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Purpose: To compare the clinical and radiologic efﬁcacy of adipose-derived stem cells (ADSCs) with ﬁbrin glue and
microfracture (MFX) versus MFX alone in patients with symptomatic knee cartilage defects. Methods: Patients who were
aged 18 to 50 years and had a single International Cartilage Repair Society grade III/IV symptomatic cartilage defect (3
cm2) on the femoral condyle were randomized to receive ADSCs with ﬁbrin glue and MFX treatment (group 1, n ¼ 40) or
MFX treatment alone (group 2, n ¼ 40). There was a lack of blinding for patients because of the additional intervention
method (liposuction). The cartilage defect was diagnosed using preoperative magnetic resonance imaging (MRI), and
quantitative and qualitative assessments of the repair tissue were carried out at 24 months by using the Magnetic
Resonance Observation of Cartilage Repair Tissue scoring system with follow-up MRI. Clinical results were evaluated
using the Lysholm score, the Knee Injury and Osteoarthritis Outcome Score (KOOS), and a 10-point visual analog scale
for pain (0 points, no pain; 10 points, worst possible pain) preoperatively and postoperatively at 3 months, 12 months, and
the last follow-up visit. Results: The 2 groups had similar baseline patient characteristics. Follow-up MRI was performed
at 24 months (mean, 24.3 months; range, 24.0 to 25.1 months) after the operation. Group 1 included 26 patients (65%)
who had complete cartilage coverage of the lesion at follow-up compared with 18 patients (45%) in group 2. Signiﬁcantly
better signal intensity was observed for the repair tissue in group 1, with 32 patients (80%) having normal or nearly
normal signal intensity (i.e., complete cartilage coverage of the lesion) compared with 28 patients (72.5%) in group 2. The
mean clinical follow-up period was 27.4 months (range, 26 to 30 months). The improvements in the mean KOOS pain
and symptom subscores were signiﬁcantly greater at follow-up in group 1 than in group 2 (pain, 36.6  11.9 in group 1
and 30.1  14.7 in group 2 [P ¼ .034]; symptoms, 32.3  7.2 in group 1 and 27.8  6.8 in group 2 [P ¼ .005]). However,
the improvements in the other subscores were not signiﬁcantly different between group 1 and group 2 (activities of daily
living, 38.5  12.8 and 37.6  12.9, respectively [P ¼ .767]; sports and recreation, 33.9  10.3 and 31.6  11.0,
respectively [P ¼ .338]; quality of life, 38.4  13.1 and 37.8  12.0, respectively [P ¼ .650]). Among the 80 patients,
second-look arthroscopies were performed in 57 knees (30 in group 1 and 27 in group 2), and biopsy procedures were
performed during these arthroscopies for 18 patients in group 1 and 16 patients in group 2. The second-look arthroscopies
showed good repair tissue quality, although no signiﬁcant intergroup difference was observed. The mean total histologic
score was 1,054 for group 1 compared with 967 for group 2 (P ¼ .036). Age, lesion size, duration of symptoms before
surgery, mechanism of injury, and combined procedures were not correlated with clinical results, Magnetic Resonance
Observation of Cartilage Repair Tissue scores, and histologic outcomes at short-term follow-up. Conclusions: Compared
with MFX alone, MFX and ADSCs with ﬁbrin glue provided radiologic and KOOS pain and symptom subscore improvements, with no differences in activity, sports, or quality-of-life subscores, in symptomatic single cartilage defects of the knee
that were 3 cm2 or larger, with similar structural repair tissue. Level of Evidence: Level II, prospective comparative study.
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A

rticular cartilage lesions can cause crippling
symptoms, such as pain and swelling, and subsequent decreased mobility and can lead to osteoarthritis.1
Therefore the ultimate treatment goal in isolated lesions
is the restoration of normal function through regeneration of the defect’s hyaline cartilage. In this context,
various methods have been introduced for the surgical
treatment of cartilage lesions, including microfracture
(MFX) and restorative techniques, such as osteochondral
autograft transfer, mosaicplasty, and frozen osteochondral allografts, which were developed to transfer articular hyaline cartilage into the injured area.2-4
MFX is a popular ﬁrst-line treatment for cartilage injuries because it is minimally invasive and relatively
simple to perform.5 However, the repair tissue is largely
ﬁbrocartilage,6 rather than hyaline cartilage, and the
results are poorer for older patients.7 Although several
authors have reported good early and midterm results,
these repairs tend to deteriorate over time8 because of
biomechanical insufﬁciency of the regenerated ﬁbrocartilage and scar tissue.2,9 MFX treatment aims to recruit
pluripotent mesenchymal cells from the bone marrow,
and this deterioration may be related to the unwanted
generation of ﬁbrous tissue over the lesion.10 Therefore
we believe that the suboptimal outcomes are related to
insufﬁcient numbers of mesenchymal stem cells (MSCs)
being liberated from the subchondral marrow during
MFX, which results in a less durable repair.
One new option for treating articular cartilage defects
is the injection of MSCs, which can differentiate into
various lineages, including osteoblasts and chondrocytes.11 Several studies have reported that MSCs can
be used to treat knee cartilage lesions.12-17 Similarly, we
have found that injecting MSCs with MFX provided
superior outcomes in patients with osteochondral lesions of the talus compared with MFX alone.18,19
On the basis of the aforementioned ﬁndings, we
designed this study to compare the clinical and radiologic efﬁcacy of adipose-derived stem cells (ADSCs)
with ﬁbrin glue and MFX versus MFX alone in patients
with symptomatic knee cartilage defects. We hypothesized that stem cell implantation with ﬁbrin glue and
MFX would provide greater cartilage remodeling and
better clinical improvements compared with MFX alone
in the treatment of cartilage defects of the knee.

Methods
Study Population
This study’s protocols were approved by our institutional ethics committee, and all patients provided their
written informed consent. Patients considered eligible
for inclusion were men and women (aged 18 to 50
years) who had a single International Cartilage Repair
Society (ICRS) grade III/IV symptomatic cartilage lesion
(3 cm2) on the femoral condyle diagnosed on

preoperative magnetic resonance imaging (MRI) in a
stable and well-aligned knee with minimal additional
injury. Ligament reconstruction procedures were
allowed before or concurrent with the study treatment.
An intact or partial meniscus (50%) was also
required, and meniscal repair or resection was allowed
before or concurrent with the cartilage repair procedure
if at least 50% of the functional meniscus remained.
Each patient agreed to comply with a strict rehabilitation protocol and follow-up program. Enrollment
commenced on February 21, 2011, and the last followup assessment was completed on January 4, 2014. The
major exclusion criteria were as follows: (1) any knee
joint operation within 6 months before the screening;
(2) ICRS grade III/IV defects on the patella or tibia; (3)
symptomatic musculoskeletal conditions in the lower
limbs that could affect the evaluation of the target knee;
(4) previous total meniscectomy, meniscal allograft, or
bucket-handle tears or displaced tears that required
removal of more than 50% of the meniscus in the
target knee; (5) malalignment that required osteotomy
to correct tibiofemoral or patellofemoral alignment; (6)
Kellgren-Lawrence grade 3 or 4 osteoarthritis; (7) inﬂammatory disease or other conditions that affected the
joints; and (8) septic arthritis within 1 year before the
screening.
Patients were randomized into groups receiving MFX
and ADSCs (group 1, n ¼ 40) or MFX treatment alone
(group 2, n ¼ 40). Before surgery, radiographs of the
knee joints were obtained in the anteroposterior view,
the true lateral view at 30 of knee ﬂexion, and the
anteroposterior long-leg weight-bearing view. All patients were prospectively evaluated by physiotherapists
using the Lysholm score,20 the Knee Injury and Osteoarthritis Outcome Score (KOOS),21 and a 10-point visual
analog scale (VAS) for pain (0 points, no pain; 10 points,
worst possible pain). Patients were evaluated preoperatively and postoperatively at 3 months, 12 months, and
the last follow-up visit (mean, 27.4 months; range, 26 to
30 months). Quantitative and qualitative assessments of
the repair tissue were carried out at approximately 24
months by using the Magnetic Resonance Observation of
Cartilage Repair Tissue (MOCART) scoring system with
follow-up MRI. Examination of the MRI scans and
clinical outcome scores was performed by blinded radiologists and physiotherapists. All patients were given
sufﬁcient information preoperatively to make a decision
about second-look arthroscopy and biopsy. A study
ﬂowchart detailing this information is shown in Figure 1.
Treatment Randomization
Study participants selected 1 of 2 identical envelopes
(with a total of 40 envelopes for group 1 and 40 envelopes for group 2) presented to them by a hospital
staff member blinded to the patients’ data. In the early
to middle phase of enrollment, 2 identical envelopes
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Fig 1. Study ﬂowchart. The
patients were randomized
into 2 groups of 40 patients
each.
(ADSC,
adiposederived stem cells; MFX,
microfracture.)

containing both treatment categories were offered to
the participants. In the late phase of enrollment, after
all the envelopes for one of the treatment categories
had been chosen, 2 identical envelopes that contained
the same treatment category were offered to the participants. All participants and a hospital staff member
were blinded to the treatment category at enrollment,
but patients in group 1 underwent an additional procedure for fat harvesting whereas patients in group 2
did not undergo this additional procedure.
Preparation of ADSCs
We isolated the ADSCs 1 day before the MFX, as
described previously.13 We collected subcutaneous adipose tissue from the patient’s buttock and isolated the
stromal vascular fraction and MSCs by centrifugation,
as reported by Zuk et al.22 To evaluate the frequency of
mesenchymal-like progenitors in the stromal vascular
fraction, cells were cultured in T-25 ﬂasks at a ﬁnal
concentration. The assessment of plastic-adherent cells
that formed colony-forming unit ﬁbroblasts, immunophenotyping of ADSCs, and conﬁrmation of multilineage ADSCs have been previously described.17 The
ADSC characterization indicated a positive expression
of the surface markers CD90 and CD105 and a negative
expression of CD34 and CD14.

Surgical Procedures and ADSC Application
The arthroscopic marrow stimulation procedure was
standardized for each case. After debridement of all
unstable and damaged cartilage in the lesion, MFX was
performed 3 to 4 mm apart in areas where the subchondral bone was intact. Multiple perforations
(perpendicular to the joint surface) were created using a
2.5-mm MFX awl as described by Steadman et al.23 In
group 1 the ﬁbrin scaffold was a commercially available
ﬁbrin glue product (Greenplast; Green Cross, Yongin,
Republic of Korea), which is supplied in 2 separate
syringes: 1 syringe containing lyophilized human plasma
ﬁbrinogen (71.5 to 126.5 mg/mL) in 1 mL of aprotinin
solution (1,100 kallikrein inhibitor units/mL) and
1 syringe containing thrombin (4.9 to 11.1 mg/mL) in
1 mL of calcium chloride solution (13.9 to 15.6 mg/mL).
The glue is designed to instantly form a gel when the 2
solutions are mixed. For this study, we loaded the cell
suspension (the stromal vascular fraction containing
the MSCs) into the thrombin solution using a 1:1 ratio
(vol/vol). Next, the cell-thrombin suspension was mixed
with the ﬁbrinogen solution (1:1), using the kit’s Duploject syringe support system (Baxter AG, Vienna, Austria),
and simultaneously implanted into each well on the
cartilage lesion surface. Implantation of this cellthrombin-ﬁbrinogen suspension was performed under
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Fig 2. Arthroscopic implantation of mesenchymal stem cells that were loaded in ﬁbrin glue. (A) After microfracture, the
cell-thrombin-ﬁbrinogen suspension was applied to the lesion. (B) The tip of the needle is placed at the microfracture area.

arthroscopic guidance, after the arthroscopic ﬂuid was
extracted (Fig 2).
Postoperative Rehabilitation
Both groups underwent a physiotherapist-guided
rehabilitation program (for a minimum of 6 months)
that was based on the principles and recommendations of
Hangody et al.24 A maximum weight-bearing load of 15 to
20 kg was allowed in the ﬁrst 6 weeks after the operation,
which was followed by gradual discontinuation of the
crutches until week 8. After week 8, progression to full
weight bearing was encouraged. The rehabilitation program included exercises that aimed to restore full range of
motion and proprioceptive neuromuscular control as
soon as possible, and it included progression to dynamic
strength exercises after week 6. Patients were generally
allowed to return to full activity after 6 months, although
we discouraged participation in competitive contact sports
or other activities that might expose the knee to pivoting
forces before 12 months after the operation.
MRI Structural Outcome
Final follow-up MRI was performed using a whole-body
scanner unit (Achieva 1.5-T SE; Philips, Eindhoven,
Netherlands) and a commercial circumferential 8-channel knee coil (Philips, Eindhoven, The Netherlands).
Proton density (with or without fat suppression) and T2weighted fast spin-echo images were acquired in the
sagittal, frontal, and transverse planes. The total time
needed for MRI, including patient setup, was 30 minutes.
All images were visually inspected for quality, and
repeated images were acquired within 10 days in cases of
poor image quality. The repair tissue was evaluated using
the MOCART score, as described by Marlovits et al.25
Second-Look Arthroscopy With Chondral Core
Biopsy
Fifty-seven second-look arthroscopies were performed
(30 patients in group 1 and 27 patients in group 2), and

biopsy specimens were obtained from 18 patients in
group 1 and 16 patients in group 2. Cartilage status was
evaluated using the ICRS articular cartilage grading
system. Cylindrical full-thickness cartilage biopsy specimens (diameter, 2 mm; bone core length 10 mm)
were obtained arthroscopically from the center of the
repair tissue using a custom-made biopsy needle.
Histologic Evaluation and ICRS II Scoring
Tissue sections of 4 mm in thickness were deparafﬁnized, rehydrated, and washed 2 times in buffer. To
reduce nonspeciﬁc background staining due to endogenous peroxidase, the slides were incubated in
hydrogen peroxide block for 10 minutes and washed 4
times in buffer. All histology samples were stained with
H&E to visualize the general morphologic features and
with safranin O to highlight any proteoglycan deposition. The primary antibodies collagen type I alpha 1
(1:100; Novusbio, Littleton, CO) and collagen type II
(1:100, catalog No. MAB8887; Millipore, Billerica, MA)
were applied and incubated according to the manufacturers’ recommended protocols, and the slides were
washed 4 times in buffer. The slides were then applied
with Primary Antibody Enhancer (LabVision, Fremont,
CA), incubated for 20 minutes at room temperature,
and then washed 4 times in buffer. Afterward, horseradish peroxidase polymer (LabVision) was applied to
the slides, and the slides were incubated for 30 minutes
at room temperature and washed 4 times in buffer.
They were then incubated with hematoxylin for chromogen, washed 4 times in deionized water, and counterstained. The biopsy specimens were graded by 2
independent and blinded histopathologists, using light
and polarized light microscopy, according to the 14
parameters from the ICRS II. Each parameter was
scored on a scale from 0 to 100, and each group’s total
histologic quality score was calculated as the sum of the
scores (with a maximum score of 1,400).
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Table 1. Comparison of Baseline Demographic
Characteristics
Patient Characteristics
Sex, n (%)
Male
Female
Cause of surgery, n (%)
Trauma
Non-trauma
Duration of symptoms
before surgery, mo
Body mass index, kg/m2
Age, yr
Defect size after
debridement, cm2
Concomitant lesions treated
during study, n (%)
No concomitant
procedure
ACL reconstruction
Partial meniscectomy
Meniscal repair

Group 1
(n ¼ 40)

Group 2
(n ¼ 40)

P
Value
.683

14 (35)
26 (65)

16 (40)
24 (60)

9 (22)
31 (78)
3.5  2.5

8 (20)
32 (80)
3.2  3.1

.639

26.8  3.5
38.4  6.4
4.8  1.9

27.1  3.1
39.1  7.1
4.6  1.7

.435
.612
.384

.785
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differences in the types of concurrent surgical procedures. There were 5 cases of anterior cruciate ligament (ACL) reconstruction, 12 cases of partial
meniscectomy, and 4 cases of meniscal repair in group
1 and 4 cases of ACL reconstruction, 9 cases of partial
meniscectomy, and 4 cases of meniscal repair in group
2 (P ¼ .475). None of the patients who underwent
ACL reconstruction had to be excluded because of
continued ligamentous instability in our short-term
follow-up. In addition, age, lesion size, duration of
symptoms before surgery, mechanism of injury, and
combined procedures were not correlated with clinical results, MOCART scores, and histologic outcomes
at short-term follow-up (Tables 2 and 3).

.475
19 (48)

23 (58)

5 (12)
12 (30)
4 (10)

4 (10)
9 (22)
4 (10)

NOTE. Values are expressed as mean  standard deviation unless
otherwise indicated.
ACL, anterior cruciate ligament.

Power Calculation and Statistical Analysis
We calculated that a sample size of 72 patients (36 per
arm) was needed to obtain a power of 85% (a ¼ .05)
for evaluating the change from baseline to 24 months in
the efﬁcacy endpoint (KOOS pain subscale). This
calculation accounted for patient discontinuation,
assumed a difference of 10 points each for the KOOS
pain and function subscores (SDs of 20 and 30,
respectively), and assumed a correlation coefﬁcient of
0.56 between the co-primary variables. On the basis of
a predicted dropout rate of 10%, we enrolled 80 patients (40 knees per group).
All statistical analyses were performed using SPSS
software (version 12.0.1; SPSS, Chicago, IL), and differences with P < .05 were considered statistically signiﬁcant. The principal dependent clinical outcomes
were considered the KOOS, Lysholm, and VAS pain
scores at the 24-month follow-up. Intergroup comparisons of individual MOCART scores were performed
using the Fisher test. Comparisons between independent groups and between paired data were performed
using the Student t test. For discrete data, we used a c2
test with correction for continuity.

Results
Patient Characteristics and Factors Associated
With Outcomes
The baseline patient characteristics are shown in
Table 1; signiﬁcant differences were not observed
when we compared the 2 groups. There were no

Cell Isolation and Characterization of ADSCs
We evaluated the capacity of human subcutaneous
adipose tissue to generate mesenchymal progenitors
using colony-forming unit ﬁbroblasts. After isolation,
9.9% (range, 8.7% to 11.2%) of the stromal vascular
fraction cells were found to be ADSCs. From this
ﬁnding, we calculated that each implantation contained approximately 4.97  106 ADSCs (9.9% of the
5.02  107 cells in the stromal vascular fraction).
Fluorescence-activated cell sorting showed that the
ADSCs expressed the surface markers CD90 and
CD105 and were negative for CD34 and CD14. These
ADSCs treated with conditioned media exhibited
characteristics of adipogenic, osteogenic, and chondrogenic differentiation when treated with conditioned media, as previously reported.17 The
differentiation potential of ADSCs toward the adipogenic, chondrogenic, and osteogenic lineage was
conﬁrmed by oil red O, toluidine blue, and the von
Kossa method.17
MRI Findings
Quantitative and qualitative assessments of the
repair tissue were carried out at 24 months (mean,
24.3 months; range, 24.0 to 25.1 months) using the
MOCART scoring system with follow-up MRI. The
mean blinded MOCART score at 24 months was 62.4
 15.3 in group 1 and 51.8  19.7 in group 2 (P ¼
.033). Signiﬁcant intergroup differences were
observed for the degree of defect repair and ﬁlling of
the defect (P ¼ .032) and signal intensity of the repair
tissue (P ¼ .042) (Table 4). In group 1, 26 patients
(65%) had complete or hypertrophic cartilage
coverage of the lesion compared with 18 patients
(40%) in group 2. Furthermore, signiﬁcantly more
patients in group 1 (32 patients, 80%) exhibited
normal or nearly normal repair tissue signal intensity
(complete cartilage coverage of the lesion) compared
with that observed in group 2 (28 patients, 70%)
(P ¼ .014) (Fig 3).
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Table 2. Associations Between Patient Characteristics and Outcomes
Dependent Variables
Lysholm score improvement

KOOS pain improvement

KOOS symptom improvement

KOOS ADL improvement

KOOS sports and recreation improvement

KOOS QOL improvement

VAS score improvement

MOCART score

ICRS II histologic score

Independent Variables
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms
Age
Size of lesion
Duration of symptoms

before surgery

before surgery

before surgery

before surgery

before surgery

before surgery

before surgery

before surgery

before surgery

B
0.060
1.627
0.118
0.693
2.368
0.652
0.045
1.688
0.151
0.003
0.235
0.329
0.091
1.330
0.382
0.023
0.680
0.453
0.091
0.038
0.011
0.109
4.734
0.061
0.633
7.670
3.724

P Value
.837
.276
.824
.117
.109
.214
.777
.139
.600
.993
.871
.526
.697
.269
.372
.935
.632
.372
.101
.785
.831
.771
.115
.929
.689
.300
.186

Total Model R2 Value
0.020

0.096

0.025

0.033
0.005
0.027

0.095

0.045

0.004

ADL, activities of daily living; B, standardized coefﬁcients (beta); ICRS, International Cartilage Repair Society; KOOS, Knee Injury and Osteoarthritis Outcome Score; MOCART, magnetic resonance observation of cartilage repair tissue; QOL, quality of life; VAS, visual analog scale.

Clinical Outcomes
Clinical results were evaluated using the Lysholm
score, the KOOS, and a 10-point VAS for pain (0
points, no pain; 10 points, worst possible pain) preoperatively and at the last follow-up visit (mean, 27.4
months; range, 26 to 30 months). The improvements
in the mean KOOS pain and symptom subscores were
signiﬁcantly greater at follow-up in group 1 than in
group 2 (pain, 36.6  11.9 in group 1 and 30.1  14.7
in group 2 [P ¼ .034]; symptoms, 32.3  7.2 in group
1 and 27.8  6.8 in group 2 [P ¼ .005]). However, the
improvements in the other subscores were not
signiﬁcantly different between group 1 and group 1
(activities of daily living, 38.5  12.8 and 37.6  12.9,
respectively [P ¼ .767]; sports and recreation, 33.9 
10.3 and 31.6  11.0, respectively [P ¼ .338]; quality
of life, 38.4  13.1 and 37.8  12.0, respectively [P ¼
.650]) at the last follow-up (Fig 4). The mean
Lysholm score was also signiﬁcantly improved in both
groups (P < .001 for both group 1 and group 2 v
baseline), although the intergroup difference was not
statistically signiﬁcant (P ¼ .431). Although the mean
VAS pain score decreased signiﬁcantly (i.e., symptom
improvement) in both groups (P < .001 for both
group 1 and group 2 v baseline), group 1 had a
signiﬁcantly greater decrease than that observed in
group 2 (P ¼ .032).

Second-Look Arthroscopy
Of the 80 included patients, 23 (10 in group 1 and 13
in group 2) refused to undergo second-look arthroscopy
at the ﬁnal follow-up; thus second-look arthroscopic
ﬁndings were assessed using ICRS scoring of the
repaired cartilage in 57 knees (30 in group 1 and 27 in
group 2). Biopsy was performed at second-look
arthroscopy in 18 patients in group 1 and 16 patients
in group 2. We graded the biopsy specimens using all 14
components of the ICRS Visual Assessment Scale II
(ICRS II) and calculated the total score for all parameters in each group (Fig 1). In group 1, 4 of the 30 lesions
(13.3%) were grade I (normal), 15 (50%) were grade II
(nearly normal), 9 (30%) were grade III (abnormal),
and 2 (6.7%) were grade IV (severely abnormal). In
group 2, 2 of the 27 lesions (7.4%) were grade I
(normal), 13 (48.1%) were grade II (nearly normal), 10
(37.0%) were grade III (abnormal), and 2 (7.4%) were
grade IV (severely abnormal). None of the intergroup
differences were statistically signiﬁcant. Figure 5 shows
examples of the arthroscopic photographs that were
used in the patient evaluations.
Histologic Evaluation and ICRS II Scoring
The average total ICRS II score was 1,054 for group 1
compared with 967 for group 2 (P ¼ .036). There were
signiﬁcant intergroup differences in matrix staining, cell

Table 3. Associations Between Variables of Mechanism of Injury or Combined Procedures and Outcomes
Mechanism of Injury
Trauma
(n ¼ 17)
35.8  11.8

P Value
.628

No (n ¼ 42)
37.9  13.2

Partial
Meniscectomy
(n ¼ 21)
35.5  13.4

Meniscal
Repair (n ¼ 8)
35.5  12.6

ACL
Reconstruction
(n ¼ 9)
34.0  14.0

P Value
.452

33.8  7.5

31.4  12.8

.102

34.5  14.3

33.0  13.4

29.8  14.3

31.7  12.8

.409

29.4  13.6

32.2  6.2

.501

29.1  7.9

31.0  6.8

29.3  6.3

32.9  6.5

.514

37.4  13.4

40.4  9.7

.128

37.2  14.3

36.2  11.8

41.3  7.2

43.3  10.2

.709

31.9  11.0

35.7  8.8

.963

33.1  10.3

33.0  10.4

26.8  14.3

35.6  9.3

.305

38.8  12.0

35.6  14.3

.279

40.0  13.6

33.8  12.3

35.8  5.7

41.6  9.9

.091

3.6  1.3

3.8  1.2

.989

3.5  1.2

3.8  1.4

4.0  1.8

3.6  1.1

.297

49.6  17.6
1,014.6  144.3

54.9  15.7
1,010.5  145.4

.117
.584

51.3  20.0
1,013.4  144.9

52.1  10.7
1,019.2  144.9

41.3  4.4
1,010.5  161.5

59.4  16.5
1,004.3  146.5

.401
.856

NOTE. Values are expressed as mean  standard deviation unless otherwise indicated.
ACL, anterior cruciate ligament; ADL, activities of daily living; ICRS, International Cartilage Repair Society; KOOS, Knee Injury and Osteoarthritis Outcome Score; MOCART, magnetic
resonance observation of cartilage repair tissue; QOL, quality of life; VAS, visual analog scale.
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Lysholm score
improvement
KOOS pain
improvement
KOOS symptom
improvement
KOOS ADL
improvement
KOOS sports and
recreation
improvement
KOOS QOL
improvement
VAS score
improvement
MOCART score
ICRS II histologic
score

Non-Trauma
(n ¼ 63)
36.8  13.6

Combined Procedures
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Table 4. Magnetic Resonance Observation of Cartilage Repair Tissue Scores in Both Groups
Variables
1. Degree of defect repair and ﬁlling of defect
Complete
Hypertrophy
Incomplete
>50% of adjacent cartilage
<50% of adjacent cartilage
Subchondral bone exposed
2. Integration to border zone
Complete
Incomplete
Demarcating border visible
Defect visible
<50% of length of repair tissue
>50% of length of repair tissue
3. Surface of repair tissue
Surface intact
Surface damaged
<50% of repair tissue depth
>50% of repair tissue depth or total degeneration
4. Structure of repair tissue
Homogeneous
Inhomogeneous or cleft formation
5. Signal intensity of repair tissue
Normal (identical to adjacent cartilage)
Nearly normal (slight areas of signal alteration)
Abnormal (large areas of signal alteration)
6. Subchondral lamina
Intact
Not intact
7. Subchondral bone
Intact
Not intact
8. Adhesions
No
Yes
9. Effusion
No
Yes
Mean  SD

Score

Group 1, n (%)

Group 2, n (%)

20
15

10 (25.0)
16 (40.0)

4 (10.0)
12 (30.0)

10
5
0

8 (20.0)
5 (12.5)
1 (2.5)

11 (27.5)
7 (17.5)
6 (15.0)

15

6 (15.0)

8 (20.0)

10

14 (35.0)

10 (25.0)

5
0

15 (37.5)
5 (12.5)

14 (35.0)
8 (20.0)

10

8 (20.0)

7 (17.5)

5
0

22 (55.0)
10 (25.0)

21 (52.5)
12 (30.0)

5
0

14 (35.0)
26 (65.0)

18 (45.0)
22 (55.0)

P Value
.041*

.327

.752

.452

.014*
30
15
0

12 (30.0)
20 (50.0)
8 (20.0)

8 (20.0)
20 (50.0)
12 (30.0)

5
0

25 (62.5)
15 (37.5)

19 (47.5)
21 (52.5)

5
0

16 (40.0)
24 (60.0)

21 (52.5)
19 (47.5)

5
0

29 (72.5)
11 (27.5)

21 (52.5)
19 (47.5)

5
0

29 (72.5)
11 (27.5)
62.4  15.3

30 (75.0)
10 (25.0)
51.8  19.7

.208

.139

.315
.687

.033*

*Statistically signiﬁcant (P < .05).

Fig 3. Magnetic resonance imaging scans of adipose-derived stem cells with ﬁbrin glue and microfracture treatment (between
arrows) in the medial femoral condyle at 2 years after surgery, showing equivalent inﬁll and signal characteristics, as well as good
integration with the adjacent native cartilage and underlying bone. (A) T2-weighted image in sagittal plane. (B) Proton density
fast spin-echo image in sagittal plane. (C) T2-weighted image in coronal plane.
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Table 5. International Cartilage Repair Society II Histologic
Scores in Both Groups

Fig 4. Mean improvement from baseline in Knee Injury and
Osteoarthritis Outcome Score (KOOS) subscales at last followup. Asterisks indicate statistical signiﬁcance (P < .05). (ADL,
activities of daily living; QoL, quality of life; Sport & Recr,
sports and recreation; Spt, symptoms.)

morphology, mid/deep zone assessments, and overall
assessments (Table 5). Both groups exhibited an intermediate degree of staining for safranin O (proteoglycan) and type II collagen, although group 1 showed
slightly more intense safranin O and type II collagen
staining (Fig 6).

Discussion
Our data indicate that MFX and ADSCs provides
radiologic and clinical improvements (in the VAS and
KOOS pain and symptom subscores but not in the
activitieseofedaily living, sports and recreation, and
quality-of-life subscores) that are signiﬁcantly better
than those obtained using MFX alone in cases of
symptomatic knee cartilage defects. After 24 months’
follow-up, patients who were treated with MFX and
ADSCs had superior MOCART scores compared with
patients who were treated with MFX alone. In addition,
signiﬁcantly more patients who were treated with MFX
and ADSCs had an improvement in the KOOS pain
subscore of greater than 10 points, and their repair

Histologic Parameter
Tissue morphology
(viewed under
polarized light)
Matrix staining
(metachromasia)
Cell morphology
Chondrocyte clustering
(4 grouped cells)
Surface architecture
Basal integration
Formation of tidemark
Subchondral bone
abnormalities/
marrow ﬁbrosis
Inﬂammation
Abnormal calciﬁcation/
ossiﬁcation
Vascularization (within
repaired tissue)
Surface/superﬁcial
assessment
Mid/deep zone
assessment
Overall assessment
Total score

Group 1
72.4

Group 2
66.7

P Value
.16

65.4

50.1

.041*

72.2
36.4

62.2
34.8

.027*
.256

74.3
84.3
75.1
81.2

71.8
81.2
71.4
77.7

.845
.241
.251
.621

84.3
91.2

79.2
89.4

.423
.32

93.1

87.7

.451

72.4

73.1

.847

78.3

62.3

.021*

74.2
1,054.8

59.8
967.4

.035*
.036*

NOTE. Data shown as mean value unless otherwise indicated.
*Statistically signiﬁcant (P < .05).

tissue exhibited good structural improvements. Age,
lesion size, duration of symptoms before surgery,
mechanism of injury, and combined procedures were
not correlated with clinical results, MOCART scores,
and histologic outcomes at short-term follow-up.
The current standard of care for knee cartilage defects
is MFX,26 which uses deliberate penetration of the
subchondral bone below the cartilage lesion to elicit a
bleeding response. This bone marrow stimulation initiates a repair response that essentially follows the
traditional wound-healing sequence.27 Although MFX

Fig 5. Arthroscopic implantation of adipose-derived stem cells loaded in ﬁbrin glue. (A) An arthroscopic view shows the hole
created in the subchondral bone with a microfracture awl after debridement of all unstable and damaged cartilage in the lesion.
(B) The cell-thrombin-ﬁbrinogen suspension is applied to the lesion, and the cartilage lesion is covered with the cell-thrombinﬁbrinogen suspension after manipulation with the probe. (C) Marked changes in the cartilage defect of the medial femoral
condyle are visible. The articular surface exhibits even coverage at 24 months after the operation.
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Fig 6. (A, B) Histologic assessment in a 47-year-old woman in group 1 (microfracture and adipose-derived stem cell transfer;
original magniﬁcation 60). (A) Safranin O staining shows extensive proteoglycan deposition. (B) Collagen type II staining is
extensive over the lower two-thirds of the chondral lesion. (C, D) Histologic assessment in a 45-year-old woman in group 2
(microfracture alone; original magniﬁcation 60). (C) Safranin O staining shows the absence of proteoglycans. (D) Collagen type
II staining is minimal.

alone provides minor success in ﬁlling lesions, the results are not consistent, which is likely because of the
formation of ﬁbrocartilage tissue that lacks the hyaline
articular structure.26 Unfortunately, this poor-quality
tissue and the highly variable clinical outcomes are
frequently observed in clinical practice.26,28 In this
context,
the
critical
component
for
bone
marrowederived cartilage repair is the quantity of the
initial blood clot that develops in the cartilage lesion,
with more adherent and voluminous clots providing
higher-quality repair.27 Furthermore, Saw et al.29 have
reported that, after arthroscopic subchondral drilling
into grade III/IV chondral lesions, postoperative intraarticular injections of autologous peripheral blood
stem cells provided better articular cartilage repair (v
subchondral drilling alone), as shown by histologic and
MRI ﬁndings.
At our hospital, we have already reported the clinical
applications of ADSC transfer,12-19 and MSCs are
emerging as powerful cartilage repair tools, given their
ability to differentiate into various connective tissues,
including cartilage, bone, and fat.30 Furthermore,
intra-articular injection of MSCs has been reported to
effectively reduce pain while promoting cartilage
regeneration in patients with knee osteoarthritis.15,16 In
the present study, greater structural repair (based on
our MRI assessments) was observed in patients who
were treated with MFX and ADSCs compared with that
observed in patients who underwent MFX alone.
Furthermore, MFX and ADSCs provided signiﬁcantly
better clinical improvements (in the VAS and KOOS
pain and symptom subscores but not in the
activitieseofedaily living, sports and recreation, and
quality-of-life subscores). Therefore, on the basis of

these ﬁndings, it appears that the injection of stem cells
may facilitate greater cartilage remodeling and better
clinical improvements after MFX but additional cost
and surgical time must be considered.
In our previous publications,13-18 we used stem cell
injection without a scaffold and evaluated the ADSCrelated paracrine effect on clinical outcomes. Furthermore, arthroscopic evaluation at plate removal showed
that partial or even ﬁbrocartilage coverage was achieved in 50% of the patients who received MSC therapy
compared with only 10% of the patients who received a
platelet-rich plasma injection.13 Thus we concluded
that MSC therapy alone did not provide sufﬁcient
cartilage formation and that a scaffold was needed to
facilitate a focal MSC effect. Therefore we used ﬁbrin
glue as a scaffold for the MSCs in the present study. In
this context, ﬁbrin is a natural tissue-derived material
that is involved in clotting and can be used to create a 3dimensional scaffold through polymerization in the
presence of thrombin. In addition, ﬁbrin glue has been
widely used as a cell-delivery matrix for articular
cartilage repair strategies.31 Furthermore, ﬁbrin glue
promotes proliferation and gene expression in MSCs.32
In an in vitro study, Kim et al.33 showed that
adipose-derived MSCs in ﬁbrin glue showed sustained
functional survival and paracrine function, and they
proposed that further development of the MSCs with
ﬁbrin glue might be appropriate for clinical treatment.
Therefore, from our ﬁndings, as well as those of previous studies, we believe that ﬁbrin glue may provide a
matrix that facilitates better ADSC survival, proliferation, differentiation, and matrix synthesis, which ultimately leads to the repair of cartilage lesions in
osteoarthritic knees. Thus, in patients who receive MSC
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implantation with a ﬁbrin scaffold, it is possible that the
biomechanical properties of the repaired cartilage may
be more similar to those of the native cartilage.
A previous study has shown that an average lesion
size of 3.0 cm2 and patients with lesions smaller than
4.0 cm2 had better functional scores with MFX treatment.26 We focused on the effect of ADSCs in relatively
large cartilage defects (3 cm2 on the femoral condyle).
Our results suggest that ADSCs with MFX provide a
more acceptable outcome than only MFX in relatively
large cartilage defects. Further research is warranted to
explore the effects of MFX with ADSCs in lesions of
various sizes.
Only a few studies have investigated the histologic
outcomes of 1-step procedures for treating articular
cartilage lesions. For example, Giannini et al.34 have
used bone marrow concentrate and platelet-rich plasma
gel with a hyaluronic acidebased membrane or a
collagen powder to treat talar osteochondral lesions,
and they reported that all of their patients exhibited
functional improvements, with 3 biopsy specimens
showing different degrees of tissue remodeling that
resembled hyaline-like cartilage. Furthermore, Siclari
et al.35 performed 10 second-look arthroscopies and
harvested 5 biopsy samples that showed that the repair
tissue appeared tougher and whiter than the surrounding cartilage, with a degree of surface irregularity
and asymptomatic hypertrophy. However, their histologic evaluation showed hyaline-like cartilage repair
with good subchondral integration. In our study, when
we compared the histologic ﬁndings, we found that the
average total ICRS II score for the MFX and ADSC
treatment was signiﬁcantly higher than that for the
MFX treatment alone. However, only the KOOS pain
and symptom subscores were signiﬁcantly different
when we compared the 2 groups. The reason for this
discrepancy is likely related to the follow-up period
because MFX provides excellent short-term results,
which may obscure any differences in the clinical outcomes at the 24-month follow-up. Therefore we believe
that even greater differences in the clinical outcomes
may become apparent with longer-term follow-up data.
Furthermore, one strength of this study is that we
treated similarly sized isolated condylar lesions in the
absence of limb malalignment or major associated
concomitant procedures (e.g., ACL reconstruction or
unloading osteotomy) using a fully arthroscopic
approach. This study also provided clinical follow-up
data using established cartilage repair scoring systems,
MRI, and biopsy procedures, and these data may facilitate an objective assessment of the repair capabilities
that are provided by MFX and ADSCs.
The cell-based tissue-engineering approach has
addressed the issue of articular cartilage repair by ﬁlling
the cartilage lesion with a mechanically stable hyaline
cartilageelike substance that will not deteriorate over
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time and will integrate well with the surrounding tissue.36 It has recently been shown that autologous
chondrocytes and MSCs can be considered for transplantation into the cartilage lesion. Autologous chondrocyte implantation (ACI) is considered an effective
treatment for cartilage defects of the knee; the resulting
tissue has hyaline-like characteristics along with mechanical and functional stability at long-term followup.37,38 However, ACI is cell culture based, it is not costeffective, and it requires 2 surgical steps (harvesting
healthy cartilage and implanting chondrocytes
expanded from that sample).39 In addition, there is
difﬁculty in obtaining an adequate distribution of
chondrocytes,37,38 and it is associated with donor-site
morbidity.40,41 Alternatively, MSCs can be harvested
in a minimally invasive manner, and they are easily
isolated and expanded, with multipotentiality including
chondrogenesis.42-44 Furthermore, the ﬁndings that
MSCs have a better proliferation rate than chondrocytes and that MSC transplantation has comparable
outcomes to ACI portend positive trends for the use of
these cells in cartilage surgery.45 In addition, Akgun
et al.46 reported that matrix-induced autologous MSC
implantation used to treat isolated chondral defects of
the knee was clinically effective in terms of improving
subjective patient complaints and quality of life and that
matrix-induced autologous MSC implantation achieved
comparable clinical and radiologic outcomes to matrixinduced ACI. In this study, the group receiving ADSCs
with ﬁbrin glue and MFX required 2 surgical procedures. The ADSCs were isolated 1 day before the
MFX procedure, as described previously.13 We collected
subcutaneous adipose tissue from the patient’s buttock.
Harvesting of the ADSCs was performed by a competent junior surgeon (Y-J.C.), and this procedure took
about 30 to 40 minutes. Adipose tissue was subjected to
laboratory analyses to assess the plastic-adherent cells
that formed colony-forming unit ﬁbroblasts and to
conﬁrm the multilineage differentiation of the ADSCs.
ADSCs with ﬁbrin glue were injected into the cartilage
defect area after MFX. Additional costs and procedures
were required to obtain, process, and inject the ADSCs.
Limitations
This study has several limitations. First, the follow-up
period was relatively short (24 months is an early time
point for clinical scores), which may have complicated
our assessment of the clinical outcomes. However, we
intend to observe these patients to obtain 5- and 10year data for additional analysis. Second, the most accurate control group would be treated with MFX and
ﬁbrin glue without ADSCs (rather than MFX alone).
Third, we used ADSCs that were isolated from buttock
adipose tissue rather than culture-expanded ADSCs.
Although we obtained excellent radiologic and histologic outcomes, the clinical outcomes were not optimal,

108

Y-G. KOH ET AL.

and additional studies should examine whether
culture-expanded ADSCs are more effective. However,
such studies would need to overcome several challenges, including identiﬁcation of the optimal stem cell
source, scaffold, and growth factors. Fourth, we focused
on the effect of ADSCs in relatively large cartilage defects (3 cm2 on the femoral condyle). In a previous
systemic review, an average lesion size of 3.0 cm2 and
patients with lesions smaller than 4.0 cm2 had better
functional scores. The lesion size in our study cohort
might have adversely affected the surgical outcomes of
MFX. Above all, the main limitation of this study was
lack of blinding for both the patients and the surgeon
because of the additional intervention method (liposuction) and different surgical technique.

Conclusions
Compared with MFX alone, MFX and ADSCs with
ﬁbrin glue provided an improved radiologic appearance
of lesions and improved KOOS pain and symptom
subscore improvements, with no differences in activity,
sports, or quality-of-life subscores, in symptomatic
single cartilage defects of the knee that were 3 cm2 or
larger, with similar structural repair tissue.
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