sizes of cylinders and instrumentation
for osteochondral cylinder transplantation). This performance
bias is analogous to comparing ‘‘apples to apples and oranges to
oranges.’’56 This likely had an impact on the findings between
the different studies of osteochondral autograft. The use of
smaller, proud osteochondral plugs can lead to more inter-
vening fibrous tissue between plugs, increased pressure, and
breakdown of the cartilage on the plugs57,58, all of which can
negatively influence results. In addition to differences between
like surgical procedures, concomitant surgical techniques (in-
cluding meniscal, ligamentous, and realignment surgery), which
were performed in five of thirteen studies5,8,17,18,38 in this review,
add substantial performance bias. The natural history of an
untreated, isolated focal chondral defect (control) is unknown;
thus, the effect of treatment relative to control may be over-
estimated or underestimated.

Assessment of outcomes via an independent observer is
necessary to minimize detection bias. This was done clinically
in only four of thirteen studies18,37,38,43. However, histologic,
magnetic resonance, and radiographic imaging was evaluated
blinded in all studies that used these evaluation parameters.
The obvious caveat that warrants independent post-treatment
evaluation is that the surgeon cannot be excluded from
knowledge of the treatment as he or she is the entity per-
forming the technique being investigated. The assessment of
studies ideally should be done with use of validated, reliable,
responsive, disease-specific outcome measures across all stud-
ies. The KOOS and IKDC systems have been validated and are
reliable and responsive for cartilage pathology and response to
treatment59. These two measures were utilized in only seven of
thirteen studies5,8,18,38,40,41,44 in this review, introducing detection
bias. Nevertheless, the use of other outcome measures is war-
ranted and supplements the IKDC and KOOS results. The use
of multiple outcome measures allows the response to treatment
to be fully appreciated.

A statement of significance does not equate to clinical
importance. Therefore, the difference between the two must be
made clear with high-level evidence. Basad et al.17 reported
significant differences between autologous chondrocyte im-
plantation and microfracture in terms of both absolute values
and the degree of improvement of Lysholm scores. These dif-
ferences are clinically relevant as the patient would be able to
perceive the differences entailed with this outcome measure.
Saris et al.5 reported significant differences between autologous
chondrocyte implantation and microfracture in terms of the

amount of improvement in KOOS scores at the time of the
latest follow-up. However, the absolute difference in this clin-
ical outcome measure (overall KOOS score, 78 compared with
75) precludes a statement of significantly better clinical out-
comes as the patient would be unable to perceive a difference
between the two different scores. Assessment of the method-
ological quality of a randomized controlled clinical trial via the
Delphi list is appropriate. However, this simple, nine-question
analysis may be too stringent for the evaluation of a prospective
cohort, as three of the questions are directed at comparative
groups within a randomized trial. As the table in the Appendix
regarding the Delphi list illustrates, study quality has improved
with later publication date. However, this finding simply may
have been due to the increasing number of randomized com-
parative studies more recently and more prospective cohort
studies earlier in the study analysis.

Multiple sources of heterogeneity within studies included
in our review precluded the performance of a meta-analysis.
With the different clinical outcome measures used in different
studies, effect size was used as described. Effect size can sum-
marize the result of a study based on various outcome mea-
sures. It allows numerically direct comparison of the results
from different individual studies that used different outcome
measurements. However, this analysis is limited by the quality
of the data reported in each study. In the present study, some
data used in our analysis were given in the text or tables of the
original studies or the original data were provided by the au-
thors of the studies. However, not all data could be obtained
directly. Some data were directly measured from the figures in
the papers or were roughly estimated from the tables by as-
signing a score to each item of categorical data, for example, by
assigning a score of 80 to the category ‘‘good (70-90).’’ In these
cases, the effect sizes may slightly differ if we could not use the
original data. Nonetheless, most differences are small and will
not markedly influence our conclusions. Our analysis describes
the effect size on the basis of the data given.

To truly assess the efficacy and durability of autologous
chondrocyte implantation in comparison with other tech-
niques, future studies should attempt to limit the deficiencies
mentioned within our discussion via proper and transparent
subject enrollment with clearly stated inclusion and exclusion
criteria; proper independently performed randomization
techniques; no concurrent surgical interventions (anterior cru-
ciate ligament reconstruction, realignment osteotomy, meniscal
surgery, etc.); consistent surgical technique; longer clinical
follow-up with an independent observer; the use of validated,
responsive, and reliable outcome measures; and clear reporting
of data with a statement of both clinical relevance and signif-
icance, as the two are not always coincident.

Conclusions
Cartilage repair and restoration with microfracture, autologous
chondrocyte implantation, and osteochondral autograft has
proven short-term and intermediate-term success. On the basis
of our analysis, intermediate-term clinical outcomes after autol-
ogous chondrocyte implantation demonstrate a trend toward
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autologous chondrocyte implantation having improved out-
comes as compared with microfracture but do not allow us to
conclude that there is any difference between autologous
chondrocyte implantation and osteochondral autograft trans-
plant. Further, no differences in clinical outcomes were shown
between first and second generation autologous chondrocyte
implantation. Additional long-term follow-up with high-level
evidence will be required to determine the degree of difference
between autologous chondrocyte implantation and micro-
fracture. Autologous chondrocyte implantation may be the best
option for large defects in young, active patients with a short
duration of symptoms and no previous cartilage surgery. Au-
tologous chondrocyte implantation may provide a more du-
rable repair tissue than microfracture, with preservation of
clinical outcome success in the long term. Microfracture re-
mains indicated for smaller defects in young, active patients.
Osteochondral autograft may provide more rapid improve-
ment in terms of clinical outcome than autologous chondro-
cyte implantation or microfracture but is limited by donor-site
morbidity. The methodological quality of studies investigating
these techniques has historically been poor but is improving.
Additional high-quality studies will continue to provide evidence-
based outcomes with which guidelines for the treatment of ar-
ticular cartilage injury in the knee may be refined.

Appendix
Tables summarizing quality score criteria and presenting
quality scores, demographic data, and outcomes for the

individual studies are available with the electronic version of
this article on our web site at jbjs.org (go to the article citation
and click on ‘‘Supporting Data’’). n
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