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Abstract
Mesenchymal stem cell (MSC)-based therapies represent a new option for treating damaged cartilage. However, the outcomes

following its clinical application have seldom been previously compared. The present paper presents the systematic review of

current literatures on MSC-based therapy for cartilage repair in clinical applications. Ovid, Scopus, PubMed, ISI Web of

Knowledge and Google Scholar online databases were searched using several keywords, which include ‘‘cartilage’’ and ‘‘stem

cells’’. Only studies using bone marrow-derived MSC (BM-MSC) to treat cartilage defects clinically were included in this review.

The clinical outcomes were compared, and the quality of the tissue repair was analysed where possible. Of the 996 articles, only

six (n¼ 6) clinical studies have described the use of BM-MSC in clinical applications. Two studies were cohort observational trials,

three were case series, and one was a case report. In the two comparative trials, BM-MSCs produced superior repair to cartilage

treatment without cells and have comparable outcomes to autologous chondrocyte implantation. The case series and case–

control studies have demonstrated that use of BM-MSCs resulted in better short- to long-term clinical outcomes with minimal

complications. In addition, histological analyses in two studies have resulted in good repair tissue formation at the damaged site,

composed mainly of hyaline-like cartilage. Although results of the respective studies are highly indicative that BM-MSC-based

therapy is superior, due to the differences in methods and selection criteria used, it was not possible to make direct comparison

between the studies. In conclusion, published studies do suggest that BM-MSCs could provide superior cartilage repair. However,

due to limited number of reports, more robust studies might be required before a definitive conclusion can be drawn.
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Introduction

Arthroscopic studies conducted in recent years involving
large number of patients have shown that the prevalence
of cartilage defects can be high ranging anywhere between
11% and 63% in individuals presenting with some form of
knee injury.1 Cartilage, being an avascular, aneural and rela-
tively hypocellular tissue; rarely undergoes complete repair
following damage.2 This poses a formidable challenge to the
surgeons involved in the management and treatment of
tissue damage. Various methods to repair articular cartilage
have been previously described. However, it has been
shown that long-term outcome has seldom been achieved,
partly owing to the non-biological nature of the repair tech-
niques currently employed.3 In several studies, biological
repair methods for cartilage defects involving the knee
have been shown to produce superior tissue repair than
those employing non-biological methods. In addition, it
has also been shown that biological repair methods result

in superior medium-term outcomes.4 Thus, it is not surpris-
ing that biological repair techniques to treat damaged car-
tilage have recently become increasingly popular amongst
orthopaedic surgeons. In many literatures, biological repair
techniques are mainly referred to the use of one of the fol-
lowing: subchondral marrow stimulation, osteochondral
graft transfer or autologus chondrocyte implantation
(ACI).3 It has been shown that ACI produced superior
results to many other techniques, thus suggesting that cell
therapy may be the best option to treating focal cartilage
damage.5 Nonetheless, despite its superior tissue repair out-
come, the use of biological repair techniques do have certain
limitations that restrict their potential from producing better
long-term outcomes.4,5 This limitation is explained by
numerous reasons, one of which is in the use of chondrocyte
itself, which has limited self-renewal capacity.6 The reason
for poor chondrocyte longevity appears to be due to its
shortened telomeres, which following numerous cell
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cycles, drives adult chondrocytes to undergo early senes-
cence, obliterating long-term cartilage repair and remodel-
ling.6 To overcome this, the use of cells having improved
self-renewal capacity may be preferable. Cells falling into
this category include progenitor and other higher potency
cells, such as mesenchymal stem cells (MSCs).5

In many studies, the use of bone marrow-derived MSCs
(BM-MSCs) represents a new treatment modality for the
repair of damaged cartilage. In many studies, superior car-
tilage repair outcomes becomes evident as observed from
laboratory experiments as well as when used in clinical
applications.7 Being multi-potent and undifferentiated,
BM-MSCs as with other types of MSCs, have the unique
ability of being able to transform into cells of a particular
lineage. These cells are able to reproduce the phenotypic
expression similar to resident cells found in a specified
tissue, i.e. cartilage cells.8 MSCs are easily available and
can be found in many tissues such as bone marrow, and
therefore BM-MSCs offer a unique cell source that bypasses
the necessity for multiple surgeries, a problem faced whilst
employing ACI.5,9 Despite the many promises of BM-MSCs
to produce superior cartilage repair as demonstrated by the
many published in-vivo studies, it appears that evidence
relating to its use in clinical settings largely remains lim-
ited.10 As a matter of fact, as far as the authors of this paper
are aware, there have not been any reviews that have
described presently published reports using BM-MSCs in
treating cartilage damage. Here, we present a systematic
review of publications reporting cartilage repair using
BM-MSCs conducted primarily with the key objective of
determining whether the use of BM-MSCs could lead to
superior treatment outcomes clinically, as suggested from
the results published by most laboratory investigations.

Materials and methods
Search strategy and study design

The online databases used in this study include Ovid,
Scopus, PubMed, Google Scholar and ISI Web of
Knowledge. The search terms ‘‘Mesenchymal stem cell’’
and ‘‘cartilage’’ were used, with restriction to articles pub-
lished in English, since the year 2000. These results were
searched for controlled trials using a highly sensitive and
validated filter, and the articles were reviewed thoroughly
and individually. The bibliographies of relevant original
research articles were searched for further studies.
Searches on the available papers were included and con-
cluded by July 2013. The results of the selected articles
reviewed here were critically scrutinized based on the treat-
ment outputs such as clinical and patient follow-up out-
comes (after MSC transplantation), tissue repair quality
and study limitations.

Study selection

All studies that included the use of BM-MSCs for treating
damaged cartilage in human were considered as eligible for
review. Studies were included if they had been carried out
in a clinical setting. Due to the very limited number of stu-
dies available, we extended the inclusion criteria to studies

that were cohort trials, case series and case reports if the
treatment group received MSCs and conducted in appro-
priate clinical settings. In-vitro and in-vivo investigations
that used animal experiments were excluded from the ana-
lysis (Figure 1).

Data extraction

Data were extracted on (1) clinical outcomes as well as clin-
ical evaluation scores, (2) quality of repair tissue (histo-
logical and arthroscopic outcomes where available) and
(3) the length of patient follow-up after MSC transplant-
ation with considerable number of patients. The outcome
measures involving descriptive data were also taken into
account where possible.

Results

Our online literature search produced 996 papers. After
exclusion of duplicates, 343 were reviewed for suitability.
In order to further determine if studies had met our eligi-
bility criteria, articles were further stratified. Articles that
were reviews (n¼ 253), non-clinical studies (n¼ 69) and
animal study (n¼ 15) were excluded from the subsequent
review process. The final evaluation resulted in six studies
using BM-MSCs in treating patients for cartilage defects
being included for review (Figure 1). Studies describing
the use of BM-MSCs from sources other than bone
marrow such as those which were peripheral derived
were also excluded.9 Of these, two were cohort trials,
three were case series and the remaining, was a case
report. Studies described the use of BM-MSCs to repair
focal cartilage damage and in the cohort trials; one study
compared the outcome of BM-MSC treatment with ACI
whilst the other compared BM-MSC to using cell-free col-
lagen sheets. All studies employed a similar technique in
repairing cartilage defects, which involved the use of peri-
osteal flap and the implantation of the BM-MSCs under-
neath the flap and into the defect sites. This is very
similar to the technique employed in the original ACI
described by others, although the authors have used BM-
MSCs in lieu of autologous chondrocytes.5 However, one of
the cohort has also performed a high tibial osteotomy in
addition to BM-MSC implantation. There were variations
in the sites of operation, the comparison group, the outcome
measures used as well as the length of follow-up (Table 2).
Patient follow-up ranged from 6.3 weeks to 137 months
after receiving treatment, involving 1–72 patients in each
cohort, with the defect sizes that were treated ranging
from 3 to 12 cm2. There were many types of outcome meas-
ures used, which included patient assessment scores such
as Lysholm or International Cartilage Repair Society (ICRS)
scoring systems, and other more objective measures such as
MRI and histological scores. A scrutiny of the study design
and methodology employed made by at least two senior
researchers in our institution, which had relevant research
interest arrived to the conclusion that the studies selected
were of relevance, better study design, and have employed
valid and established outcome measures appropriate to the
study they had undertaken. However, it is of interest to note
that three (n¼ 3) of the six studies were from the Wakitani
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et al. group.11–13 During our analysis it was not apparent to
us if any or all of these studies were results being reported
repeatedly and obtained from the same pool of patients.
Because of this ambiguity, all three studies were included
in the present paper. A summary of these results are sum-
marized in Tables 1 and 2.

In this review, all the studies we reviewed appear to sup-
port the use of BM-MSCs to repair focal cartilage damage.
However, the level of evidence varied with the study design
employed by these studies as well as the number of partici-
pants enrolled. We found that the best evidence to demon-
strate the efficacy of BM-MSC was of the reports from the
two cohort trials. However, these were deemed to be of
level-3 clinical evidence at best.11,14 Overall, both reported
cohort trials have concluded that BM-MSCs provide super-
ior clinical outcomes as compared to; only collagen gel or
ACI.11,14 Between the studies by Nejadnik and Wakitani, we
have found that the results published by the former was
more convincing owing to its better study design, follow-
up rates and, the rigid scrutiny and follow-up time-points
employed by the authors.11,14 The study by Wakitani et al.,11

had several inconsistencies ranging from lack of patient
numbers to incomparable treatment regimes. In their
study, Wakitani et al.,11 recruited what they described as
patients with early osteoarthritis (OA) involving the
medial compartment and not purely patients with chondral
defects.11 It is interesting to also note that whilst the authors
have claimed that they recruited patients with OA, the over-
all impression was that patients were treated mainly for
focal defect sites with few early OA changes at the edges
of the condyles at best, as demonstrated from the pictures
accompanying the published articles. Hence, this was the

reason for us to include this article in the present review
despite knowing that the article mentions of OA instead of
focal cartilage defects. There were only 12 of the 24 patients
treated with BM-MSCs whilst the others were treated with
just cell-free collagen-sheets implanted underneath the
periosteal flap, created using the same technique to that
when ACI was performed. The difference to ACI was that
a high tibial osteotomy was performed in all cases. At an
average of 16 months of follow-up, although the BM-MSC
treated group was deemed superior, there were no statistic-
ally significant differences observed between the two
groups, which came to no surprise since the recruitment
numbers were very small. On the other hand, the study
by Nejadnik et al.14 was better designed and had a control
recruitment of 72 patients divided equally into two groups;
one treated with BM-MSC and another with ACI. In their
study, the outcome observed was based on a follow-up of
3-month interval culminating to a total follow-up of no
<2 years. More importantly, the authors had clearly defined
their recruitment targets, which only included patients with
focal cartilage defects and not OA, which was very relevant
to our review objective. Although they were not able to
standardize the sizes and the sites of the treated defects,
normalize the age groups and sexes, they demonstrated
that the use of either BM-MSCs or chondrocytes results in
comparable outcomes using similar outcome measurments.
Despite having similar outcome at 2 years follow-up, the
authors still support the use of BM-MSCs over chondro-
cytes citing that this is due to the ease of obtaining these
cells as compared to chondrocytes for ACI. Furthermore,
using BM-MSCs in treating cartilage defects is justified

n=996Initial online search produced results
ISI web of knowledge         n=120
Pubmed n=392

n=205Scopus
n=279Ovid

Duplicate results excluded n=653

Obtained and reviewed for eligibility  n=343

Excluded: Reviews   n=253
Excluded: Non clinical n=69clinical
Excluded: Animal study  n=15

Finally Reviewed  n=6

Cohort trials-using 
BM-MSC: n=2

Case series-using 
BM-MSC : n=3

Case report-using 
BM-MSC: n=1

Figure 1 Flowchart of the literature collection through online search and selection of the reviewed articles
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since according to the authors, it avoids the use of add-
itional surgical procedures needed in ACI.14

All remaining studies were of level 4 clinical evidence,
involving patients with focal cartilage defects without any
control or comparative group(s).12,13,15,16 In the three case
series investigations, two by Wakitani and others12,13 and
Haleem and colleagues,15 it appears that all authors support
the use of BM-MSCs since these cells provide good outcome
for patients for up to a period of 137 months (please refer
Table 2). In addition, they have also reported that the dif-
ferences in the pre-operative assessment scores to that
observed in the follow-up for >6 months, the use of BM-
MSCs demonstrates significant improvements. However, it
is worth noting that in the present review, Wakitani reports
of two case-series; one published in 2007 and the other in
2010. It is unfortunate that we were unable to determine if
the two are related since considering that similar surgical
methods were employed in both studies. It may be the case
that the later reported study is a mere follow-on report of
the previous one and therefore in effect, there should have
been only five studies worth mentioning in the present
review instead of the six being assumed initially.11–16

Lastly, the case report by Kuroda et al.16 has made descrip-
tive data using histological analysis of the BM-MSCs
repaired site, which like all the reports reviewed herein,
supports the use of these cells in treating focal cartilage
defects (Table 2).

Discussion

The results published in the selected articles included in
this review appear to unanimously agree that the use of
BM-MSCs provides good repair outcomes, and in one
study, the use of BM-MSCs has resulted in comparable out-
comes to that of autologous chondrocytes. Although results
of these studies appear robust and the findings appears to
be valid, it is worth noting that to date there are limited
number of published clinical data relating to this subject
matter, i.e. only six studies (or publications) were found to
be relevant.11–16 In addition, the studies being reviewed had
rather limited number of cohorts, with a highest number
reported involving 72 patients divided into two treatment
arms.14 This is most unfortunate considering that the use of
BM-MSCs has demonstrated such promising results. Had
the number of patients recruited in these studies been
larger, treatment using BM-MSCs could have been
unequivocally advocated to become the future of cartilage
repair. Those skeptical of the present report might also
question the comparability of reported studies since the
methodology employed are slightly varied. It is worth con-
sidering when conducting a review of such as this; it is not
unexpected that when results from various research groups
are compared across the board, certain differences in the
methodology employed in the different studies may be
apparent especially since there are no definite protocols
that define how a study using BM-MSCs should be con-
ducted. This should not be an issue since the emphasis of
any review, such as that of the present article and that of
many other studies for that matter, is to evaluate the out-
come measures used in determining the efficacy of the
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treatment used, i.e. the use of BM-MSCs in each of the
study. The measures and reporting done must be valid
and reflects the good outcomes of the repaired cartilage
accurately. Our analysis demonstrates that there are no
issues with regard to this since all reports that were
reviewed had a study design that is sound and valid. The
reports were also made with adequate length of time of
follow-up in order for the final repair outcome to be
observed, using appropriate outcome measuring tools for
assessing cartilage repair. This was similar to that reported
in most other studies.4,5,11,12,14,17–19

Despite this, it is to be expected that certain studies
would be more preferred owing to the robust study
design employed. A study which is of a clinical trial in
nature involving comparative or control groups will pro-
vide more convincing results especially when this study
involves large numbers of cohorts. Hence, in our opinion,
the study by Nejadnik et al.14 is by far the most convincing,
since the study involves large population samples, a good
sample variation and that the study had made a good com-
parison between BM-MSC and ACI in a side-to-side com-
parative analysis. In their study, it is demonstrated that the
outcome of BM-MSCs-treated patients are not significantly
different from patients treated with ACI but, it is said that
treating with BM-MSCs will avoid the use of additional
surgical procedures needed for ACI. More importantly,
the study has demonstrated that the use of BM-MSCs
could be used in older patients with little consequence on
the final outcome, for which this remains an issue whilst
using ACI. As far as we are aware, to date this issue has not
yet been resolved. It is well recognized that ACI is less suc-
cessful when used in patients >45 years of age.19 The
reason, as explained earlier, may be related to shortened
telomeres, which are observed in most adult cells and
even many types of unipotent cells.6 In many studies, it
has been suggested that using methods such as subchon-
dral drilling and microfracture employs the same paradigm
to that of implanting MSCs into the defective sites.20,21

Their argument is that when a communicating channel is
created between the defect site to the bone marrow canal,
stem cells (in particular MSCs) migrate through these chan-
nels to occupy the lesions and repair the damaged sites in a
way similar to that when implanting MSCs.20,21 Whilst this
argument appears to be sound in a single glance, there are
many issues relating to this notion that delineates BM-MSC
implantation from their migration from bone marrow.
Firstly, the technique of implanting BM-MSCs employs cel-
lular expansion and that high concentrations of specific
cells homogenous in nature are to be used to treat damaged
cartilage. In contrast, MSC migration from bone marrow as
the result of microfracture of subchondral drillings is a
speculated event, and the migrating cells are neither homo-
genous comprising of only MSCs nor are of high concentra-
tion.20,22 Secondly, from the reports of long-term repair
outcome observational studies it is apparent that techniques
using microfracture do no result in medium-term hyaline-
like cartilage healing, which unlike that those resulted from
using BM-MSCs or ACI maintains a better quality of hya-
line cartilage tissue repair.4,23 Had both microfracture and
implanting BM-MSCs work by the same principle, the final
clinical outcomes should have been similar. However, the
arguments put forth here are merely based on logical
deduction and that in order to make conclusive arguments
to this, a direct study employing randomized control trial
comparing the two techniques would be necessary. From
our literature search, we however found no studies as
such, and the best that could be deduced is the use of pre-
viously published systematic reviews or meta-analyses.
There were several such studies that were found to be rele-
vant.4,23 These studies compare ACI to other techniques
such as microfracture, subchondral drilling and chondro-
plasty in a cohort control trial. The study by Nejadnik et al.14

is the only one that has compared BM-MSCs to ACI whilst
the others have reported that ACI was superior to all others.
Hence, based on these findings we deduced that since BM-
MSCs were comparable to ACI and that ACI is superior to

Table 2 Clinical and histological outcomes of included studies addressing BMSC-based cell therapy for cartilage repair

Type of cell treatment

Clinical outcome based on different

scoring systems Histological outcome References

BM-MSC No difference in clinical scores Significant difference between BMS cell

transferred group and cell-free group

(ctrl). BMS group had hyaline-like cartil-

age whilst in the control group, repair

was fibrocartilage like.

Wakitani et al.11

BM-MSC vs. ACI No difference in clinical scores Histology shows hyaline like cartilage tissue Nejadnik et al.14

BM-MSC Clinical symptoms improved over the

follow-up period

Defect was repaired with the fibro-cartila-

ginous tissue

Wakitani et al.13

BM-MSC Clinical symptoms was improved sig-

nificantly, neither tumour nor infec-

tion was observed

No histology Wakitani et al.12

BM-MSC Clinical symptoms improved over the

follow-up period

No histology Haleem et al.15

BM-MSC Clinical symptoms was improved

significantly

The defect was filled with a hyaline-like type

of cartilage tissue

Kuroda et al.16

BM-MSCs: bone marrow-derived mesenchymal stem cells; ACI: autologous chondrocyte implantation.
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others, it may be the case when BM-MSCs and ACI may
well be superior to other techniques. Nevertheless, due to
the varied methods employed in each study, we were not
able to perform a meta-analysis of these studies, which
could have demonstrated more convincing results and
conclusions.14

Despite the robust findings of the present report, several
limitations were reviewed warranting a rationale whilst
determining the effectiveness of BM-MSCs in treating
damaged cartilage. A major drawback in all six reports is
the relatively small sample size, even the one reported by
Nejadnik et al.14 There have been a number of confounding
factors, which were not taken into consideration by
Nejadnik et al.14 that might warrant the removal of these
cases from the cohort, for instance, excluding patients with
the habit of smoking or stratifying their cohort according to
body mass index, comorbidities or even the involvement of
other potentially related underlying knee disorders. This
would have resulted in fewer patients being used in the
final analyses than that reported by the authors. In that
paper, the authors themselves have stated that not all the
patients received only BM-MSCs or chondrocytes to treat
their medical condition. A number of patients were
reported to have received concomitant procedures, which
included patellar realignment, high tibial osteotomy, partial
menisectomy and anterior cruciate ligament reconstruc-
tion.14 This suggests that the treatments were not standar-
dized entirely for the study population, or that the severity
of damage could have been more severe in many patients.
These factors could have had an influence on the final out-
come. Another issue we observed in this review is when we
attempted to make a cross tabulation of the outcomes
reported by the different studies to determine if there was
a way to compare the results objectively across the board.
With varied outcome measures used and the presence of
several methodological limitations in terms of total
amount of cell transplanted, the differences in the defect
size treated and their locations, and the differences in the
methods employed in tissue repair scoring system; it was
not possible to make any conclusive comparison. This was
unfortunate since the results would have reflected more
robust data that would be convincing for the readers, espe-
cially when the data are presented in the form of a meta-
analysis. Lastly, since there were no studies comparing BM-
MSCs with other biological repair methods that do not use
cells such as subchondral drilling, it is less likely to con-
vince skeptics about the use of the BM-MSCs since tech-
nique that does not involve cell transplantation would be
easier and more readily available for the treating ortho-
paedic surgeons to provide. To counter this problem, we
have attempted to make a case for supporting the use of
BM-MSCs by quoting several previous reviews that have
made comparison between ACI and other techniques.4,23

With several reviews already showing that ACI is superior
to abrasionplasty, microfracture and mosaicplasty; it is only
sensible to assume that a study that shows BM-MSCs
having an equal outcome to ACI suggests that BM-MSCs
implantation would provide superior outcome than that of
the earlier mentioned techniques. Unfortunately, the paper
by Nejadnik et al. is the only paper we are aware to have

published the outcome between BM-MSCs implantation
and ACI, and therefore more publications to support this
finding is much needed in order to convince a larger pool of
researchers.

Nevertheless, despite having several shortcomings, the
reports of BM-MSCs being used to treat damage cartilage
appears to the hopeful and that the findings from these
studies are highly indicative that the use of BM-MSCs is a
good choice for treating damaged cartilage. Although fur-
ther published results using more rigorous study designs
and comparable outcome measures may become neces-
sary to convince many skeptics, at present it is safe to
say that treating cartilage using BM-MSCs is an accept-
able alternative to the better known ACI. Considering the
fact that using BM-MSCs has many advantages over ACI,
which includes reduced donor site morbidity and the risk
of additional surgery, it is worthwhile for patients to con-
sider using BM-MSCs as a viable option. However, con-
sidering that only two cohort studies using BM-MSC
have ever been reported since 2000 and, more studies
may be required to make sure that BM-MSC therapy is
safe for patients.
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