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Abstract

Objective The purpose of this study was to compare the clinical and radiological efficacy of autologous adipose-derived stromal
vascular fraction (SVF) versus hyaluronic acid in patients with bilateral knee osteoarthritis.

Methods Sixteen patients with bilateral symptomatic knee osteoarthritis (K-L grade II to III; initial pain evaluated at four or greater
on a ten-point VAS score) were enrolled in this study, which were randomized into two groups. Each patient received 4-ml
autologous adipose-derived SVF treatment (group test, n = 16) in one side of knee joints and a single dose of 4-ml hyaluronic
acid treatment (group control, n=16) in the other side. The clinical evaluations were performed pre-operatively and post-
operatively at one month, three months, six months, and 12-months follow-up visit, using the ten-point visual analog scale
(VAS), the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), and the knee range of motion (ROM).
The whole-organ assessment of the knees was performed with whole-organ magnetic resonance imaging score (WORMS) based on
MRI at baseline, six months and 12-months follow-up. The articular repair tissue was assessed quantitatively and qualitatively by
magnetic resonance observation of cartilage repair tissue (MOCART) score based on follow-up MRI at six months and 12 months.
Results No significant baseline differences were found between two groups. Safety was confirmed with no severe adverse events
observed during 12-months follow-up. The SVF-treated knees showed significantly improvement in the mean VAS, WOMAC
scores, and ROM at 12-months follow-up visit compared with the baseline. In contrast, the mean VAS, WOMAC scores, and
ROM of the control group became even worse but not significant from baseline to the last follow-up visit. WORMS and
MOCART measurements revealed a significant improvement of articular cartilage repair in SVF-treated knees compared with
hyaluronic acid-treated knees.

Conclusion The results of this study suggest that autologous adipose-derived SVF treatment is safe and can effectively relief pain,
improve function, and repair cartilage defects in patients with knee osteoarthritis.

Keywords Osteoarthritis - Adipose-derived stromal vascular fractions - Intra-articular injection - Articular cartilage

Introduction involved weight-bearing joint [3]. As a “wear to tear” disease,

OA is associated with significant morbidity and healthcare

Osteoarthritis (OA) results from degeneration of joint cartilage
and subchondral bone and is one of the leading causes of joint
pain and disability [1, 2]. The knee is the most frequently

< Qing Bi
frankhong671101 @163.com

' The Second Affiliated Hospital and Yuying Children’s Hospital of
Wenzhou Medical University, Wenzhou, Zhejiang, China

Department of Orthopedic Surgery, Zhejiang Provincial People’s
Hospital and People’s Hospital of Hangzhou Medical College, No.
158 Shangtang Road, Hangzhou 310014, Zhejiang, China

Published online: 14 August 2018

expenditure [4, 5]. Many treatment modalities for knee OA
such as lifestyle modification, pharmaceutical, and surgery
have been advocated [6]. Intra-articular injection of
hyaluronic acid (HA) is effective in improving symptoms
and slowing down the progression of OA [7, 8], but fail to
reverse or repair the degenerative cartilage or bone [9].
Regenerative cell therapies for knee OA such as adipose-
derived stromal vascular fraction (SVF) have been recently
investigated [10-14]. Adipose-derived stromal cells (ADSC)
included in SVF have the potential of differentiating into
adipogenic, osteogenic, chondrogenic, and other mesenchy-
mal lineages, and have been widely applied to knee OA
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research for their immunomodulatory, anti-inflammatory and
paracrine effects [15, 16]. Several recent studies showed the
feasibility and safety of ADSC treatments, and it should be an
ideal therapeutic option for knee OA [17-21]. However, cell
expansion greatly increases the hospitalization costs. Unlike
ADSC, SVF can be readily obtained from the lipoaspirate
samples without the need for any cell separation or culturing
conditions, which make it more cost efficient and convenient.
There is a dearth of literature in the area of SVF treatments for
knee OA, few clinical trials have been performed except sev-
eral case reports. In addition, most of these published clinical
trials failed to blind for both the participants and the outcome
assessor because of the liposuction and other additional inter-
vention procedures [10, 13, 18, 22, 23], which would lead to a
high risk of performance bias. Finally, we designed a double-
blind, randomized, self-controlled trial to compare the clinical
and radiological efficacy of autologous adipose-derived SVF
versus hyaluronic acid treatment among patients with grade II/
III knee osteoarthritis of bilateral knee.

Materials and methods
Patients and study design

This trial’s protocol was approved by Ethics Committees of
Zhejiang Provincial People’s Hospital before first patient’s
enrollment; all patients were provided a written informed con-
sent voluntarily. Eligible patients were 18-70 years of age
with bilateral symptomatic knee osteoarthritis of grade II to
I according to Kellgren-Lawrence criteria [24] and had an
initial pain evaluated at four or greater on a ten-point visual
analog scale (VAS) in bilateral knee joints. More details of
inclusion and exclusion criteria were listed in Table 1.
Before the study, the sample size was estimated on the basis
of the results from our pilot study to obtain a power of 80%
with « risk =0.05. From January 2015 to June 2016, 16 pa-
tients (32 knees) were enrolled in this study. Three of them
were male, and 13 of them were female. The completely ran-
domization process was finished by an assistant accountant
who was blinded to the patients’ data using SPSS 20.0 soft-
ware (IBM Corporation, NY, US). First, we listed 1-16 serial
numbers (patient serial number) in accordance with the out-
patient order. Second, 16 random numbers were generated by
RV.UNIFORM (0, 1) in the computer that matched number-
by-number with 16 patients’ serial numbers. Third, the 16
random numbers were arrayed in ascending order; the corre-
sponding patients of first eight random numbers were injected
with 4-ml SVF in the left knee and 4-ml hyaluronic acid
(SOFAST, Freda, china) in the right knee. The last eight pa-
tients were intervened with 4-ml hyaluronic acid (SOFAST,
Freda, china) in the left knee and 4-ml SVF in the opposite.
All SVF-treated knees formed the test group. By contrast,
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Table 1  Inclusion and exclusion criteria

Inclusion criteria
o Age 18-70 years old

o Bilateral knees with Grade II-1II osteoarthritis, identified by two
different observers, according to the Kellgren-Lawrence grading
scale

o Bilateral knees with initial pain evaluated at four or greater on a
ten-point visual analog scale (VAS)

e Patient is able to understand the instructions given by the doctors
e Signing informed consent form

Exclusion criteria

e Had secondary arthritis (related to rheumatoid arthritis, gouty
arthritis, post-infectious arthritis, and previous articular fractures)

e Severe heart, lung, liver, and kidney disease that cannot tolerate

general anesthesia

o Psychiatric disorders

e History of liposarcoma and other cancer
e Pregnancy
e Immunosuppression

o Coagulopathy
o Abdominal hernia

e Any knee joint operation or intra-articular injection of any drug
within 6 months before the screening

e Sign of infection or serological positive of HIV, syphilis
e A low level of body fat content that may make liposuction difficult

another 16 knees exposed with hyaluronic acid formed the
control group. More details were shown in Fig. 1. All injec-
tions were done under the guidance of knee arthroscopy.

Five investigators were included in the protocol for clinical
evaluation, corresponding to pre-operation (1 week before op-
eration; baseline), and one, three, six and 12-months post-op-
eration respectively. At each visit, patients were carefully eval-
uated using the visual analog scale (VAS), Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC),
as well as range of motion (ROM) measurement, and magnetic
resonance imaging (MRI) examination (1 week pre-operation,
baseline; 6 months and 12-months post-operation).

Except for the orthopedic surgeon, all patients, radiologists,
and investigators were blind to treatment allocation of the
participants. The orthopaedic surgeon who delivered the inter-
vention did not take outcome measurements.

Preparation of SVF and cell counting

All patients were fasted of at least six hours and water depri-
vation of at least two hours before operation, general anaes-
thesia was performed in supine position after checking the
patients’ information by operator, anaesthetist, and circulating
nurse. Liposuction was performed by one regular skilled plas-
tic surgeon, who was blind to patients’ information. After
sterilizing on abdominal and both lower extremities skin,
two small incisions about 5 mm were made around umbilicus,
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Fig. 1 Study flowchart

Patients Randomized
n=16(16 patients/32 knees)
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n=8(8 patients/16 knees):
SVF injection in 8 left knees;
HA injection in 8 right knees

n=8(8 patients/16 knees):
SVF injection in 8 right knees;
HA injection in 8 left knees

Group Test n=16:

16 knees received SVF injection

v

12 months follow-up
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Group Control n=16:

16 knees received HA injection

Liposuction & Arthroscopy & SVF/HA injection
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Baseline

and a target volume of approximately 100 to 150 cc of
lipoaspirate was harvested through superwet technique from
the subcutaneous layer around umbilicus. The incisions were
closed with sutures but not tightened to allow more drainage
of the blood-tinged tumescent fluid. Abdominal binder was
used after operation to prevent bruising in the surgical area.
The harvest adipose tissue was immediately put into a ster-
ile container which was packaged in a portable cryopreserva-
tion box on the way to the laboratory. The lipoaspirate was
washed twice with 37 °C phosphate buffered saline (PBS),
and the residual blood cells and tissue fragments were re-
moved by the mesh filter. Equal volume of type I collagenase
(Worthington, Lakewood, NJ, USA) was added into the
washed adipose tissue for digestion. The mixture was then
placed in a shaking incubator at 37 °C for 30 minutes. After
enzymolysis, the tube was centrifuged at 1000 g for 10 min
(Eppendorf 5810R, Germany).The supernatant was discarded,
and the remnant SVF pellet at the bottom was resuspended in
PBS reaching a volume of 4.5-ml SVF. A 0.5-mL sample of
the final product was collected for cell counting, and the cell
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quantity and viability was measured through an automatic cell
counter (Countstar IC1000, China).

Surgical procedures and injection

While the adipose processing was going on, arthroscopic
debridement was performed in bilateral knee joint by a
single orthopaedic surgeon. After a standard arthroscopic
examination, all unstable cartilage around the lesion was
debrided to form a stabile circumstance of the cartilage.
Once the SVF processing was accomplished, SVF and
HA were injected under arthroscopic guidance, after the
arthroscopic fluid was drained. In the test group, about
4 ml of SVF suspension was injected into the cartilage
lesion surface. The contralateral knee received 4 ml of
HA injection. Incisions subcuticular suture and pressure
dressing after injection were confirmed. All the proce-
dures were done under general anesthesia that the patients
themselves were blind about the injection allocation.
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Post-operative protocol

All patients were instructed to be non-weight bearing for one
day after operation and were discharged two days post-
operation with the same health propaganda. Regular daily
activities were allowed during follow-up period, and all par-
ticipants should contact the doctor in charge immediately once
there was any sign of adverse event, including fever; cutane-
ous pruritus, and erythra; swelling, pyorrhea, or fissuration of
the incisions. Additionally, a dosage of 200-mg Celebrex
twice daily for 2 days was applied as a discharge medication,
when patients complained about incision pain with an evalu-
ation over five on a VAS scale on the discharged day. These
patients were followed via telephone until the incision pain
was relieved.

Clinical evaluation

Pain and functional limitation were evaluated using VAS and
WOMAC questionnaire. The WOMAC measures five items
for pain (score range 0-20), two for stiffness (score range 0—
8), and 17 for functional limitation (score range 0—68) with a
total score range from 0 (slightest) to 96 (worst). While func-
tional limitation cannot be scored per joint, pain and stiffness
were measured per joint separately by two copies of the ques-
tionnaires. In addition, ROM of bilateral knee joints was also
recorded.

MRI assessment

The protocol required three MRI scan: baseline (1 week be-
fore operation), six months, and 12 months of follow-up. Each
MRI was performed using SIEMENS 3.0 T Skyra MRI de-
vice, with the 15-channel knee coil. The patients lay supine
30 mintes to reduce the influence of the knee motion and
weight bearing to the results of scanning. The following se-
quences were applied: PDWI-FS images in the sagittal, coro-
nal, and transverse planes; T1 W1 images in the sagittal
planes. All data were transmitted to Siemens post-processing
workstation, two trained radiologists blinded to each other
completed the measurement and recording, and finally obtain-
ed a consensus conclusion. The whole-organ assessment of
the knees was performed by whole-organ magnetic resonance
imaging score (WORMS) [25]. The cartilage repair tissue was
assessed by magnetic resonance observation of cartilage repair
tissue (MOCART) score (include 9 variables) [26].

Statistical analysis
All data are presented as means = SD. We used SPSS software
(version 20.0, IBM Corporation, NY, US) for all data calcula-

tion. Within group analysis of follow-up statistics (VAS,
WOMAC score, ROM, and WORMS) were compared with
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baseline using the paired ¢ test, and the independent ¢ test was
used to compare data at same follow-up time point between
groups. The discrete data were analyzed by chi-square test.
Differences with P <0.05 were considered statistically
significant.

Results
Patient characteristics

A total of 32 knees from 16 patients with bilateral knee OA
were randomly allocated to the group test (knee received SVF
treatment) and group control (knee received HA treatment)
(Fig. 1). The patients characteristics showed no significant
difference in age, gender distribution, and BMI, and preferred
leg distribution between patients received SVF therapy in the
left knee and patients received SVF therapy in the right knee
(Table 2). No relevant baseline differences in symptom dura-
tion time, Kellgren-Lawrence OA grade, VAS score,
WOMAC pain and stiffness, knee ROM, and WORMS be-
tween two groups were observed (Tables 3 and 5). In addition,
there was no significant difference in preferred leg proportion
between the group test, and group control showed (P> .05),
which diminished the influence of preferred leg in the treat-
ment and follow-up.

Safety

Four patients (25%) complained about pain of the abdomen,
like muscle soreness after strenuous exercise, sustained about
one week after liposuction. Six patients (37.5%) reported pain
and swelling in bilateral knee joints that continued for a few
days after knee surgery and all resolved within two weeks.
The pain reported above all responded well to Celebrex.
There were no other adverse events related to the knee surgery
(including infection, allergy, and poor wound healing) and
adipose harvest (including deformity and severe ecchymosis).

Clinical outcome

Mean changes of clinical scores from baseline to one month,
three months, six months, and 12 months were summarized in
Fig. 2 and Table 4. In the test group, all scores including VAS,
WOMAC pain, WOMAC stiffness, and knee ROM signifi-
cantly improved at one month, three months, six months, and
12-months follow-up visits as compared with baseline
(Fig. 2). The mean VAS, WOMAC pain, WOMAC stiffness,
and ROM in the test group improved by 3.19+0.98, 8.00 =
4.77, 2.25+2.11, and 19.06 +7.76, respectively, between
baseline and last follow-up (Table 4). In the control group,
pain (VAS score) was significantly relieved by one month
and three months after HA injection, but was amplified again



Interna?ional Orthopaedics (SICOT)

Table 2 Baseline characteristics

of patients with different Patient characteristics Patients with SVF therapy Patients with SVF therapy P value
treatment of bilateral knees in the left knee in the right knee
N=8 N=8
Age, year 53+10.97 51+£595 0.561
Sex, n 0.522
Female 7 6
Male 1 2
BMI, kg/m? 25.98+1.95 26.63+1.62 0.480
Preferred leg, n
Left lower extremity 2 3
Right lower extremity 6 5
History of trauma, n 2

Values are expressed as mean + SD unless otherwise indicated. BMI body mass index

at six and 12-months visits, from 5.75+1.24 to 5.81 £1.33
(P=0.791) and 5.81+1.83 (P=0.835) (Fig. 2a). Functional
improvement of ROM was significant at one month after HA
therapy (P < 0.001). However, this trend even took a turn for
the worse after three months post-operation in the control
group (decreased by 1.88 £ 6.40 from baseline to last follow-
up, not significantly) (Fig. 2b). Unlike the SVF treated group,
the general tendency of WOMAC pain and stiffness subscores
towards worsening in the control group showed significant
differences compared with the test group, as showed in
Fig. 2c and Fig. 2d.

Radiologic evaluation
The whole-organ assessment of the knees was performed with

WORMS based on MRI at baseline, six months and 12-
months follow-up (Tables 5 and 6). In the test group,

WORMS showed an important improvement that the mean
WORMS decreased by 11.38 +24.89 (P =0.088) and 15.44 +
21.95 (P <0.05) from baseline to six and 12 months, respec-
tively. By contrast the consequence in the control group was
poor, WORMS deteriorated by 12.81 +12.66 (P <0.01) and
15.50+14.65 (P <0.01) from baseline to six and 12 months,
respectively. The repair of the articular cartilage defects was
measured by MOCART system based on the MRI results at
six and 12-months follow-up, details were shown in Table 7.
In the test group, the mean MOCART score was 54.06 + 11.58
at six months visit and was 62.81 + 8.16 at 12-months follow-
up, showing a significant improvement (P < 0.01). However,
the mean MOCART, in the control group was poor in both six
months (19.38 +£9.64) and 12 months (19.06 £7.79), showed
no improvement from six months to 12 months in the HA
treated group (P =0.924). It is remarkable that the
MOCART in the test group was significantly better than that

Table 3 Baseline characteristics

of the group test and group Group test (N=16) Group control (N=16) P value
control knee treated with SVF Knee treated with HA
SVF cell density, (x 10%ml) 745+3.73 -
SVF cell viability, (%) 70.25+£5.04 -
Preferred leg, n (%) 7 (43.75) 9 (56.25)
Symptom duration, mo 6.88+3.56 6.38+2.68 0.230
Kellgren-Lawrence Grade, n 0.288
Grade 11 10 7
Grade 111 6 9
Baseline VAS score 538+1.20 575+1.24 0.392
Baseline WOMAC pain 9.44+3.90 9.50+3.92 0.964
Baseline WOMAC stiffness 3.00+1.55 331+1.82 0.604
Baseline knee ROM 120.13+£13.27 116.31+14.65 0.446
Baseline WORMS 71.31+24.2 69.81 +18.05 0.844

Values are expressed as mean + SD unless otherwise indicated. SVF, stromal vascular fraction; HA, hyaluronic
acid; VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; ROM,
range of motion; WORMS, whole-organ magnetic resonance imaging score
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Fig. 2 Changes of VAS, WOMAC score, and knee ROM in two groups 0.05). All values were compared with baseline. a VAS score. b Knee
during 12-months follow-up. Values in graphs are expressed as mean + ROM. ¢ WOMAC pain. d WOMAC stiffness
SD in vertical bars, **P<0.01, ***P<0.001, ns, non-significant (P>

Table 4  Clinical and WORMS changes during 12 months follow-up

A.1 month p value A.3 month p value A.6 month p value A.12 month p value
Group test
WOMAC pain -3.19+£3.02 <0.001 —-731+£3.52 <0.001 —7.94 £ 3.84 <0.001 —8.00 £4.77 <0.001
WOMALC stiffness -1.56 £ 1.59 <0.01 -2.19 £ 1.80 <0.001 -2.50 £ 1.59 <0.001 —-225+2.11 <0.001
VAS score -225+1.39 <0.001 -3.38 £1.09 <0.001 -3.69 = 1.01 <0.001 -3.19 £0.98 <0.001
ROM 13.56 £ 8.52 <0.001 17.88 +£7.82 <0.001 17.88 + 7.82 <0.001 19.06 + 7.76 <0.001
WORMS —11.38 £ 24.89 0.088 —15.44 £21.95 <0.05
Group control
WOMAC pain —0.56 +4.98 .658 2.06 + 6.84 246 338 +5.73 <0.05 5.69 +4.29 <0.001
WOMALC stiffness 1.38 +£2.22 <0.05 1.94 +£2.49 <0.01 244 +2.56 <0.01 2.69 £2.57 <0.001
VAS score —1.06 = 0.68 <0.001 —0.69 £ 0.70 <0.01 0.06 = 0.93 791 0.06 = 1.18 0.835
ROM 6.13 +4.21 <0.001 0.88 + 5.80 0.556 -1.31+£4.76 287 —1.88 £6.40 0.259
WORMS 12.81 £ 12.66 <0.01 15.50 £ 14.65 <0.01

Values are expressed as mean + SD. VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; ROM, range of
motion; WORMS, whole-organ magnetic resonance imaging score
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Table 5 Baseline characteristics of two groups with WORMS
Variables Group test Group control P value
Cartilage 32.94 + 14.24 34.44 + 11.61 0.746
Marrow abnormality 444 £ 1.71 35+1.51 0.11
Bone cysts 394 +1.95 481 +£2.71 0.30
Bone attrition 125+ 1.13 1.31+12 0.88
Osteophytes 24.38 +16.25 22.19 +£12.02 0.668
Menisci 3.25 +2.41 2.81 +£2.43 0.613
Ligaments 0.13 £ 0.34 0.06 + 0.25 0.559
Synovitis 1+097 0.69 +0.79 0.325
WORMS total 71.31 +24.2 69.81 = 18.05 0.844

Values are expressed as mean + SD. WORMS, whole-organ magnetic res-
onance imaging score

in the control group, both at six and 12-months MRI follow-
up (P<0.001). In addition, in the test group, there were
11(69%) knees that showed complete or hypertrophic repair
tissue filling of the defect compared with only one (6%) knee
in the control group, seven (44%) knees in the test group
showed complete integration with adjacent cartilage, and the
value in the control group is only one (6%) (Fig. 3).

Discussion

In this paper, we reported our findings comparing SVF versus
HA treatment for 16 pairs of knees with K-L grade II-III os-
teoarthritis, with 12-months follow-up. Our data demonstrated
that SVF could provide effective improvements in both radio-
logical (WORMS and MOCART), and clinical (include VAS,
WOMAC pain and stiffness, knee ROM) outcomes which
was significantly superior to HA treatment (single dose of
40 mg) for bilateral knee joints with osteoarthritis at II-III
stage (K-L grade). In a multi-centre analysis among 2372

Table 6 WORMS changes during 12-months follow-up

patients underwent MSC treatment, the major adverse event
was pain post-procedure [27]. Except pain and swelling after
liposuction and operation, there was no severe adverse event
in the whole process of our study.

In the test group treated with SVF, the knee joints showed
statistically significant improvements in the mean VAS,
ROM, WOMAC pain, and stiffness compared with baseline
after 12-months follow-up, but the mean VAS score of 12-
months visit increased significantly (p =0.015) compared
with that of six months. We found these patients with in-
creased VAS score of 12 months in the test group; all had a
gradually aggravating the VAS score of the knee in the control
group. When checking the history, we found that these pa-
tients were used to load more weight on the milder knee rather
than the most severe knee, which may explain the worsening
trend of the VAS score from six months to 12 months in the
test group. From the previous literature, we knew that HA
treatment was effective in ameliorating pain and symptoms
for OA studied and often served as a control [28, 29]. In our
study, we used a single dose of 40-mg hyaluronic acid
(SOFAST, Freda) injection in the control group for a better
blind and variable control, but the outcome indicated that the
therapeutic effect of one-single dose of 40-mg HA injection
(SOFAST, Freda) was not obvious in the intermediate and
long-term follow-up. This result was different from the study
of Vega et al. [28]. They used a single dose of hyaluronic acid
(60 mg in 3 mL; Durolane) as control, and the VAS score was
significantly improved at 12-months follow-up in the control
group. More research comparing SVF and adequate course of
HA treatment for knee OA is needed in the future.

The MRI follow-up showed a significant improvement of
the WORMS in knees treated with SVF. Particularly notable
was the reduction in the cartilage and marrow abnormality
subscores, which decreased by 12+21.55 (P<0.05) and
2.50+£2.00 (P<0.001) from baseline to 12-months MRI.
The radiological outcome of MOCART proved that the test

Group test Group control

Variables A.6 month P value A.12 month P value A.6 month P value A.12 month P value
Cartilage —7.81+£23.42 0.20 —12.00+£21.55 <0.05 2.56+5.93 0.105 4.13+£7.12 <0.05
Marrow abnormality —-2.13+2.13 <0.01 —-2.50+2 <0.001 5.38+6.79 <0.01 5.50+£7.17 <0.01
Bone cysts —044+245 0.486 —-0.56+2.28 0.339 0.25+1.00 0.333 0.31+1.01 0.237
Bone attrition —0.19+0.40 0.083 -0.19+0.75 0.333 3.63+4.87 <0.01 3.81+£5.22 <0.05
Osteophytes -044+0.73 <0.05 0+1.63 1 0.38+0.89 0.111 0.69+1.66 0.119
Menisci -0.19+1.17 0.53 -0.13+1.36 0.718 0.13+0.72 0.497 0.25+0.93 0.3
Ligaments -0.06+£0.25 0.333 0.13+£0.89 0.58 0.06+0.25 0.333 0.25+0.68 0.164
Synovitis —0.13+0.81 0.544 -0.19+0.75 0.333 044+1.15 0.15 0.56+1.15 0.07
WORMS Total —11.38+24.89 0.088 —15.44+21.95 <0.05 12.81+12.66 <0.01 15.50+14.65 <0.01
Values are expressed as mean + SD. WORMS, whole-organ magnetic resonance imaging score
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Table 7 MOCART results during
12-months follow-up

@ Springer

Variables Maximum  Group test, 1 (%) Group control, n (%)
score
6 months 12 months 6 months 12 months
1. Degree of defect repair and filling of the defect
Complete 20 2 (12.50) 5(31.25) 0 (0) 0 (0)
Hypertrophy 15 5(31.25) 6 (37.50) 1(6.25) 1 (6.25)
Incomplete
> 50% of the adjacent 10 4 (25.00) 2 (12.50) 2 (12.50) 2 (12.50)
cartilage
<50% of the adjacent 5 3 (18.75) 2 (12.50) 4 (25.00) 3 (18.75)
cartilage
Subchondral bone exposed 0 2 (12.50) 1(6.25) 9 (56.25) 10 (62.50)
2. Integration to border zone
Complete 15 5(31.25) 7 (43.75) 1 (6.25) 1(6.25)
Incomplete
Demarcating border visible 10 6 (37.50) 4 (25.00) 1(6.25) 2 (12.50)
(split-like)
Defect visible
<50% of length of the 5 3 (18.75) 4 (25.00) 5@31.25) 4 (25.00)
repair tissue
> 50% of length of the 0 2 (12.50) 1(6.25) 9 (56.25) 9 (56.25)
repair tissue
3. Surface of the repair tissue
Surface intact 10 9 (56.25) 10 (62.50) 2 (12.50) 1 (6.25)
Surface damaged
< 50% of repair tissue 5 6 (37.50) 5(31.25) 2 (12.50) 2 (12.50)
depth
> 50% of repair tissue 0 1 (6.25) 1(6.25) 12 (75.00) 13 (81.25)
depth or total degeneration
4. Structure of the repair tissue
Homogeneous 5 9 (56.25) 10 (62.50) 3 (18.75) 2 (12.50)
Inhomogeneous or cleft 0 7 (43.75) 6 (37.50) 13 (81.25) 14 (87.50)
formation
5. Signal intensity of repair tissue
Normal (identical to 30 3 (18.75) 5(31.25) 1(6.25) 1 (6.25)
adjacent cartilage)
Nearly normal (slight areas 15 8 (50.00) 8 (50.00) 2 (12.50) 3 (18.75)
of signal alteration)
Abnormal (large areas of 0 5(31.25) 3 (18.75) 13 (81.25) 12 (75.00)
signal alteration)
6. Subchondral lamina
Intact 5 10 (62.50) 9 (56.25) 7 (43.75) 5(31.25)
Not intact 6 (37.50) 7 (43.75) 9 (56.25) 11 (68.75)
7. Subchondral bone
Intact 5 4 (25.00) 6 (37.50) 5(31.25) 3 (18.75)
Not intact (edema, 12 (75.00) 10 (62.50) 11 (68.75) 13 (81.25)
granulation tissue, cysts,
sclerosis)
8. Adhesions
No 5 11 (68.75) 10 (62.50) 3 (18.75) 4 (25.00)
Yes 0 5(31.25) 6 (37.50) 13 (81.25) 12 (75.00)
9. Synovitis
No synovitis 5 9 (56.25) 10 (62.50) 5@31.25) 7 (43.75)
Synovitis 7 (43.75) 6 (37.50) 11 (68.75) 9 (56.25)
Mean + SD 54.06+11.58 62.81+£8.16 19.38+9.64 19.06+7.79
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Baseline

Baseline

Baseline

Fig. 3 Magnetic resonance imaging scans of three SVF-treated knees
from baseline to 6 and 12-months follow-up showed complete repair
and filling of the defects, as well as good integration with the adjacent
cartilage and underlying bone in the coronal, transverse and sagittal
planes (red arrows)

group had a statistically significant superior articular cartilage
repair both at six months (mean MOCART 54.06 +11.58 in
the test group and 19.38 +9.64 in the control group, P <

0.001) and 12-months (mean MOCART 62.81+8.16 in the
test group and 19.06 +7.79 in the control group, P<0.001)
MRI follow-up, compared with the control group (Table 7). In
the group treated with SVF, four knees had a MOCART score
of less than 60 at last follow-up; all accompanied with a poor
subchondral lamina and bone as well as a large area of carti-
lage defect on baseline MRI, suggesting that SVF injection
provided a less satisfactory outcome in relatively large carti-
lage defects. Different from the test group, the MRI outcome
in the control group was poor, as the previous literature indi-
cated that hyaluronic acid played a limited role in the repair of
damaged cartilage. Furthermore, several other researches
studied the relationship between cell dose and therapeutic ef-
ficacy of ADSC [18-21], but came to contradictory results. In
the two year follow-up study of Jo CH et al.[18, 19], signifi-
cant improvement was found mainly in the high-dose group
(1 x 108), and the outcomes in the low and medium dose
groups tended to deteriorate after one year; whereas, those in
the high-dose group plateaued until two years. Interestingly, in
another clinical trial of ADIPOA [21], significant improve-
ment was detected only in the low-dose (2 x 10%) ASCs-
treated patients. In another pilot study treated with repeated
injections of ADMSCs, the dosage of 5 x 107 showed the
highest improvement [20]. In our study, we failed to find an
actual association between SVF cell density, cell viability, and

outcomes that we need more studies to explore the cell dose
effect in the future. There are multiple sources of stem cells for
orthopedic conditions [30-32]. Since adipose tissue-derived
stem cells (ADSCs) were first characterized by Zuk et al. in
2001 [16], ADSCs have been widely studied for their regen-
erative and therapeutic potential. Recently, several researches
indicated that the regenerative potential was also found in the
SVF [33-35], a mixture of ADSCs, endothelial precursor cells
(EPCs), endothelial cells (ECs), macrophages, smooth muscle
cells, lymphocytes, pericytes, and pre-adipocytes [36, 37].
Traditionally, SVF is isolated by enzymatic processing from
lipoaspirate. The advantages of SVF over ADSCs consist of
the following parts. Firstly, unlike ADSCs, SVF is readily
accessible from the lipoaspirate without the requirement for
any cell separation or cell culture. Secondly, SVF therapy is
much cheaper and faster than ADSCs because of the absence
of culturing procedures. Thirdly, besides the similarities in
immunomodulation, anti-inflammatory, and angiogenesis,
the characteristic, heterogeneous cellular components of
SVF may explain the better therapeutic effect observed in
some animal studies [36, 38].

As far as we know, this was the first prospective, random-
ized, double-blind, and self-controlled clinical trial studying
autologous adipose-derived stromal vascular fractions injec-
tion for bilateral human knee osteoarthritis. The study was
designed according to the principle of completely random,
minimizing the distinctions between two groups and reducing
the interference of the preferred leg. The setting of self-control
between bilateral knees ensured the consistency of sample size
between groups during the follow-up process. All procedures
were performed under general anaesthesia, minimizing the
pain of the patients. Furthermore, adequate blinding was guar-
anteed in our study, all patients, radiologists, and investigators
were blind of treatment allocation, and the orthopedic surgeon
who delivered the intervention did not take outcome measure-
ments, reducing the performance bias of the study.

In conclusion, our results indicates that autologous
adipose-derived SVF treatment is safe and can effectively re-
lief pain, improve function, and repair cartilage defects in
patients with K-L grade II-III knee osteoarthritis. It is therefore
believed that adipose tissue may be a good cell source for
cartilage regenerative engineering.

Limitations of the study

We must acknowledge that there were several limitations in
this study. First, the follow-up period seemed short
(12 months); we need more follow-up time to determine the
long-term effects of SVF. Second, the sample size was small
because the incidence of bilateral knee osteoarthritis was low-
er than unilateral knee OA. Third, second-look arthroscopy
and pathological biopsy of newborn cartilage tissue is the gold
standard for evaluating cartilage repair; however, arthroscopy
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and biopsy are invasive and inconvenient for dynamic follow-
up, and therefore difficult to carry out in China. Fourth, we
could not find a clinical rating index aiming at unilateral knee
joint that patients should complete two same questionnaires
focusing on the individual characteristics with different sides
of knees. Fifth, it is unknown, whether SVF injection in one
knee could influence the contralateral knee. Sixth, we did not
find an actual association between SVF cell density, cell via-
bility, and outcomes, more studies are needed to explore the
cell dose effect of SVF treatment.
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Abstract

Stromal vascular fraction (SVF), containing large amount of stem cells and other regenerative cells,
can be easily obtained from loose connective tissue that is associated with adipose tissue. Here we
evaluated safety and clinical efficacy of freshly isolated autologous SVF cells in a case control study
in patients with grade 2-4 degenerative osteoarthritis (OA). A total of 1128 patients underwent
standard liposuction under local anesthesia and SVF cells were isolated and prepared for
application into 1-4 large joints. A total of 1856 joints, mainly knee and hip joints, were treated
with a single dose of SVF cells. 1114 patients were followed for 12.1-54.3 months (median 17.2
months) for safety and efficacy. Modified KOOS/HOOQS Clinical Score was used to evaluate clinical
effect and was based on pain, non-steroid analgesic usage, limping, extent of joint movement,
and stiffness evaluation before and at 3, 6, and 12 months after the treatment. No serious side
effects, systemic infection or cancer was associated with SVF cell therapy. Most patients gradually
improved 3-12 months after the treatment. At least 75% Score improvement was noticed in 63%
of patients and at least 50% Score improvement was documented in 91% of patients 12 months
after SVF cell therapy. Obesity and higher grade of OA were associated with slower healing. In
conclusion, here we report a novel and promising treatment approach for patients with

degenerative OA that is safe, cost-effective, and relying only on autologous cells.

Keywords: stromal vascular fraction, cells, adipose tissue, connective tissue, osteoarthritis,

therapy
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Introduction

Degenerative osteoarthritis (OA) of large joints, especially hip and knee, is characterized by
degeneration of articular cartilage, sclerosis of the subchondral bone, and marginal osteophyte
formation. In the United States of America, symptomatic OA is present in 13.9% of adults 25 years
and older and in 33.6% of adults 65 years and older, but it is estimated that radiographic OA is
much more frequent (18). OA of weight-bearing joints is associated with chronic devastating pain,
stiffness, decreasing range of motion and joint deformity, being one of the leading causes of

decreased quality of life and work limitations in elderly.

Although early stages of OA can be alleviated by physical therapy, weight loss, non-steroid
analgesic drugs, and chondroprotectives, the advanced disease relies on total joint replacement.
Total joint arthroplasty (TJA) is the mainstay of treatment for end-stage OA of the hip or knee.
Unfortunately, TJA is relatively frequently associated with serious and life-threatening
complications including increased risk of infection, thromboembolism, myocardial infarction,
stroke, increased risk of death at 30 and 90 days after surgery, and the life-span of the prosthesis

is limited (17,24,27,29).

Recently, it was shown that mesenchymal stromal/stem cells (MSCs) hold a great promise for their
healing potential in regenerative medicine (12). Preclinical animal studies that utilize MSCs
demonstrated safety and efficacy in treatment of OA, cartilage defects or other orthopedic
conditions (3,14,26,28). In humans, the largest collection of culture-expanded bone marrow-
derived MSCs used for treatment of 339 patients with OA was recently documented and more

than 75% improvement was reported in 41.4% and more than 50% improvement was reported in
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63.2% of patients (6). No severe side effects and no neoplastic complications were detected at

any stem cell re-implantation site in a mean follow-up 435 days (6).

MSCs can be obtained from bone marrow as well as from adipose tissue. Although bone marrow
MSCs and adipose tissue-derived MSCs share many biological features, there are also some
differences. Adipose tissue-derived MSCs are more genetically stable in a long term culture,
display a lower senescence ratio and higher proliferative capacity (28). Bone marrow MSCs
constitute only about 0.001%-0.01% of all nucleated cells in bone marrow, whereas the amount of
adipose tissue-derived MSCs is approximately 1000-fold greater when isolated from equivalent
volume of tissue (20,28,32). Adipose tissue can be easily obtained by standard liposuction under
local anesthesia and isolated stromal vascular fraction (SVF) cells contain 1-4% MSCs as well as
other cell types involved in tissue regeneration such as vascular endothelial cells, pericytes,
fibroblasts, macrophages and regulatory T lymphocytes (4,10,16,28). SVF cells demonstrated anti-
inflammatory and immunomodulatory effects and MSCs have the capacity to differentiate into
connective tissue cells including cartilage, tendon and ligament (28,30). SVF cells can be clinically
used as freshly isolated from the lipoaspirate without further in vitro expansion or manipulation.
These various SVF cell components may act synergistically with MSCs and therefore may be
superior to MSCs alone (32). It may be also presumed that freshly isolated cells would be safer
and more efficacious compared with the cells expanded by culture, as ex vivo manipulations may
lead to genetic and epigenetic alterations that may affect the functional and biological properties

of the cells (2).

Autologous adipose-derived SVF cell therapy has been used since 2003 in dogs. In a randomized

double-blinded multicenter controlled trial, dogs with large joint OA treated with SVF cells had
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significantly improved scores for pain, lameness and range of motion compared with control dogs
(3). At least 80,000 SVF cells per kilogram of animal body weight were used. Similar effects were
documented for OA, cartilage, tendon and ligament injuries treated with autologous SVF cells in

other species as well (3,11,21).

Based on previously published results from animal and human studies, we hypothesize that non-
manipulated SVF cells freshly isolated from adipose tissue and administered to the close proximity
or into the arthritic joint can demonstrate healing potential in patients with degenerative OA. Here
we present data from a multicenter, case control study that demonstrate how practicing medicine
with patient’s own regenerative cells freshly isolated from a stromal vascular fraction surrounding
small blood vessels of the adipose tissue can significantly improve outcome of degenerative OA

leading to a better quality of life.

Materials and Methods

Patients

Multicenter case control study of International Consortium for Cell Therapy and Immunotherapy
(ICCTI) was performed in the United States of America, the Czech Republic, Slovakia, and Lithuania
after approval by the local Ethics Committees and Investigational Review Board of American
Naturopathic Research Institute/Naturopathic Oncology Research Institute. Informed consent for
patients was in accordance with the Declaration of Helsinki. Certified orthopedic surgeons and/or
traumatology surgeons recruited patients with OA in seven clinical centers from 2010 to 2013.

Inclusion criteria consisted of: 1) 18 years of age and older; 2) chronic or degenerative joint OA
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grade 2-4 (Kellgren-Lawrence) of 1-4 large weight bearing joints (including hip and knee) and
additionally 0-8 other joints (including shoulder, elbow, wrist, hand, ankle, foot) causing significant
functional disability verified by clinical examination and X-ray and/or magnetic resonance imaging
(MRI); 3) failure of conservative management; 4) signed informed consent form. Exclusion criteria
consisted of: 1) active inflammatory disease; 2) severe cardiac, pulmonary or other systemic
disease; 3) history of active neoplasm and its treatment with immunosuppressive agents (including
chemotherapy, radiotherapy, steroids or other immunosuppressive drugs) within the past 12
months; 4) steroids or platelet-rich plasma within the past 4 weeks; 5) health condition (including
known allergy to local anesthetic drug) that does not allow to perform liposuction in local

anesthesia; 6) pregnancy or lactation; 7) TJA.

Patients who were referred as candidates for TJA were allowed to participate in SVF cell therapy
and this information was recorded by referring physician. All patients underwent local anesthesia
of subcutaneous fat in an extent that enables collection of 20-200ml of adipose tissue by a

standard tumescent liposuction.

X-ray and Magnetic Resonance Imaging

X-ray: standard weight-bearing X-ray images were performed in antero-posterior (AP) and lateral
projections. The images were taken at collaborating institutions using digital X-ray machines, all of
them were quality-controlled and certified. Most images were made on direct radiography system

Sedecal CXDI 55G (Spain) with read-out detector Canon CXDI (Japan).

MRI: 1.5 T standard protocols pertaining each individual joint using proton density-weighted

images (PD) and PD with fat saturation (FS) in coronal plane, T1 and PD FS in sagittal plane, 3D
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water-excitation technique in transversal and coronal planes were applied. Examinations were

performed on 1.5 T machine Toshiba Excelart Vantage (Toshiba Medical Systems, Japan).

Tissue and SVF Cell Processing

Lipoaspirate was processed using Cellthera Kit | (patent pending; in 2010-2012) or Cellthera Kit Il
(in 2013), Cellthera, Ltd., Brno, Czech Republic. At least 20ml of adipose tissue per each large joint
(or 2 medium joints - elbow, wrist; or 5-8 small joints - hand, foot) treated was processed
according to manufacturer’s instructions with Cellthera Kit | containing GMP-grade collagenase
mix (Cellthera, Brno, Czech Republic). Finally, to block any residual collagenase activity, SVF cells
isolated by Kit | were resuspended in 1-5ml autologous plasma that was obtained from
anticoagulated blood after centrifugation. When using Kit I, at least 50ml of adipose tissue per
each large joint (or 2 medium joints - elbow, wrist; or 5-8 small joints - hand, foot) treated was
processed with Cellthera Kit Il that does not contain collagenase. Briefly, lipoaspirate was initially
washed with normal saline (Ardeapharma, Sevetin, Czech Republic) to remove most red blood
cells and tissue debris by sedimentation for 5 minutes. Lipoaspirate supranatant was incubated at
37°C for 20-30 minutes with the same volume of normal saline while shaking. SVF cells were
collected after incubated lipoaspirate centrifugation for 5 minutes at 400g at room temperature
from fluid infranatant portion. Supranatant portion of lipoaspirate was washed again with the
same volume of normal saline, shaken for 1 minute and centrifuged. This step was repeated 3
times to reach maximal cell SVF cell yield. SVF pellet was finally filtered through a sterile 100um
filter (BD Biosciences, Franklin Lakes, NJ, USA). SVF cells isolated by Kit Il were resuspended in 1-
5ml normal saline. All isolated SVF cells were used for treatment. In both cases (isolation using Kit |

or Kit Il), all nucleated SVF cells were counted on Burker chamber (Glaswarenfabrik Karl Hecht
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GmbH & Co KG, Sondheim/Rhon, Germany) after trypan blue (Sigma-Aldrich, St Louis, MO, USA)

staining.

In Vitro SVF Cells Preclinical Testing

Freshly isolated SVF cells as well as third passage adipose tissue-derived stromal cells (ASCs) were
examined for their immunophenotype. In order to obtain the third passage of ASC, isolated SVF
cells were seeded at a density 20 x 10° cells / cm? in 24-well plastic plate (Costar, USA), and then
cultured in DMEM/F12 (Sigma-Aldrich) containing 2% penicillin and 5% platelet lysate at 37°C with
5% CO,. After 24 hours of culture, non-adherent cells were removed and fresh complete medium
was added to adherent cells - ASCs. The medium was changed twice per week. When 80%
confluence was reached, the cells were counted and subcultured using 0.25% trypsin (Sigma-

Aldrich).

The immunophenotype of SVF freshly isolated cells as well as third passage ASCs was
characterized by BD FACS Canto Il flow cytometer (BD Biosciences). Briefly, cells were washed
twice in Dulbeco’s phosphate buffered saline (DPBS; Sigma-Aldrich) containing 1% bovine serum
albumin (Sigma-Aldrich), resuspended in 100 ul DPBS (Sigma-Aldrich) and stained for 30 minutes
at 4°C with 5 pl fluorescence-conjugated specific monoclonal antibodies anti-CD90 - FITC, anti-
CD73 - PE, anti-CD105 - APC, anti-CD19 - APC-Cy7, anti-CD45- PECy7 and anti-CD34 - PerCP-Cy5
(BD Biosciences). Cells were then washed with PBS (Sigma-Aldrich) and characterized by flow
cytometry. Doubling time (DT) was measured as followed: DT = (log2 x culture time) : (log N — log
No) where N is cell count after the third passage and Ny is cell count of adherent cells after removal
of non-adherent cells at the beginning of cell culture.

CT-1300 Cell Transplantation Early Epub; provisional acceptance 01/05/2015

21



22

Copyright © 2015 Cognizant Communication Corporation

Treatments

SVF cells were administered in 1-5ml aliquot per joint treated according to joint size. Up to 4 large
joints or up to 8 other joints were treated. Single injection of SVF cells was administered
intraarticularly or periarticularly to the synovial stromal tissue in the close proximity of such joint.

If needed, ultrasound or C-arm X-ray navigation of the needle was employed.

Evaluations

Clinical status of all patients was closely monitored by the attending physician who indicated
patients for cell therapy at least 1 week before, at the time of SVF treatment, 1 week, 1, 3, 6, and
12 months after the SVF treatment. SVF cell therapy was recorded and evaluated by the same
physician. Clinical evaluation incorporated medical history, physical examination including
evaluation of joint pain, number of analgesic drugs taken, joint stiffness and extent of joint
movement, lameness status on a semiquantitative scale, recommendation for TJA, as well as any
side effects possibly associated with SVF cell therapy. If possible, joint X-ray and/or MRI follow-up

of the involved joint was performed after at least 6 months from SVF cell therapy.

All patients and their physicians were instructed to fill in the modified Knee/Hip Osteoarthritis
Outcome Score (KOOS/HOOS; www.koos.nu) questionnaire that evaluated semiquantitatively the

following measures:

A) Pain — patient evaluation (0 = no pain; 1 = minor not frequent pain; 2 = minor frequent pain; 3 =

moderate pain; 4 = severe pain; 5 = unbearable pain requiring analgesics);

B) Painkillers per week — physician evaluation (0 = no painkillers; 1 = 1-7 pills/topical analgesic

cream (TAC); 2 = 8-14 pills/TAC; 3 = 15-21 pills/TAC; 4 = 22-28 pills/TAC; 5 = 29 or more pills/TAC);
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C) Limping at walk — physician evaluation (0 = no limping; 1 = less frequent minor limping; 2 =

frequent minor limping; 3 = moderate limping; 4 = severe limping; 5 = impossible to walk);

D) Extent of joint movement— physician evaluation (0 = no limitation; 1 = limitation up to 20%; 2 =
limitation 21-40%; 3 = limitation 41-60%; 4 = limitation 61-80%; 5 = limitation more than 80%,

impossible to move);

E) Joint stiffness — patient evaluation (0 = no stiffness; 1 = minor; 2 = moderate; 3 = serious; 4 =

severe; 5 = impossible to walk).

OA Score was then constructed as the mean value of variables A) — E) for each patient.

Statistical Evaluation

The nonparametric statistical analysis of changes in Scores over time (before, 3months, 6months
and 12 months) in each treatment group was tested by one-way repeated measures analysis of
variance ANOVA. The Kruskal-Wallis test (nonparametric one-way ANOVA) was used for
comparing Score in independent treatment group (according to OA grade, and body mass index
(BMI) category) and post hoc comparisons were made. Wilcoxon rank test was used for
comparisons of independent pairs of groups and the Bonferroni correction was used for the test
modification to multiple comparisons. Correlation analysis (Spearman correlation coefficient and
also modified Spearman correlation coefficient for categorized data) was used for description of
statistical association between studied variables (Score and BMI, Score and OA grade, etc.). The
significance level 0.05 was used throughout. The 50% and 75% effect of Score improvement in

time was calculated as a percentage of patients where the difference between Score before and
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Score in a particular time was greater than half and % of Score before, respectively. The data were

analyzed using statistical software STATISTICA v.10 StatSoft, Inc.

Results

Patient Characteristics

A total of 1856 joints of 1128 unique patients were treated with single injection of SVF cells
isolated from autologous adipose tissue. From this large group 14 patients (1.2%) were lost to
follow-up and 1114 (98.8%) patients were evaluated at their follow-up visits. Median follow-up
time from the procedure was 17.2 months (range 12.1-54.3 months). The median age was 62
years (range 19-94 years), 596 (52.8%) patients were males and 532 (47.2%) were females, all
patients were Caucasians and all underwent single procedure of SVF cell administration to 1-8
joints. There were 557 (49.4%) patients with one joint treated, 481 (42.6%) patients with two
joints treated, 51 (4.5%) patients with three joints treated, and 39 (3.5%) patients with four to
eight joints treated. Patients underwent 1132 (61.0%) knee procedures, 625 (33.7%) hip
procedures, and 99 (5.3%) other joint (ankle, foot, shoulder, hand, wrist or elbow) procedures, see
Fig. 1. Based on clinical and X-ray examination, 226 (20.0%) patients were diagnosed with grade 2,
788 (69.9%) with grade 3, and 114 (10.1%) with grade 4 of degenerative OA (highest grade of OA
in each patient is reported). There was 1 (0.1%) underweight patient (BMI bellow 18), 169 (15.0%)
patients with normal weight (BMI 18-24.9), 639 (56.6%) overweight patients (BMI 25-29.9), and
319 (28.3%) obese patients (BMI 30 or over), see Fig. 1. Among all patients treated, there was
always at least one large joint (hip or knee) treated and 503 patients (45.2%) of 1114 patients
followed-up were candidates for TJA.
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SVF Cell Characteristics

Initially, we compared isolation of SVF cells from autologous adipose tissue using Cellthera Kit |
and Kit Il. In the cohort of 12 patient samples of isolated SVF cells (6 isolated with Kit | and 6
isolated with Kit II) we were able to demonstrate typical ASC characteristics including 0.9-4.7% of
plastic adherent cells and growing in vitro up to passage 6 and expressing CD73, CD90, CD105,
losing expression of CD34 and negative for CD45 (data not shown). No significant difference in
doubling time was noticed between cells isolated with Kit | and Kit Il. In this preliminary
optimization cohort, the yield of isolated viable SVF cells per ml of adipose tissue was 3.4-fold

higher when using Kit | compared to Kit II.

Thus, for the clinical protocol of individualized cell therapy with autologous SVF cells we decided
to use 20-30ml of adipose tissue per each large joint treated when Kit | was used, and 50-90ml of
adipose tissue per each large joint treated when Kit |l was used. Kit | was used in 478 patients and
led to nucleated SVF mean cell yield of 1.63 (+0.41) x 10°/ml of adipose tissue and viability of
87.4% (£ 6.7%). Kit Il was used in 650 patients and led to nucleated SVF mean cell yield of 0.39
(+0.12) x 10%/ml of adipose tissue and viability of 95.8% (+ 3.9%). Absolute number of viable SVF
cells obtained from adipose tissue isolated with Kit | reached 28.4 (+ 11.7) x 10° while absolute
number of viable SVF cells obtained from adipose tissue isolated with Kit Il reached 22.5 (+ 8.1) x
10°. These absolute numbers of viable SVF cells were not significantly different (p=0.19). No
statistically significant differences in age, sex, BMI and degree of OA were noticed between

patients treated with cells isolated with Kit | or Kit II.

SVF Cell Therapy and Patient Follow-up
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All patients underwent treatment with SVF cells as scheduled and no complications related to
adipose tissue processing and SVF cells preparation were noticed. There were no serious side
effects associated with SVF cell therapy. Other side effects related to the procedure consisted of
local pain and swelling at the site of injection, fever, reactive synovitis, headache, deep venous
thrombosis, see Table 1. Pain and swelling at the site of injection were observed in patients
injected with higher cell number but without significant difference between those treated with Kit
| or Kit Il isolated cells. Both cases of deep venous thrombosis occurred in women with
unsatisfactory hydration and refusal to walk while remaining at sitting position for several hours
after the procedure. There was one case of infectious synovitis reported that is unlikely to be SVF
cell therapy-related but it is not possible to exclude it. Six days after SVF cell therapy a woman was
complaining of localized pain and swelling at the site of SVF cell application and was admitted to
another hospital where a puncture of right knee was performed and revealed to be sterile. Four

days later, synovectomy of the right knee was performed and S. epidermidis was cultured.

Approximately 95% of joints treated were knees and/or hips (Fig. 1). Clinical effect of SVF cell
therapy was evaluated with modified KOOS/HOOS Score since, based on Inclusion criteria, all
patients has to be treated for at least one hip or knee joint. SVF cell application revealed at least
50% improvement of hip or knee joint after treatment in 80.6% of patients at 3 months. The Score
further improved in time to 12 months of the follow-up to 91.0% as documented in Fig. 2. When
75% Score improvement was evaluated of the hip or knee joint, similar trend for improvement
was noticed from 3 months to 12 months post-treatment in 39.7% to 63.0% of patients. Only up to
0.9% of patients were non-responders. Remaining patients improved for less than 50%. There was
a difference in clinical responses among patients treated with SVF cells isolated with Kit | and Kit Il

by multiple comparison analysis, see Fig. 2D. This difference was significant at 3 months after SVF
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cell therapy (p = 0.0001), but not before, at 6 and 12 months after SVF cell therapy (p = 0.2430; p =

0.0512; p = 0.4593, respectively).

Women had higher Score than men before and at 3 months after SVF cell therapy (p = 0.0089; p =
0.0020), but not at 6 and 12 months after the procedure (p = 0.0771; p = 0.5799, respectively) as
demonstrated in Fig. 2E. Score evaluation before, at 3, 6 and 12 months after the SVF cell therapy
was significantly increased in older patients in comparison to younger ones (p<0.0001 in all
checkpoints, respectively) as shown in Fig. 2F. Higher OA grade was associated with significantly
increased OA Score before, at 3 and 6 months (p = 0.0156; p = 0.0318; p = 0.0030, respectively),
but not at 12 months (p = 0.5315) after SVF therapy. Patients with higher BMI had significantly
higher OA Score at 3 months after the procedure (p = 0.0281), but not before and at 6 and 12

months after SVF therapy (p = 0.3002; p = 0.1004; p = 0.4022, respectively).

Patient’s responses were also monitored by X-ray and MRI. Typically subtle but significant
widening of joint spaces was observed on X-ray 6 - 12 months after SVF cell therapy in most
patients. In some cases no change in X-ray imaging was noticed. MRI studies revealed slight
chondral thickening or stable cartilage thickness 6 - 12 months after SVF cell therapy. Smoothing
of surface irregularities and defects, regression of reactive subchondral bone edema, sealing of
chondral fissures, healing of subchondral cortical lesions or integration of chondral flaps were
frequently seen after the treatment. To illustrate the X-ray and MRI of the joint treated with SVF

cells of a typical good-responders, see Fig. 3.

From 503 TJA candidates before the SVF cell therapy, only 4 (0.80 %) patients required total hip
replacement during the follow-up period. These findings demonstrate that patients with lower

degree of OA and non-obese patients recover from OA faster, typically within 3-6 months after
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SVF cell therapy. In patients with higher degree of OA and in obese patients the regeneration of
arthritic joint may take longer, but at 12 months they experience the same degree of clinical

improvement as patients with lower degree of OA and non-obese patients, respectively.

Discussion

Adipose-derived cells have potential applications to a wide range of clinical disorders including
myocardial infarction, stroke, Crohn’s disease, multiple sclerosis, rheumatoid arthritis, limb
ischemia, breast augmentation and reconstruction, decubiti ulcers, postirradiation fibrosis, and
craniofacial reconstruction (8,12,13).The greatest number of patients reported have been for
breast reconstruction, myocardial infarction, and fistula repair in Crohn’s disease as previously

reviewed (10,28).

There is also a growing body of research regarding stem cells for the treatment of degenerative
OA. Recently, the largest group of patients with OA treated with bone marrow-derived cultured
MSCs was reported by Centeno et al. and involved 339 patients. It demonstrated safety and
clinical efficacy in most patients treated. In a subgroup of 133 patients with knee OA 50% score
improvement was noticed in 63.2% cases at an average reporting time of 11.3 months from the
first cell application (6). Vangsness et al. reported results of a randomized, double-blind, controlled
study in 55 patients with knee OA and partial medial meniscectomy treated with allogeneic bone
marrow-derived MSCs. The study demonstrated safety and no ectopic tissue formation after cell
therapy. Reduction of pain as well as meniscal volume increase was noticed in MSC-treated

patients but not in placebo control group (30). Despite using different cell sources, both studies
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(6,30) are in accordance with our findings regarding safety and clinical effect of cell therapies in

similar orthopedic indications.

Recently, there are several reports regarding adipose-derived cell therapy of degenerative OA, but
all of them with relatively small number of patients (4,9,15,16,23). In our study, we are in
agreement with these studies using adipose-derived cells which are safe and clinically effective in
most patients with degenerative OA. The use of adipose tissue have many advantages in
comparison to bone marrow: it can be easily obtained by standard liposuction under local
anesthesia; adipose stem cells are plentiful and adipose tissue contains approximately 500-2500
times higher amount of mesenchymal stem cells compared to the same volume of bone marrow
(1,8,20,28). While MSCs are dramatically decreasing with age in bone marrow (5), their pool in
adipose tissue is quite stable during life (1,5). In addition, the adipose tissue contains unique
populations of cells that suppress the inflammatory responses, and thus further contribute to
regeneration and create optimal environment for adaptation of stem cells that support
regeneration and repair of damaged cells and tissues (28,31). Adipose-derived stem and stromal
cells do not require in vitro cultivation and are ready for use immediately after isolation from the
adipose tissue. Recently, in an animal model of guinea pigs with spontaneous OA, Sato et al.
demonstrated migration, differentiation, proliferation, and persistence of MSCs into the damaged
cartilage and adjacent synovial tissue. There was a strong immunostaining for type Il collagen
around both residual chondrocytes and transplanted MSCs in the OA cartilage demonstrating

direct contribution of MSCs to hyaline cartilage healing and regeneration (26).

These data are in accordance with our clinical observation in a large cohort of adult patients with

grade 2-4 degenerative OA. In our SVF cell therapy case control study, 1856 joints were treated in
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1128 patients and we were able to demonstrate safety with no serious side effects reported in 1-
4.5 years of follow-up and clinical improvement in a vast majority of patients. Some patients
experienced local pain and swelling at the injection site, but those symptoms were lasting shortly
and were well controlled with common analgesics. Not surprisingly, most patients were treated
for knee and/or hip OA and our treatment strategy allowed multiple joint treatments during one
surgical procedure. Based on previous studies demonstrating migratory capability of MSCs
(6,14,20,26,28) we allowed intraarticular or periarticular (synovial stroma or loose connective
tissue immediately adjacent to the joint cartilage) application of SVF cells. We hypothesized that
stem cells as well as other regenerative stromal cells may contribute to the cartilage healing
process via two mechanisms: 1) paracrine effect and 2) cell migration, differentiation and
proliferation. Our clinical observations are in agreement with this hypothesis and with the animal
study (26), which brought direct evidence for such mechanism of cartilage regeneration using cell
labeling techniques that clearly demonstrated long-term persistence of transplanted stem cells in
the cartilage and adjacent synovial and other loose connective tissue. We did not observe
significant difference in clinical response or side effects frequency or magnitude associated with
intraarticular versus periarticular application of SVF cells. This is probably due to their anti-
inflammatory capacity and the capacity to migrate to the site of injury where they are able to

execute the healing effect.

At this point, we should also clarify the terminology regarding the source of SVF cells. In the vast
majority of scientific publications only the term adipose tissue is used, but the true source of SVF
cells is not the adipose part but only the stromal (ie. loose connective tissue) part of the fat
obtained typically by liposuction. Histologically, the fat lobules are surrounded by a loose

connective tissue and the SVF cells reside in the loose connective tissue that also home capillaries
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and small vessels. Stroma is a broadly used term for the loose connective tissue that contains
mesenchymal stem cells and other cells like fibroblasts, macrophages, adipocytes, mast cells and
leukocytes. Synovia of articulated joints is also intimately associated with the loose connective
tissue which is homologous to the loose connective tissue of the adipose tissue (25). Thus, in our
clinical study we were aiming to enrich the population of stem and other regenerative cells in a
close proximity to damaged cartilage. In a human study we are limited in direct cell imaging in
comparison to animal studies (26). On the other hand, we can demonstrate indirectly the healing
potential of SVF cell therapy in OA using clinical examinations and symptom scoring as well as
objective visualization of damaged joints by MRI and X-ray imaging. Since imaging was not the
primary aim of this case control study, the follow-up X-ray and/or MRI examination was not
performed in all patients. Thus, we are not able to draw any strong conclusion on the correlation
between clinical improvement and imaging studies despite, in most cases, clinical improvement

corresponded well with improvement on X-ray and/or MRI imaging.

Despite several techniques for SVF cells isolation exist (8,10,20), maximal cell yields are obtained
after collagenase digestion of adipose tissue (20). Here we demonstrate that collagenase digestion
may lead to better short term results in a clinical outcome at 3 months, but it is not clear if such
short-term effect can be caused by the autologous plasma or larger cell number contained in that
cell suspension. On the other hand, later on at 6 and 12 months after SVF cell administration, we
did not observe any significant difference between usage of SVF cells that were processed with or
without enzymatic digestion of the adipose tissue. In addition, there are similar results with
comparable numbers of viable SVF cells that can be obtained without collagenase digestion when
larger amounts of adipose tissue are processed. Almost 90% of patients were diagnosed with

grade 2-3 OA and almost 85% patients were overweight or obese. We were able to demonstrate
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that clinical improvement is slower during the first 3 to 6 months in patients with higher BMI and
in patients with higher OA grade. But later on, at 6 and 12 months after SVF cell therapy, there is
no difference in clinical outcome based on BMI and OA grade status. In obese people, the
mechanical pressure on cartilage of the weight-bearing joints is extremely high leading to more
degenerative changes of the weight-bearing joints. We are demonstrating that despite there are
still differences in a short term response (evaluated at 3 months after cell therapy), there is no
significant difference in a clinical response after 6 or 12 months. The regenerative potential of SVF

cells probably takes longer in obese patients to regenerate the cartilage.

Not surprisingly, higher age is associated with higher Score before and stays higher throughout the
follow-up after cell therapy in comparison to younger patients. Yet, dramatic Score decrease was
significant after SVF cell therapy at any age. Even patients in their seventies, eighties or even
nineties, who are typically not qualified for TJA because of their age and a general health status,
can undergo SVF cell therapy without any serious side effects. Also, most patients benefited from
SVF cell therapy despite the fact that more than 45% of them were TJA candidates. During the
median follow-up 17.2 months there were only 4 patients who required TJA. All of them
underwent hip joint replacement and all of them had grade 4 OA of that hip joint. None of patients
with other than hip OA required TJA. We cannot draw strong conclusions out of this finding, but
we can suggest to undergo the SVF cell therapy in earlier stages, especially in case of hip OA, when
clinical symptoms of OA are present and leading to decreased quality of life. In addition, our data
clearly demonstrate a durable effect of single injection of adipose-derived SVF cells. Similar finding
was documented previously with bone marrow-derived cultured MSCs therapy in patients with

osteoarthritis (6). In this study, there were 67.8% of patients with knee OA candidates for total
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knee arthroplasty and 6.9% reported that they opted for knee replacement in a median follow-up

of 435 days (6).

Other treatment options are used in a clinical practice to alleviate symptoms such as pain and
stiffness in OA patients, although none of them led to regeneration of joint connective tissue
including cartilage: administration of analgesic, non-steroidal anti-inflammatory drugs and/or
corticosteroids. However, these medications may have broad spectrum of adverse effects, namely
in gastrointestinal tract, liver, kidneys, and other organs, especially during long-term use (22). In
case of advanced stage large-joint OA, standard treatment consists in surgical removal of the
affected joint and its replacement with an artificial joint. Total joint arthroplasty represents rather
extensive surgery which is associated with considerable risk of serious side effects and post-
operative complications including myocardial infarction, stroke, systemic infection or increased

risk of death after TJA (17,24,27,29).

Typically, patients in our case control study were administered large amounts of painkillers, ie.
mainly analgesics or non-steroidal anti-inflammatory drugs, before the SVF administration. In
order to compare the amount of painkillers taken before and after the SVF cell application, the
quantity of these drugs in a form of pills or topical analgesic creams used by patients was assessed,
evaluated and used as one of the parameters in calculation of the Modified KOOS/HOOS Clinical
Score to evaluate clinical effect of the therapy. We have observed that the quantity of painkillers
(data not shown), as well as the Score (shown at Fig. 2A) were significantly decreased after the SVF
therapy. Despite the limitation of our study that did not contain the control group of patients with
OA, we can assume that, due to a long term use (at least 6 months, but typically several years) of

painkillers prior to SVF administration, those patients would continue in painkillers consumption at
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the same or even larger amounts of painkillers as the diseases progresses, without SVF cell
application. Altogether, given that the amount of painkillers used was significantly decreased in
patients after the SVF cell administration, we can assume that this therapeutic strategy is both

safe and effective in most of the patients treated.

In addition, there are also other treatment approaches to OA, such as intraarticular administration
of platelet rich plasma or hyaluronic acid. Although these methods are also available for patients
with symptomatic OA, they typically involve a series of intraarticular injections. In contrast, the
results of our case control study are based on single, intra- or periarticular administration of SVF
cells with documented safety and a relatively long term clinical effect with a median follow-up
time 17.2 months (range 12.1-54.3 months). Therefore, it would be difficult to compare the effect
of a single dose of autologous SVF cells with a series of platelet rich plasma or hyaluronic acid

injections.

Despite safety and efficacy of SVF cell therapy, there are some limitations in our case control
study. There is no guarantee that such cell therapy can lead to a definite cure of degenerative OA.
The patients are further monitored and longer follow-up data will help to answer question about
durability and long-term safety of SVF cell therapy. Another limitation of our study is no
randomization and no placebo control. There were two reasons for designing that case control
study: 1) ethical aspect and 2) economical aspect. We believe it would be rather unethical to ask
placebo group of patients to undergo liposuction and placebo administration to the joint with OA.
Since this study was designed as autologous cell therapy, there is strong previously documented
clinical evidence of safety of autologous non-manipulated or minimally manipulated cell therapies

(19). In the first decade of the 21st century, more than 17,000 scientific articles involving 2,724 cell
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therapy clinical trials were published (7). These results include 323,000 patients treated with more
than 675,000 cell therapy units. The treatments were very safe and often very effective in the
treatment of various diseases with the potential to significantly improve health worldwide
(7,19,28). Second economical aspect of our study preparation was based on estimation of extreme
costs associated with a new drug development. The costs of phase | to phase Ill clinical trials
leading to the new drug registration are estimated to be 300 million to 1 billion USD. Furthermore,
once such budget is raised, new drug is tested in a double-blind, randomized, placebo-controlled
clinical trial and finally registered based on safety and efficacy profile. The health care providers
worldwide are exposed to extreme costs associated with eligible patient treatments after such
registration. On the other hand, a case control study, if well designed and if strong evidence for
minimal risks based on previous studies exists, can lead to a cost-effective, safe, ethical and
objective evaluation of a novel treatment. One of such examples can be a case control study using

autologous non-manipulated or minimally manipulated cells.

Conclusion

Autologous stromal vascular fraction cell therapy of degenerative osteoarthritis is safe and
clinically effective strategy leading to improved quality of life. This conclusion is based on the

present case control study of 1128 adult patients.
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Table 1: Side effects observed in patients treated with SVF cell therapy

A total number of 1,114 patients were treated and followed-up for side effects related to SVF cell

therapy.

Serious side effects Number | [%]
Myocardial infarction 0 0
Stroke 0 0
Thromboembolism 0 0
Systemic infection 0 0
Cancer 0 0
Death 0 0
Other serious side effects 0 0
Other side effects Number | [%]
Local pain < 24 hours 47 4.22
Local pain > 24 hours 38 3.41
Local swelling < 72 hours 58 5.21
Local swelling > 72 hours 12 1.08
Fever >38°C < 24 hours 9 0.81
Fever > 38°C > 24 hours 4 0.36
Reactive synovitis 5 0.45
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Headache 0.27
Deep venous thrombosis 0.18
Infectious synovitis* 0.09

*One patient experienced infectious synovitis that was unlikely related to SVF therapy, but it is impossible to

completely exclude it. For details, see text.
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Figure legends

Figure 1. Characteristics of patients and joints treated by SVF cell therapy.

(A): 1,856 joints in 1,128 patients were treated. The columns represent the numbers of knee, hip,
ankle/foot, shoulder and hand/elbow joints treated. (B): The number of patients diagnosed with
grade 2, 3 and 4 (according to Kellgren-Lawrence classification) of osteoarthritis is shown. (C): The

body mass index (BMI) of patients undergoing SVF cell therapy.

Figure 2. Evaluation of clinical outcome based on Modified KOOS/HOOS Score.

A calculation of the Score is based on 5 parameters: pain, number of painkillers per week, limping
at walk, extent of joint movement and stiffness. (A): Significant improvement in Score (*) was
observed 3, 6 and 12 months after SVF cell therapy compared to the status before SVF cell therapy
(p < 0.0001). Means + SD [black box], and + 1.96 SD [black bars] are shown. (B): Percentage of
patients with at least 50% Score improvement. (C): Percentage of patients with at least 75% Score
improvement. (D): Comparison of Scores in patients treated with SVF cells isolated with Kit | or Kit
II. Significant difference was noticed between Kits at 3 months after SVF cell therapy (*). Means -
SD are shown for Kit | [full line] and means + SD are shown for Kit Il [interrupted line]. (E):
Comparison of Scores between the group of men and women. Significant difference was noticed
between men and women before SVF therapy and at 3 months after the therapy (*), but not at 6
and 12 months after the procedure. Means - SD are shown for men [full line] and means + SD are
shown for women [interrupted line]. (F): Comparison of Scores in patients younger than median
age (< 62 years) and older than median age (> 62 years). Significant difference was noticed

between younger and older patients before SVF therapy and at 3, 6 and 12 months after the
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therapy (*). Means - SD are shown for patients younger than 62 years [full line] and means + SD

are shown for patients 62 years old and older [interrupted line].

Figure 3. X-ray and magnetic resonance imaging (MRI) results of the joints before and after SVF
cell therapy.

(A): X-ray results of 56 year old man with right knee grade 3 osteoarthritis and kissing bone
phenomena in a medial compartment. X-ray 12 months after SVF cell therapy shows widening of
the joint space [arrows], most likely due to greater cartilage volume. X-ray was performed by
direct radiography system Sedecal CXDI 55G (Spain) with read-out detector Canon CXDI (Japan).
(B): MRI results (proton density-weighted images in coronal plane) of 45 year old man with grade 2
osteoarthritis with chondral defects, loose chondral flap and irregularities of subchondral cortical
bone of lateral compartment of the left knee joint [encircled in white]. MRI performed at 6
months after SVF cell therapy at the same level shows reintegration of the flap, reconstitution of
chondral defects with a thin layer of chondral overgrowth and improved outlining of the
subchondral cortex. MRI was performed by 1.5 T MRI Toshiba Excelart Vantage XGV Atlas (Japan).
(C): MRI results (proton density-weighted images in coronal plane) of 49 year old man with grade 3
osteoarthritis and subchondral bone lesion with control at the same level 18 months after SVF cell
therapy. The cartilage defect leading to the defect of subchondral cortical bone disappeared on
the control MR image and is covered by regenerated smooth chondral layer. MRI was performed

by 1.5 T MRI Toshiba Excelart Vantage XGV Atlas (Japan).
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Abstract: Knee osteoarthritis (OA) is one of the most prevalent disorders in elderly population.
Among various therapeutic alternatives, we employed stromal vascular fraction (SVF), a
heterogeneous cell population, to regenerate damaged knee cartilage. OA patients were classified
on the basis of age, gender, body mass index (BMI), and x-ray-derived Kellgren-Lawrence (KL)
grade. They were treated with SVF and followed-up for 24 months. Visual analogue scale (VAS)
and Western Ontario and McMaster Universities Osteoarthritis (WOMAC) Index were used to
determine treatment efficacy. Cartilage healing was assessed using the MRI-based Outerbridge
score (OS) and evaluation of bone marrow edema (BME) lesions, while a placebo group was used
as a control. Time- and KL-dependent changes were also monitored. We observed a decreasing
trend in VAS score and WOMAC index in the SVF-treated group up to 24 months, as compared
with the placebo group. Besides, a significant increase and decrease in Lysholm and OS,
respectively, were observed in the treatment group. Compared with the values before treatment,
the greatly reduced WOMAC scores of KL3 than KL2 groups at 24 months, indicate more
improvement in the KL3 group. Highly decreased BME in the treated group was also noted. In
conclusion, the SVF therapy is effective in the recovery of OA patients of KL3 grade in 24 months.

Keywords: knee osteoarthritis (OA); KL grade; stromal vascular fraction (SVF); MRL; WOMACG;
VAS; OS; BME

1. Introduction

Knee osteoarthritis (OA) is one of the most common progressive joint disorders, especially
among elderly population in the United States and other developed countries [1-3]. Cartilage
devolution, stiffness, loss of joint function, bone loss/rearrangement, and pain are primary
Cells 2019, 8, 308; doi:10.3390/cells8040308 www.mdpi.com/journal/cells
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characteristics of OA [4,5]. In the clinics, OA patients are categorized on the basis of their Kellgren—
Lawrence (KL) grades (1 to 4), whose range of symptomatic characteristics includes the narrowing of
the joint space to definite deformity of bone ends [6]. Multiple risk factors for OA include age, gender,
inflammation, genetics, mechanical wear and tear during exercise, sports, or any other stressful
activity [7-10]. There is wide perception that obesity and increase in life expectancy are major causes
of the increase in OA in the last decades; however, a recent study carried out by Wallace et al. suggests
that life longevity and body mass index (BMI) are not the only factors for the increase in OA, and
extensive research is needed to determine other factors associated with OA increase [11]. The self-
renewal ability of chondrocytes is significantly lost in aged persons (>60 years), and this severely
affects cartilage structure and maintainance [12]. Moreover, it has also been established that the
secretion of proteolytic enzymes such as aggrecanases and metalloproteinases further degrades the
damaged cartilage [13,14]. OA-related pain is treated by non-pharmacological approaches such as
physical therapy, yoga, land- and water-based exercise, tai chi, and weight loss [15-20], as well as
with pharmacological agents such as nonsteroidal anti-inflammatory drugs (NSAIDs) [21,22],
chondroprotective compounds, calcium, opioids [23,24], and hormones [25]. Hyaluronic acid (HA) is
intra-articularly administered to restore the viscoelastic properties of injured cartilage [26,27].
Surgical treatments including arthroscopy, microfracture, subchondral drilling, and abrasion
arthroplasty are used to treat late-stage OA; however, the limitations of these procedures include the
formation of fibrocartilage, which has less ability to absorb shock, thereby compromising the
functional characteristics of the native cartilage tissues [25].

An alternative surgical technique, the autologous chondrocyte implantation (ACI), has been
recently used to overcome the limitations associated with the previously mentioned surgical
techniques. ACI is a common surgical intervention to promote healing of cartilage injuries in OA
[28,29]. However, the effectiveness of ACI is restricted because of the limited availability of
chondrocytes and the compatibility between implanted chondrocytes and host site [30]. Cell-based
regenerative therapies along with biomaterials, especially stem cells and hydrogels, are emerging
and promising procedures to counter OA. Bone marrow-derived stem cells (BM-MSCs), peripheral
blood-derived stem cells, adipose-derived stem cells (ADSCs), and synovial fluid-derived stem cells
have been studied in the presence or absence of biomaterials [31]. The paracrine effects of stem cells
have been widely associated with regeneration and repair activities [32]. The adipose tissue is
considered a rich and preferable source of stem cells due to the feasibility of harvesting tissue and
isolating stem cells.

Stromal vascular fraction (SVF) is a heterogeneous population of various immune, precursor,
progenitor, and stem cells. SVF is considered to be as equal as or sometimes more effective than
ADSCs; therefore, it provides other functional advantages, such as structural support, over ADSCs
[33-36]. However, SVF is immunologically restricted because of the presence of various cells and only
fit for autologous treatment [37], whereas, ADSCs are multipotent cells that can differentiate into
chondrocytes, with capability of self-renewal, high plasticity, and immunomodulatory and anti-
inflammatory properties [38,39]. SVF has been widely studied as an alternative therapeutic agent to
treat sclerosis, myocardial and bone-related disorders, blood vessel regeneration, and pulmonary
diseases [40-42]. Recent works have also been extensively focused on evaluating SVF potential in
orthopedic ailments [41,42]. Various clinical studies combining SVF with plasma-rich protein (PRP),
hyaluronic acid (HA), ceramic and fibrin glue were carried out to assess the potential of SVF in the
treatment of OA [43-45]. Considering the therapeutic significance of SVF, this study was carried out
to assess the therapeutic efficacy of SVF in OA treatment through the regeneration of articular
cartilage. During our study, we specifically investigated time- and KL grade-dependent changes up
to 24 months.

2. Materials and Methods

2.1. Study Design and Participants
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This study was an open-label, single-center, non-randomized, placebo-controlled, phase I/II
clinical trial to evaluate the improvement in knee pain and knee function, as well as cartilage
restoration. The 33 patients enrolled in the study were deliberately allocated to two groups, which
were designated arthroscopic microfracture treatment only and arthroscopic microfracture treatment
combined with SVF injection. Observation and follow-up data were recorded after 12 and 24 months.
The eligibility criteria included: osteoarthritic knee joint with KL grades 2-3 and age >38 years.
Patients meeting the following criteria were excluded: autoimmune or inflammatory disease,
infection requiring parenteral administration of antibiotics, serious internal disorders, corticosteroids
or viscosupplements injection into the affected knee within the past 3 months, and stiffness due to
previous severe injury. The protocol was approved by the Viet Nam Ministry of Health (No.
2288/QDBYT) and the Ethical Committee in Biomedical Research of Van Hanh General Hospital (No.
90-084/QD-BVVH). Patients participating in this research provided an informed consent, in
accordance with the Declaration of Helsinki.

2.2. Fat Tissue Harvest and SVF Isolation

Lipoaspirates were harvested from patients’ lower abdomen by a standard liposuction
technique. Briefly, through incision, a solution of tumescent lidocain, 250 mL of normal saline, 0.9%
and 0.2 mL of 1:1000 epinephrine was injected in the subcutaneous fat. Thereafter, 50-100 mL of
lipoaspirate was collected through Triport Harvester Cannula (Tulip Medical Product, CA 92117
USA), and a 60 mL Luer-lock syringe. The SVF from the lipoaspirate was isolated by means of
collagenase digestion (Collagenase NB 6 GMP Grade, Nordmark Biochemicals, Ho Chi Minh City,
Vietnam) and the ADSC Extraction Kit (Geneworld Co. Ltd., Ho Chi Minh City, Vietnam) approved
by the Viet Nam Ministry of Health. The SVF was then washed thrice with sterile PBS to remove
collagenase. Finally, the SVF was diluted with normal saline 0.9% to obtain 6 mL of solution
containing 90-120 million cells to administer in each knee joint.

2.3. Arthroscopy Microfracture Procedure

Spinal anesthesia for knee arthroscopy was done by using 2 mL (5 mg/mL) bupivacaine
hydrochloride. The debris, crystal, and synovitis were removed, and microfracture holes were placed
3-4 mm apart by the arthroscopy microfracture technique, as described by Steadman et al [46]. After
arthroscopy, the knee joint was drained for 6 hours, and the drainage tube was withdrawn before the
injection of the SVF. The rehabilitation period of the patients under the guidance of a physician
included three time points. In the first 6 weeks, walking with crutches, partial weight bearing, and
passive motion of the joint up to 90° were allowed. During 6-12 weeks, normal walking in
combination with the use of a knee protector and quadriceps and hamstring training were performed.
After 12 weeks, balance and core training with unlimited knee joint movement was administered.

2.4. Follow-Up and Evaluation

Patients were monitored in the hospital for one week post-arthroscopy. After this, patients were
followed for 24 months. Clinical manifestations such as pain, stiffness, and functional mobility were
substantially recorded. Western Ontario and McMaster Universities Arthritis Index (WOMAC) [47],
Lysholm [48], and visual analogue scale (VAS) scores were assessed before treatment and at 12 and
24 months after surgery. Magnetic resonance imaging (MRI) was performed before treatment and at
12 and 24 months after treatment. Specifically, the MRI analysis was performed to assess the extent
of cartilage damage according to the Modified Outerbridge Classification [49].

2.5. Statistical Analysis

The data are expressed as the mean + SD. The comparisons between groups were performed by
one-way analysis of variance (ANOVA) and t-test, using SPSS-22 (IBM, New York, NY, USA), and p
values <0.05 were considered statistically significant.
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3. Results

3.1. Patient Characteristics

The study was conducted from September 2014 to June 2017 at Van Hanh Hospital, Ho Chi Minh
city, Vietham. The overall schematic is illustrated in Figure 1, which shows that the OA patients were
identified on the basis of their clinical and MRI scores, in addition to x-ray-dependent KL grades.

~

'3 The change in Clinical Scores: VAS,

Total OA ‘ WOMAC, Lysholm
patients (

Divided OA patients into 2
groups: KL2 and KL3

The change in MRI Scores: Outerbridge
Score and Edema

Compare the change in Clinical Score in 2
groups

Compare the change in MRI in 2 groups

TIME

Figure 1. The schematic of the study, which shows that the osteoarthritis (OA) patients were identified
on the basis of their clinical and MRI scores, in addition to x-ray-dependent Kellgren-Lawrence (KL)
grades. These pateints were further treated with stromal vascular fraction (SVF), and all the outcome
scores were assessed after 12 and 24 months.

Eighteen patients who satisfied the exclusive and inclusive criteria were selected to receive the
treatment of SVF, a heterogeneous cell population containing mesenchymal progenitor/stem cells,
preadipocytes, endothelial cells, pericytes, T cells, and M2 macrophages [50]. The demographic
characteristics of the patients are shown in Table 1.

Table 1. Population characteristics of the patients. BMI: Body mass index.

SVE-Treated

Characteristics Placebo Group
Group
Age 58.2+5.70 59 £ 6.04
Sex
Male 3 5
Female 12 13
BMI
Normal: Overweight: Obese 9:5:3 11:5:3
KL grades
KL2 5 4
KL3 10 14

The patients were classified on the basis of their age, gender, BMI, and KL grade (Table 1). In
general, the two groups (SVF treatment and placebo) shared quite similar demographic
characteristics.

3.2. Changes in VAS and Western Ontario and WOMAC Index after SVF Treatment

VAS is a reliable scale for the assessment of pain in osteoarthritic condition [51], whereas
WOMAC includes a questionnaire about pain, stiffness, and inability of conducting activities in daily
4
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life [52]. In both scales, the lower score represents a better functional status of the patient. The effects
of the SVF treatment on the VAS and WOMAC scores of KL2 and KL3 patients are represented in
Figure 2A,B, respectively. The results revealed that after 12 months, no significant difference was
found between the VAS scores of the SVF treatment and placebo groups (5.1 + 2.5 vs. 4.9 + 2.4).
However, both scores were significantly decreased compared to that before the SVF treatment (p <
0.05). Further, as compared to the placebo group, a sharp decreasing trend in the VAS score of the
treatment group was observed up to 24 months. The VAS score in the treated group continuously
reduced after 12 and 24 months. Specifically, compared to the mean VAS score at 12 months, the score
at 24 months was significantly reduced (5.1 + 1.2 vs. 3.4 + 1.8, p < 0.05). On the contrary, the score of
the placebo group after 12 and 24 months increased from 4.9 + 2 to 5.9 + 2.47, but this difference was
not significant. A similar trend was also observed for the WOMAC score in the placebo group, which
was significantly decreased after 12 months of treatment (47.3 +17.1 vs. 28.6 + 12.7, p <0.05). However,
a significant increase was observed thereafter at 24 months (36.5 + 20.3 vs. 28.6 + 12.7, p < 0.05).
Meanwhile, the WOMAC score in the treated group decreased sharply after 12 months (44.7 + 15.4
vs. 16.4 + 12.1, p < 0.05) and further declined significantly to 11.1 + 11.9 at 24 months (11.1 + 11.9 vs.
16.4 + 12.1, p < 0.05). Overall, at 24 months, both VAS and WOMAC scores in the placebo and
treatment groups diminished compared with the scores before treatment. However, the decreasing
trend in the treatment group was larger than in the placebo group, which is indicative of
improvement after SVF therapy.

3.3. Changes in Lysholm Score after SVF Treatment

The Lysholm Knee Scale is another recommended measure of knee function [48]. As per
Lysholm scale interpretation, a higher score represents better knee function. Before treatment, the
Lysholm scores of the placebo and treatment groups showed a significant difference (64.1 + 10.2, 52.8
+13.2; p <0.05) (Figure 2C). The results showed that the score of the placebo group increased to 76.5
+ 12.4 after 12 months; thereafter, a notable decrease was recorded after 24 months (68.3 + 15.0).
However, the overall increase from the value before treatment to that at 24 months in the placebo
group was found not to be significant (64.1 + 10.2 vs. 68.3 + 15.0). Similarly, the treatment group
showed no statistically significant increase in Lysholm score after 24 months, compared to 12 months.
However, compared to the value before treatment, this score was significantly increased at 24 months
(52.8£13.2 vs. 85.9+9.9, p < 0.05), implying an improvement in knee function.
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Figure 2. Assessment of clinical outcomes of OA patients treated with SVF at 12 and 24 months. (A)
Visual analogue scale (VAS) score (B) Western Ontario and McMaster Universities Arthritis Index
(WOMAC) index, and (C) Lysholm score of the SVF-treated group compared to the placebo group.

3.4. MRI-Based Evaluation of Bone Edema and Cartilage Healing

MRI results showed that after 24 months of treatment, bone marrow edema was decreased in
both the placebo and the SVF treatment groups; however, the decrease in bone marrow edema in the
SVF treatment group was larger (22 mm vs. 8 mm) than in the placebo group (20 mm vs. 12 mm)
(Figure 3A). Similarly, the Outbridge score was decreased from 4 (at 0 months) to 3 (at 12 months)
and 1 (at 24 months), implying a considerable improvement in cartilage generation in the SVF-treated
group (Figure 3B).

3.5. Cartilage Injury Evaluation by MRI-based Outerbridge Score

The level of cartilage injury was measured by the Outerbridge score (OS) [53]. The OS of the
study groups were recorded on the basis of MRI examination for assessment of cartilage lesions,
particularly, depth of defect (Figure 3C) [54]. In the placebo group, the OS score increased slightly
after 12 months (2.7 £ 1.3 vs. 2.9 + 1.3), and this trend was maintained up to 24 months (3.2 £ 1.1). On
the contrary, as compared to the values before treatment, the OS score in the treated group decreased
after 12 and 24 months from 3.0 = 0.8 to 2.7 + 0.7 and 2.0 + 0.7, respectively. The OS score pattern
initially showed no significant difference between placebo and treatment groups (2.7 + 1.3 vs. 3.0 £
0.8); however, after 24 months, a significant difference between the OS scores of the two groups could
be observed (3.2 + 1.1 vs. 2.0 + 0.7; p < 0.05). Taken together, the OS score of the treated group clearly
decreased, while that of the placebo group displayed nearly no change.

3.6. Bone Marrow Edema (BME)

BME-like lesions are also associated with the pathogenesis of osteoarthritis and are characterized
by histologic abnormalities such as bone marrow necrosis and fibrosis, in addition to trabecular
abnormalities [55]. Therefore, MRI was also used to assess BME before and after 12 and 24 months of
treatment (Figure 3D). Before the sham treatment, the length of BME in the placebo group was 1.9 +
0.74 mm; an increase in BME length was observed at 12 and 24 months (2.0 + 0.53 mm and 2.1 + 0.64
mm, respectively p < 0.05). Interestingly, compared to the placebo, the BME length before SVF
treatment (2.4 + 0.34 mm) was significantly larger than after 12 and 24 months of treatment (1.5 + 0.5
mm and 0.9 + 0.73 mm, respectively (p <0.05). On the whole, these results indicate a reduction in the
formation of BME-like lesions after SVF treatment.
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Figure 3. MRI analysis of OA knee-joints after SVF therapy. (A) Bone marrow edema (BME) and (B)
(B) Cartilage healing and decrease in bone marrow edema (orange arrow) determined though the
Outbridge score (OS) at 0, 12, and 24 month, respectively. (C) Cartilage injury evaluation by OS scores
indicating the depth of defect in cartilage lesions before treatment and at 12 and 24 months after
treatment in placebo and SVF-treated groups. (D) Length of BME lesions before and 12 and 24 months
after treatment in placebo and treatment groups.

3.7. Comparative Assessment of the VAS Score between KL2 and KL3 Groups

The X-ray image-derived KL grading scale is a gold standard for determining the severity of
OA, on the basis of which, the total OA patients were divided into KL2 and KL3 groups [6]. Further,
we analyzed the relation between KL grading and VAS score in KL2 and KL3 treatment groups
(Figure 4). Before treatment, the VAS score of the KL2 treatment group was 8.50 + 1.92; it decreased
to 4.50 + 1 after 12 months. Notably, this score further decined to 3.00 + 2 after 24 months of treatment,
indicating a 57.2% decrease in the VAS score. Next, the effect of the placebo on VAS score of KL2
group was assessed. We found no considerable reduction in the VAS score of the KL2 placebo group
before and after 24 months of placebo administration. Similarly, a reduction in the VAS score of the
KL3 group was also observed post-treatment. Before treatment, the VAS score was 8.36 + 1.00 and
was reduced after 12 and 24 months of treatment to 5.29 + 1.27 and 3.57 + 1.79, respectively. This
reduction in the VAS score was 64.7% after 24 months compared to the value before treatment. Taken
together, the improvement in the pain status of KL3-grade patients was better than for KL2-grade
patients.
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Difference of VAS score between KL2 and KL3 group
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Figure 4. VAS scores of KL-grade 2 and 3 patients in SVF-treated OA groups at 12 and 24 months.
After treatment, improvement was noted in patients with KL grade 2 and KL grade 3 (64.7% and
57.2%). A: percentage of reduction in VAS score.

3.8. Correlation between WOMAC Score and KL Grades to Determine Treatment Efficacy

Similarly, after treatment of KL2- and KL3-grade patients, differences in the WOMAC scores
between the two groups were observed (Figure 5). The WOMAC scores before treatment in KL2 and
KL3 patients were 52.00 + 18.26 and 42.64 + 14.51, respectively. After 12 and 24 months of treatment,
the WOMAC score of the KL2 treatment group revealed a decreasing pattern, being 24.25 +19.77 and
18.25 + 20.07, respectively. Similarly, the WOMAC score of the KL3 treatment group also dropped
after 12 and 24 months of treatment to 18.21 + 8.20 and 9.00 + 8.46, respectively; however, this decline
found to be not significant. Overall, compared with the value before treatment, at 24 months, the
percentage of WOMAC score of the KL3 group was reduced with respect to that of the KL2 group
(78.9% vs. 64.9%), indicating a greater extent of improvement in the KL3 group.

Difference of WOMAC score between KL2 and KL3 group

80.00

A=64.9%
70.00 ‘
A=78.9%
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o
§ 50.00 |
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KL 2 placebo grou
20.00 T § e
KL 3 placebo group
10.00
0.00
before 12th 24th
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Time

Figure 5. WOMAC scores in KL-grade 2 and 3 patients after SVF therapy at 12 and 24 months. After
treatment, the reduction of the WOMAC score in KL-grade 3 patients was comparatively greater than
that observed in KL-grade 2 patients (78.9% vs. 68.9%). The WOMAC scores of KL-grade 2 and 3
patients in the placebo group remained constant. A: percentage of reduction in WOMAC score.
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3.9. Relative KL Grading and Lysholm Score between KL2 and KL3 OA Groups

The impact of KL-OA grades on the Lysholm score is represented in Figure 6. Before treatment,
the Lysholm score of the KL2 treatment group was 40.25 + 11.18; it increased rapidly to 82 + 9.38 after
12 months of treatment. However, after 24 months, only a marginal increase in the Lysholm score in
the KL 2-treated group to 86 + 10.42 was observed, corresponding to a 33.6% increase compared to
the value before treatment (40.25 + 11.18 vs 86 + 10.42). The Lysholm score of the KL3 treatment group
followed almost a similar pattern as that of the KL2 group. The score before treatment was 56.4 +
11.66 and increased to 83.1 + 8.52 after 12 months of treatment, showing an increase of 53.1%.
However, a slight increase to 85.0 = 10.19 after 24 months of treatment was observed. These data
showed that the improvement of the KL3 group were greater than that the KL2 group.

Difference of lysholm score between KL2 and KL3 group
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511 840
80 - ;. ........
PRI i S I KL 2 treatment group

60 sq4
. KL 3 treatment group
40(25
40 KL2 placebo group
------ KL3 placebo group
20
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Lysholm Score

before 12th 24th
treatment month month
Time

Figure 6. Lysholm scores of KL-grade 2 and 3 patients after SVF therapy at 12 and 24 months. After
24 months of treatment. The increase of the Lysholm score in KL-grade 3 patients was comparatively
greater than that in KL-grade 2 patients (33.6%. vs. 53.1%). A: percentage of improvement in lysholm
score.

3.10. Comparative Outerbridge Score (OS) between KL2 and KL3 Groups

The comparative profile of cartilage injury, as measured by the OS score in KL2 and KL3 patients
after treatment, is represented in Figure 7. No significant improvement was observed in the OS of the
KL 2 placebo group up to 24 months of treatment when compared to the scores before treatment.
Specifically, the OS of the KL2 treatment group before treatment was 3.25 + 0.55; however, it
decreased to 2.58 + 0.70 after 12 months of treatment and further reduced to 2.0 + 1.19 after 24 months.
The net decrease in OS score after 24 months of treatment was 38.5%. In accordance with the OS score
pattern of the KL2 treatment group, the OS score of the KL3 treated group also decreased after 12 and
24 months of treatment to 2.8 + 0.51 and 2.0 + 0.61, respectively, compared to the value before
treatment of 2.9 + 0.51. The OS score of the KL3 placebo group showed a linear increase after 24
months of treatment. In contrast to the WOMAC and VAS scores, OS showed no difference in
improvement between KL2 and KL3 groups.
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Difference of Outbridge score (MRI) score between KL2 and KL3 group
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Figure 7. OS in SVF-treated and placebo groups of KL-grade 2 and 3 patients after at 12 and 24 months.
After treatment, improvement was noted in KL-grade 2 and KL-grade 3 patients (38.5% and 31.7%).
A: percentage of reduction in OS score.

4. Discussion

SVF contains a heterogeneous cell population of progenitor cells and ADSCs, which possess
enhanced therapeutic potential against immune disorders, degenerative tissue pathologies, and other
ischaemic conditions [37]. The complexity of knee OA related to pain, stiffness, muscle atrophy, and
ligament damage has made its treatment difficult. Surgical procedures and drugs for controlling pain
and inflammation have proven to be inadequate [56]. However, recent developments in regenerative
therapy have provided the opportunity to address the bottlenecks associated with OA treatment.
Similar to other MSCs, SVFs containing ADSCs are considered a better candidate at par with ADSCs
and in some case better than pure ADSCs [35,36]. Therefore, this study assessed the efficacy of SVF
treatment in OA therapy. In particular, the VAS, WOMAC, Lysholm, and MRI-based Outerbridge
scores were evaluated to assess the improvement in OA status. VAS, WOMAC, and Lysholm score,
closely represent the real-time status of OA; therefore, they are precise enough to evaluate the
effectiveness of OA treatments [57]. The VAS score is directly measured through questionnaires [58].
The level of pain is established between two extreme points —no pain at all and worst pain imaginable
[59]. This scale is simple, reliable, and valid to represent the level of pain [60]. As compared to the
placebo group, a considerable reduction in the VAS score of the treatment group was observed after
24 months of treatment, reflecting an improvement of pain. On the contrary, no significant difference
between the VAS scores of SVF and placebo groups after 12 months of treatment was found when an
arthroscopic procedure was conducted prior to SVF administration. During this process, the inflamed
tissues in both the groups were removed, which might have suppressed the pain symptom even in
the placebo group, compared to the pain level before treatment. In coherence to our study, the
SVE/PRP treatment has also been reported to improve the VAS score of OA patients [58]. A recent
clinical study approved by the Japanese Regenerative Medicine Safety Act has documented a 40%
decrease in VAS score after SVF treatment [61]. Furthermore, our study demonstrated that the
WOMAC score was considerably decreased after 24 months of SVF treatment. These decreases in
VAS (Figure 2A) and WOMAC scores (Figure 2B) compared to placebo groups were significant,
which indicates improvement in the painful condition of OA patients. Following the pattern of VAS
and WOMALC scores, the Lysholm score was also employed to assess the improvement in quality of
life and status of instability post-surgery and post-treatment. The current modified Lysholm score is
based on eight features, including limp, support, locking, instability, pain, swelling, stair climbing,
and squatting [62]. Lysholm is mainly based on the opinion of a patient assessing function and
stability of treatment; an increased score indicates improved quality of life. Our study indicates a
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significant effect of SVF on the Lysholm score in OA patients 24 months post-treatment as compared
to the placebo group. This increase in Lysholm score is an indication of patient relief to therapy. This
result is in accordance with previous studies carried out to assess the efficacy of SVF therapy in OA
treatment.

Further, the level of cartilage injury was assessed on the MRI-based OS score. An increase in OS
score represents a loss of cartilage thickness. In this study, initially there was no significant difference
between the OS scores of the treatment and placebo groups; however, a significant decrease in OS
score was observed in the treatment group compared to the placebo group after 24 months of
treatment (p < 0.05). These data establish the role of SVF in improving the BME score which is used
as an indicator of knee OA progression and is characterized by increased accumulation of fluid [63].
A significant decrease in the BME score was observed in the SVF-treated group after 24 months of
treatment with respect to the placebo which showed increased tendency. The comparison of the BME
and OS scores of placebo and treatment groups at the end of 24 months of treatment indicated
considerable improvements in the cartilage phenotype, particularly increased thickness.

KL classification is a five-grade scaling system in which the radiographs of eight joints are used
to grade knee OA [64]. In this study, KL2- and KL3-grade patients were included to assess the effect
of SVF treatment on the OA grade. On the basis of the decrease in WOMAC score and the increase in
Lysholm score and considering the static response of the placebo groups during the 24 months of this
study, it can be inferred that the SVF treatment was more effective in KL3-grade patients than in KL2-
grade patients. The greater improvement of KL3-grade group patients might be attributed to the
subjective assessment of the VAS score, WOMAC score, and Lysholm score, whereby patients with
a severe condition tend to feel a greater improvement. In contrast, in the case of MRI scores (OS and
BME scores) which are based on objective assessment, no differences between the two groups were
witnessed. Inflammation plays a central role in pathogenesis of osteoarthritis and significantly
contributes to joint pain [65]. Hence, the reduction of pain observed by us is likely to be related to the
anti-inflammatory properties of SVF cells. As a corollary, it is also plausible that the better results
obtained for KL3 patients, characterized by a higher level of inflammation before treatment compared
to KL2 patients, depend on a better and more profitable exploitation of the anti-inflammatory activity
of SVF. On the other hand, the degenerative properties of SVF will have the same effect on KL2 and
KL3 patients.

The claim of SVF potential in improving clinical scores of OA patients might be attributed to
SVF, which is a mixture of ADSCs, endothelial precursor cells (EPCs), endothelial cells (ECs),
macrophages, smooth muscle cells, lymphocytes, pericytes, and pre-adipocytes [37,66]. The
improvements in the clinical scores might be attributed to immuno-modulator and anti-inflammatory
effects of SVF cells, which can lead to tissue remodeling. SVF cells secrete immunosuppressive and
anti-inflammatory molecules like IL-10, IL-1, receptor antagonist (IL-1ra), indoleamine 2,3-
dioxygenase, transforming growth factor (TGF)-f, and prostaglandin [67]. Further, the anti-fibrotic
effect of ASDC might also play a role through the secretion of HGF or adrenomodullin, thereby
reducing the fibrotic activity of overexpressed TGF-f1 and its target genes, such as collagen type I,
type III, and a-SMA in OA knee [68-70].

Besides these therapeutic activities, the regenerative ability of SVF may be due to ADSCs
differentiation potential into chondrocytic and osteocytic cells lineages. EPCs may also induce
angiogenesis by releasing growth factors such as vascular endothelial growth factor (VEGF) and
insulin-like growth factor-1 (IGF-1) [71]. Macrophages and monocytes have been demonstrated to
mediate the immune response through secretion of various cytokines [72]. These macrophages are
modulated by T regulatory cells, which may possess immunosuppressive characteristics [73]. In a
mouse model, the pericytes found in SVF were able to regenerate the muscle tissue [74], which
indicates their therapeutic potential role in knee joint. Eventually, stromal cells can secrete
extracellular matrix components which improve cellular adhesion, migration, cell-matrix
interactions, and regeneration [75,76]. To our knowledge, this is the first study reporting time- and
KL grade-dependent changes of intra-articularly transplanted SVF in osteoarthritic patients over a
period of two years. The main limitation of this study is the small sample size. However, even a small
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sample might have some valid scientific merit with cost effectiveness [77,78]: on the basis of it we
have inferred SVF-mediated therapeutic clinical outcomes in this study. To overcome this limitation,
this study will be extended to a larger population and conducted for a longer time.

5. Conclusions

On the basis of the improvements observed in treated patients during follow-up and the
behavior of the placebo group, our study revealed a trend toward a better efficacy of SVF with the
microfracture method for OA treatment over a period of two years. We also inferred that the SVF
therapy is more effective in KL 3-grade OA patients compared with KL 2-grade OA patients.
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Background. Numerous reports confirmed the safety and clinical efficacy of autologous adipose-derived stromal vascular fractions
(SVF), which have recently been used to treat osteoarthritis (OA). However, there is still no consensus as to whether SVF can
promote cartilage regeneration. Herein, the purpose of our study was to evaluate the effectiveness of SVF versus hyaluronic
acid (HA) in cartilage regeneration by establishing a cartilage model based on the three-dimensional fat-suppressed spoiled
gradient recalled echo (3D-FS-SPGR) sequence. Methods. Patients with symptomatic OA were recruited in our research, who
were randomized into two groups. Meanwhile, patients in Kellgren-Lawrence (K-L) grades 2 and 3 were distinguished in each
group. In the test group, patients received SVF injections of the knee, while patients in the control group received the same
dose of HA. Each patient underwent the 3D-FS-SPGR sequence to establish a cartilage model at baseline, 6 months, and 12
months, respectively. The cartilage was characterized into six regions, and relevant parameters of the cartilage model were
counted. Clinical and radiographic scores were recorded in one-year follow-up. Results. In all regions, the thickness and
volume of cartilage defect and the volume of healthy cartilage were improved to some extent in the test group, especially the
medial femoral condyle (MF) and medial tibial condyle (MT). In grades 2 and 3, the thickness and volume of cartilage defect
decreased by 0.92+0.18 mm and 1.03 +0.23mm and 84.00 + 32.30 mm® and 130.30 + 49.56 mm® in MF and by 0.96 + 0.22
mm and 0.99+0.14mm and 64.18 +21.40 mm® and 95.11+19.93mm?® in MT, respectively. No such phenomenon was
observed in the control group. Meanwhile, the SVF-treated knees showed significant improvement in clinical and radiographic
scores at 12 months. Nevertheless, these scores of the control group became worse at 12-month follow-up visit. Conclusion.
Taken together, this study shows that intra-articular injection of SVF markedly improved the clinical symptoms without
adverse events, thereby repairing the damaged articular cartilage through cartilage regeneration.

1. Background prevalent form of arthritis that contributes to arthralgia
and disability, especially in elderly people [3].
Osteoarthritis (OA) is a common chronic disease of the To date, more than 50 therapies of pharmacological,
joints, which is characterized by osteophyte formation, = nonpharmacological, and surgical approach have been docu-
changes to the subchondral bone, degeneration of ligaments =~ mented by scholars. Intra-articular injection of hyaluronic
and menisci, pain, stiffness, and loss of joint function [1, 2]. acid (HA) is effective in improving symptoms and slowing

Several studies have established that knee OA is a highly = the progression of OA, but they do not mention the
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F1GURE 1: The process of establishing the cartilage model. Different color masks used to distinguish healthy cartilage from cartilage defects
by setting the threshold are shown. Illustrating the injury of the whole layer of cartilage and partial cartilage defects (a, b). The cartilage of
the knee joint was divided into six regions with different color masks, namely, lateral femoral condyle (LF), femoral intercondylar (T),
medial femoral condyle (MF), lateral tibia condyle (LT), medial tibia condyle (MT), and patella (P), and the knee cartilage model was
established (c, d). The parameters of the model were measured (e) (for example, in the lateral femoral condyle, the thickness, volume,
and surface of cartilage defect were 1.88 mm, 121.12 mm?, and 206.37 mm?, respectively. The volume of healthy cartilage was 3374.92 mm?>).
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Recorded WOMAC and
eeor \e, AS Score e e p conventional and 3D < p{ Recorded WOMAC and
SPGR sequences VAS score
Conventional sequences for 3D SPGR sequence for
WORM and MOCART establishing the 3D
SCORE model
Recorded parameters
of the model
<
SVF injection SVF/HA injection HA injection

v

After 6 and 12 months, conventional and
3D SPGR sequences were scanned again

A A

v

After 1,3,6 and 12 months,
recorded WOMAD and VAS
score separately

Recorded WORMS, MOCART score and
the parameters of the 3D model

After 1,3,6 and 12 months,
recorded WOMAD and VAS
score separately

FiGure 2: Flowchart of the clinical trial.

TaBLE 1: Study participant demographic characteristics.

Test group Control group
Characteristics (knee treated (knee treated

with SVF) with HA)
Age (years) 50.83 +10.88 52.87 +9.35

Sex (M/F), n (%)
Knee (R/L), n (%)
BMI (kg/m?)
K-L classification (%)
I
I
111
v

18/29 (38%/62%)
30/23 (57%/43%)
22.67+3.68

0 (0%)
29 (55%)
24 (45%)

0 (0%)

20/28 (42%/58%)
21/30 (41%/59%)
23.58 +4.19

0 (0%)
27 (53%)
24 (47%)

0 (0%)

degeneration and regeneration of articular cartilage [4].
Therefore, most patients cannot inevitably avoid taking the
road of total knee arthroplasty (TKA) in the end [5, 6]. In
this respect, it is therefore of great significance to find a
new and effective therapy for alleviating the clinical symp-
toms of OA and preventing the degeneration of articular
cartilage.

Since the discovery of the multipotent stem cell popula-
tion in adipose tissue by Zuk et al., cell-based regenerative
therapy has gradually become a possible method for carti-
lage regeneration [7]. Recent related studies have also con-
firmed that mesenchymal stem cells (MSCs) and adipose-
derived stem cells (ADSCs) possess the potential to differen-
tiate into chondrocytes. However, MSCs and ADSCs need to
take several weeks in specialized laboratory for cell isolation
and expansion, which will increase the economic burden of
the patients [8, 9]. Some scholars have proposed a more
effective method to collect and manage ADSCs using stro-
mal vascular fraction (SVF) [10]. Furthermore, adipose-
derived SVF comprises numerous regenerative cells, such
as ADSCs, blood cells, pericytes, fibroblasts, macrophages,
smooth muscle cells, endothelial cells, and their precursors.
It also exhibits the benefits of easy isolation and use without
culturing or differentiation, consequently responding to the
local environment of OA by some inflammatory factors
[11-13]. Multiple recent reports have proven that the use
of intra-articular SVF injections can effectively relieve the
clinical symptoms of patients [14-17]. Nonetheless, despite
these intriguing results, it remains unclear whether the
SVF injections can promote regeneration of the articular
cartilage, requiring further exploration. Inconsistent findings
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Grade 2 Grade 3
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Ficure 3: Cartilage model of the SVF- and HA-treated knee
established at baseline and 6 and 12 months. The cartilage defect
of the SVF-treated knee with K-L grade 2 and 3 OA showed good
repair; the cartilage defect of the HA-treated knee with K-L grade
2 and 3 OA showed no improvement.

Control group
Grade 2 Grade 3

Baseline

6 months

12 months

I3
Yaln
Y la

have been reported regarding this topic, whereby some stud-
ies reported evidence of cartilage tissue regeneration, while
others claimed that no change is observed [18-21].

We thus designed a clinical trial about autologous
adipose-derived SVF versus HA in the treatment of patients
with knee OA Kellgren-Lawrence (K-L) grades 2 and 3 [22].
This study sought to establish a three-dimensional (3D) car-
tilage model by using a special sequence to quantitatively
examine the effect of SVF and HA on cartilage regeneration.

2. Materials and Methods

2.1. Patients and Study Design. The trial was registered at the
Chinese Clinical Trial Registry (ChiCTR2100042930). All
experimental protocols used in this study were approved
by the Ethics Committees of Zhejiang Provincial People’s
Hospital. Patients enrolled in this study provided signed
written informed consent. This was a prospective double-
blinded randomized study conducted at a single center. Eli-
gible patients included were aged between 18 and 70 years,
with OA K-L grades 2 and 3, exhibiting substantial pain
and loss of function, failure of conservative therapy, and
had an initial pain evaluated at four or greater on a ten-
point visual analog scale (VAS) in the knee joint. On the
other hand, exclusion criteria are comprised of secondary
arthritis (for example, secondary knee OA, rheumatoid
arthritis, gouty arthritis, and previous articular fractures),
having problem with anesthesia (according to the American
Society of Anesthesiologists score), contraindicating MRI
examination, other causes of knee pain such as diffuse
edema, meniscus tear, and others, a history of liposarcoma
and other cancers, intra-articular injection of hyaluronic
acid or other drugs in the preceding 3 months, end-stage
OA, patients with recent surgery, abdominal hernia, and
coagulopathy.

The complete randomization process was accomplished
by an assistant accountant who was blinded to the patients’
data using SPSS 20.0 software (version 20.0, IBM Corpora-

BioMed Research International

tion, NY, US). First, we listed 1-100 serial numbers (patient
serial number) in accordance with the outpatient order. Sec-
ond, 100 random numbers were generated by Rv.Uniform
(0, 1) and matched number by number with 100 patients’
serial numbers. Finally, the 100 random numbers were
arrayed in ascending order; the corresponding patients of
the first fifty random numbers were injected with 4 ml SVF
and 4 ml hyaluronic acid (SOFAST, Freda, china) in the last
50 random numbers.

To evaluate the grade of OA, an initial X-ray image was
used following the K-L criteria, and subsequently, patients
belonging to grades 2 and 3 were selected. Afterward,
patients who underwent MRI included conventional and
three-dimensional fat-suppressed spoiled gradient recalled
echo (3D-FS-SPGR) sequences; the radiologist is not
informed of the patient’s treatment. According to the con-
ventional sequence, the whole-organ magnetic resonance
imaging score (WORMS) was recorded to evaluate the knee,
and magnetic resonance observation of cartilage repair tissue
(MOCART) was recorded to assess the cartilage repair tis-
sue. While the 3D-FS-SPGR sequence was employed to build
the 3D cartilage model and measure the related parameters,
the visual analog scale (VAS) and Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC)
questionnaire were used to evaluate the pain and function
of the patient. We also examined the range of motion
(ROM) during the follow-up period.

2.2. Establishment of the 3D Cartilage Model. The MRI scan-
ning was performed on a clinical 3.0T system (GE
Healthcare, Waukesha, WI, USA), including the 3D-FS-
SPGR and conventional sequence (TE: 34.5ms; TR:
2000 ms; the number of excitations: 2; FOV: 16 x 16 cm; slice
thickness: 4 mm,; interslice gaps: 5mm; coil: knee coil; the
total scan time: 180 's; acquired slices: 21 slices; and flip angle:
0°). Using the 3D-FS-SPGR sequence, each patient was
examined before SVF injection. Acquisition parameters for
the 3D-FS-SPGR sequence were as follows: TE: 3ms; TR:
14.6 ms; acquisition matrix: 512 x 512; the number of excita-
tions: 2; FOV: 16 x 16 cm; slice thickness: 0.6 mm; interslice
gaps: 0 mm; receiver BW: +41.7kHz; coil: knee coil; total
scan time: 1220s; acquired slices: 276 contiguous slices; flip
angle: 0% and plane resolution: 0.60 mm x 0.60 mm [23].
To build the 3D cartilage model, the original data of the
3D-FS-SPGR sequence was converted to Digital Imaging
and Communications in Medicine (DICOM) format and
transferred into the Mimics 20.0 software (Materialise, Leu-
ven, Belgium). First, all layers of cartilage defects were
detected using 3D-FS-SPGR and conventional sequences.
An appropriate segmentation threshold (1849-3445 GV,
the segmentation threshold was determined by the cartilage
to be segmented) was set for retaining the healthy cartilage
of the knee joint, saving the results as the green mask. Fol-
lowing this, the cartilage defect was segmented by another
mask, then saving it as a red mask. The healthy cartilage
and cartilage defects of the knee joint are segmented by the
use of different masks. After the layer-by-layer hierarchical
image processing, the cartilage model was characterized into
six regions, namely, medial femoral condyle (MF), lateral
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TaBLE 2: The changes of the cartilage model in the test group.

Volume of defective Size of defective Volume of healthy Thickness of defective

cartilage (mm®) value cartilage (mm?) value cartilage (mm?) value cartilage (mm) p value
Grade 2

MF

Baseline 173.82 £ 63.41 353.86 £ 122.99 3102.37 £ 435.02 1.53+0.23

6 months 123.13 + 46.87 <0.001 257.17+95.64 <0.001 3231.87+451.13 0.279 1.16 £ 0.20 <0.001

12 months 84.00 + 32.30 <0.001 182.22+67.00 <0.001 3317.69+447.02 0.073 0.92+0.18 <0.001
LF

Baseline 146.10 £ 61.17 302.77 £101.75 3070.04 +428.12 1.46 £0.30

6 months 116.49 +51.34 <0.05 244.22+96.33 <0.05 3116.65+422.88 0.557 1.25+0.27 <0.05

12 months 94.73 +45.55 <0.001 199.93+£86.07 <0.001 3179.09 £426.00  0.343 1.17£0.26 <0.001
T

Baseline 147.91 £ 61.35 309.72 +99.22 2568.48 + 406.67 1.45+0.25

6 months 127.76 £57.33 0.318 262.86+97.90 0.172 2617.60 +408.53 0.645 1.34+0.23 0.153

12 months 112.80 + 56.09 0.085 222.52+£98.57 <0.05 2658.51 £410.85 0.412 1.25+0.21 <0.05
MT

Baseline 139.72 £ 46.15 281.79 £ 80.48 1647.92 +200.24 1.43+£0.26

6 months 95.43 +31.56 <0.001 206.20 +£63.30 <0.001 1720.68 +197.61 0.178 1.15+0.23 <0.001

12 months 64.18 +£21.40 <0.001 146.15+4547 <0.001 1783.31+202.94  <0.05 0.96+0.22 <0.001
LT

Baseline 119.87 £32.51 256.78 £ 64.51 1613.65 + 147.04 1.34+£0.19

6 months 101.62 +30.18 0.055 209.44+56.13  <0.05 1656.77 + 150.76  0.284 1.22+£0.19 <0.05

12 months 88.66 + 28.04 <0.05 178.79+£54.55 <0.001 1694.24 +£150.56  <0.05 1.13+£0.18 <0.001
P

Baseline 137.29 £ 53.30 292.45 +106.74 2304.81 +181.21 1.29+0.19

6 months 117.78 £ 46.70 0.347 247.55+£89.12 0.268 2354.98 +£182.95 0.304 1.10+£0.16 <0.05

12 months 102.15 + 43.47 0.095 213.88+82.64 0.057 2394.72+180.11 0.067 1.01£0.15 <0.001

Grade 3

MF

Baseline 278.10 + 110.58 525.43 + 167.38 2382.20 + 314.39 1.72+£0.32

6 months 198.80 +79.19 <0.05 408.84+144.89 <0.05 2540.67+323.21 0.105 1.34+0.25 <0.001

12 months 130.30 £ 49.56 <0.001 286.18£108.47 <0.001 2712.22+343.55 <0.05 1.03+£0.23 <0.001
LF

Baseline 229.23 £ 94.05 459.71 £ 176.88 2379.37 £235.44 1.74+0.28

6 months 190.17 £79.75 0.111 390.81 £153.97 0.144  2472.52+270.39  0.241 1.53+£0.25 <0.05

12 months 162.17 £70.92 <0.05 339.47+144.43 <0.05 2562.15%+276.73  <0.05 1.36 £ 0.23 <0.001
T

Baseline 196.75 +77.85 410.31 £152.60 2190.18 + 198.06 1.55+0.30

6 months 166.80 + 69.83 0.179 352.21+139.03 0.189  2261.72+210.30 0.256 1.34+0.28 <0.05

12 months 141.78 £59.94 <0.05 304.62+121.47 <0.05 2323.74+226.45 <0.05 1.19+0.27 <0.001
MT

Baseline 200.96 +48.48 410.59 + 88.53 1350.22 +113.84 1.62+£0.21

6 months 135.99 + 26.49 <0.001 290.12+51.28 <0.001 1477.44 + 94.51 <0.001 1.27+£0.19 <0.001

12 months 95.11 £19.93 <0.001 208.12+42.70 <0.001 1596.10 +96.12  <0.001 0.99+0.14 <0.001
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TaBLE 2: Continued.
Volume of defective Size of defective Volume of healthy Thickness of defective
cartilage (mm”) value cartilage (mm?) value cartilage (mm”) p value cartilage (mm) p value
LT
Baseline 154.40 + 48.17 333.83 £98.97 1384.14 +£92.13 1.47 £0.27
6 months 131.21 £44.61 0.087  283.62+89.28  0.070 1438.02 + 94.16 0.058 1.31+£0.24 0.030
12 months 110.57 £39.86 <0.05 238.78£81.67 <0.001 1473.00 +97.45 <0.05 1.16 £0.23 <0.001
P
Baseline 140.84 + 56.97 320.57 £112.90 1686.92 + 117.79 1.41+£0.20
6 months 117.97 £49.49 0.126  250.71+100.31  0.083 1771.54+112.93  0.016 1.23+£0.19 <0.05
12 months 98.75+42.84 <0.05 209.57 +84.85 <0.05 1847.87+117.22 <0.001 1.09+£0.19 <0.001

femoral condyle (LF), femoral intercondylar (T), medial
tibia condyle (MT), lateral tibia condyle (LT), and patella
(P) [24]. Different color masks represented different areas,
while cartilage defects were represented by red masks
(Figures 1(a) and 1(b)). Then, the cartilage tissue for each
layer was preserved, the contours of knee cartilage were cal-
culated, and the cartilage model of each region was estab-
lished (Figures 1(c) and 1(d)). The volume of healthy
cartilage, as well as the volume, surface, and thickness of car-
tilage defects, was measured by the same professional sur-
veyor (Figure 1(e)), and the professional surveyor was
unaware of the patient’s information. After one week, the
cartilage model was reestablished, and the above-
mentioned data were measured and averaged.

2.3. Clinical and Radiological Evaluation. The VAS and
WOMAC questionnaires were used for the evaluation of
pain and functional limitation. The WOMAC score includes
pain (five items, score range 0-20), stiffness (two items, score
range 0-8), and physical function (seventeen items, score
range 0-68), with a total score ranging from 0 (best health)
to 96 (worst health). The total score of VAS ranged from 0
(best) to 10 (worst). Additionally, we recorded the ROM of
the knee joint during the follow-up. Finally, we assessed
the safety of SVF and HA by analyzing the incidence rate
of adverse events (AE) and serious adverse events (SAE).

In order to minimize the influence of knee joint loading
on the results of MRI, patients were required to rest for 30
minutes before examination. We employed the MOCART
score to examine the cartilage repair, while the WORMS
was used for the assessment of the knee [25, 26].

2.4. SVF Isolation and Injection. For this experiment,
patients were not allowed to take aspirin, thrombolytic or
antiplatelet medication, corticosteroids, and nonsteroidal
anti-inflammatory drugs within one week before liposuc-
tion. Also, they all fasted for liquids and solids at least six
hours before the operation. The operation was performed
by the same skilled plastic surgeon who was blinded to
patient information. After disinfection of the abdomen, the
surgeon made two small incisions around the umbilical cord
and obtained 100 to 150 ml of adipose tissue from the subcu-
taneous tissue using the superwet technique. Briefly, lipoas-
pirates were washed with phosphate-buffered saline, while

the mesh filter was applied to remove containing residual
blood cells and tissue fragments. Next, an equal volume of
digestive enzyme (type I collagenase with the concentration
of 5%; Worthington, Lakewood, NJ, USA) was mixed with
the washed adipose tissue and placed in a shaking incubator
at 37°C for 30 minutes. The resulting mixture was then cen-
trifuged at a rate of 1000 g for 10 minutes, and subsequently,
the supernatant (Eppendorf 5810R, Germany) was dis-
carded. After this, the remnant SVF at the bottom was resus-
pended in phosphate-buffered saline (PBS) up to a volume
of 4.5 ml SVF, whereas an automatic cell counter (Countstar
IC1000, China) was used to quantify cell quantity and
viability.

In short, about 4 ml of SVF suspension was injected into
the region of the cartilage defect by a trained experienced
orthopedic surgeon who was blinded to patient information.
The patient was supine, the knee joint was straightened, and
the intersection of the upper edge of the patella and the outer
edges of the patella were the location of injection. The injec-
tion was performed diagonally to the center of the patellofe-
moral joint at an angle of 45°. Upon the injection of SVF,
subcuticular suture and pressure dressing were performed.
All the operations were performed by the same experienced
orthopedic surgeon.

2.5. Statistical Analysis. Changes in all follow-up data were
determined using a paired ¢-test. The discrete data were ana-
lyzed by the chi-square test. The value of p <0.05 was con-
sidered statistically significant. Data displayed in the
graphs are means with standard deviation. All statistical data
analyses were executed using SPSS software (version 20.0,
IBM Corporation, NY, US).

3. Results

3.1. Patient Characteristics and Safety. From January 2018 to
May 2021, the 95 patients who satisfied the standard were
divided into two groups (Figure 2). The patients’ character-
istics showed no significant difference in age, gender distri-
bution, BMI, and K-L grade between the two groups
(Table 1). Finally, 47 patients (53 knees) with OA received
an intra-articular injection of SVF, and 48 patients (51
knees) received HA. During the follow-up period, no serious
AE (infection, allergy, and poor wound healing) happened.
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FIGURE 4: Cartilage model of the SVF-treated knee established at
baseline and 6 and 12 months. The cartilage defect of the knee
joint with OA K-L grade 2 showed good repair (a). Change of
cartilage defects in the LF (b), T (c), MF (d), LT (e), MT (f), and
P (g) after injection.

The most common AE were pain and swelling of the knee,
which occurred in 21 patients (22.11%). After treatment
with anti-inflammatory and analgesic drugs, the pain and
swelling of all knees were relieved in two weeks. These
patients will still be enrolled in clinical trials as long as they
do not develop complications such as infections and allergy.

3.2. Changes in Parameters of the 3D Cartilage Model. To
establish the 3D cartilage model, all patients finished the
examination of the 3D-FS-SPGR sequence at baseline and
6 and 12 months (Figure 3). In the test group, the parame-
ters of 3D cartilage model improved in both patients with
OA K-L grades 2 and 3 (Table 2). In grade 2, the thickness
of cartilage defect decreased from 1.53+0.23 mm to 0.92
+0.18 mm in MF (40% decrease; p < 0.001); from 1.46 +
0.30mm to 1.17+0.26 in LF (20% decrease; p <0.001);
from 1.45+0.25mm to 1.25+0.21 mm in T (14% decrease;
p<0.05); from 1.43+0.26 mm to 0.96+0.22mm in MT
(33% decrease; p <0.001); from 1.34+0.19mm to 1.13 +
0.18 mm in LT (16% decrease; p < 0.001); and from 1.29 +
0.19mm to 1.01 £0.15mm in P (22% decrease; p < 0.001).
The volume of cartilage defect decreased by 84.00 + 32.30
mm?® in MF (52% decrease; p <0.001); by 94.73 +45.55m
m? in LF (35% decrease; p < 0.001); by 64.18 +21.40 mm?®
in MT (54% decrease; p <0.001); and by 88.66 +28.04 m
m? in LT (26% decrease; p < 0.001), but not in T and P, from
147.91 £61.35mm> to 112.80+56.09mm*® in T (24%
decrease; p=0.085) and from 137.29+53.30mm?® to
102.15 + 43.47 mm? in P (26% decrease; p = 0.095). We fur-
ther found that the surface of cartilage defect decreased in

Baseline 6 months 12 months

CoompoPp

FiGUre 5: Cartilage model of the SVF-treated knee established at
baseline and 6 and 12 months. The cartilage defect of the knee
joint with OA K-L grade 3 showed good repair (a). Change of
cartilage defects in the LF (b), T (c), MF (d), LT (e), MT (f), and
P (g) after injection.

MF, LF, T, MT, and LT, showing a statistically significant
difference. Nevertheless, we observed no statistical difference
in P (27% decrease; p =0.057). As for the healthy cartilage,
we generally identified no significant difference, except for
MT and LT. Subsequently, we noted that the volume of
healthy cartilage increased from 1647.92 +200.24 mm® to
1783.31 £202.94mm’ and from 1613.65 + 147.04 mm’ to
1694.24 + 150.56 mm> in MT (8% increase; p < 0.05) and
LT (5% increase; p < 0.05), respectively (Figure 4).

Similar to grade 2 OA, the thickness of cartilage defect
reduced in MF, LF, T, MT, LT, and P, indicating a significant
difference in grade 3 (Figure 5). The volume of cartilage
defect decreased from 278.10+110.58 mm® to 130.30 +
49.56mm> in MF (53% decrease; p < 0.001); from 229.23
+94.05mm’> to 162.17 + 70.92mm? in LF (29% decrease;
p<0.001); from 196.75+77.85 mm® to 141.78 +59.94m
m? in T (28% decrease; p < 0.05); from 200.96 + 48.48 mm?
t0 95.11 + 19.93 mm? in MT (53% decrease; p < 0.001); from
154.40 +48.17mm> to 110.57 +39.8 mm*® in LT (28%
decrease; p < 0.05); and from 140.84 + 56.97 mm® to 98.75
+42.84mm? in P (30% decrease; p < 0.05). The surface of
cartilage defect decreased from 525.43 +167.38 mm? to
286.18 +108.47mm* and from 410.59+88.53mm* to
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TaBLE 3: The changes of the cartilage model in the control group.

Volume of defective Size of defective Volume of healthy Thickness of defective

cartilage (mm?) value cartilage (mm?) value cartilage (mm?) value cartilage (mm) p value
Grade 2

MF

Baseline 183.82 +£48.24 356.83 +91.08 3164.07 £ 411.84 1.63+0.24

6 months 197.64 + 48.89 0374 382.42+92.72 0384 3139.72+412.82  0.829 1.78 £0.24 0.04

12 months 209.02 + 48.30 0.114  402.29+£91.64 0.124 3107.26 £413.46  0.615 1.90 £0.23 0.001
LF

Baseline 140.82 £ 43.70 275.08 £ 84.19 3077.84 +431.44 1.52+£0.29

6 months 148.13 +£42.87 0.545 291.72+£82.19 0474 3067.12+426.18  0.927 1.57+£0.32 0.588

12 months 154.00 + 43.56 0.281 308.61+£82.01 0.152 3044.24+430.33  0.776 1.60 £ 0.33 0.361
T

Baseline 137.32 £59.12 279.60 + 121.65 2607.93 + 504.48 1.37+£0.21

6 months 151.97 £ 63.42 0.318 298.40+122.40 0.676 2589.15+500.17  0.891 1.40 +0.22 0.518

12 months 165.57 £ 66.04 0.085 308.89+£119.60 0.512 2573.91+501.18  0.805 1.44+0.22 0.227
MT

Baseline 133.01 £35.21 257.93 £59.75 1680.74 + 196.00 1.49 £ 0.40

6 months 142.19 £ 33.79 0.418 287.87+58.95 0.129 1650.56 + 190.03  0.568 1.58 £0.40 0.509

12 months 154.45 +37.19 0.076 318.45+58.71 0.003 1618.74+193.26  0.247 1.64 £0.41 0.272
LT

Baseline 129.20 £ 38.74 255.47 +74.88 1672.37 +£192.72 1.39+0.27

6 months 137.11 £39.48 0.553 270.05+76.14  0.566 1651.50 + 193.01 0.693 1.43+£0.27 0.603

12 months 142.37 £ 39.00 0.320 286.76 +74.68 0.218 1629.21 + 188.67  0.409 1.46 £0.28 0.399
P

Baseline 139.49 £ 36.09 277.21£61.16 2332.80 +220.41 1.30£0.17

6 months 148.49 + 36.94 0.589 293.81+64.78 0572 2307.06 £221.86 0.671 1.35+0.16 0.463

12 months 158.32 £37.93 0.270  307.47+£62.35 0299  2286.39 +219.81  0.442 1.40+0.17 0.169

Grade 3

MF

Baseline 267.43 +£73.34 480.77 £ 131.81 2351.03 +235.53 1.60 £ 0.37

6 months 286.20 £ 77.66 0.406 512.16+135.12 (0.486 2317.02 +239.61 0.622 1.70 £ 0.36 0.401

12 months 306.14 £ 76.03 0.100 542.38+136.31 0.177 2291.33+£241.71 0.391 1.77 £0.35 0.123
LF

Baseline 240.85 £ 96.23 477.24 + 187.46 2421.01 + 324.67 1.73£0.26

6 months 256.56 £ 97.23 0.629 503.78+187.78 0.674  2388.35+318.51 0.727 1.82+£0.26 0.300

12 months 264.44 + 105.07 0.788 530.49+189.86 0.710 2363.33+322.17  0.540 1.90 £0.25 0.109
T

Baseline 214.74 £ 75.26 421.14 +148.53 2289.15 + 308.65 1.51+£0.37

6 months 233.95+77.94 0.529 451.43+145.69 0.604 2247.38 +310.62  0.637 1.62+0.37 0.459

12 months 251.24 + 80.86 0.245 478.47+147.10 0.333  2220.16 +306.64  0.401 1.71 £0.36 0.172
MT

Baseline 187.72 £31.95 368.70 £ 65.61 1368.12 + 91.07 1.56 £ 0.33

6 months 202.21 £29.26 0.108 387.01+60.22  0.319 1349.76 £ 101.26  0.512 1.63£0.31 0.459

12 months 216.26 £ 37.27 0.007 412.67+75.35  0.036 1335.96 + 108.87  0.273 1.68 £0.33 0.241
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TaBLE 3: Continued.
Volun}e of defec;[ive value Size.of defectixzfe p value Volur.ne of healghy value Thicknéss of defective value
cartilage (mm”) cartilage (mm”~) cartilage (mm”) cartilage (mm)
LT
Baseline 152.32 £ 50.11 306.34 + 87.99 1363.31 +117.82 1.54 +£0.39
6 months 168.41 + 51.88 0.448 324.18+92.46 0.633 1336.30 + 121.08  0.438 1.63 +0.38 0.598
12 months 182.72 £ 54.90 0.171 338.17+108.00 0.437 1312.25+109.98  0.128 1.69 £0.38 0.368
P
Baseline 160.01 £ 58.53 302.71 + 106.39 1626.33 + 154.17 1.55+0.29
6 months 174.43 £ 61.54 0.563 330.44+107.92 0.533 1599.34 + 149.72  0.541 1.61+£0.29 0.588
12 months 186.20 + 63.81 0.306 354.39+113.11 0.261 1564.71 +155.23  (0.174 1.69 £0.30 0.253

208.12 +42.70 mm? in MF (46% decrease; p < 0.001) and
MT (49% decrease; p < 0.001), respectively. We also noted
that the volume of healthy cartilage increased from
2382.20 £314.39mm’ to 2712.22 +343.55mm’ and from
1350.22 +113.84 mm® to 1596.10 + 96.12mm’ in MF (14%
increase; p < 0.05) and MT (18% increase; p < 0.05), respec-
tively. In general, we believe that the effect of cartilage repair
on medial cartilage was better than that on lateral cartilage.

In the control group, no evidence of cartilage regenera-
tion was found in patients with K-L grade 2 and 3 OA
(Table 3). To make matters worse, we found that the medial
cartilage was more vulnerable to damage. In patients with K-
L grade 2, the thickness of cartilage defect increased from
1.63+0.24mm to 1.90+0.23mm in MF (17% increase; p
=0.001), more than LF and T. The volume of cartilage
defect increased from 133.01+35.21mm?® to 154.45+
37.19mm’ in MT (16% increase; p = 0.076), more than LT.
Similar to the patients with K-L grade 2, the most severely
damaged cartilage in K-L grade 3 remains in the medial car-
tilage. The volume of cartilage defect increased from
267.43+73.34mm’ to 306.14+76.03mm’ in MF (14%
increase; p=0.100) and from 187.72+31.95mm’ to
216.26 + 37.27 mm? in MT (15% increase; p = 0.007). These
results were similar to the view of cartilage repair in the test

group.

3.3. Clinical and Radiological Outcome. After one year of fol-
low-up, the VAS, WOMAC pain, stiffness, and physical
function of the patients were evaluated at baseline and 1, 3,
6, and 12 months after injection with SVF and HA
(Figure 6). In the test group, the mean WOMAC pain, stift-
ness, and physical function scores decreased from 9.38 +
0.96 to 2.69+1.02, from 2.83+0.75 to 0.93+0.74, and
from 24.66 + 3.12 to 10.14 + 2.24 in the patients with grade
2 OA, while those scores of patients with grade 3 OA also
showed a significant improvement. The mean VAS scores
improved from 4.31+0.46 to 1.59+£0.93 in grade 2 and
from 6.04 £0.61 to 2.88 +£0.78 in grade 3. In the control
group, the mean WOMAC pain, stiftness, physical function,
and VAS scores were relieved by one month after HA injec-
tion in grades 2 and 3 but were amplified again at 3-, 6-, and
12-month visits.

Functional improvement of ROM was significant at one
month after HA therapy, from 120.59 +5.83° to 125.24 +
4.15° in grade 2 and from 114.75+5.54° to 120.46 + 4.90°
in grade 3. However, this trend took a turn for the worse
after three months postoperation in the control group.
Unlike the HA-treated group, the improvement of ROM
showed a statistically significant difference, improving from
123.72 +3.44° to 137.82 + 3.44° and from 114.21 +5.97° to
130.62 +5.72° in grade 2 and 3 OA, respectively.

The whole-organ assessment of the knees was performed
by the WORMS at baseline and 6-month and 12-month
follow-up (Table 4). In the test group, we subsequently
found no signs of new cyst formation, neoplasms of the
bone, cartilage, and synovium. The mean WORMS
improved from a baseline of 54.86 + 8.15 to 40.48 + 7.28 at
12 months, in patients with grade 2 OA. Likewise, in grade
3 OA, the WORMS decreased from a baseline of 75.67 +
10.44 to 57.46 + 8.03, which revealed a significant improve-
ment. By contrast, the consequence in the control group was
poor; the WORMS deteriorated to 66.90 + 11.15 and 84.04
+7.31 in patients with grade 2 and 3 OA, respectively.

The repair of the cartilage defects was measured using
the MOCART system at 6 and 12 months (Table 5). As for
the test group, the MOCART score improved from 52.93
+13.87 to 62.07 £ 12.83 at 6 and 12 months, respectively,
in patients with K-L grade 2. Similarly, it increased from
46.46 £10.05 to 57.08+11.98 at 6 and 12 months in
patients with K-L grade 3, respectively. However, the
MOCART score of the control group was decreased from
25.37+12.40 to 17.71+13.43 and from 22.41+9.94 to
13.54 +6.34, at 6 and 12 months in grade 2 and 3 OA,
respectively.

In addition, there were 12 knees (41.38%) that showed
complete or hypertrophic repair tissue filling of the defect
in grade 2 OA, while 13 knees (44.83%) elucidated most of
the repair of cartilage defects (Figure 7). Although only
one knee (4.17%) showed complete repair of the cartilage
defects in grade 3 OA, there were 18 knees (75.00%) that
showed substantial repair of cartilage defects. In the control
group, there were 5 knees (18.52%) that showed substantial
repair of cartilage defects in grade 2, and only one knee
(4.17%) showed substantial repair of cartilage defects in
grade 3.
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FiGure 6: Changes of the VAS, ROM, WOMAC pain, stiffness, and physical function during 12-month follow-up after intra-articular
injection of SVF and HA. Values in graphs are expressed as mean + SD in vertical bars. **p <0.01 and ***p < 0.001. ns: nonsignificant
(p>0.05). All values were compared with baseline: (a) WOMAC pain; (b) WOMAC physical function; (c) WOMAC stiffness; (d) VAS
score; (e) knee ROM.
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TaBLE 4 WORMS changes during 12-month follow-up.
Grade 2 Grade 3
Variables Baseline 6 months p 12 months p Baseline 6 months p 12 months p
value value value value
Test group
Cartilage 26.48+3.43 19.38+2.91 <0.001 15.17+2.96 <0.001 34.33+5.89 25.75+4.39 <0.001 19.58 +3.83 <0.001
Marrow 3.07£1.01  1.97+0.96 <0.001 1.72£0.91 <0001 442+1.11 3.25+0.88 <0.001 2.88+0.60 <0.001
abnormality
Bone cysts 231+1.02 1.76+0.94 <005 1.69+091 <005 3.71+0.68 3.04+0.68 <0.05 2.91+0.70 <0.001
atti‘t’;; 1.03£0.93 090+0.80 0535 0.83+0.75 0353 2.50+0.65 2.38+0.63 0500 2.25+0.60 0.179
Osteophytes  19.97+3.99 19.69+4.07 0799 19.59+4.03 0726 27.08+4.75 26.67+4.76 0766 26.63+4.68 0.743
Menisci 0.83+1.12 0.59+0.81 0325 0.55+0.77 0261 1.67+1.28 150+1.08 0628 1.54+1.18 0716
Ligaments 0.07+0.25 0.03+0.18 0538 0.03+0.18 0538 0.17+0.37 0.13+0.33 0669 0.08+0.28 0393
Synovitis 1.10+£0.71  0.93+0.74 0374 0.90+0.71 0286 1.79+0.64 1.63+0.75 0436 1.58+0.76 0.330
. tVYORMS 54.86+8.15 4524+7.52 <0.001 40.48+7.28 <0.001 75.67+10.44 64.33+9.09 <0.001 57.46+8.03 <0.001
ola.
Control group
Cartilage 26.41+4.48 28.59+4.73 0078 30.48+4.82 0002 34.08+512 3596+4.39 018 37.17+3.18 0.017
Marrow 348+1.35 631+2.16 <0.001 6.76+1.57 <0001 4.46+1.25 7.54+0.83 <0.001 7.67+0.64 <0.001
abnormality
Bone cysts 213+1.19 238+1.01 0409 2.89+0.71 0.036 3.33+0.76 3.67+048 0078 3.79+0.41 0.014
ttB.‘t’,ne 1.38+0.86 3.17+1.34 <0001 3.38+1.01 <0001 221+0.78 4.79+1.14 <0001 4.96+1.08 <0.001
attrition
Osteophytes  20.21+4.90 20.59+5.15 0775 20.76+4.87 0.669 26.29+5.86 26.58+5.56 0.86 26.83+528 0.738
Menisci 097+0.94 1.10+0.94 0579 1.24+0.87 0253 142+0.72 154+0.66 0532 1.67+0.56 0.186
Ligaments 0.14+0.35 0.17+0.38 0723 024+0.44 0324 029+046 0.33+048 0762 0.42+0.50 0376
Synovitis 0.97+0.73 121+0.73 0212 1344061 0037 125+068 1.46+0.59 0260 1.54+0.51 0.098
totZ;’ORMS 55.69+10.25 63.52+11.79 0009 66.90+11.15 <0001 73.33+9.92 81.88+8.19 0002 84.04+7.31 <0001

4. Discussion

Nonoperative therapy is a frequently prescribed option for
knee osteoarthritis treatment. Unfortunately, conservative
treatment has been found to only temporarily relieve clinical
symptoms, while their long-term efficacy is not satisfactory,
eventually requiring an alternative intervention, TKA. Previ-
ous studies have highlighted that TKA may be associated
with life-threatening complications such as infection, throm-
boembolism, myocardial infarction, and even death. In addi-
tion, the life span of the prosthesis is between 10 and 15
years [27]. Therefore, it will be of great significance to find
an effective treatment particularly for reversing the progres-
sion of this disease. Interestingly, numerous studies have
recently confirmed that intra-articular injection of autolo-
gous adipose-derived SVF for the treatment of OA pain is
safe and feasible [28-31]. However, most clinical studies
on SVF had small sample sizes, so estimates from individual
studies may be imprecise, and their radiological evaluation
only remains at the 2D level. So far, it remains enigmatic
whether SVF can promote the growth of cartilage.
Furthermore, multiple recent studies have reported
inconsistent findings of the effect of SVF on cartilage

regeneration. For instance, Hong et al. found that the knee
joint exhibited significant defect filling and cartilage repair
after receiving SVF. Similarly, WORMS and MOCART
scores verified this conclusion [32]. Jo et al. used the
parameters of the 3D cartilage model to verify the efficacy
of cartilage repair but did not use the special MRI
sequence; the appearance of the cartilage model was poor
[31]. In 2017, Nguyen proposed that the cartilage regener-
ation of the knee joint after Arthroscopic Microfracture
(AM) combined with SVE/PRP injection was probably
due to the combination of SVF and platelet-rich plasma
(PRP), where SVF is the primary factor of this healing
reaction. Elsewhere, several studies confirmed that PRP
significantly reduced short-term pain without cartilage
regeneration [33, 34]. In a double-blinded prospective ran-
domized controlled clinical trial, Garza et al. reported no
significant difference in cartilage thickness between the test
group injected with SVF and the control group injected
with placebo. However, in this study, participants were
followed for only six months [35]. In the final analysis,
these studies had small sample sizes, so estimates from
individual studies may be imprecise, and their radiological
evaluation remains at the 2D level.
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FIGURE 7: MRI scans of the SVF-treated knees with OA performed at baseline and 6 and 12 months, respectively. It was found that the defect
was completely repaired and filled, and the cartilage fused well with adjacent cartilage and subchondral bone in the coronal, transverse, and

sagittal planes (red arrow): (a) baseline; (b) 6 months; (c) 12 months.

The emergence of the 3D-FS-SPGR sequence and finite
element analysis provided a new method to evaluate carti-
lage quantitatively. Kijowski et al. proposed that routine
MRI with a 3D sequence can improve the diagnostic perfor-
mance for detecting cartilage lesions in the knee [36]. Jang
et al. believed that the 3D-SPGR sequence can provide better
diagnostic performance for the evaluation of knee articular
cartilage lesions by detecting partial-thickness cartilage
lesions in patients with OA [37]. In 2014, Peterfy et al. com-
bined the 3D-SPGR sequence with finite element analysis to
establish the cartilage model for accurate prediction of nor-
mal intra-articular pressure and force under different loads
[25]. By finite element simulation, Li et al. proposed that
meniscectomy can relieve pain for some time, resulting in
more severe biomechanical changes and increase progres-
sion of cartilage injury [38]. Taken together, these studies

confirmed that the 3D-SPGR sequence can provide better
diagnostic performance, and the cartilage model is reliable.
However, no scholar has applied this technology to evaluate
cartilage regeneration of SVF.

Herein, we enrolled 95 patients with K-L grade 2 and 3
OA in this study. Each patient underwent the examination
of the 3D-FS-SPGR sequence before treatment and at 6
and 12 months. We employed the 3D-FS-SPGR sequence
to develop a 3D cartilage model, thereby dividing the carti-
lage at the 3D level. Compared with the conventional MRI
sequence, the slice thickness of the 3D-FS-SPGR sequence
was 1 mm, which can reduce the volume effect on imaging,
and consequently, the resulting data is more accurate. In
addition, the 3D SPGR sequence was clearer and more strat-
ified for the imaging of articular cartilage, the interslice gaps
of the 3D-SPGR sequence is 0 mm, and the error of the 3D
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modeling is less, which can be used for the quantitative anal-
ysis of cartilage. Following this, we recorded the changes of
cartilage parameters in each region. Remarkably, the carti-
lage of all regions was improved to some extent in the test
group, especially the MF and MT. In grade 2 OA, the thick-
ness, volume, and size of cartilage defect in MF decreased to
0.92 +0.18 mm, 84.00 +32.30 mm?, and 182.22 +67.00 m
m?, respectively. These parameters decreased to 0.96 + 0.22
mm, 64.18 +21.40 mm’, and 146.15 + 45.47 mm* in MT.
Similarly, these parameters of cartilage defects in MF and
MT were greatly improved in grade 3, more than other
regions. We identified that the efficacy of patients with
medial cartilage injury was better compared with that of
patients with other region injuries, whether pain improve-
ment, functional recovery, or cartilage repair. We did not
compare the MRI results with arthroscopy; the secondary
surgery can cause injury to the patient, even though it is a
minimally invasive procedure.

Besides, we further observed that the cartilage of patients
with K-L grades 2 and 3 had different responses to SVF
injection. The WOMAC score, ROM, and rehabilitation
speed of patients with grade 2 were better than those of
patients with grade 3. The WOMAC pain, stiffness, and
physical function scores decreased from 9.38 +0.96 to 2.69
+1.02 (71% decrease), from 2.83+0.75 to 0.93+0.74
(67% decrease), and from 24.66+3.12 to 10.14+2.24
(59% decrease) in grade 2, while those scores in grade 3
improved to 4.92 +1.22 (60% decrease), 2.41 +1.35 (51%
decrease), and 17.58 £4.35 (48% decrease), respectively.
Likewise, based on the degree of cartilage repair, the increase
in grade 2 OA was higher compared to that of grade 3 OA.
There were 12 knees (41.38%) that showed complete or
hypertrophic repair tissue filling of the defect in grade 2,
and 13 knees (44.83%) elucidated most (beyond 50%) repair
of cartilage defects. Only one knee (4.17%) showed complete
repair of the cartilage defects in grade 3 OA. In summary,
these results confirmed that SVF cell therapy can effectively
improve clinical symptoms and promote cartilage regenera-
tion before the excessive development of cartilage
degeneration.

However, despite these promising results, this work has
some limitations that are worth noting. First, the segmenta-
tion of the image was done through manual segmentation,
which would increase some errors. Then, the follow-up
period was short (12 months), whereby clinical evaluations
were performed at baseline and 1, 3, 6, and 12 months after
intra-articular injection of SVF cells into the knee. Third, we
did not evaluate the relationship between the intra-articular
injection dose of SVF cells and clinical results; hence, the
effect of dose on clinical efficacy is not clear. Finally,
although the MRI and parameters of the cartilage model
clearly elucidated the regeneration of articular cartilage, it
remains elusive whether the regenerated cartilage was either
fibrocartilage or hyaline cartilage.

5. Conclusion

Collectively, our study demonstrates that autologous
adipose-derived SVF can effectively relieve pain and
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improve function. We noted that the method of establishing
the model and calculating parameters through the 3D-FS-
SPGR sequence can accurately evaluate the effect of cartilage
repair. Quantitative data of the cartilage model showed sig-
nificant improvements in cartilage regeneration. Therefore,
this research suggests that intra-articular injection of SVF
is a promising minimally invasive therapy for cartilage
regeneration, particularly for K-L grades 2 and 3.
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Abstract

Background: The short-term safety and efficacy of stromal vascular fraction (SVF) in treating knee osteoarthritis
(KOA) have been extensively studied but the mid-term and long-term prognoses remain unknown.

Methods: 126 KOA patients were recruited and randomly assigned to SVF group and hyaluronic acid (HA) group
(control group). The scores of visual analogue scale (VAS) and the Western Ontario and McMaster University Osteoar-
thritis Index (WOMAC) were assessed and compared between the two groups 1, 2, 3, and 5 years after treatment. The
endpoint was defined as surgeries related to KOA or clinical scores exceeding the patient acceptable symptom state
(PASS).

Results: The VAS and WOMAC scores in the SVF group were significantly better than those in the HA group during
the 5-year follow-up after treatment. The average responsive time to SVF treatment (61.52 months) was significantly
longer than HA treatment (30.37 months). The adjusted Cox proportional hazards model showed that bone mar-
row lesion (BML) severity, body mass index (BMI) and treatment were independent risk factors and that the use of
SVF reduced the risk of clinical failure by 2.602 times. The cartilage volume was reduced in both the SVF and control
groups at 5 years but reduced less in the SVF group.

Conclusions: Up to 5 years after SVF treatment, acceptable clinical state was present for approximately 60% of
patients. BML severity and BMI were independent predictors of the prognosis.

Trial Registry: This study was retrospectively registered at Chinses Clinical Trial Registry with identifier
ChiCTR2100052818 and was approved by ethics committee of the First Affiliated Hospital of Zhejiang Chinese Medi-
cal University, number 2013-X-063.

Keywords: Knee osteoarthritis, Stromal vascular fraction, Bone marrow lesion, Full-thickness cartilage defect, Mid-
term follow-up, Prognosis

Background

Knee osteoarthritis (KOA), the most common clini-
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treat early-stage KOA and total knee arthroplasty where

82


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-022-02788-1&domain=pdf
raj
Highlight

raj
Highlight

raj
Highlight

raj
Highlight


Zhan%set al. Stem Cell Research & Therapy ~ (2022) 13:105

KOA progresses to end-stage, emerging regenerative
therapy has the potential to change this treatment para-
digm [2]. The stromal vascular fraction (SVF) obtained
by adipose tissue enzyme digestion contains adipose-
derived stem cells (ADSCs) and progenitor cells with the
ability to differentiate into a variety of cell types, such
as chondrocytes, which can be a therapeutic option,
and SVF is considered to be comparable to and some-
times even more effective than ADSCs due to the other
functional advantages it provides over ADSCs, such as
structural support [3, 4]. In recent years, several stud-
ies have addressed the short-term outcomes of SVF for
KOA, demonstrating their analgesic effect and joint func-
tion improvement [5-7]. Nevertheless, owing to the high
cost of SVF therapy and its hoped regenerative capacity,
patients may not be content to achieve only a short-term
improvement in symptoms, which can also be obtained
with conservative treatment. Therefore, it is essential to
clarify its mid-term efficacy, which is beneficial for the
patient’s choice of treatment.

Indications for such regenerative therapy are unclear.
For the most part, it is highly recommended for patients
with apparent cartilage damage on MRI, but the extent
to which cartilage damage is prognostically meaningful is
not known. Tiny cartilage defects and thinned thickness,
with a prevalence of>80% among patients with sympto-
matic KOA, do not appear to be disastrous [8]. However,
a previous study has shown that full-thickness cartilage
defects are an independent risk factor for total knee
arthroplasty in asymptomatic KOA [9]; the outcome of
such cartilage defects in SVF treatment and their impact
on prognosis are of concern. Instead of being a pure car-
tilage disorder, more joint structure abnormalities con-
tribute to the progression of KOA [10]. Upon reviewing
the literature, it is also notable that bone marrow lesion
(BML), characterized by bone marrow oedema, fibrosis,
and necrosis, is tied to total knee arthroplasty failure [11,
12]. The relationship between BML and cartilage loss and
pain is becoming increasingly recognized [13].

Therefore, we conducted a single centre, parallel group,
assessor blinded, and randomized controlled clinical trial
to determine the mid-term outcomes and clinical failure
of SVF for KOA and whether a number of factors, includ-
ing full-thickness cartilage damage and BML, are predic-
tive of prognosis.

Methods

Study design

The study is a single centre, parallel group, assessor
blinded, and randomized controlled clinical trial, that
was retrospectively registered at Chinses Clinical Trial
Registry with identifier ChiCTR2100052818 and was
approved by ethics committee of the First Affiliated
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Hospital of Zhejiang Chinese Medical University, number
2013-X-063. KOA patients at the First Affiliated Hospital
of Zhejiang Chinese Medicine University between May
2013 and July 2015 were recruited in the study (Fig. 1).
The criteria included the following: the diagnosis met the
diagnostic criteria in the American Rheumatism Asso-
ciation Revised Classification Criteria for Knee Osteoar-
thritis [14]; Kellgren—Lawrence (KL) grade 2-3 [15]; age
20-85 years; and no history of significant trauma. The
exclusion criteria included the following: local infection
of the knee joint; systemic diseases such as blood disor-
ders or diabetes; rheumatoid arthritis, gout, autoimmune
disease, or malignancy in the past 5 years; prior injection
or use of oral steroids within 3 weeks before screening;
knee surgery within 6 months before screening; or pain
attributed to displaced meniscal tear and torn ligaments.

Enrollment and randomization

Patients with KOA were recruited at the First Affiliated
Hospital of Zhejiang Chinese Medical University. We
obtained written informed consent from each eligible
patient. Patients were randomly divided into the SVF
group or hyaluronic acid (HA) group (control group).
Randomization assignments were generated by using a
computer generated, randomized number sequence, and
kept the assessor who collected and analyzed outcome
data blinded.

Preparation of therapeutic SVF

Adipose tissues of patients in SVF group were obtained
from the abdomen by liposuction surgery performed by
a skilled orthopaedic surgeon. The patient lay supine
with full exposure of the abdomen. Routine sterilization
and drape operation were performed. Local anaesthesia
was applied to the abdomen with 10 mg/ml lidocaine
(10 ml), two small incisions of approximately 5 mm
were created around the umbilicus, and approximately
40 ml of abdominal subcutaneous adipose tissue was
aspirated through a sterile syringe. The incisions were
closed with sutures, and the abdomen was wrapped
with pressure. Harvested adipose tissue was stored in
a small freezer and transported to the laboratory. The
adipose tissue was washed 3—5 times with PBS contain-
ing penicillin at a 2% concentration and then centri-
fuged at 1000 rpm for 5 min. The upper layer of adipose
tissue was removed and cut to chyme with sterilization
scissors. The chylomicron adipose tissue was collected
in a clean 15 ml centrifuge tube with the addition of
an appropriate amount of 1% collagenase type IV at
400 rpm and 37 °C for digestion. After that, the filtrate
was collected through a 100-mesh cell sieve and centri-
fuged at 1200 rpm for 5 min, and the supernatant was
removed, the residual SVF pellet at the bottom was
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144 KOA patients were eligible

18 patients declined to participate in the trial

with preference for other conservative treatment.

|

!

SVF Group (N=56)

HA Group (N=70)

126 patients with a minimum 5 years of follow-up

Excluded 9 with knee surgeries (3 in

Y Y

the SVF group and 6 in the HA group)

and 2 lost of follow-up (SVF group)

A

Univariate and multivariate risk
Survival analysis
analysis of prognosis

Comparison of clinical scores

and radiographic variables

Fig. 1 Study flow diagram

Table 1 Cell characterization by flow cytometry

Subpopulation Avg (%) Type pf cells
CD45—/CD31—-/CD34+ 33.1 SVF progenitor cells
CD45—/CD31—-/CD34— 456 SVF non-progenitor cells
CD45—/CD31+ 9.3 Endothelial cells

CD45— 92.7 Stromal vascular cells
CD45+ 55 Leukocytes

resuspend in PBS to a volume of 6 ml, in which 1 ml
of the sample was retained for cell counting. The SVF
was characterized by flow cytometry, and the con-
stituent cell subpopulations of live nucleated SVF cells
were shown as a percentage of the total number of live
nucleated cells, without counting RBCs (Table 1). The
remaining 5 ml, with an average count of 4.84+1.61
million viable SVF cells according to the counting
result, was used for injection. SVF was injected into the
knee joint within one hour after successful preparation.

Intra-articular injection

The patient was placed in the supine position with the
knee straight. Local sterilization was performed. 5 ml
of SVF was injected into the joint cavity via a superior-
lateral approach under sterile technique by percutane-
ous puncture with a disposable syringe once a month for
a total of three times. After the injection, a local sterile
dressing was applied, and the patient was instructed to
bend and extend the knee joint several times. HA was
injected in patients of control group as described above
at a dose of 5 ml once a month for a total of three times.

Post-injection protocol

Patients were instructed to be non-weight bearing for
two days and to undertake only light activity and avoid
previously painful activities for the first 3 weeks after the
injection. Patients were informed of the possibility of
adverse reactions, including fever, swelling, or skin rash,
after the injection and were asked to contact their physi-
cian immediately if any adverse reactions occurred dur-
ing the follow-up period. Patients should inform their
physician to evaluate pain and function if they suffer
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from knee pain and take pain medication during the fol-
low-up period.

Primary outcomes

Pretreatment baseline data, including sex, age, body
mass index (BMI), etc. were collected from both groups
of patients. Patients were followed up at 1, 2, and 3 years
after treatment and every 2 years thereafter, and their
pain and function were evaluated by a blinded and skilled
orthopaedic surgeon using the scores of visual analogue
scale (VAS) (0-10 cm) and Western Ontario and McMas-
ter University Osteoarthritis Index (WOMAC).

Second outcomes

X-rays were used to determine the KL grade change
and mechanical axis at the time of assessment, and MRI
(3.0 T) was performed to evaluate cartilage structure
and volume, patella-femoral pathology and BML. MRI
data: a T1-weighted image, repetition time 3000 ms,
echo time 33 ms, 512 x 512-pixel matrix; sagittal images
were obtained at a slice thickness of 1.5 mm without an
interslice gap; (2) a T2-weighted image, repetition time
4590 ms, echo time 62 ms, 320 x 320-pixel matrix; sag-
ittal images were obtained at a slice thickness of 3 mm
with an interslice gap of 3.85 mm. Cartilage structure and
volume and BML were assessed over the medial tibia,
medial femur, medial patella, lateral tibia, lateral femur,
and lateral patella.

The KL grade and mechanical axis were assessed by a
skilled orthopaedic surgeon blinded to treatment alloca-
tion and clinical data.

Patella-femoral pathology was assessed by a skilled
orthopaedic surgeon blinded to treatment allocation and
clinical data.

Cartilage structure and volume was assessed by a
skilled orthopaedic surgeon blinded to treatment alloca-
tion and clinical data. Measurement of individual carti-
lage plate volumes was performed using Rhinocero 5.0
(Robert McNeel, USA) software. Contour tracing of car-
tilage boundaries was performed layer by layer of MRI
images in isometric sections and separated from the total
volume to create a cartilage 3D model [16], and the vol-
ume was calculated using the software. A full-thickness
cartilage defect was defined as cartilage stripping to
subchondral bone exposure, regardless of size. The full-
thickness cartilage defect area of each coronal and trans-
verse slice was measured and divided into three levels [9]:
0, no defect; 1, defect <2 cm?; 2, defect >2 cm?2.

Subchondral BML was assessed on T2-weighted
images by a skilled orthopaedic surgeon blinded to
treatment allocation and clinical data and were defined
as areas of high signal in the subchondral bone mar-
row, including cystic changes. BML size was scored by
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measuring the maximum area of the lesion (mm?) at
baseline and follow-up [17]. The areas of BML in the six
positions were added to determine the total size. BML
severity was scored and summarized according to the
number of slices covered by BML in each measurement
site with reference to the previous method [18]: 0, no
BML; 1, cover one slice, 2; cover two consecutive slices;
3, cover three or more consecutive slices, score 0—18. It
was scored 3 if more than one lesion was present at the
same site (Fig. 2).

Definition of clinical failure

Clinical failure was defined as surgeries related to KOA,
such as total knee arthroplasty, unicondylar knee arthro-
plasty and debridement under arthroscopy, or clinical
scores exceeding the patient acceptable symptom state
(PASS) (VAS>3.23 or WOMAC function score>31)
[19]. Information about the surgery was collected at each
follow-up. For patients who underwent surgery, clinical
scores were not included in the final comparison analysis,
but only the time of surgery was recorded for Kaplan—
Meier survival analysis. We use the term responsive
to denote survival for Kaplan—Meier survival analysis,
which represents the knee remains responsive to treat-
ment, i.e., the lasting impact of the treatment. To avoid
overestimating responsive time, for patients with very
poor clinical scores after 1 year, we carefully questioned
the patient’s medical history prior to that time to deter-
mine the exact time beyond PASS.

Score 1

Score 2

Score 3

Score 3

Fig. 2 Three levels of bone marrow lesions in the red circle position.
0, no BMLs; 1, cover one slice, 2; cover two consecutive slices; 3, cover
three or more consecutive slices. A score of 3 was assigned if more
than one lesion was present at the same site
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Statistical analysis

SPSS statistics 25 software (IBM, USA) was used to per-
form the statistical analysis, and the data are presented
as the mean & standard deviation and percentage. Dif-
ferences in baseline data were assessed by independent
samples t-tests for continuous variables and chi-square
tests for categorical variables. For the clinical score
comparison, the main effect (within- and between-sub-
jects) and crossover effect were analysed by two-factor
repeated-measures ANOVA. The separate effects were
analysed by 2-way ANOVA for grouping factors at each
time point and repeated measures ANOVA for time
factors. With clinical failure as the endpoint, Kaplan—
Meier responsive curves were generated to compare the
responsive probability of the two groups. The crude risk
factors for clinical failure were obtained through uni-
variate Cox regression using the same endpoint, and
the significance level was set at p <0.10. After that, with
diagnosing collinearity with variance inflation factor
(VIF), a multivariate Cox regression was performed to
exclude confounding factors for independent risk fac-
tors and to develop independent prediction models. KL
grade, mechanical axis, patella-femoral pathology, full-
thickness cartilage defect, total cartilage volume and
BML-related variables were mandatory to be included
in the multivariate analysis. Differences were consid-
ered significant with p <0.05.

Table 2 Baseline data of included patients
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Results

Study population

We enlisted 144 KOA patients between May 2013 and
July 2015 who were accorded with inclusion criteria. 18
patients declined to participate in the trial with prefer-
ence for alternative treatment. 126 patients were enrolled
and randomly assigned: 56 patients in SVF group and 70
patients in the control group. Two patients in the SVF
group were lost to follow-up due to a change in contact
details, and 9 patients underwent surgery during the
follow-up period (3 in the SVF group and 6 in the HA
group); these patients were included in the Kaplan—Meier
responsive analysis but not in the comparison analysis
of clinical scores (Fig. 1). There were no significant dif-
ferences in the baseline data between the two groups of
patients (p>0.05, Table 2). There were no adverse reac-
tions during postoperative follow-up in either group.

Primary outcomes

A total of 115 patients at 1 year, 2 years, 3 years, and
5 years received a complete clinical score evaluation,
including 51 in the SVF group and 64 in the HA group.
The comparison of VAS scores and WOMAC scores
between the SVF group and HA group before and after
treatment is shown in Tables 3 and 4 and Fig. 3. There
was a significant difference in clinical scores between
time before and after treatment (VAS: F=64.348,

SVF (N=56) HA (N=70) p value

Sex 0.692
Male 14 (25%) 16 (22.9%)

Female 42 (75%) 54(77.1%)

Age, years 53.98+13.69 5563+£12.18 0.790
BMI 23.734£299 23.864255 0447
Mechanical axis, ° Varus 1.63+2.21 Varus 1.49+£2.12 0.715
KL grade 0.366
2 41 (73.2%) 46 (65.7%)

3 15 (26.8%) 24 (34.3%)

Full-thickness defect 0.069
0 40 (71.4%) 45 (64.3%)

1 6 (10.7%) 18 (25.7%)

2 10 (17.9%) 7 (10%)

Total cartilage volume (mm?) 16,377.16 £2692.40 15851.514£2143.45 0.225
BML severity 3304434 2774342 0455
BML size (mm?) 12768419342 108.07 £149.89 0522
Baseline VAS score 4.04+£1.46 3.64+£098 0.088
Baseline WOMAC score 345742285 29.97£19.87 0.229
Patella-femoral pathology present 28 (50%) 24 (34.3%) 0.075

SVF, stromal vascular fraction; HA, hyaluronic acid; BMI, body mass index; KL, Kellgren-Lawrence; VAS, visual analogue scale; WOMAC, Western Ontario and McMaster

University Osteoarthritis Index; BML, bone marrow lesion
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Table 3 Comparison of the VAS scores before and after treatment in the SVF and the control group
Before or after treatment
Group Pre-treatment 1 year 2 years 3years 5 years Sum F p value
SVF 396+ 1.46 1.69+£1.63% 204+ 1.78%%* 243+ 1.66%** 2.86+ 1.83** 260+ 1.84 75.990 <0.001
HA 3.55+091 342+£099™ 350+£139™ 373+£1.29™ 395+123"™ 3.63+£1.18 9.067 <0.001
Sum 373+1.19 265+157 285+1.73 3.16+1.60 347+161 3.17+£159° 64.378° <0.001°
F 2414 42441 30.065 23.921 16.751 18.030° (F=49.319
b
pvalue 0121 <0001 <0001 <0001 <0001 <0001° p value <0.001)
SVF, stromal vascular fraction; HA, hyaluronic acid
2 F statistic and p value of main effect
b F statistic and p value of crossover effect
* p value < 0.05; **p value < 0.01; ***p value < 0.001; ns, non-significant (p value > 0.05), compared with pre-treatment
Table 4 Comparison of the WOMAC total score before and after treatment in the SVF and the control group
Before or after treatment
Group  Pre-treatment 1 year 2 years 3years 5 years Sum F p value
SVF 3324+£2193 18.024£1887***  2057£20.13**  23.144+21.03* 27.0442247™ 244042143 36.195 <0.001
HA 2844+£18.23 2827+21.07™ 31.28+£2233"™ 33364+22.88™  36.054+22.52™ 314842154 46619 <0.001
Sum 30.57420.00 23.72420.68 26.534+21.95 288342257 320542285 2834+£21.7%  45087° <0.001°
F 1.449 6.609 7.015 6.378 5.108 3.335° (F=41.307
b
pvalue 0229 0010 0008 0012 0024 0070° p value <0.001)
SVF, stromal vascular fraction; HA, hyaluronic acid
2 F statistic and p value of the main effect
b F statistic and p value of the crossover effect
* p value < 0.05; **p value < 0.01; ***p value < 0.001; ns, non-significant (p value > 0.05), compared with pre-treatment
A —a— SVF B —a— SVF
—e—HA —o—HA
6 -
60
5
4+ 40
n.s.
2
2 3 =
> ]
= n.s.
2 20
14
04
0 T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Time (years) Time (years)
Fig. 3 Changes in the VAS score and the WOMAC score during the 5-year period before and after treatment in the SVF group and control group.
A The mean VAS score change. B The mean WOMAC total score change. *p value < 0.05, **p value < 0.01, ***p value < 0.001, ns, non-significant (p
value >0.05), compared with pre-treatment
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p<0.001; WOMAC: F=45.087, p<0.001), with sepa-
rate effect analyses in the SVF group (F[VAS]=75.990,
FIWOMAC]=36.195) and HA groups (F[VAS]=9.067,
FIWOMAC]=46.619), all at p<0.001. The VAS and
WOMAC scores in the SVF group were lowest after
1 year and then increased annually but remained lower
than pretreatment scores at 5 years. The VAS and
WOMAC scores in the HA group did not change much
from pretreatment at 1 year, then increased annu-
ally and were significantly higher than pretreatment at
5 years. The post hoc tests were conducted for different
time points in the HA and SVF groups. VAS scores in
the SVF group were significantly lower than pre-treat-
ment at all post-treatment time points (p<0.05), and
WOMAC scores in the SVF group were significantly
lower than pre-treatment at years 1, 2, and 3 post-treat-
ment (p<0.05), but did not differ from pre-treatment at
year 5 (p>0.05). VAS scores and WOMAC scores in the
HA group did not differ from pre-treatment at all post-
treatment time points (p>0.05). The VAS scores in the
SVF group were significantly lower than those in the
HA group overall after treatment (F=18.030, p<0.001),
and the WOMAC scores were not significantly different
between the two groups in the overall effect (F=3.335,
p>0.05). Due to a crossover effect between treatment and
time (F[VAS]=49.319, p<0.001; F[WOMAC]=41.307,
p<0.001). We performed an analysis of the separate
effects for each time point. The VAS and WOMAC scores
of the SVF group were significantly lower than those of
the HA group at all time points after treatment (p < 0.05).

To observe the clinical outcome of each patient more
accurately, the Kaplan—Meier responsive curves of all
patients in the two groups were plotted and compared.
The SVF group showed a responsive rate of 62.5% (35/56)
at the 5-year follow-up, and the rate in the HA group
was 20% (14/70). According to the log-rank analysis, the
mean responsive time (61.52+4.14 months) of the SVF
group was significantly longer than that of the HA group
(30.37 £2.69 months) (p <0.001, Fig. 4).

Secondary outcomes

The radiological changes as secondary outcomes at
5 years are documented in Table 5. At the final radio-
logical examination, the total cartilage volume was sig-
nificantly reduced in both groups from baseline to 5 years
and was less in the HA group than in the SVF group at
5 years. Compared to the HA group, a higher percentage
of patients in the SVF group had a reduced or unchanged
grade of full-thickness cartilage defects, and a lower
percentage of patients experienced progression (Fig. 5).
There was no significant difference in BML size, severity,
patella-femoral pathology or mechanical axis from base-
line to 5 years and no difference between the two groups.
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Fig. 4 Kaplan—-Meier responsive curve with clinical failure as the
endpoint

There was no significant difference in the change in KL
grade from baseline to 5 years between the two groups.

Univariate (unadjusted) risk factors

Univariate Cox regression results indicated age (per
year increase, HR 1.032; 95% CI 1.013-1.051; p=0.001),
BMI (per point increase, HR 1.111; 95% CI 1.032-1.197;
p=0.005), treatment (SVF vs HA, HR 3.067; 95% CI
1.849-5.089; p<0.001), KL grade (2 vs 3, HR 1.718; 95%
CI 1.277-2.311; p<0.001), mechanical axis (per degree
increase, HR 1.101; 95% CI 0.993-1.221; p=0.068),
full-thickness cartilage defect (per grade increase, HR
1.581; 95% CI 1.177-2.123; p=0.002), total cartilage vol-
ume (per mm? increase, HR 1.000; 95% CI 1.000—1.000;
p=0.018), BML size (per mm? increase, HR 1.002; 95%
CI 1.001-1.003; p<0.001) and BML severity (per point
increase, HR 1.154; 95% CI 1.093-1.219; p<0.001) as
possible risk factors. Sex and patella-femoral pathology
were not risk factors in the unadjusted analysis (p>0.1).
The results are shown in Table 6.

Independent risk factors

Linear regression showed no collinearity (VIF<3) for
age, BMI, treatment, KL grade, mechanical axis, patella-
femoral pathology, full-thickness cartilage defect, total
cartilage volume, BML size or BML severity score. In the
final multivariate Cox regression model, BML severity
score (per point increase, HR 1.104; 95% CI 1.013-1.202;
p=0.024), BMI (per point increase, HR 1.096; 95% CI
1.003-1.198; p=0.043) and treatment (SVF vs HA, HR
3.602; 95% CI 2.116-6.131; p<0.001) were independent
risk factors for prognosis. The use of SVF reduces the risk
of clinical failure by 2.602 times compared with HA. Each
score increase in BML severity increased the risk of clini-
cal failure by 0.104 times. Each score increase in body
mass index increased the risk of clinical failure by 0.096
times. Age, KL grade, mechanical axis, patella-femoral
pathology, total cartilage volume, full-thickness cartilage
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Table 5 Changes in radiographic variables
SVF (N=51) HA (N=64) p value

BML size, mm? Baseline 123.484+197.02 105494151.12 0.581
5 years 90.33£141.01 95.54+146.76 0.848
p value 0.149 0516

BML severity Baseline 3.02+£4.14 264+£334 0.588
5 years 2594316 25643.30 0.966
p value 0.125 0.773

Total cartilage volume, mm?3 Baseline 16,467.89£2739.13 15,718.204£2071.90 0.109
5 years 15121.114£317445 13,473.3042489.59 0.003
p value <0.001 <0.001

Mechanical axis, ° Baseline Varus 1.48+2.16 Varus 1.244+2.02 0.536
5 years Varus 1.75£2.11 Varus 1.40£2.03 0.373
p value 0.164 0.208

Patella-femoral pathology Baseline 25 (49.0%) 22(34.4%) 0.112
5 years 30 (58.8%) 29 (45.3%) 0.150
p value 0321 0.206

Full-thickness defect Decrease 3 (5.9%) 0 (0%) 0.043
No change 44 (86.3%) 52 (81.3%)
Increase 4 (7.8%) 12 (18.8%)

KL grade Decrease 0 (0%) 0 (0%) 0.524
No change 43 (84.3%) 51(79.7%)
Increase 8 (15.7%) 13 (20.3%)

SVF, stromal vascular fraction; HA, hyaluronic acid; KL, Kellgren-Lawrence; BML, bone marrow lesion

defects and BML size were not risk factors in the overall
model (p>0.05) after adjusting for confounding factors.
The results are shown in Table 6.

Discussion

The most important finding of this study is that accept-
able clinical state was present for approximately 60%
of patients after SVF treatment. In terms of change in
pain scores, the SVF group was superior to the con-
trol group, and although the WOMAC scores did not
show an advantage for HA in overall effect, a crossover
effect of time and grouping was present, and we turned
to assess the scores at each time point alone, which
were superior to the control group. Although the dif-
ference in WOMAC scores was not significant in the
SVF group compared to pre-treatment after 5 years, it
was still better than the control group However, what is
not sufficiently convincing is that reports based on the
mean and standard deviation of clinical score changes
often reflect the average level of the subject and do
not address the individual patient’s perspective, mak-
ing it difficult to determine the efficacy [20]. Therefore,
we defined clinical failure based on the above evalua-
tion and set it as KOA-related surgery and scores that
did not meet the PASS, which fit the patients’ own
willingness to accept the symptoms. Comparing the

responsive curves of the two groups, the 5-year respon-
sive rate of SVF group was significantly better than
that of the control group and exceeded 60%, indicat-
ing that patients treated with SVF were less likely to
experience clinical failure in 5 years. Tran et al. [5]
observed an improvement in clinical symptoms in SVF-
treated patients after two years of follow-up, in which
they attributed to paracrine mechanisms related to the
anti-inflammatory effects of cell therapy. However, for
mid-term prognosis, there is no evidence that the anti-
inflammatory effect could be sustained over such a long
period of time, so cartilage changes remain a signifi-
cant consideration. Imaging of 5-years postoperative
results revealed that cartilage volume was reduced in
both groups compared to the preoperative period, but
total cartilage volume was still higher in the SVF group
than in the HA group, and a small proportion of SVF
patients showed signs of repair of the full-thickness car-
tilage defect. This is consistent with a previous short-
term study in which Song et al. observed an increase
in cartilage volume in patients treated with ADSCs for
72 weeks, which began to decrease at 96 weeks [21].
This phenomenon may be related to an unavoidable
natural consequence of ageing [22, 23]. Regarding the
mechanism of cartilage volume effect, we suggest that
firstly, SVF may promote cartilage regeneration through
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Fig. 5 MRI evaluation of full-thickness cartilage defect changes at 5 years. A, C Coronal and sagittal images of the medial femur and tibia before
injection of SVF. A grade 1 full-thickness cartilage defect can be observed in the circle. B Coronal and sagittal images of the medial femur and tibia
5 years after SVF injection. The full-thickness cartilage defect in the circled area disappeared, and the cartilage edge was smooth

Table 6 Unadjusted and adjusted risk of clinical failure

Variable Univariate analysis Multivariate analysis

p value Unadjusted HR (95% Cl) p value Adjusted HR (95% Cl)
Sex (male vs female) 0420 1.248 (0.728-2.139)
Age (per year increase) 0.001 1.032 (1.013-1.051) 0.140 4(0.995-1.034)
BMI (per point increase) 0.005 1.111(1.032-1.197) 0.043 1.096 (1.003-1.198)
Treatment (SVF vs HA) <0.001 3.067 (1.849-5.089) <0.001 3602 (2.116-6.131)
KL grade (2 vs 3) <0.001 1.718 (1.277-2311) 0.218 1.277 (0.865-1 885)
Mechanical axis (per degree increase) 0.068 1.101 (0.993-1.221) 0.689 1.023 (0.917-1.141)
Full-thickness cartilage defect (per grade increase) 0.002 1.581 (1.177-2.123) 0.403 1.158 (0.821- 634)
Total cartilage volume (per mm? increase) 0.018 1.000 (1.000-1.000) 0919 1.000 (1.000-1.000)
BML size (per mm? increase) <0.001 1.002 (1.001-1.003) 0.627 1.000 (0.999-1.002)
BML severity (per point increase) <0.001 1.154 (1.093-1.219) 0.024 1.104 (1.013-1.202)
Patella-femoral pathology 0.310 1.263 (0.805-1.981) 0.873 0.960 (0.578-1.592)

HR, hazard ratio; Cl, confidence interval; BMI, Body mass index; KL, Kellgren-Lawrence; BML, bone marrow lesion
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specific differentiation and paracrine signalling of dif-
ferent cell groups [24], but there is no evidence that
SVF cells can directly differentiate into chondrocytes
or tissues in human body. Similar to this study, several
short-term clinical studies have observed the repair
of cartilage defects and the widening of joint space by
MRI, which indicates the result of cartilage regenera-
tion but the processes involved need further study [5,
6, 25]. Secondly, inflammatory factors such as IL-1 and
TNF-a play an important role in the progression of OA,
which can promote the release of matrix metallopro-
teinases and make the catabolism of articular cartilage
[26, 27]. After injection of SVF into the knee joint, the
ADSCs produced IL-1 receptor antagonists and the tis-
sue protective protein tumor necrosis factor-stimulated
gene-6 (TSG-6), and exerted anti-inflammatory effects
on chondrocytes and synovial cells via prostaglandin
E2 [28, 29]. In addition, ADSCs promote the polariza-
tion of non-polarized macrophages and mature den-
dritic cells towards anti-inflammatory and phagocytic
phenotypes [30]. Other substances in SVF may also
play an anti-inflammatory role. Morris et al. [31] found
that macrophages (CD11b) in adipose tissue accounted
for 20% of the cells obtained from SVF, 70% of which
were positive for CD301, a marker of M2 macrophages,
which has anti-inflammatory and pro-angiogenic func-
tions. And in the fat grafting procedure performed
by Dong et al. [32], the inclusion of SVF resulted in
increased expression of CD206 (another phenotypic
marker of M2 macrophages) and negative regulation of
the pro-inflammatory agents IL-1p and IL-6.The reduc-
tion in inflammation resulted in less cartilage damage,
destruction, and cartilage regeneration occurred in the
SVEF group, but not in the HA group, ultimately causing
less cartilage volume loss in the SVF group than in the
HA group, although cartilage in both groups still inevi-
tably degenerated. In addition to ADSCs, SVF contains
heterogeneous cell types and different factors with par-
acrine effects, which may result in more significant ben-
efits and cartilage healing potential [33]. Maintenance
of existing MSCs and their functions through molecu-
lar and structural synergy is a possible mechanism.
Traktuyev et al. [34] demonstrated that certain factors
produced by MSCs in SVE, such as VEGF, enable bet-
ter migration and survival of endothelial precursor cells
(EPCs), while EPCs, by producing PDGE-BB, in turn
enable MSCs to proliferate and migrate to the site of
injuried tissue. Other differentiated cells such as pro-
genitor cells in SVF may also promote cartilage regen-
eration. Zhao et al. measured the composition changes
of articular cartilage in KOA patients before and after
intra-articular injection of adipose-derived progenitor
cells by multi-compositional MRI, and observed the
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improvement of articular cartilage [35]. We speculate
that the cartilage volume advantage achieved by SVF
treatment over controls may be more relevant to mid-
term clinical acceptable state.

Adipose-derived cell therapies commonly use culture-
expanded ADSCs and SVE. Agarwal et al. meta-analyzed
18 studies of ADSCs and SVF for KOA and concluded
that although the dose or number of injections of ADSCs
or SVF varied, patients showed improvement in pain and
function from 2 to 24 months postoperatively [36], which
is consistent with our short-term results, suggesting that
compared to ADSCs, less preparation for SVF injections
may be an advantage, as both therapies have achieved
good clinical outcomes. The amount of ADSCs in SVF
tends to be less than culture-expanded ADSCs, but the
effect of ADSCs dose on efficacy is controversial. Jo et al.
found more significant improvement in KOA pain at high
cell doses (1 x 10® cells) [37], while another study showed
better results at lower doses (2 x 10° cells) [38]. There
are few clinical studies directly comparing the two thera-
pies, only Yakota et al. conducted a study in this area and
found that ADSCs were more clinically significant than
SVEF for KOA with more rapid action and fewer compli-
cations after a 6-month follow-up [39]. However, a recent
animal study showed that SVF was more effective than
culture-expanded ADSCs in the short-term repair of
damaged cartilage and reduction of inflammatory factors
such as IL-6 and TNF« in the synovial fluid [40]. Clinical
studies on the differences in cartilage repair between the
two therapies have not been reported. Therefore, more
clinical studies are still needed to draw strong conclu-
sions about which treatment is better. Based on the avail-
able evidence in the literature, we need to be aware that
SVE is still a good treatment option.

To the best of our knowledge, our study has a mid
follow-up period and exploring the factors influencing
prognosis for the first time. BML severity which reflects
the depth of spread of BML in bone tissue at multiple
MRI slices was an independent predictor of prognosis
after adjusting for confounding factors rather than car-
tilage-related variables. The pathology of BML is often
thought to be related to bone resorption, with contin-
ued progression of BML secondary to the expansion of
the area of necrosis, fibrosis subchondral tideline drift
and subchondral remodelling, leading to focal, vertical
shear stresses [41-43], which accelerate loss of cartilage
so that BML seem to be dominant. In this study, we also
focused on BML size, as the largest area shown on a sin-
gle MRI slice, which was shown not to be an influencing
factor, and we consider that the BML status at one level
alone does not reflect the grade of BML and the impact
on prognosis. Although a previous study found that SVF
has the potential to reduce bone marrow lesions during

91



Zhan%zet al. Stem Cell Research & Therapy ~ (2022) 13:105

short-term treatment [5], we found, in the present study,
that BML was not significantly improved at 5 years after
SVF treatment compared with the preoperative results
and compared with the data in the control group, sug-
gesting that SVF injection in the joint cavity does not
seem to improve BML in the subchondral bone. Intra-
articular injections supplemented by subchondral injec-
tions may be an option to try. The most direct correlation
between BML and clinical symptoms is pain, and intoler-
able pain is often the immediate cause of patients seeking
medical treatment. A 6-month retrospective study [44]
showed that the pretreatment presence of BML was also
associated with daily activities and function in the short
term, suggesting that BML is more responsive to PASS
regardless of pain or function. Since preoperative car-
tilage factors are not influential factors in prognosis for
clinical failure, we believe that sufficient attention should
be given to BML severity in serial MRI slices, as this may
imply a higher risk of failure with the treatment of SVF.
Therefore, we continue to recommend active interven-
tion with BML.

The KL grade is the most widely used method in clini-
cal practice for assessing KOA severity. A 2-year follow-
up of 30 patients undergoing stem cell therapy found that
the KOOS score of KL grade 2 was superior to that of
grade 3 [45]. Another study showed that the KL3 group
improved more than the KL2 group after SVF treatment
[5]. We compared the prognosis of KL grades 2 and 3,
which turned out not to be an independent risk factor.
The KL grade may miss meaningful changes in the bone
marrow and cartilage and therefore is not recommended
for the evaluation of regenerative therapies [46].

It is well known that obese patients have an increased
load on weight-bearing joints and thus an increased risk
of KOA [47]. A cross-sectional study showed a dose—
response relation between high BMI and pain and func-
tion in patients with KOA [48]. This may also apply to
prognostic analysis, where patients with high BMI are
also at increased risk of clinical failure.

There are limitations in the present study. First, the
efficacy of SVF in patients with KL grade 4 is unknown.
Second, since we performed a simple intra-articular
injection without lesion site localization, the exact desti-
nation of SVF cells in the joint is unknown, which limits
our further understanding of the mechanism of action
of SVE. Targeting SVF injections to specific lesion sites
and tracking the localization of SVF cells under MRI is a
direction for future research.

Conclusions

Up to 5 years after autologous SVF treatment, accept-
able clinical state was present for approximately 60% of
patients with less cartilage volume loss. In addition, the

Page 11 of 13

high severity of BML and high BMI increased the risk of
clinical failure. Intra-articular injection of SVF does not
improve subchondral BML.
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TRANSLATIONAL AND CLiNICAL

RESEARCH

Intra-Articular Injection of Mesenchymal Stem
Cells for the Treatment of Osteoarthritis of the
Knee: A Proof-of-Concept Clinical Trial

CHRIS HYUNCHUL Jo,? YOUNG GIL Lee,> WON HYOUNG SHIN,® HYANG Kim,? JE WON CHAIL?

Eul CHeoL JEONG, Ji EUN Kim,4 HACKIOON SHIM,® Ji SUN SHIN,? IL SEOB SHIN,
JEONG CHAN Ra,’ SoHee OH,® KanG Sup Yoon?

Key Words. Osteoarthritis « Adipose-tissue derived mesenchymal stem cells ¢ Intra-articular injec-
tion ¢ Cartilage regeneration

ABSTRACT

Mesenchymal stem cells (MSCs) are known to have a potential for articular cartilage regeneration.
However, most studies focused on focal cartilage defect through surgical implantation. For the
treatment of generalized cartilage loss in osteoarthritis, an alternative delivery strategy would be
more appropriate. The purpose of this study was to assess the safety and efficacy of intra-articular
injection of autologous adipose tissue derived MSCs (AD-MSCs) for knee osteoarthritis. We enrolled
18 patients with osteoarthritis of the knee and injected AD MSCs into the knee. The phase | study
consists of three dose-escalation cohorts; the low-dose (1.0 x 107 cells), mid-dose (5.0 X 107), and
high-dose (1.0 X 10°) group with three patients each. The phase Il included nine patients receiving
the high-dose. The primary outcomes were the safety and the Western Ontario and McMaster Uni-
versities Osteoarthritis index (WOMAC) at 6 months. Secondary outcomes included clinical, radio-
logical, arthroscopic, and histological evaluations. There was no treatment-related adverse event.
The WOMAC score improved at 6 months after injection in the high-dose group. The size of carti-
lage defect decreased while the volume of cartilage increased in the medial femoral and tibial con-
dyles of the high-dose group. Arthroscopy showed that the size of cartilage defect decreased in the
medial femoral and medial tibial condyles of the high-dose group. Histology demonstrated thick,
hyaline-like cartilage regeneration. These results showed that intra-articular injection of 1.0 x 10°
AD MSCs into the osteoarthritic knee improved function and pain of the knee joint without causing
adverse events, and reduced cartilage defects by regeneration of hyaline-like articular cartilage.
STEM CELLS 2014;32:1254-1266

engineering have been tried. Chondrocytes are
one of the most extensively investigated cells
showing positive clinical outcomes [7-10].
Nevertheless, chondrocyte implantation has
inherent disadvantages such as a two-stage sur-
gical procedure that may cause further cartilage
damage and degeneration [8, 10, 11] and chon-
drocyte dedifferentiation during culture that
might result in fibrocartilage rather than hyaline
cartilage [8, 12]. Moreover, its use has been lim-

INTRODUCTION

Osteoarthritis of the knee is the most common
form of arthritis that cause pain, stiffness, and
decreased function, and one of leading causes
of disability among noninstitutionalized adults [1,
2]. More than 50 modalities of pharmacological,
nonpharmacological, and surgical treatment are
reported in the literature [3]. However, the cur-
rent most common treatments for osteoarthritis

except for joint replacement have at best mod-
est albeit clinically relevant effects and can
endanger substantial adverse events or costs, or
both [4]. Furthermore, these treatments are
generally intended to decrease pain, maintain or
improve joint function, and minimize disability,
not to regenerate articular cartilage, whereas
osteoarthritis is characterized by the degenera-
tion of the extracellular matrix resulting in loss
of articular cartilage [5, 6].

For regeneration of articular cartilage, vari-
ous efforts including cell therapy and tissue

STEM CELLS 2014;32:1254-1266 www.StemCells.com

ited to focal cartilage defect caused by injury
while generalized cartilage loss seen in osteoar-
thritis has been its exclusion criterion [8, 10],
suggesting the need to find a different approach
for cartilage regeneration in osteoarthritis.
Mesenchymal stem cells (MSCs) have also
been focused as an emerging regime for carti-
lage regeneration. Unlike chondrocytes implan-
tation, the use of MSCs for regeneration of
human articular cartilage is still investigational
[13-15]. Recently, some authors reported
results of direct intra-articular injection of

©AlphaMed Press 2014
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MSCs into the knee for the treatment of focal defect or more
generalized cartilage loss in osteoarthritis [16-21]. Direct
intra-articular injection of MSCs would offer great advantages
if it could be translated into clinical practice as it would avoid
surgeries and associated side effects, such as hypertrophy and
ossification of periosteal coverage, immune reaction and dis-
ease transmission caused by xenograft coverage. More impor-
tantly, simplicity and ease of the injection could provide
better treatment opportunities, especially for the elderly with
comorbidity. Despite this potential, no clinical trials have been
performed but a few case reports. Therefore, we conducted a
proof-of-concept phase I/1I clinical trial to assess the safety
and the efficacy of intra-articular injection of autologous adi-
pose tissue derived MSCs (AD MSCs) in patients with knee
osteoarthritis. We report the clinical, radiological, arthroscopic,
and histological results.

MATERIALS AND IMETHODS

Study Design and Patients

This study is a phase I/1l clinical trial with no active control
conducted between March 2009 and September 2011 at
SMG-SNU Boramae Medical Center, Seoul, Korea. The protocol
was approved by the institutional review board of our insti-
tute. All participants provided written informed consent.

The phase | study consisted of three dose-escalation
cohorts; the low-, mid-, and high-dose group with three
patients each. Patients in each dose group received 1.0 X
107, 5.0 X 107, and 1.0 X 10® cells in 3 mL of saline, respec-
tively. After three patients in each cohort were followed up
for 28 days after injection, a safety review was done before
moving to the next dose or phase (Supporting Information
Method 1). The phase Il included nine patients receiving the
high-dose. Therefore, 18 patients were granted by the Korean
Food and Drug Administration and were consecutively
enrolled in the trial.

Eligible patients were between 18 and 75 years of age
with idiopathic osteoarthritis of the knee of grade 2 or more
according to Kellgren-Lawrence criteria and had an average
pain intensity of grade 4 or more on a 10-point visual analog
scale (VAS) for at least 4 months. Details of inclusion and
exclusion criteria are listed in the Supporting Information
Method 2.

Patients underwent physical examination, laboratory tests
including routine blood and urine tests, serologic tests, tumor
screening, and the pregnant test if indicated, and magnetic
resonance imaging (MRI) of the knee at screening after pro-
viding informed consent. All pain medications except the res-
cue analgesic, acetaminophen, were discontinued (Supporting
Information Method 3). Eligible patients returned to the hos-
pital within 1 week for liposuction. Arthroscopy and cell injec-
tion was performed 3 weeks after liposuction. Patients were
followed up at 1, 2, 3, and 6 months after injection. At each
visit, the safety and efficacy assessments were performed.
Furthermore, MRI of the knee was obtained at 3 and 6
months after injection. Second-look arthroscopy was per-
formed at 6 months after injection. A 2-mm-punch biopsy
specimen was obtained from the center of the cartilage
defect of the medial femoral condyle at the first arthroscopy,
and from the adjacent area to the first biopsy site at the

www.StemCells.com

second-look arthroscopy in patients who gave consent in the
high-dose group. Independent safety and data monitors over-
saw the overall trial process.

MSC Preparation

AD MSCs (Jointstem; K-STEM CELL, Seoul, Korea, http://www.k-
stemcell.com/) were prepared from the abdominal subcutaneous
fats by liposuction under good manufacturing practice condi-
tions, as previously described (Supporting Information Method
4) [22]. Cells were tested before shipping for cell number, viabil-
ity, purity (CD31, CD34, CD45), identity (CD73, CD90), sterility,
endotoxin, and mycoplasma (Supporting Information Table 1).

Arthroscopy and Stem Cell Injection

All procedures were performed in the supine position under
spinal anesthesia. A single orthopedic surgeon performed all
procedures. Standard arthroscopic examination of the knee
was performed; articular cartilage lesions were measured with
a calibrated arthroscopic probe and graded according to the
international cartilage repair society (ICRS) cartilage injury
classification [23]. After diagnostic exploration, AD MSCs in 3
mL of saline were injected into the knee joint through the
medial portal via 22G spinal needle. No debridement, syno-
vectomy, or meniscectomy was performed during arthroscopy,
and no drainage was used. Postoperative rehabilitation is
described in the Supporting Information Method 5.

Outcome Measures

Primary outcomes were the safety and the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC) at 6
months after injection [24]. The safety was assessed with vital
signs, physical examination, laboratory tests, adverse events,
and serious adverse events. Adverse events were categorized
using National Cancer Institute-Common Terminology Criteria
for Adverse Events version 4.0 scale (NCI-CTCAE v4.0). The
WOMAC is a validated, self-administered outcome measure
designed to evaluate knee and hip osteoarthritis; higher scores
mean increased pain, stiffness, and decreased function [24].
Secondary outcomes included four categories: clinical,
radiological, arthroscopic, and histological. Clinical outcomes
included a visual analog scale for knee pain on a scale from 0
to 10, and Knee Society Clinical Rating System (KSS) score
[25]. Radiological outcomes were measured with Kellgren-
Lawrence grade [26], joint space width of the medial com-
partment [27], mechanical axis with weight bearing line [28],
and anatomical axis using x-ray. The size, depth of cartilage
defect, and signal intensity of regenerated cartilage was also
measured using MRI by a blinded musculoskeletal radiologist
as previously described (Supporting Information Method 6)
[29, 30]. In addition, changes of the cartilage volume of the
knee joint were measured using a semiautomated segmenta-
tion method by a blinded researcher (Supporting Information
Method 7) [31]. Arthroscopy was performed to evaluate any
change in cartilage defect at the time of cell injection and at
6 months after injection. The size and ICRS grade of cartilage
defect was measured. If cartilage was regenerated at second-
look arthroscopy, ICRS grade of the defect was changed only
when regenerated cartilage covered more than 50% of the
original defect. For histological assessment, biopsy specimens
were subject to safranin O staining and immunohistochemistry
for type | and Il collagen as previously described with slight

©AlphaMed Press 29614
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modification (Supporting Information Method 8) [32]. Thick-
ness of regenerated cartilage was measured, and specimens
were evaluated with ICRS Il by a histopathologist [33].

Statistical Analysis

The sample size (18 patients) was decided in consultation
with the Korean FDA. Outcome measures were analyzed
based on the intention-to-treat population. Missing data were
replaced with multiple imputations (10 sets) under a missing-
at-random assumption [34]. Ten imputed datasets were gener-
ated, analyzed separately for each outcome measure, and
then combined into a single set of estimates according to the
Rubin rules [35]. For sensitivity test, single imputation using
the last-observation-carried forward method and a complete-
case analysis were additionally performed [36]. Because all of
the three methods did not yield meaningful changes in each
measurement, we presented only the imputation analyses.
Changes from baseline in all the measures that were scale
variables were determined with a paired t test. Kellgren-
Lawrence grade, depth of the cartilage defect measured by
MRI, and ICRS grade determined with arthroscopy were deter-
mined with a Wilcoxon signed rank test. The analysis was per-
formed using SAS version 9.2 (SAS Institute, Inc., Cary, NC).

RESULTS

Demographics of Patients

Twenty-five patients were assessed for eligibility, and 18
patients were consecutively allocated to treatment groups
and received AD MSCs (Fig. 1). Generally, all the patients
enrolled in the study showed similar baseline characteristics
of age, height, weight, body mass index, and radiographic
grade of osteoarthritis. One patient in the mid-dose group
withdrew consent after cell injection. Another patient com-
pleted follow-up except for the second-look arthroscopy. The
other 16 patients completed 6 months of follow-up. Analysis
was performed according to the level of cell doses (low-, mid-
, and high-dose), not to the phase of the trial, and according
to the intention-to-treat principle in clinical, radiological, and
arthroscopic assessments. Histological assessments were per-
formed in specimens from eight patients in the high-dose
group who gave consent for biopsies at both arthroscopies.

Patients in each group had similar baseline characteristics
(Table 1). Generally, females aged 60 years with an average
body-mass index around 26 who suffered for more than 5
years despite conservative treatments were included in the
study. All patients had osteoarthritis of the knee of Kellgren-
Lawrence grade 3 or 4. Baseline cartilage defect of the medial
femoral condyle measured with MRI was 407.0, 535.0, and
497.9 mm? in the low-, mid-, and high-dose group,
respectively.

Safety

Adverse events occurred in two (67%), two (67%), and five
(42%) patients in the low-, mid-, and high-dose group, respec-
tively (Table 2). None of them was grade 3 or 4 by NCI-CTCAE
scale or treatment-related. The most common adverse event
was nasopharyngitis, which developed in one patient in each
group (Supporting Information Table 2). There was one serious
adverse event, urinary stone, which occurred in a patient in
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the low-dose group with a previous history. He was treated
with extracorporeal shock wave lithotripsy and medicine. He
was fully recovered and completed follow-up. Two patients
reported arthralgia. One patient in the mid-dose group
reported bilateral knee pain; the ipsilateral pain and tender-
ness was due to pes bursitis which has been known com-
monly accompanied in the osteoarthritis knee. And the
contralateral pain was due to osteoarthritis of the contralat-
eral knee. The other patient in the high-dose group also
reported pain and tenderness in the pes anserinus of the ipsi-
lateral knee. Both patients were managed with knee stretch-
ing and quadriceps setting exercise and intermittent
acetaminophen. Both of them completed follow-up. No
patients were discontinued from the study because of adverse
events. There were no clinically important trends in the
results of physical examination, vital signs, laboratory test dur-
ing the study.

Clinical Outcomes

AD MSCs injection was associated with improvement of the
WOMAC score at 6 months after injection as compared with
baseline in the high-dose groups (Fig. 2A; Supporting Informa-
tion Table 3). The mean reduction from the baseline over 6
months was 39% in the high-dose group, from 54.2 = 5.2 to
32.8 6.3 (p =.003). Patients in the low- and mid-dose group
did not improve over 6 months. Visual analog scale for knee
pain significantly decreased from 79.6 £ 2.2 to 44.2 6.3 in
the high-dose group only (45% decrease; p < .001) (Fig. 2B).

The knee score of KSS significantly increased in the low-
dose group from 41.3*£6.8 to 79.0 £12.5 (91% increase;
p=.025) and in the high-dose group from 47.2+2.6 to
71.0 = 4.4 (50% increase; p < .001) (Fig. 2C). Meanwhile, the
function score of KSS significantly increased in the low-dose
group only from 60.0*+5.8 to 83.3+8.8 (39% increase;
p = .020) (Fig. 2D).

Radiological Outcomes

Kellgren-Lawrence grade, joint space width, mechanical axis,
and anatomical axis did not change significantly over 6
months in all dose groups (Supporting Information Table 4).
Serial MRI examinations found gradual regeneration of articu-
lar cartilage in the medial femoral and tibial condyles over 6
months (Fig. 3A). At 3 months, thin cartilage was noticed in
the both condyles. It thickened and became mature with iso-
intensity at 6 months.

The size of cartilage defect measured with MRI signifi-
cantly decreased both in the medial femoral and tibial con-
dyles as well as in the lateral femoral and tibial condyles at 6
months in the high-dose group. (Fig. 3A; Supporting Informa-
tion Table 5); from 497.9 = 29.7 mm? to 297.9 = 51.2 mm? in
the medial femoral condyle (40% decrease; p =.004), from
333.2+51.2 mm?® to 170.6 + 48.2 mm? in the medial tibial
condyle (49% decrease; p < .001), from 103.6 = 27.1 mm? to
51.1+249 mm? in the lateral femoral condyle (51%
decrease; p =.011), and from 19.4*+7.3 mm? to 10.4 * 4.2
mm? in lateral tibial condyle (46% decrease; p =.041), but
not in the patella, from 93.3 = 33.3 mm? to 79.1 + 27.6 mm?
(15% decrease; p = .340). There were no significant changes
in the other dose groups. The depth of the cartilage defect
did not show significant changes over 6 months in all dose
groups (Supporting Information Table 6). The signal intensity
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25 patients assessed for eligibility

7 excluded
6 not meet inclusion criteria
1 declined to participate

18 consecutively allocated to receive
autologous AD MSCs

9 allocated to phase 1 trial

9 allocated to phase 2 trial

3 received 5 x 107 cells
(Mid-dose)

3 received 1 x 107 cells
(Low-dose)

3 received 1 x 108 cells

9 received 1 x 108 cells
(High-dose)

(High-dose)

1 withdrew

3 with 6 months of 2 with 6 months of

3 with 6 months of 9 with 6 months of

follow-up follow-up follow-up follow-up
A A A
3 analyzed (ITT) 3 analyzed (ITT) 12 analyzed (ITT)
(Low-dose) (Mid-dose) (High-dose)
Arthroscopy & Second-look
AD MSCs injection arthroscopy
l A
| | | | | | |
- 4 weeks - 3 weeks 0 1 month 2 months 3 months 6 months
I ] I |
Baseline MRI Liposuction 1tPO MRI 2™ PO MRI
Clinical F/U  Clinical F/U Clinical F/U  Clinical F/U

Figure 1.
magnetic resonance imaging.

of regenerated cartilage in each compartment had a slight
tendency to become isointense over 6 months in the high-
dose group but without a statistical significance (Supporting
Information Table 7).

The cartilage volume also increased gradually over time till 6
months both in the medial femoral and tibial condyles in the high-
dose group (Fig. 3B; Supporting Information Table 8); from
3,313.7 = 304.1 mm?® to 3,780.6 = 284.4 mm® in the medial femo-
ral condyle (14% increase; p = .044) and from 1,157.5 * 145.8
mm? to 1,407.7 = 150.5 mm? in the medial tibial condyle (22%
increase; p = .047). Meanwhile, patients in the low-dose group
temporarily also showed increased cartilage volume from
3,315.0 = 104.3 mm? to 3,959.7 + 55.9 mm? at 3 months (27%
increase; p =.026) in the medial femoral condyle. The cartilage
volume of the lateral femoral and tibial condyles and the patella
did not change in all dose groups over 6 months).

www.StemCells.com

Study flow diagram. Abbreviations: AD MSCs, adipose-tissue derived mesenchymal stem cells; ITT, intention-to-treat; MRI,

Second-Look Arthroscopy

As a gold standard for articular cartilage assessment, arthroscopy
before and 6 months after AD MSCs injection demonstrated
findings consistent with clinical and radiological outcomes. Mac-
roscopically, regenerated cartilage formed in the most severely
degenerated area with ICRS grade 3 in the medial femoral and
tibial condyles, whereas it was hardly seen in the less severely
degenerated area in the lateral compartment and the patella
(Fig. 4A-4C). Regenerated cartilage looked glossy white with a
smooth surface. With a probe, it felt firm like healthy articular
cartilage in the medial femoral condyle, whereas it was less firm
in the medial tibial condyle. No loose body, hypertrophy, or
abnormal calcification was identified.

The size of cartilage defect measured with a calibrated
probe demonstrated a significant reduction of the cartilage

©AlphaMed Press 29814
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Table 1. Baseline characteristics of patients in the low-, mid-, and high-dose groups

Low-dose (n = 3)

Mid-dose (n = 3) High-dose (n = 12)

Cells injected, No. 1 X 107
Age, mean (SD) (years) 63 (8.6)
Sex, No. (%)

Male 1(33.3)

Female 2 (66.7)
Height, mean (SD) (cm) 157 (6.7)
Weight, mean (SD) (kg) 64 (3.5)
Body-mass index, mean (SD)? 26 (1.0)
Symptom duration, mean (SD), (m) 63 (50.7)
Activity level (LIENEIV), No. (%)°

| 0

1] 0

1l 2 (66.7)

\Y, 1(33.3)
Functional status (l:IL:111:1V), No. (%)°

| 0

1] 0

] 3 (100.0)

\Y) 0
Previous treatment history, No. (%)°

Surgery 0

Pharmaceutical 0

Physiotherapy 0
Kellgren-Lawrence grade, No. (%)°

Grade 3 2 (66.7)

Grade 4 1(33.3)
Baseline WOMAC score, mean (SD)" 43 (22.0)
Baseline VAS pain score, mean (SD)? 70 (17.3)
Baseline KSS, mean (SD)"

Knee score 41 (11.7)

Function score _ 60 (10.0)
Cartilage defect, mean (SD) (mm?)’ 407 (174.1)

5 X 107 1 x 10%
65 (6.6) 61 (6.2)
0 2 (16.7)
3 (100.0) 10 (83.3)
156 (1.4) 157 (4.8)
68 (5.1) 64 (7.5)
28 (2.1) 26 (2.1)
144 (86.5) 117 (135.2)
0 0
0 2 (16.7)
3 (100.0) 7 (58.3)
0 3 (25.0)
0 0
1 (33.3) 1(8.3)
2 (66.7) 11 (91.7)
0 0
0 0
1(33.3) 6 (50.0)
0 1(8.3)
2 (66.7) 8 (66.7)
1(33.3) 4 (33.3)
69 (10.2) 54 (17.9)
78 (2.9) 80 (7.5)
35 (16.9) 47 (8.8)
57 (11.5) 71 (9.0)
535 (31.2) 498 (103.0)

Abbreviations: WOMAC, Western Ontario and McMaster Universities Osteoarthritis index; VAS pain, visual analog scale for pain; KSS, the Knee

Society Score.

Calculated as weight in kilograms divided by height in meters squared.

|DActivity level | indicates high competitive sportsman/woman; Il, well-trained and frequently sporting; Ill, sporting sometimes; 1V, nonsporting.
“Functional status | indicates “l can do everything that | want to do with my joint”; II, “I can do nearly everything that | want to do with my
joint”; 1ll, “I am restricted and a lot of things that | want to do with my joint are not possible”; IV, “I am very restricted and | can do almost

nothing with my joint without severe pain and disability.”

Each patient was asked whether he/she received surgery (yes or no), pharmaceutical treatment history during last 2 months (yes or no), and

physical therapy during last 1 month (yes or no).

®Kellgren-Lawrence grade 3 indicates multiple moderate-sized osteophytes, definite narrowing of the joint space, some sclerosis, and possible defor-
mity of bone contour; and grade 4, large osteophytes, marked narrowing of the joint space, severe sclerosis, and definite deformity of bone contour.
fWOMAC score evaluates osteoarthritis of the knee. Total scores can range from 0 to 96; higher scores indicate more severe disease.

8VAS pain assesses present knee pain with visual analog scale ranging from 0 to 10.

f’KSS is a measure of functional ability of the knee reported as the two scores, knee socre and function score.

'Cartilage defect means the defect in the medical femoral condyle of each participant.

Table 2. Summary of adverse events

Low-dose Mid-dose High-dose
(n=3) (n=3) (n=12)

Patients with AEs®

All 2 (67%) 2 (67%) 5 (42%)

Treatment-related 0 0 0
Patients with SAEs®

Al 1 (33%) 0 0

Treatment-related 0 0 0

Abbreviations: AE, adverse event; SAE, serious adverse events.

?An AE is defined as any undesired medical incident which is not
necessarily in cause-and-effect relationship to the treatment.

PA SAE is defined as any undesired medical incident which results in
death, is life threatening, requires hospitalization, causes disability, or
results in a congenital abnormality or birth defect.

defect from 1,225.7 +282.8 mm? to 837.8 +278.9 mm? in
the medial femoral condyle (32% decrease; p =.003) and
from 352.3 +77.6 mm? to 126.3 = 43.8 mm? in the medial

©AlphaMed Press 2014

tibial condyle (64% decrease; p =.008) in the high-dose
group (Fig. 4D). The size of cartilage defect in the lateral
femoral and tibial condyle and the patella did not change in
all dose groups over 6 months (Supporting Information
Table 9).

The ICRS grade of the cartilage defect significantly
improved in the medial femoral and tibial condyle in the
high-dose group at second-look arthroscopy (Fig. 4E). No sig-
nificant change was found in the lateral femoral and tibial
condyles, and the patella did not change in all dose groups
(Supporting Information Table 10).

Histological Outcomes

Generally, biopsy specimens from the medial femoral con-
dyles had no articular cartilage before injection (ICRS 3C)
(Fig. 5A). At 6 months after injection, articular cartilage
with a thick, glossy white matrix and smooth surface was
regenerated and was well-integrated with the subchondral
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Figure 2. Changes of WOMAC, VAS for knee pain, and KSS knee and function score during 6 months after intra-articular injection of

adipose derived mesenchymal stem cell (AD MSCs). (A): The WOMAC score. It showed a tendency of improvement in all dose groups
over 6 months. However, the statistical significance was found in the high-dose group only. (B): Knee pain also showed a decreasing
tendency over time but with the statistical significance only in the high-dose group. (C): KSS knee score similarly improved during 6
months in all dose group. The statistical significance was found in the high-dose group. (D): KSS function score showed a tendency of
initial decrease and recovery after 2 months in all dose groups. The initial decrease was due to non-weight bearing for first 2 months
after injection. Abbreviations: KSS, knee society clinical rating system score; VAS, visual analog scale; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis index.

bone. In the lower half of the middle zone and the deep
zone, safranin O and type Il collagen positive hyaline-like
cartilage was clearly demonstrated, whereas type | collagen
positive fibrocartilage was identified in the superficial and the
upper half of the middle zone. Collagen fibrils in the superficial
and middle zone run parallel and oblique to articular surface,
respectively, whereas those in the deep zone run vertically.
Chondrocytes are flattened in the superficial zone and round in
the middle and deep zones similar to those in the deep zone
of hyaline cartilage. Small chondrocytes are also found in the
in the calcified cartilage zone. However, typical columnar chon-
drocytes or tide mark is not definite, suggesting that matura-

tion is still in process [37]. In some patients with ICRS 3B
before injection, hyaline-like articular cartilage similar to Figure
5A was also regenerated (Fig. 5B). Meanwhile, relatively thin
fibrocartilage with minimal safranin O and type Il collagen posi-
tive matrix was formed in the worst case (Fig. 5C). Additional
histological data are available in the Supporting Information
Figure.

The ICRS Il scores changed significantly after AD MSCs
injection in four parameters: surface architecture, and sur-
face, mid, and overall assessments (Supporting Information
Table 11). The mean thickness of articular cartilage increased
from 0.4 +=0.3 mm before injection, which increased to

Figure 3. Radiological evaluation of articular cartilage regeneration in the medial and femoral condyles after intra-articular injection of
adipose derived mesenchymal stem cells (AD MSCs). (A): Sagittal and coronal MRIs of the medial femoral and tibial condyles before, 3,
and 6 months after AD MSCs injection. Cartilage defects in the medial femoral condyle (green arrows in the upper row) and in the
medial tibial condyle (yellow arrows in the lower row) are identified as signal voids between the two condyles. In the low-dose group,
no significant changes are identified after injection at 3 months. Small cartilage island is barely noticed in the medial femoral condyle at
6 months. In the mid-dose group, thin and irregular regenerated cartilages can be seen both in the medial femoral and tibial condyles
at 3 months. While regenerated cartilages thicken and enlarge more over next 3 months, they seem to be still thin, irregular, and of
hyperintensity. In the high-dose group, regenerated articular cartilages can be found both in the medial femoral and tibial condyles at 3
months which are still thin but relatively smooth compared with those in the mid-dose group. At 6 months, regenerated cartilage
became thicker, smoother, and mature with isointensity with surrounding cartilage in the both condyles. Cartilage defect in the medical
femoral condyle significantly decreased at 6 months in the high-dose group. Meanwhile, cartilage defect in the medial tibial condyle
decreased at 3 and 6 months in the high-dose group. (B): Changes of articular cartilage volume over 6 months after AD MSC injection
in the medial femoral condyle (green in the upper row; right knee viewed from the above) and in the medial tibial condyle (orange in
the lower row; right knee viewed from the below) in the high-dose group. The void seen at the baseline before injection (the left col-
umn) was gradually filled at 3 months (the middle column) and 6 months (the right column) in the medial femoral and tibial condyles.
Articular cartilage volume in the medial femoral (the upper right graph) and tibial condyles (the lower right graph) significantly
increased in the high-dose group. Abbreviation: MRI, magnetic resonance imaging.

www.StemCells.com ©AlphaMed Press 17.(5)6.4
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A MRI evaluation of the cartilage defect and regeneration after injection
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Figure 4. Arthroscopic evaluation of articular cartilage regeneration in the medial and femoral condyles after intra-articular injection of
adipose derived mesenchymal stem cells (AD MSCs). (A): Arthroscopic finding shows large denuded medial femoral and tibial condyles
(international cartilage repair society [ICRS] grade 3) before injection. After 6 months, while small cartilage islands are newly formed in
both condyles, the majority of denuded both condyles are not covered. (B): Subchondral bones are exposed with nearly complete
absence of articular cartilage in both condyles prior to injection. At 6 months, relatively moderate-sized newly formed white cartilage is
visible in the medial femoral condyles. Multiple tiny cartilage patches are formed around it. (C): Complete absence of articular cartilage
(ICRS grade 3) in both condyles before injection. Six months after injection of AD MSCs, a thick, glossy white, and firm hyaline-like carti-
lage is regenerated and covers the majority of cartilage defects in the medial femoral and tibial condyles. (D): Size change of the carti-
lage defect of the medial femoral and tibial condyles significantly decreased in the high-dose group 6 months after injection, but not in
the low- and mid-dose group. (E): The ICRS grade of the cartilage defect significantly improved in the medial femoral and tibial condyles
in the high-dose group whereas no significant change was found in the lateral femoral and tibial condyles, and the patella did not
change in all dose groups (Supporting Information Table 10). Abbreviations: MFC, medial femoral condyle; MTC, medial tibial condyle.

1.6 0.8 mm after injection (300%; p =.004). The mean
thickness of regenerated cartilage in four patients who had
no cartilage (ICRS grade 3C) before injection was also
1.6 0.5 mm.

This proof-of-concept trial reached its predetermined primary
outcomes, that is, intra-articular injection of AD MSCs into
osteoarthritic knee was not associated with apparent adverse
events, but improved function of the knee measured with
WOMAC over 6 months of follow-up. Patients in the high-
dose group demonstrated significantly improved WOMAC
score with a clinically meaningful pain reduction which is
approximately 30% from the baseline [38]. Evaluation with

www.StemCells.com

MRI and second-look arthroscopy identified regenerated
articular cartilage consistently in the high-dose group. Histo-
logical evaluation revealed that regenerated cartilage had a
thick, glossy white matrix with a smooth surface, and was
well-integrated with the subchondral bone. In the upper
half of the middle and the deep zones, safranin O and type
Il collagen positive hyaline-like cartilage was clearly demon-
strated, whereas type | collagen positive fibrocartilage was
identified in the superficial and the upper half of the middle
zones. Patients in the mid-dose group showed improvement
in some clinical outcomes, but those in the low-dose group
did not show improvement in most outcome measures.
These results would be due to regeneration of articular car-
tilage as well as via paracrine effects, and that the effects
were closely related to the number of injected AD MSCs.

©AlphaMed Press 17.(921.4
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We agree that osteoarthritis is a mesenchymal disease,
that is to say, a condition in which the activity, phenotype, or
mobilization of MSC population is altered, leading to an
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absence of repair and increased degeneration [39]. In osteoar-
thritis, MSCs are depleted and have reduced proliferative
capacity and reduced ability to differentiate [40]. Therefore,
provision of an adequate number of healthy and functional
MSCs would be helpful for enhancing repair or inhibit the
progression of cartilage loss [18]. Potential mechanisms of
MSCs for the treatment of osteoarthritis are believed through
two ways. One is direct differentiation into chondrocytes, and
the other is paracrine effects of secreted bioactive materials
[39, 41]. Early studies have focused the differentiation poten-
tials of MSCs which were examined with small surgically cre-
ated chondral defects in animal models [15, 42]. Recent
studies also showed that MSCs contributed to the repair of
damaged articular cartilage through homing, engraftment, and
production of cartilage matrix [16, 18, 43] in osteoarthritis
models. Differentiation of delivered MSCs into chondrocytes
appeared to be induced by the local environment of the hom-
ing site [43, 44]. Meanwhile, a surging paradigm suggests that
direct differentiation might not be the only mechanism, but
paracrine effects through secretion of bioactive materials
should involve [39, 45]. MSCs are known to stimulate chondro-
cytes to proliferate and synthesize extracellular matrix [46-48],
to induce anti-inflammatory cytokine production [44, 49-51],
and to possess immunomodulatory properties [52, 53]. These
studies together suggest that MSCs modulate inflammation and
provide environment for tissue regeneration either by direct
secretion of bioactive materials or by controlling cytokine and
growth factor production from endogenous cells [41, 49, 54-57].
The results of this study provide robust evidences for both
mechanisms. Regeneration of hyaline-like articular cartilage after
injection is clearly demonstrated in this study by MRI, arthro-
scopy, and histology. Evidences of previous studies showing that
injected cells participated in regeneration of articular cartilage
suggest that injected MSCs rather than endogenous cells

Figure 5. Histological evaluation of regenerated articular carti-
lage of biopsy from the medial femoral condyle after intra-
articular injection of adipose derived mesenchymal stem cells (AD
MSCs). (A): A typical biopsy sample from the medial femoral con-
dyle of a patient with international cartilage repair society (ICRS)
grade 3C in the high-dose group at the baseline and 6 months
after AD MSCs injection stained with safranin O and anti-type |
and 1l collagen antibodies. Whereas no articular cartilage is seen
at the baseline, a thick, hyaline-like cartilage with a smooth sur-
face is regenerated and integrated with the subchondral bone 6
months after injection. In the superficial and the upper half of
the middle zones, regenerated cartilage is composed of type |
collagen and minimally contain type Il collagen. Collagen fibrils in
the superficial zone run parallel to articular surface while those in
the middle zone are aligned obliquely. Safranin O and type Il col-
lagen is stained mostly in the lower half of the middle and the
deep zones. Collagen fibrils in these zones run vertically. Typical
columnar chondrocytes or tide mark is not definite. However,
chondrocytes are flattened in the superficial zone, and round in
the middle and deep zones similar to those in the deep zone of
hyaline cartilage. Small chondrocytes are also present in the in
the calcified cartilage zone. (B): Another biopsy sample from the
medial femoral condyles of ICRS grade 3B at the baseline. At 6
months after injection, articular cartilage is regenerated similar to
(A). Regenerated cartilage also has a smooth surface and showed
relatively more positive safranin O and type Il collagen staining.
(C): Biopsy samples of the worst case with ICRS grade 3C at the
baseline. At 6 months after injection, a relatively thin fibrocarti-
lage is formed. Yet, the surface of regenerated cartilage is
smooth, and demonstrated safranin O and type Il collagen posi-
tive matrix in the deep zone. Abbreviation: saf O, safranin O.
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recruited by paracrine mechanism were supposed to regenerate
articular cartilage [16, 43, 58] while we did not track. Further-
more, as even few MSCs could trigger paracrine effects [44],
better clinical and structural results in the high-dose group
should more support that regeneration occurred mainly via
direct differentiation. However, improved clinical outcomes not
only in the high-dose group but also in the low- and mid-dose
group suggest that paracrine effects should also work. Neverthe-
less, we still do not have enough knowledge about details;
when and how much each mechanism contributes, which
mechanism is more important to patients with different condi-
tions, optimal cellular dose and condition for each mechanism,
and so on. Additional researches need to be done for elucida-
tion of these questions.

We used AD MSCs in this trial with already proven safety
[22]. In comparison with bone marrow MSCs, AD MSCs have
several advantages including feasibility of harvesting in a large
amount by a simple, repeatable, and minimally invasive method,
the highest frequency of MSCs [59], easy and rapid expansion in
culture, and higher passage cells still retaining stem cell pheno-
types and pluripotency [60]. However, the main benefits of AD
MSCs are that they have less effect of age or morbidity
of patients on quality in contrast to bone marrow MSCs
[40, 61-64]. Despite some concerns about inferior chondrogenic
potential of AD MSCs [65, 66], several experimental studies
showed that AD MSCs reduced hypertrophy and dedifferentia-
tion of chondrocytes [67], inhibit synovial thickening, and pro-
tect against joint destruction [68], and decreased the
development and progression of osteoarthritis [69, 70]. The
results of this study are consistent with previous experimental
studies and suggest that AD MSCs are an appealing source for
the treatment of osteoarthritis.

Most previous studies that investigated potentials of
MSCs for regeneration of articular cartilage have used acute
chondral defects models through surgical implantation [13,
15, 17, 71, 72]. Those defects are usually small with defined
dimensions, surrounded by relatively normal cartilage and thus
would simulate cartilage injury caused by trauma. However, car-
tilage lesions associated with osteoarthritis are chronic, large,
complex in shape and thickness, and surrounded by degenera-
tive cartilage. Therefore, alternate strategies other than direct
implantation would be more appropriate [16-18, 73]. MSCs are
known to home and are preferentially attracted to diseased tis-
sue rather than to intact tissue [58, 74-76]. Using this homing
ability, some authors demonstrated that intra-articularly injected
MSCs attached to cartilage defect, proliferated, and participated
in regeneration of articular cartilage [16, 17, 43], decreased
synovial fluid concentration of prostaglandin E2 [50], and retard
the progression of osteoarthritis [18, 77]. A few case reports in
human also described encouraging early clinical outcomes of
intra-articular injection of bone marrow MSCs [19-21]. In line
with previous experimental studies and clinical case reports, this
study demonstrated a great promise of intra-articular injection
of AD MSCs with details of clinical, radiological, arthroscopic,
and histological results. Current medical treatment for osteoar-
thritis are commonly associated with gastrointestinal, hepatic,
renal, or cardiac side effects [78], and surgery is inevitably inva-
sive no matter how minimal it is. This makes intra-articular injec-
tion a valuable option, especially in the elderly. Considering very
low incidence of infection, 0.002% [79], and feasibility of the
procedure, intra-articular injection of MSCs would be a valuable
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therapy for osteoarthritis if evidences accumulate. One of impor-
tant findings in this study is that most of regenerated cartilage
was found in the medial femoral and tibial condyles, both of
which were the most severely degenerated site in the knee. The
results are consistent with studies reporting that injected cells
adhere diseased rather than intact articular cartilage [18, 80,
81]. Also these results would confirm the homing ability of AD
MSCs that actually work in human osteoarthritis. Meanwhile, lit-
tle change was found in the other compartments such as the
lateral femoral and tibial condyles, and patella in which less
degenerated cartilage existed. Considering that earlier injection
of MSCs during the progression of osteoarthritis would be more
beneficial [16], investigations for enhancing homing and engraft-
ment of MSCs not only to as most degenerated location but
also to less degenerated site should be necessary.

Patients in the high-dose group showed significantly improved
outcomes in most clinical, radiological, and arthroscopic measures
whereas those in the low- and mid-dose group did not. These
results suggested that a sufficiently adequate number of MSCs
should be delivered to the lesion for the best results. The impor-
tance as well as concerns of the cell dose has been raised by sev-
eral authors [58, 65, 82]. Some reported that injection of 1.0 X 107
MSCs generated free bodies of scar tissue in the rat knee [58],
whereas others reported insufficient numbers of applied cells
showed inferior results [65]. Therefore, the optimal cell dose
needed to be clarified for achieving efficacy balanced with safety.
This study showed that at least the total number of 1.0 X 10®
MSCs per injection would be a prerequisite for consistently good
results. Nevertheless, they might not be the best results; regener-
ated cartilage did not completely cover the original defect of the
medial femoral and tibial condyles even in the high-dose group,
and there were little changes in the other compartments. There-
fore, further studies would be necessary for optimal results, and
repeated injections at intervals could be a good option.

There are some limitations of the study. First, there is no con-
trol in the study. A larger scale study with an appropriate control
would be necessary for clinical application. Second, while regen-
eration of articular cartilage was clearly identified with MRI,
arthroscopic, and histological measures, the 6-month of follow-up
would be short especially for the assessment of clinical outcomes
as certain clinical outcomes such as VAS pain in the mid-dose
group increased at the final follow-up. Further study with longer
follow-up would be necessary. Third, the results in the high-dose
group might not be the best. As increasing the number of
injected cells more may be practically difficult and would raise
concerns such as fibrous foreign body formation, another
approach including repetition of the injection and enhancement
of homing ability of MSCs would be more promising. Fourth, the
period of non-weight bearing after injection would not be opti-
mized. As a proof-of-concept study, we focused more on regener-
ation of articular cartilage than on early return to daily activity.
Thus, we recommended non-weight bearing with only toe-touch
for 8 weeks that may be similar with the period used in other
treatments for cartilage regeneration [83, 84]. Whereas this pro-
longed period of non-weight bearing might allow some native
repair, it decreased and delayed recovery of the knee function
after injection as evidenced by initial decline of the function score
of KSS (Fig. 2D). Therefore, an optimal rehabilitation protocol for
intra-articular injection of MSCs needs to be further investigated.
Fifth, clinical researches need to use a validated questionnaire
that is specific for the condition being studied. While WOMAC is
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a widely used, validated self-administered instrument specifically
designed to evaluate knee and hip osteoarthritis [24], it might
not be specific for evaluating patients after intra-articular injec-
tion of AD MSCs which has never been studied before. Finally,
the quality of regenerated cartilage would be not optimal as
demonstrated in the histological results. Further investigations for
enhancing chondrogenic differentiation would be necessary for
better results.

CONCLUSIONS

In summary, intra-articular injection of 1.0 X 108 AD MSCs into
the osteoarthritic knee improved function and pain of the knee
joint without causing adverse events. Radiological, arthroscopic,
and histological measures consistently demonstrated decreased
of articular cartilage defects by regeneration of hyaline-like artic-
ular cartilage. These results are promising to encourage large
randomized clinical trials, and we are cautiously optimistic about
this new step for the treatment of osteoarthritis of the knee.
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Abstract

Purpose 1In the present study, the clinical outcomes and
second-look arthroscopic findings of intra-articular injec-
tion of stem cells with arthroscopic lavage for treatment of
elderly patients with knee osteoarthritis (OA) were
evaluated.

Methods Stem cell injections combined with arthroscopic
lavage were administered to 30 elderly patients
(=65 years) with knee OA. Subcutaneous adipose tissue
was harvested from both buttocks by liposuction. After
stromal vascular fractions were isolated, a mean of
4.04 x 10° stem cells (9.7 % of 4.16 x 107 stromal vas-
cular fraction cells) were prepared and injected in the
selected knees of patients after arthroscopic lavage. Out-
come measures included the Knee Injury and Osteoarthritis
Outcome Scores, visual analog scale, and Lysholm score at
preoperative and 3-, 12-, and 2-year follow-up visits. Six-
teen patients underwent second-look arthroscopy.

Results  Almost all patients showed significant improve-
ment in all clinical outcomes at the final follow-up exam-
ination. All clinical results significantly improved at 2-year
follow-up compared to 12-month follow-up (P < 0.05).
Among elderly patients aged >65 years, only five patients
demonstrated worsening of Kellgren—-Lawrence grade. On
second-look arthroscopy, 87.5 % of elderly patients (14/
16) improved or maintained cartilage status at least 2 years
postoperatively. Moreover, none of the patients underwent
total knee arthroplasty during this 2-year period.
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Conclusion Adipose-derived stem cell therapy for elderly
patients with knee OA was effective in cartilage healing,
reducing pain, and improving function. Therefore, adipose-
derived stem cell treatment appears to be a good option for
OA treatment in elderly patients.

Level of evidence Therapeutic case series study, Level
IV.

Keywords Mesenchymal stem cell - Arthroscopic
lavage - Knee osteoarthritis

Introduction

Osteoarthritis (OA) is the most common musculoskeletal
disorder [3]. Synovial inflammation, in particular, can
affect joint homoeostasis [5] and is associated with pain
and OA disease progression [31]. The current treatments
for OA are not regenerative and have little impact on the
progressive degeneration of joint tissues. Clinical inter-
ventions are primarily symptomatic and focus on pain
reduction and inflammation control through nonsteroidal
anti-inflammatory drugs and ultimately with total joint
replacement [4]. Few options are currently available for
elderly patients with moderate to severe arthritis. Most
approaches are palliative and address symptoms rather than
influencing the biochemical environment of the joint or
disease process.

Because of their multilineage potential, immunosuppres-
sive activity, limited immunogenicity, and relative ease of
growth in culture, mesenchymal stem cells (MSCs) are an
attractive option for clinical use. Therefore, MSCs have
been suggested for use in the cell-based treatment of carti-
lage lesions. In our previous study, 25 patients affected by a
knee degenerative condition were treated with infrapatellar
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fat pad-derived MSC therapy by intra-articular injections
and assessed at a 16.3-month follow-up [17]. The results
indicated that this procedure was safe and helps in reducing
pain and improving function in patients with knee OA. In a
subsequent study involving the use of stem cell therapy [18],
we obtained good clinical and radiological results at 2 years
of follow-up. However, changes in clinical and MRI scores
were positively related to the number of cells injected,
indicating that treatment efficacy improved with an increase
in the number of cells injected. Therefore, in the present
study, we used buttock subcutaneous fat tissue as the source
for stem cells because a sufficient quantity of adipose tissue
was available in this region. Moreover, there are wide
variations in the amount of fat in the infrapatellar fat pad,
but we were able to obtain a consistent volume of buttock
subcutaneous fat tissue in all patients. Therefore, we
obtained fat from the gluteus region rather than the infra-
patellar fat pad in the present study.

Intra-articular insertion of adipose tissue-derived stem
cells with arthroscopic lavage was believed to improve
articular cartilage status and decrease pain for a long period
in elderly patients with knee OA. Thus, in the present
study, the potential treatment of OA symptoms with MSCs
and arthroscopic lavage was evaluated using clinical results
and second-look arthroscopic findings.

Materials and methods

Between November 2010 and January 2011, 30 stem cell
injections combined with arthroscopic lavage were
administered to elderly patients (>65 years) with knee OA.
Thirty patients [5 men and 25 women; mean age, 70.3
(range 65-80) years], in whom previous nonsurgical
treatment (undergoing nonoperative management options
such as physical therapy and nonsteroidal anti-inflamma-
tory drugs, for a minimum of 3 months) had failed and who
had refused to undergo prosthetic replacement, underwent
stem cell therapy as a salvage procedure, which was per-
formed one senior surgeon (Y.G.K.) at the authors’ insti-
tute. Eligibility requirements were age >65 years and
diagnosis of idiopathic or secondary knee OA [Kellgren—
Lawrence [12] (K-L) grade 2 or 3 OA in multiple com-
partments, including the medial or lateral tibiofemoral joint
compartments or the patellofemoral compartment]. Patients
were excluded if they met at least one of the following
criteria: diagnosis with K-L [12] grade 4 OA or inflam-
matory or postinfectious arthritis, previous arthroscopic
treatment for knee OA, previous major knee trauma, intra-
articular hyaluronic acid or corticosteroid injection in the
preceding 3 months, mechanical pain caused by meniscal
tears (including flap tears, bucket-handle tears, and com-
plex tears), and inability to provide informed consent.
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Three doctors, who were blinded to the grading results of
the other examiners, performed K-L grading in all the
patients. The knee joint is typically evaluated using an
extended knee radiograph, which is a bilateral anteropos-
terior image acquired while the patient is in a weight-
bearing condition, with both the knees completely
extended.

Collection of subcutaneous adipose tissue

Subcutaneous adipose tissues were harvested from the
patients’ buttocks by liposuction, as described previously
[13, 15]. One day before the arthroscopic surgery, we
harvested the adipose tissue through liposuction using a
tumescent solution. The patient was placed in the prone
position under intravenous sedation. After surgical prepa-
ration, a hollow blunt-tipped cannula was introduced into
the subcutaneous space through a small incision, and sub-
cutaneous adipose tissue was infiltrated with a tumescent
solution to minimize blood loss and tissue contamination
by peripheral blood cells prior to aspiration, which con-
sisted of 0.9 % saline solution (500 mL) supplemented
with 2 % lidocaine (10 mL), 8.4 % sodium hydrogen car-
bonate (4 mL), and 0.1 % epinephrine (0.7 mL). The
liposuction material was aspirated by gentle suction. We
aimed to routinely collect 140 cc of liposuctioned adipose
tissue, of which 120 cc was used for the injection, and
20 cc was subjected to laboratory analysis to examine the
plastic-adherent cells that form colony forming units-
fibroblast (CFU-F) and confirm the multilineage differen-
tiation of adipose-derived stem cells.

Isolation of stromal vascular fraction and MSCs
from subcutaneous adipose tissue

In the operating room, adipose tissue (120 cc) was sus-
pended in phosphate-buffered saline (PBS), placed in a
sterile box, and transported to a laboratory. Mature adi-
pocytes and connective tissues were separated from the
stromal vascular fraction by centrifugation, as reported by
Zuk et al. [35]. The volume of the stromal vascular fraction
is usually less than 0.1 cc. Prior to insertion, bacteriologic
tests were performed to ensure the absence of contamina-
tion in the samples, and the viability of cells was assessed
using the methylene blue dye exclusion test. The remaining
20 cc of adipose tissue was processed by the same method
and used for cell analysis.

Assessment of plastic-adherent cells that form CFU-F
and immunophenotyping of adipose-derived stem cells

To evaluate the frequency of mesenchymal-like progeni-
tors in patient stromal vascular fraction, cells were cultured
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in T-25 flasks at a final concentration of 16 cells/cm?.
Colonies consisting of >50-cell aggregates were scored
under an optical microscope, and the immunophenotype of
adipose-derived stem cells was analysed by flow cytometry
(FACS). MSC marker phenotyping was performed as
previously described [20].

Confirmation of multilineage differentiation
of adipose-derived stem cells

Adipose-derived stem cells were plated at 2 x 10 cells/
cm?” in DMEM containing 10 % FBS and allowed to adhere
for 24 h. The culture medium was then replaced with
specific inductive media to determine the adipogenic,
osteogenic, and chondrogenic differentiation potential, as
previously reported [20].

Arthroscopic lavage and implantation of MSCs

Patients received arthroscopic lavage under spinal anaes-
thesia with the use of a tourniquet. The orthopaedic sur-
geon evaluated the medial, lateral, and patellofemoral joint
compartments; graded the articular lesions according to the
International Cartilage Repair Society (ICRS) Cartilage
Injury Evaluation Package; and irrigated the compartment
with at least 1 L of saline. While performing arthroscopic
lavage on the 30 patients, we noted that the cartilage status
in the medial compartment was grade II in two patients,
grade III in 15 patients, and grade IV in 13 patients. Fur-
ther, the cartilage status in the lateral compartment was
grade II in ten patients, grade III in 11 patients, and grade
IV in nine patients. In addition, the cartilage status in the
patellofemoral compartment was grade II in eight patients,
grade III in 14 patients, and grade IV in eight patients. The
following treatments were not performed: synovectomy;
excision of degenerative tears of the menisci or osteophytes
that prevented full extension, and abrasion or microfracture
of chondral defects. Because we excluded patients who
experienced mechanical pain caused by a meniscal tear,
only 16 patients exhibiting degenerative meniscal tears that
did not cause mechanical knee pain were included in the
study. After arthroscopic lavage, a mean of 4.2 x 10’
stromal vascular fraction cells were prepared with
approximately 3.0 mL of platelet-rich plasma (PRP). The
stromal vascular fraction cells were injected into the most
severe cartilage defect area in the selected knees of patients
under arthroscopic guidance. Immediately after arthro-
scopic lavage, the affected knee was placed in a cylinder
splint for 24 h. No analgesics, anti-inflammatory drugs, or
immunosuppressive drugs were administered or permitted
after the procedure for 3 months.

For PRP preparation, a 30-mL venous blood sample
(collected in a bag containing 4 mL of sodium citrate) was

collected for every lesion that was treated. The complete
peripheral blood count was determined using the first blood
sample collected. Thereafter, the samples were centrifuged
twice (at 1,800 rpm for 15 min to separate the erythro-
cytes, and then at 3,500 rpm for 10 min to concentrate the
platelets) to yield 6 mL of PRP. The total number of
platelets per microlitre in the PRP was a mean of 500 %
times greater than that in the whole blood, and an average
of 1,280,000/uL platelets were administered at the lesion
sites during every injection. Prior to injection in all cases,
calcium chloride was added to the PRP unit to activate the
platelets. All the procedures were performed in the same
laboratory setting, and all open procedures were performed
in an A-class sterile hood.

Clinical assessment

Clinical outcome was evaluated using the Lysholm score
[16], the Knee injury and Osteoarthritis Outcome Score
(KOOS) [30], and visual analog pain score (VAS) on a
10-point scale (0-10) for pain (0 = no pain; 10 = worst
possible pain). Patients were evaluated preoperatively as
well as postoperatively at 3-, 12-month, and 2-year follow-
up visits. At the 2-year follow-up, patients also completed a
questionnaire intended to assess their satisfaction with the
treatment. Radiographic evaluation included the standing
weight-bearing anteroposterior view, lateral view, skyline
view, and full-length anteroposterior view.

Second-look arthroscopy

Among the 30 patients who received stem cell therapy, 16
underwent second-look arthroscopy by one surgeon at our
hospital. The indications for second-look arthroscopy were
as follows: (1) asymptomatic patients, to evaluate the
healing status of degenerative cartilage, and (2) patients
who complained of knee pain at follow-up. The healing
status of degenerative cartilage was classified as very
positive, positive, neutral, or negative in the most severe
cartilage defect area of the knee. We noted the presence of
severe cartilage lesions at the medial compartment in 9, at
the lateral compartment in 4, and at the patello-femoral
compartment in three patients. “Very positive” was con-
sidered when a remarkable change was noted throughout
the degenerative cartilage with good integration to adjacent
normal articular surface and normal gross appearance.
“Positive” was considered when newly forming cartilage
tissue was found to partially cover the degenerative carti-
lage compared to that noted preoperatively. “Neutral” was
considered when an uncertain change was noted over
2 years compared to the preoperative status. “Negative”
was considered when progression of degenerative cartilage
was noted compared to preoperative status. The
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examinations were performed during second-look arthros-
copy by all members of the surgical team (Y.G.K., S.K.K,,
and Y.J.C.). The observation was confirmed only once a
consensus was reached among all the three surgeons.

This study was approved by the Research Ethics Board
of Yonsei Sarang Hospital (registration number 10-R03-
05), and written informed consent was obtained from all
participants.

Statistical analysis

Statistical analysis was performed using SPSS software
version 12.0.1 (SPSS Inc., Chicago, Illinois), with signifi-
cance defined as P < 0.05. Descriptive statistics were cal-
culated as mean =+ standard deviation. The normality of
distribution was checked using the Shapiro—Wilk test. Our
data followed normal distribution because the probability of
the Shapiro-Wilk test was P > 0.05 and the number of
patients was 30. The principal dependent variables of clinical
outcomes were KOOS, Lysholm score, and VAS at the last
follow-up. The paired ¢ test was conducted to evaluate
changes in preoperative and serial follow-up values. We
analysed the association of factors—patient characteristics
and radiological grade of OA—with clinical outcomes. Mean
values were used as standard values for dividing patients
according to age and K-L grade. Differences between groups
were analysed using the independent #-test.

Results

Cell isolation and characterization of adipose-derived
stem cells

We evaluated the capacity of human subcutaneous adipose
tissue to generate mesenchymal progenitors using the CFU-F.
Thus, after isolation, adipose-derived stem cells represented a
mean of 9.7 % of stromal vascular fraction cells (range
6.8-12.4 % of stromal vascular fraction cells). After the
stromal vascular fractions were isolated, a mean of 4.0 x 10°
stem cells (9.7 % of 4.2 x 10’ stromal vascular fraction
cells) were prepared. FACS characterization indicated posi-
tive expression of the surface markers CD90 (99.8 %) and
CD105 (88.9 %) and negative expression of CD34 (12.0 %)
and CD14 (1.2 %), as shown previously (Fig. 1a) [35].
Adipose-derived stem cells treated with conditioned media
demonstrated characteristics of adipogenic, osteogenic, and
chondrogenic differentiation after staining (Fig. 1b).

Clinical outcomes at follow-up

The mean Lysholm score significantly increased from
543 £ 154 to 74.2 £ 13.4 (P < 0.05). The mean VAS
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decreased from 4.7 £ 1.6 preoperatively to 1.7 &+ 1.4 at
2-year follow-up (P < 0.05). The median KOOS from
preoperative to 2-year follow-up assessments is summa-
rized in Fig. 2. Moreover, all clinical results significantly
improved at 2-year follow-up compared to those at 1-year
follow-up (P < 0.05). With regard to overall patient sat-
isfaction with the operation, 16 patients reported their
satisfaction as excellent (53 %), 7 as good (23 %), 4 as fair
(13 %), and 3 as poor (10 %). At 2-year follow-up, the K—
L grade in five patients increased by one grade. The K-L
grade in two patients increased from grade 2 to 3, whereas
the K-L grade in three patients increased from grade 3 to 4.
However, no patients underwent a second operation such as
total knee arthroplasty. No major complications associated
with arthroscopic lavage and liposuction, either intraoper-
atively or postoperatively, were observed in this series. In
three patients, slight knee pain was experienced in the first
week after the stem cell injection, which resolved sponta-
neously in two patients in 1 week with no medication and
resolved after 2 weeks in the other patient with anti-
inflammatory drug medication.

Associations between patient characteristics
and outcomes

A statistically significant association was observed between
patients’ age and mean improvement from baseline in all
KOOS subscales to 2-year follow-up (P < 0.05; Fig. 3),
and a statistically significant association was observed
between K-L grade 2 and higher Lysholm score
improvement (P = 0.002; Table 1). No other parameters
showed a statistically significant association.

Second-look arthroscopy

At a minimum follow-up of 24 months (median
25.0 months; range 24-26 months), 16 patients treated with
MSC therapy underwent second-look arthroscopy, including
12 who were asymptomatic to evaluate the cartilage status,
and 4 subsequent symptomatic patients with recurrent knee
joint pain to plan further treatment. We explained the pur-
pose of second-look arthroscopy to patients before surgery
and received written consent. On second-look arthroscopy, 3
knees (all were asymptomatic) were rated “very positive”
and 7 were rated “positive” (1 was symptomatic and 6 were
asymptomatic). Four knees were rated “neutral” (2 each
were symptomatic and asymptomatic), and the other 2
patients experienced failed healing (1 each was symptomatic
and asymptomatic; Table 2). The differences between
parameters of four groups were not significant.

The findings of a 67-year old woman during the first and
second arthroscopy procedure showed marked changes in
cartilage defects of the medial femoral condyle (Fig. 4).
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Fig. 1 Phenotypic characterization and differentiation potential of
adipose-derived stem cells. a adipose-derived stem cells were isolated
from stromal vascular fraction and then tested for mesenchymal
surface markers (CD105 and CD90) and hematopoietic and endothe-
lial markers (CD34 and CDI14) by flow cytometry. b The
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Fig. 2 KOOS profiles prior to and up to 2 years after stem cell
therapy. Mean KOOS scores (n = 30) at the preoperative, 3-,
12-month and 2-year assessments after MSC therapy. At all follow-
up point, differences in the values were statistically significant
(P < 0.05) compared with the preoperative status. ADL activities of
daily living, sports/recr sports and recreation, QoL quality of life

Discussion

The most important finding of the present study was that
adipose-derived stem cell therapy was effective in cartilage
healing, reducing pain, and improving function in elderly

differentiation potential of adipose-derived stem cells toward the
adipogenic, chondrogenic, and osteogenic lineage was confirmed by
Oil Red O, toluidine blue, and Von Kossa’s method. Cells were
cultured in normal medium for 2 weeks and then histochemically
stained

patients with knee OA. Additionally, among elderly
patients aged >65 years, only 5 patients demonstrated
worsening of the K-L grade. On second-look arthroscopy,
87.5 % of elderly patients (14/16) improved or maintained
cartilage status at least 2 years postoperatively. Moreover,
no patient underwent total knee arthroplasty during this
2-year period. Therefore, stem cell injection appears to be a
good option for OA treatment in elderly patients. The
results of stem cell injection with arthroscopic lavage were
excellent at the final follow-up and showed improvement
compared to those at 3 and 12 months. This finding indi-
cates that even if the effect of arthroscopic lavage is
eliminated, good results are achieved over medium-term
follow-up. We acknowledge that arthroscopic lavage could
be at least partly responsible for the improved clinical
outcomes. However, arthroscopic lavage has only very
short-term clinical effects in patients with advanced knee
OA [26]; in the present study, clinical improvements per-
sisted for more than 2 years (until at least the final follow-
up at 24 months), and the second-look arthroscopy findings
in these patients indicated that 87.5 % of elderly patients
(14/16) improved or maintained cartilage healing status at
2 years postoperatively. Because the cartilage of OA
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Fig. 3 Associations between patient characteristics and mean ADL activities of daily living, sports/recr sports and recreation, QoL

improvement from baseline in Knee injury and Osteoarthritis
Outcome Score (KOOS) subscales to 2-year follow-up: a age (<70
vs >70), b sex (male vs female), ¢ Kellgren—Lawrence grade (2 vs 3).

quality of life. A statistically significant association was only
observed between patients’ age and mean improvement from baseline
in all KOOS subscales to 2-year follow-up

Table 1 Associations between patient characteristics and mean improvement of clinical outcomes, preoperatively to 2-year follow-up

Parameters Age (years) K-L*

<70 >70 Male Female 2 3
Lysholm score (SD) 23.8 (15.5) 15.5 (10.6) 9.2 (10.0) 22.1 (13.7) 29.0 (12.7)f 13.9 (11.4)
VAS (SD) -33 2.1 —2.7(1.2) —-3.2(1.6) —3.0 (1.8) =3.1 (1.7) —2.9(1.8)

T Significant difference between both groups (P < 0.05)

? Radiological findings of osteoarthritis described by Kellgren and Lawrence

Table 2 Second-look patient demographics and general findings

Cartilage healing status (patient number, %)

Very positive (3, 18.7 %)

Positive (7, 43.8 %) Neutral (4, 25.0 %) Negative (2, 12.5 %)

Age, years (£ SD) 703 £ 7.6
Gender (M/F) 0/3

K-L* at 2nd look (I/III/IV) 1/2/0
Reason for 2nd look (evaluation/pain) 3/0
Follow-up period, months (4 SD) 250+ 0

69.0 £ 24 76.0 £73 72.0 £ 2.8
2/5 1/3 0/2

2/5/0 172/1 0/1/1

6/1 212 171

249 £ 04 253 £ 0.96 245 £ 0.71

The differences between parameters of four groups were not significant (P > 0.05)

? Radiological findings of osteoarthritis described by Kellgren and Lawrence

patients has diffuse degenerative lesions, the grading sys-
tem of severe lesions used by certain classifications such as
Outerbridge’s classification [24] or the ICRS grade does
not seem to be appropriate to describe the change in the
cartilage status in OA patients. Therefore, we believe that
the identification of the change in cartilage status is diffi-
cult using Outerbridge’s classification [24] or the ICRS
grade. Thus, a different method for the classification of
regeneration, which was used in the present study, is
essential to classify the change in the cartilage status.

@ Springer

Previous studies have shown that the outcomes of chon-
drocyte transplantation in patients aged >40 years were
inferior compared to those previously noted in younger
populations, and the failure rate at medium-term follow-up
was also comparatively higher [19]. However, in the present
study, the combination of MSC therapy and PRP was found
to be effective in elderly patients with knee OA. We believe
that although the chondrocytes of older patients have lower
activity, the adipose-derived stem cells in elderly patients
have sufficient stem cell activity, as noted during our
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Fig. 4 a Intraoperative arthroscopic finding showing a cartilage
defect in the medial femoral condyle (MFC). b Intraoperative
arthroscopic finding showing insertion of stem cells with PRP.
¢ Second-look arthroscopy revealed that the cartilage defect was
completely covered with smooth tissues, which was considered to be

characterization of adipose-derived stem cells. Moreover,
although chondrocytes are generally believed to develop
only through tissue-specific differentiation, stem cells are
believed to develop through tissue-specific differentiation as
well as a powerful paracrine effect.

We previously reported that infrapatellar fat pad-derived
MSC therapy with intra-articular injections is safe and aids
in reducing pain and improving function in patients with
knee OA [17]. Over a long-term follow-up period [18], both
clinical assessments and MRIs indicated that MSC therapy
involving the intra-articular injection of MSCs into the knee
is effective for reducing pain and improving function in
patients with knee OA; furthermore, 2-year follow-up results
were better than short-term results. Because further analysis
indicated that clinical and radiological results improved as
the number of injected cells increased, we changed our
source of stem cells to obtain a greater number. Therefore, in
the present study, a larger number of cells were obtained by
using subcutaneous adipose tissue from the buttock (mean
number of stem cells, 4.0 x 106), compared with that from
the infrapatellar fat pad, from which MSCs were derived and
a mean number of 1.2 x 10° stem cells were obtained.
Moreover, although there are wide variations (range
6.4-13.1 g) in the amount of fat in the infrapatellar fat pad,
120 cc of buttock subcutaneous fat tissue could be consis-
tently obtained in all the patients.

A recent study demonstrated that adipose tissue contains
multipotent stem cells [25], or adipose-derived stem cells,
which can be easily purified after digestion of fat and
selection by adhesion onto plastic from the very hetero-
geneous crude stromal fraction. Adipose tissue is the sub-
ject of great interest as a therapeutic cell source because the
cells are obtained from adults, thereby avoiding ethical
concerns, and from tissue that is abundant and easy to
obtain, even compared with bone marrow where sampling
requires general anaesthesia. Additionally, because the

cartilage. This finding of a remarkable change throughout the
degenerative cartilage with good integration with the adjacent normal
articular surface and normal gross appearance was defined as “very
positive”

frequency of adipose-derived stem cells in adipose tissue is
much higher than that of MSCs in bone marrow, many cells
can be obtained without a large number of passages, thus
greatly decreasing the risk of culture-induced chromosomal
abnormality or senescence [33].

Adipose tissue is composed of two main cell popula-
tions: mature adipocytes and the stromal vascular fraction.
The latter is a heterogeneous fraction including preadipo-
cytes, endothelial cells, smooth muscle cells, pericytes,
macrophages, fibroblasts, and adipose-derived stem cells,
which share several characteristics with bone marrow stem
cells [29, 32]. Adipose-derived stem cells are promising
candidates in a broad range of innovative therapies, ranging
from regenerative medicine to tissue engineering, in auto-
immune pathologies. Moreover, the use of stromal vascular
fraction or adipose-derived stem cells has been proposed in
several chronic pathologies such as Crohn’s disease [10],
autoimmune pathologies (e.g., multiple sclerosis) [27], and
allergic pathologies. Their effectiveness against these
pathologies can be explained by the immunoregulatory and
anti-inflammatory activities of adipose-derived stem cells
or nonexpanded stromal vascular fraction cells [27].
Unfortunately, since the majority of scientific studies have
focused on in vitro-expanded adipose-derived cells, rela-
tively little is known about the potential clinical effects of
the whole lipoaspirate, which contains numerous cell
populations besides MSCs. Recently, adipose-derived stem
cells have been identified as a new option for the treatment
of osteochondral lesions, and the injection of MSCs with
marrow stimulation treatment has been proposed for the
treatment of such cases in our institute [14]. Moreover,
Desando et al. [9] reported that the healing proprieties of
adipose-derived stem cells, including the promotion of
cartilage and menisci repair and attenuation of inflamma-
tory events in the synovial membrane, may facilitate the
inhibition of OA progression.
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In previous studies using bone marrow-derived MSCs
for the treatment of cartilage defects, culture expansion of
MSCs was performed to obtain a large number of cells [2,
11]. However, MSC culture expansion is costly, time-
consuming, and carries some risk of contamination. In
addition, MSC properties may be altered during culture by
various elements of the local microenvironment that can
affect MSC differentiation [7, 28]. In the present study, we
could extract approximately 4.0 x 10° stem cells without
culture (9.7 % of the 4.2 x 107 cells in the stromal vas-
cular fraction). Consistent with our results, De Toni et al.
[8] reported that adipose-derived stem cells represent
6.4 % of nucleated cells in the normal vascular fraction in
adipose tissue, whereas MSCs represent only 0.0005 % of
nucleated cells in the human bone marrow, which is a
considerable difference. The advantages of our methods are
that MSCs can be harvested in a minimally invasive
manner and are easily isolated; in addition, an important
advantage of this procedure is that, since time-consuming
in vitro cell culture is not required, all procedures can be
performed with a single admission.

Although the primary effects of stem cell treatment are
generally believed to occur through tissue-specific differ-
entiation [6, 23], new data suggest that the therapeutic
potential of these cells may be related to their paracrine
effect [6, 21]. Following second-look arthroscopy, only
10/16 patients in our cohort demonstrated cartilage for-
mation. However, regardless of cartilage formation, almost
all patients demonstrated improved clinical symptoms. In
the some case, although radiological and second-look
findings indicated worsening, the patient showed excellent
clinical outcome and high satisfaction with her results.
Thus, the main effect of this therapy appears to be the
paracrine effect. Several studies have shown that MSCs can
modulate the functions of adaptive immune system cells
such as T cells and B cells [1]. Other studies have shown
that these stem cells are also able to induce expression of
anti-inflammatory mediators, such as IL-10 and IL-12p40,
in macrophages [22]. Our stem cell therapy may act pri-
marily through a long-lasting anti-inflammatory effect.

In this study, the effect of MSC insertion was main-
tained for 2 years. MSC therapy may be a new option for
elderly patients who are not fully indicated for total knee
arthroplasty. Menno et al. [34] reported that a single
injection of adipose-derived stem cells into the knee joints
of mice with early-stage collagenase-induced OA inhibits
synovial thickening, formation of enthesophytes associated
with ligaments, and cartilage destruction. Additionally, in
contrast to early treatment, late injection of adipose-
derived stem cells after OA induction showed no signifi-
cant effect on synovial activation or joint pathology.
Similar to the preceding findings, in our study, patients
aged <70 years and K-L grade two patients achieved
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greater improvement in clinical outcomes than those aged
>70 years or those with K-L grade 3. Therefore, we
believe that MSCs may be particularly useful for delaying
total knee arthroplasty in younger patients and cases of less
severe OA.

The present study has some limitations. First and most
importantly, our data lack quantitative evidence. MRI
examination and biopsy should be performed. Second, this
study is a level IV study, and therefore, no control group
was included. Although we had earlier proved the effect of
infrapatellar fat pad-derived adipose stem cells, we altered
the source of the cells and used a novel method of
arthroscopic-guided injection in the present study. Thus,
we performed a new study without having a group for
comparison, such as a pilot study. As the present study was
designed as a pilot study, only patients aged >65 years who
did not wish to undergo total knee arthroplasty were
included. An additional study with a comparative design in
patients with an early stage of OA will be performed.
Third, our treatments were delivered during a single
injection, although the possibility exists that optimal results
can only be obtained by giving patients >1 injection within
a certain time period. Fourth, only the effects of simulta-
neous treatment with both stem cells and PRP were focused
on in the present study; additional work is needed to
measure the effects of pure stem cell injections, distinguish
the effects of stem cells from those of PRP, and determine
the proper use of costimulators. Finally, the major limita-
tion of the current study is the lack of matched control
groups that would facilitate determining the efficacy of the
stem cell therapy.

The clinical relevance of this study is that adipose-
derived stem cell treatment may be a useful therapy for
knee OA. Therefore, adipose-derived stem cell treatment
appears to be a good option for OA treatment in elderly
patients.

Conclusions

Adipose-derived stem cell therapy for elderly patients with
knee OS was effective in cartilage healing, reducing pain,
and improving function. Therefore, adipose-derived stem
cell treatment appears to be a good option for OA treatment
in elderly patients.

Conflict of interest None.

References

1. Abumaree M, Al Jumah M, Pace RA, Kalionis B (2012) Immu-
nosuppressive properties of mesenchymal stem cells. Stem Cell
Rev 8:375-392

115


raj
Highlight


16
Knee gurg Sports Traumatol Arthrosc

2.

10.

11.

12.

13.

14.

15.

18.

20.

Bosnakovski D, Mizuno M, Kim G, Takagi S, Okumura M, Fu-
jinaga T (2006) Chondrogenic differentiation of bovine bone
marrow mesenchymal stem cells (MSCs) in different hydrogels:
influence of collagen type II extracellular matrix on MSC chon-
drogenesis. Biotechnol Bioeng 93:1152-1163

. Buckwalter JA, Martin JA (2006) Osteoarthritis. Adv Drug Deliv

Rev 58:150-167

. Buckwalter JA, Saltzman C, Brown T (2004) The impact of

osteoarthritis: implications for research. Clin Orthop Relat Res
427:56-15

. Chen FH, Tuan RS (2008) Mesenchymal stem cells in arthritic

diseases. Arthritis Res Ther 10:223-234

. Coleman CM, Curtin C, Barry FP, O’Flatharta C, Murphy JM

(2010) Mesenchymal stem cells and osteoarthritis: remedy or
accomplice? Hum Gene Ther 21:1239-1250

. Cui JH, Park K, Park SR, Min BH (2006) Effects of low-intensity

ultrasound on chondrogenic differentiation of mesenchymal stem
cells embedded in polyglycolic acid: an in vivo study. Tissue Eng
12:75-82

. De Toni F, Poglio S, Youcef AB, Cousin B, Pflumio F, Bourin P,

Casteilla L, Laharrague P (2011) Human adipose-derived stromal
cells efficiently support hematopoiesis in vitro and in vivo: a key
step for therapeutic studies. Stem Cells Dev 20:2127-2138

. Desando G, Cavallo C, Sartoni F, Martini L, Parrilli A, Veronesi

F, Fini M, Giardino R, Facchini A, Grigolo B (2013) Intra-
articular delivery of adipose derived stromal cells attenuates
osteoarthritis progression in an experimental rabbit model.
Arthritis Res Ther 15:R22-R42

Garcia-Olmo D, Garcia-Arranz M, Garcia LG, Cuellar ES,
Blanco IF, Prianes LA, Montes JA, Pinto FL, Marcos DH, Gar-
cia-Sancho L (2003) Autologous stem cell transplantation for
treatment of rectovaginal fistula in perianal Crohn’s disease: a
new cell-based therapy. Int J Colorectal Dis 18:451-454

Guo X, Wang C, Zhang Y, Xia R, Hu M, Duan C, Zhao Q, Dong
L, Lu J, Qing Song Y (2004) Repair of large articular cartilage
defects with implants of autologous mesenchymal stem cells
seeded into beta-tricalcium phosphate in a sheep model. Tissue
Eng 10:1818-1829

Kellgren JH, Lawrence JS (1957) Radiological assessment of
osteo-arthrosis. Ann Rheum Dis 16:494-502

Khan MH (2012) Update on liposuction: clinical pearls. Cutis
90:259-265

Kim YS, Park EH, Kim YC, Koh YG (2013) Clinical outcomes of
mesenchymal stem cell injection with arthroscopic treatment in
older patients with osteochondral lesions of the talus. Am J Sports
Med 41:1090-1099

Klein JA (1990) The tumescent technique. Anesthesia and
modified liposuction technique. Dermatol Clin 8:425-437

. Kocher MS, Steadman JR, Briggs KK, Sterett WI, Hawkins RJ

(2004) Reliability, validity, and responsiveness of the Lysholm
knee scale for various chondral disorders of the knee. J Bone
Joint Surg Am 86-A:1139-1145

. Koh YG, Choi YJ (2012) Infrapatellar fat pad-derived mesen-

chymal stem cell therapy for knee osteoarthritis. Knee 19:
902-907

Koh YG, Jo SB, Kwon OR, Suh DS, Lee SW, Park SH, Choi YJ
(2013) Mesenchymal stem cell injections improve symptoms of
knee osteoarthritis. Arthroscopy 29:748-755

. Kon E, Filardo G, Condello V, Collarile M, Di Martino A, Zorzi

C, Marcacci M (2011) Second-generation autologous chondro-
cyte implantation: results in patients older than 40 years. Am J
Sports Med 39:1668-1675

Marchal JA, Picon M, Peran M, Bueno C, Jimenez-Navarro M,
Carrillo E, Boulaiz H, Rodriguez N, Alvarez P, Menendez P, de
Teresa E, Aranega A (2012) Purification and long-term expansion

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

of multipotent endothelial-like cells with potential cardiovascular
regeneration. Stem Cells Dev 21:562-574

Maumus M, Guerit D, Toupet K, Jorgensen C, Noel D (2011)
Mesenchymal stem cell-based therapies in regenerative medicine:
applications in rheumatology. Stem Cell Res Ther 2:14-29
Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A,
Doi K, Robey PG, Leelahavanichkul K, Koller BH, Brown JM,
Hu X, Jelinek I, Star RA, Mezey E (2009) Bone marrow stromal
cells attenuate sepsis via prostaglandin E(2)-dependent repro-
gramming of host macrophages to increase their interleukin-10
production. Nat Med 15:42-49

O’Sullivan J, D’Arcy S, Barry FP, Murphy JM, Coleman CM
(2011) Mesenchymal chondroprogenitor cell origin and thera-
peutic potential. Stem Cell Res Ther 2:8-14

Outerbridge RE (1961) The etiology of chondromalacia patellae.
J Bone Joint Surg Br 43-B:752-757

Puissant B, Barreau C, Bourin P, Clavel C, Corre J, Bousquet C,
Taureau C, Cousin B, Abbal M, Laharrague P, Penicaud L,
Casteilla L, Blancher A (2005) Immunomodulatory effect of
human adipose tissue-derived adult stem cells: comparison with
bone marrow mesenchymal stem cells. Br J Haematol
129:118-129

Reichenbach S, Rutjes AW, Nuesch E, Trelle S, Juni P (2010)
Joint lavage for osteoarthritis of the knee. Cochrane Database
Syst Rev 5:1-45

Riordan NH, Ichim TE, Min WP, Wang H, Solano F, Lara F,
Alfaro M, Rodriguez JP, Harman RJ, Patel AN, Murphy MP, Lee
RR, Minev B (2009) Non-expanded adipose stromal vascular
fraction cell therapy for multiple sclerosis. J Transl Med 7:29-44
Risbud MV, Albert TJ, Guttapalli A, Vresilovic EJ, Hillibrand
AS, Vaccaro AR, Shapiro IM (2004) Differentiation of mesen-
chymal stem cells towards a nucleus pulposus-like phenotype
in vitro: implications for cell-based transplantation therapy. Spine
(Phila Pa 1976) 29:2627-2632

Romanov YA, Darevskaya AN, Merzlikina NV, Buravkova LB
(2005) Mesenchymal stem cells from human bone marrow and
adipose tissue: isolation, characterization, and differentiation
potentialities. Bull Exp Biol Med 140:138-143

Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD
(1998) Knee Injury and Osteoarthritis Outcome Score (KOOS)—
development of a self-administered outcome measure. J Orthop
Sports Phys Ther 28:88-96

Scanzello CR, Plaas A, Crow MK (2008) Innate immune system
activation in osteoarthritis: is osteoarthritis a chronic wound?
Curr Opin Rheumatol 20:565-572

Schaffler A, Buchler C (2007) Concise review: adipose tissue-
derived stromal cells—basic and clinical implications for novel
cell-based therapies. Stem Cells 25:818-827

Tarte K, Gaillard J, Lataillade JJ, Fouillard L, Becker M, Mossafa
H, Tchirkov A, Rouard H, Henry C, Splingard M, Dulong J,
Monnier D, Gourmelon P, Gorin NC, Sensebe L, Societe
Francaise de Greffe de Moelle et Therapie C (2010) Clinical-
grade production of human mesenchymal stromal cells: occur-
rence of aneuploidy without transformation. Blood 115:
1549-1553

ter Huurne M, Schelbergen R, Blattes R, Blom A, de Munter W,
Grevers LC, Jeanson J, Noel D, Casteilla L, Jorgensen C, van den
Berg W, van Lent PL (2012) Antiinflammatory and chondro-
protective effects of intraarticular injection of adipose-derived
stem cells in experimental osteoarthritis. Arthritis Rheum
64:3604-3613

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ,
Benhaim P, Lorenz HP, Hedrick MH (2001) Multilineage cells
from human adipose tissue: implications for cell-based therapies.
Tissue Eng 7:211-228

@ Springer
116



117

Comparative Outcomes of Open-Wedge High Tibial Osteotomy
With Platelet-Rich Plasma Alone or in Combination With
Mesenchymal Stem Cell Treatment: A Prospective Study

Yong-Gon Koh, M.D., Oh-Ryong Kwon, M.D., Yong-Sang Kim, M.D., and Yun-Jin Choi, M.D.

Purpose: This study compared the clinical results and second-look arthroscopic findings of patients undergoing open-
wedge high tibial osteotomy (HTO) for varus deformity, with or without mesenchymal stem cell (MSC) therapy.
Methods: This prospective, comparative observational study was designed to evaluate the effectiveness of MSC therapy.
The patients were divided into 2 groups: HTO with platelet-rich plasma (PRP) injection only (n = 23) or HTO in
conjunction with MSC therapy and PRP injection (n = 21). Prospective evaluations of both groups were performed using
the Lysholm score, Knee Injury and Osteoarthritis Outcome Score (KOOS), and a visual analog scale (VAS) score for pain.
Second-look arthroscopy was carried out in all patients at the time of metal removal. Results: The patients in the MSC-
PRP group showed significantly greater improvements in the KOOS subscales for pain (PRP only, 74.0 + 5.7; MSC-PRP,
81.2 +£ 6.9; P < .001) and symptoms (PRP only, 75.4 £+ 8.5; MSC-PRP, 82.8 + 7.2; P = .006) relative to the PRP-only
group. Although the mean Lysholm score was similarly improved in both groups (PRP only, 80.6 + 13.5; MSC-PRP,
84.7 + 16.2; P = .357), the MSC-PRP group showed a significantly greater improvement in the VAS pain score (PRP
only, 16.2 £+ 4.6; MSC-PRP, 10.2 &+ 5.7; P < .001). There were no differences in the preoperative (PRP only, varus 2.8° +
1.7°; MSC-PRP, varus 3.4° + 3.0°; P = .719) and postoperative (PRP only, valgus 9.8° £+ 2.4°; MSC-PRP, valgus 8.7° +
2.3°; P = .678) femorotibial angles or weight-bearing lines between the groups. Arthroscopic evaluation, at plate removal,
showed that partial or even fibrocartilage coverage was achieved in 50% of the MSC-PRP group patients but in only 10%
of the patients in the PRP-only group (P < .001). Conclusions: MSC therapy, in conjunction with HTO, mildly improved
cartilage healing and showed good clinical results in some KOOS subscores and the VAS pain score compared with PRP
only. Level of Evidence: Level II, prospective comparative study.

lobally, osteoarthritis (OA) is the most common

cause of knee pain. Arthritis of the knee joint
commonly affects the medial compartment and is
associated with misalignment, thereby placing a greater
load on the affected compartment.' High tibial osteot-
omy (HTO) is a treatment option for younger and/or
physically active patients who have OA of the medial
compartment of the knee. HTO was originally devised
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to treat varus OA by decreasing pressure on the medial
compartment.” In this regard, several studies have re-
ported remodeling of the articular cartilage after HTO
and attributed improvements to reduced contact stress
by altering the weight-bearing axis.””> However, HTO
alone induces partial remodeling of the articular carti-
lage,” and therefore additional procedures, such as stem
cell transplantation, may further enhance articular
cartilage healing in OA patients.

Intra-articular injection of mesenchymal stem cells
(MSCs) was reported to be effective for reducing pain in
patients with knee OA.®” In a previous study, post-
operative magnetic resonance imaging studies also
showed notable improvements in medial femoral
condyle cartilage defects. On the basis of these findings,
stem cell injection was used to achieve greater cartilage
remodeling and better clinical results after HTO surgery.

The purpose of this study was to compare the clinical
results and second-look arthroscopic findings in
patients undergoing open-wedge HTO for varus
deformities, with or without MSC therapy. MSC
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therapy with platelet-rich plasma (PRP), in conjunction
with HTO, was hypothesized to provide improved
cartilage healing and clinical results compared with
injection of PRP only.

Methods

This prospective, comparative observational study was
designed to evaluate the effectiveness of MSC therapy.
Study protocols were approved by the local ethics com-
mittee, and all patients provided written informed con-
sent. From January to October 2011, 44 patients who
met the following inclusion criteria were enrolled in this
study. The inclusion criteria for surgical treatment re-
flected those outlined in the literature for this procedure:
(1) age younger than 60 years, (2) radiographs showing
grade I or lower Kellgren-Lawrence symptomatic
isolated medial knee compartment OA, (3) failure of
conservative treatment, and (4) absence of additional
cartilaginous procedures (autologous chondrocyte
transplantation, microfracture). Patients were excluded
if they did not consent to undergo a second operation for
plate removal and second-look arthroscopy and could
not be evaluated at either the 1- or 2-year postoperative
visit. In addition, patients were excluded if they had
undergone previous cartilage procedures, such as
microfracture or chondroplasty, for chondral lesions of
the medial femoral condyle because the intention was to
examine the effect of MSC therapy on cartilage healing.
Patients were also excluded if they met at least 1 of the
following criteria: severe cartilage lesions of the lateral
compartment or patellofemoral compartment, as
observed using preoperative magnetic resonance imag-
ing; inflammatory or postinfectious arthritis; previous
arthroscopic treatment for knee OA; previous major
knee trauma; intra-articular hyaluronic acid or cortico-
steroid injection within the preceding 3 months; me-
chanical pain caused by meniscal tears (including flap
tears, bucket-handle tears, and complex tears); chronic
anterior cruciate ligament/posterior ligament instability;
or inability to provide informed consent.

Patients were randomized into either the PRP-only
group or the MSC-PRP group. Simple randomization
methods were used in which each patient, when
enrolled in the trial, was asked to choose either of 2
identical envelopes with either the PRP-only or MSC-
PRP group indicated inside. The randomization pro-
cess was conducted by a hospital staff member blinded
to the patients’ data. Patients, however, were not
blinded to the interventional method (liposuction)
used. A total of 52 patients were enrolled, with 26
knees comprising each group.

The patients were prospectively evaluated by physio-
therapists using the Lysholm score,” the Knee Injury and
Osteoarthritis Outcome Score (KOOS),” and a 100-point
visual analog scale (VAS) score for pain (0, no pain;
100, worst possible pain). Patients were evaluated

Y-G. KOH ET AL.

preoperatively and postoperatively at 3 months, at 1 year,
and at the last follow-up visit (mean, 24.4 months; range,
24 to 25 months). Before surgery, radiographs of the knee
joints were obtained, including an anteroposterior (AP)
view, a true lateral view at 30° of knee flexion, and an AP
long-leg weight-bearing view. To investigate the me-
chanical effects of HTO, the femorotibial angle (FTA) and
percentage of mechanical axis'’ were measured using
standing AP radiographs taken immediately before sur-
gery and after surgical removal of the plate. The FTA was
determined as the angle between the femoral and tibial
shaft axes on the standing AP radiographs.

Collection of Subcutaneous Adipose Tissue

Subcutaneous adipose tissue was harvested from both
buttocks of each patient. One day before HTO, adipose
tissue was harvested by tumescent liposuction, with the
patient under local anesthesia.'' Routinely, 140 mL of
adipose tissue that had undergone liposuction was
collected; 120 mL was used for the injection. The
remaining 20 mL was subjected to laboratory analyses
to assess the plastic-adherent cells that formed colony-
forming unit fibroblasts and to confirm the multi-
lineage differentiation of the adipose-derived stem cells
(ADSCs).

Isolation of Stromal Vascular Fraction and MSCs
From Subcutaneous Adipose Tissue

In the operating room, adipose tissue (120 mL) was
suspended in phosphate-buffered saline solution,
placed in a sterile box, and transported to a laboratory.
Mature adipocytes and connective tissue were sepa-
rated from the stromal vascular fraction (SVF) by
centrifugation, as reported by Zuk et al.'> The volume
of the SVF was usually less than 1.0 mL. For injection,
SVF cells were prepared with approximately 3.0 mL of
PRP. Before injection, bacteriologic tests were per-
formed to ensure the absence of sample contamination,
and the cell viability was assessed by methylene blue
dye exclusion.

Assessment of Plastic-Adherent Cells That Form
Colony-Forming Unit Fibroblasts and
Immunophenotyping of ADSCs

To evaluate the frequency of mesenchymal-like pro-
genitors in patients’ SVF, cells were cultured in T-25
flasks at a final concentration of 16 cells/cm?. Colonies
consisting of 50-cell aggregates or greater were scored
under an optical microscope, and the immunopheno-
types of the ADSCs were analyzed by flow cytometry
(fluorescence-activated cell sorting). MSC marker
phenotyping was performed as previously described.'’

Confirmation of Multilineage Differentiation of
ADSCs

ADSCs were plated at 2 x 10> cells/cm? in Dulbecco’s
modified Eagle medium containing 10% fetal bovine

118



119

serum and allowed to adhere for 24 hours. The culture
medium was then replaced with specific media to
induce adipogenic, osteogenic, and chondrogenic dif-
ferentiation, as previously reported."’

PRP Preparation

For PRP preparation, a 60-mL venous blood sample
(collected in a tube containing 4 mL of sodium citrate)
was collected from each patient. A complete peripheral
blood count was determined. The samples were
centrifuged twice (at 1,800 rpm for 15 minutes to
separate the erythrocytes and then at 3,500 rpm for
10 minutes to concentrate the platelets) to yield 6 mL of
PRP. The PRP was divided into 2 units of 3 mL each.
One unit was sent to the laboratory for determination
of the platelet concentration and for quality testing
(bacteriologic tests); the other was used for the first
injection, within 2 hours of preparation.

MSC Implantation and Open-Wedge HTO

The patients were positioned supine on the oper-
ating table, and a thigh tourniquet was applied. Before
undergoing HTO, each patient underwent arthro-
scopic surgery. Using arthroscopy, the orthopaedic
surgeons (Y-G.K., Y-J.C.) evaluated the medial,
lateral, and patellofemoral joint compartments;
graded the articular lesions according to the Interna-
tional Cartilage Repair Society Cartilage Injury Eval-
uation Package'?; irrigated the compartment with at
least 1 L of saline solution; and performed 1 or more
treatments, including synovectomy, debridement or
excision of the degenerative tears of the menisci, or
removal of articular cartilage fragments, chondral
flaps, or osteophytes that prevented full extension.
After completion of the arthroscopic procedure, the
arthroscopic fluid was washed out. In the MSC-PRP
group, injection of MSCs plus PRP (isolated 1 day
before arthroscopic surgery) was administered under
arthroscopic guidance. In the PRP-only group, the
injection of PRP alone was performed after the
arthroscopic procedure by injection into the medial
joint space under arthroscopic guidance.

After injection, HTO was performed according to the
technique recommended by the AO International Knee
Expert Group.'” The TomoFix system (Synthes, Solo-
thurn, Switzerland) was used to stabilize the osteotomy,
which was performed in a biplanar fashion. Before
surgery, the correction angle and open-wedge size were
calculated by the operator (Y-G.K. and Y-J.C.), using
AP radiographs of the lower extremity (orthor-
oentgenogram) with the patient in standing (full
weight-bearing) position. The aim was to pass the
weight-bearing line through a point 62% lateral to the
tibial plateau from the medial edge of the medial tibial
plateau; the correction angle and size of the open
wedge were measured on the orthoroentgenogram
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before surgery. All measurements were independently
calculated by 2 junior surgeons (O-R.K., Y-S.K.), and
all osteotomies aimed for mild overcorrection.'® A
B—tricalcium phosphate (Synthes, Bettlach, Switzerland)
wedge, corresponding to the open space, was inserted
into the osteotomy site. This material is a fully synthetic,
resorbable bone graft substitute, consisting of pure
B—tricalcium phosphate with a compressive strength
similar to that of cancellous bone.

One day after surgery, isometric quadriceps, active
ankle, and straight leg—raising exercises began. The
patients were allowed to move their knee from 0° to
90° after 2 weeks. Toe-touch weight bearing was
allowed for 2 weeks after surgery, followed by partial
weight bearing for the next 2 weeks. Full weight
bearing was allowed at 4 weeks, after radiographic
evaluation of bone consolidation at the osteotomy site.

Second-Look Arthroscopy

For all patients in this study, second-look arthroscopy
was performed during metal removal for fixation. The
interval between HTO (first intra-articular observation)
and removal of the plate (second intra-articular obser-
vation) was 14 to 24 months (mean, 19.8 months). All
second-look arthroscopies were video recorded (3 to
5 minutes). The examinations were performed during
second-look arthroscopy video review by all members
of the surgical team, and the findings were confirmed
only when a consensus was reached. Chondral lesions
were described, according to the Kanamiya grading
system,” as follows: grade 1, no regenerative change;
grade 2, white scattering with fibrocartilage; grade 3,
partial fibrocartilage coverage; and grade 4, even
fibrocartilage coverage.

Power Calculation and Statistical Analysis

A difference of 15 points in the Lysholm score (1 of
the main outcome measures) represented a clinically
significant difference between treatment groups.
Thus, accepting less than 5% probability of a type I
error and a power of 80%, we determined that a total
sample size of 22 patients was required for each
group. Predicting a 10% dropout rate, we enrolled a
total of 52 patients, with 26 knees comprising each
group.

Statistical analyses were performed by use of SPSS
software, version 12.0.1 (SPSS, Chicago, IL), with sig-
nificance defined as P < .05. The principal dependent
variables of the clinical outcomes were the KOOS,
Lysholm score, and VAS pain score at the final follow-
up. The Fisher exact test and a %> test were used to
compare categorical data. Differences between groups
were analyzed by use of the Mann-Whitney U test. The
Wilcoxon rank sum test was used for within-group
analyses (preoperative v postoperative in same group).
The Spearman rank order correlation test was used to
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Table 1. Overview of Patient Groups

PRP-Only Group MSC-PRP Group P Value

No. of patients 23 21

Male/female sex (n) 6/17 5/16 .53
BMI (kg/m?) 247 £33 25.7 £ 2.9 29
Follow-up period (mo) 24.6 + 6.4 24.2 + 4.7 32
Age (yr) 52.3 & 4.9 54.2 429 48

NOTE. Values are expressed as mean =+ standard deviation unless
otherwise indicated.
BMI, body mass index.

analyze the correlation between cartilage healing status
and patient demographic factors.

Results

Patient Characteristics

The patient demographic data and characteristics are
shown in Table 1. Figure 1 shows the trial profile of this
study. There were 52 patients recruited into the study,
26 patients in each group. However, 5 patients (2 in the
PRP-only group and 3 in the MSC-PRP group) could
not be evaluated at either the 1- or 2-year post-
operative visit. Second-look arthroscopic data are
missing for 1 patient in the PRP-only group and for 2
patients in the MSC-PRP group because they did not
consent to undergo a second surgical procedure for
plate removal. Finally, for 44 patients (23 in the PRP-
only group and 21 in the MSC-PRP group), second-
look arthroscopic results and 2-year clinical results
were available for the last analysis. There were no
significant differences in patient demographic data be-
tween the 2 groups.

Patients randomized

N = 52
PRP only MSC+PRP
n=26 n =26
Subjects met eligibility Subjects met eligibility
] n =26 > n =26
Second-look arthroscopy Second-look arthroscopy
refuse —> refuse
n=1 n=2
Lost to follow-up Lost to follow-up
] n=2 ) n=3
23 analyzed by intention-to-treat 21 analyzed by intention-to-treat

Fig 1. Trial profile of patients randomized in study. The pa-
tients were randomized into 2 groups of 26 subjects each; 5
patients were lost to follow-up during the 2-year follow-up
and 3 patients refused the second-look arthroscopy.
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Fig 2. Mean improvement from baseline in KOOS subscales
at last follow-up. Asterisks indicate statistical significance (P <
.05). (ADL, activities of daily living; QOL, quality of life;
sports&rec, sports and recreation; spt, symptoms.)

Cell Isolation and Characterization of ADSCs

The platelet concentrations (mean £ SD) in whole
blood and PRP were 208.53 4+ 42.9 x 10°/mL and
1,303.27 4+ 375.2 x 10°/mL, respectively.

After isolation, ADSCs represented 8.5% of the SVF
cells (range, 6.8% to 10.2% of SVF cells), or 4.11 x 10°
stem cells (8.5% of the 4.83 x 10’ SVF cells) were
prepared. Flow cytometry characterization showed
positive expression of the CD90 (98.34%) and CD105
(91.23%) surface markers and negative expression of
CD45 (2.23%), CD34 (6.45%), and CD14 (2.32%).
ADSCs treated with conditioned media showed char-
acteristics of adipogenic, osteogenic, and chondrogenic
differentiation, as previously reported."”

Clinical and Radiologic Outcomes at Follow-up

The patients in the MSC-PRP group showed a trend
toward greater improvements in all of the KOOS sub-
scales, although significant differences were only
observed for the pain and symptom subscales at the last
follow-up (Fig 2). The MSC-PRP group showed signif-
icantly greater improvements in the KOOS pain sub-
scale (PRP only, 74.0 + 5.7; MSC-PRP, 81.2 + 6.9; P <
.001) and symptom (PRP only, 75.4 + 8.5; MSC-PRP,
82.8 £ 7.2; P = .006) scores relative to the PRP-only
group. The other clinical and radiologic outcomes at
the preoperative and final follow-up time points, for
both groups, are summarized in Table 2. The mean
Lysholm score was also significantly improved in both
groups (P < .001), but no differences were seen be-
tween the groups (P = .357). Although the mean VAS
pain score decreased significantly (i.e., improved) at the
final follow-up visit in both groups (P < .001), the
MSC-PRP group showed a greater improvement rela-
tive to the PRP-only group (P < .001).

The standing AP radiographs taken immediately after
implant removal showed improved knee joint me-
chanics in both groups relative to their preoperative
conditions. However, there were no differences in the
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PRP-Only Group

MSC-PRP Group P Value (95% CI)

Lysholm score

Preoperative 56.7 £ 12.2

Last follow-up 80.6 £ 13.5
VAS

Preoperative 454 £ 7.1

Last follow-up' 16.2 + 4.6
WBL (%)

Preoperative 16.1 £ 5.7

Last follow-up 60.3 £+ 3.0
FTA (°)

Preoperative
Last follow-up
Initial cartilage status (n)*

Varus 2.8 £ 1.7
Valgus 9.8 + 2.4

Grade 2 1
Grade 3 11
Grade 4 11

55.7 + 11.5 747 (—12.12 to 8.83)
84.7 + 16.2 357 (—8.4 to 1.2)
443 £ 5.7 460 (—0.77 to 0.29)
102 £5.7 <.001 (0.23 to 0.98)
17.7 £ 7.3 .800 (—2.56 to 3.91)
61.1+3.4 758 (—3.50 to 4.51)

Varus 3.4 + 3.0
Valgus 8.7 £ 2.3

719 (—1.30 to 1.87)
678 (—1.32 to 1.90)
876
0
9
12

NOTE. Values are expressed as mean =+ standard deviation unless otherwise indicated.

CI, confidence interval; WBL, weight-bearing line.

*Initial cartilage status was graded by arthroscopy before HTO; the orthopaedic surgeons (Y-G.K., Y-J.C.) evaluated the medial joint com-
partments and graded the articular lesions according to the International Cartilage Repair Society Cartilage Injury Evaluation Package.

TSignificant difference at last follow-up between groups (P < .05).

postoperative FTAs (P = .678) or weight-bearing lines
(P = .758) between the groups.

Second-Look Arthroscopy

There were no significant differences in the initial
cartilage status between the groups (P = .876) (Table 2).
However, there was a significant difference between the
groups with respect to cartilage healing (P = .023) (Fig
3). Second-look arthroscopy, during plate removal,
showed that 0 of the 23 knees in the PRP-only group
had even fibrocartilage coverage (grade 4), determined
arthroscopically. One knee (4.3%) had partial fibro-
cartilage coverage (grade 3), 11 (47.8%) had white
scattering with fibrocartilage (grade 2), and 11 (47.8%)
did not show any regenerative changes (grade 1). In
contrast, in the MSC-PRP group, 3 knees (14.3%) had
even fibrocartilage coverage (grade 4), 8 (38.1%) had

12
PRP only

10 B MSC + PRP

Number of patients
IS o

N

o N

1 2 3 4
Kanamiya's grade

Fig 3. Articular cartilage healing status, using the Kanamiya

grading system,* during second-look arthroscopy in both

groups.

partial fibrocartilage coverage (grade 3), 9 (42.9%)
had white scattering with fibrocartilage (grade 2), and
1 (4.8%) did not show any regenerative changes
(grade 1). Figure 4 shows examples of the arthroscopic
photographs used in the patient evaluations.

Correlation Between Cartilage Healing Status and
Patient Demographic Factors

The correlations between cartilage healing status and
other patient demographic factors were analyzed to
determine whether there were other reasons for the
observed cartilage healing status. However, significant
correlations were not found between the cartilage
healing status and patient body mass index, age, or
radiologic parameters (Table 3).

Discussion

The principal findings of this study were that HTO in
conjunction with the use of MSCs plus PRP resulted in
good fibrocartilage repair and improved clinical results
compared with HTO and PRP only. Importantly, other
patient demographic factors, such as age, were not
associated with improvements in cartilage healing, sug-
gesting that the improvements were primarily due to
MSC injection. Thus these findings support the hypoth-
esis that MSC therapy with PRP, in conjunction with
HTO, provided additional benefits for cartilage healing
and clinical results compared with injection of PRP only.

HTO has been recommended for treating varus OA to
decrease the pressure on the damaged medial
compartment of the joint, provide pain relief, and
reduce the progression of medial OA.'® Although HTO
theoretically decreases the stress on the load-bearing
cartilage in the medial compartment,”” some studies
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have reported that partial remodeling of the articular
cartilage occurs with cartilage regeneration after
HTO.'”?° For better chondral defect remodeling, HTO
combined with chondral resurfacing has been attemp-
ted.”?' The most popular chondral resurfacing pro-
cedures are marrow stimulation techniques. These
techniques involve microfractures that promote carti-
lage repair by stimulating the bone marrow through the
subchondral bone and by producing blood clots con-
taining mesenchymal cells on the articular surface. In a
2-year follow-up study of 38 patients, Sterett and
Steadman’' reported that combining a medial open-
wedge HTO with a microfracture in the varus knee
was an effective method for decreasing pain and
increasing function. However, Mithoefer et al.”? re-
ported that microfractures effectively improved knee
function in all patients during the first 24 months after
the microfractures, but the durability of the initial
functional improvement was inconsistent. Moreover, in
patients with degenerative knee arthritis, the cartilage
lesion is diffuse and not focal, meaning that micro-
fractures cannot be applied in all HTO cases. Thus, for
cartilage defect remodeling, other options are needed.

MSCs are emerging as powerful tools for cartilage
repair because of their ability to differentiate into
various connective tissues, including cartilage, bone,
and fat.”*** The intra-articular injection of MSCs was
reported to effectively reduce pain while promoting

Table 3. Correlation Between Cartilage Healing Status and
Patient Demographic Factors

Healing Status

Spearman p P Value
BMI 0.81 .60
Age 0.09 .56
WBL 0.10 51
FTA —0.08 .60

NOTE. Data were calculated using the Spearman rank order corre-
lation test.
BMI, body mass index; WBL, weight-bearing line.

Y-G. KOH ET AL.

Fig 4. Intraoperative arthroscopic im-
ages during first- and second-look
arthroscopy. (A) Findings in a 53-
year-old woman in the MSC-PRP
group. During the first arthroscopy,
eburnation of the articular surfaces was
found. (B) Marked changes in the
cartilage defects of the medial femoral
condyle are shown. The articular sur-
face shows an even fibrocartilage
coverage at 17 months postoperatively.

cartilage regeneration in patients with knee OA.®” On
the basis of these previous findings, stem cell injection
may be used to achieve greater cartilage remodeling
and better clinical results after HTO surgery. Thus, in
our study, more patients in the MSC-PRP group ach-
ieved partial or even fibrocartilage coverage than in the
PRP-only group, showing a clear relation between the
cartilage healing status and MSC therapy. Furthermore,
the patients in the MSC-PRP group showed statistically
significantly better clinical outcomes in the VAS pain
score and 2 KOOS subscores compared with patients in
the PRP-only group. Although better scores were
observed in the group receiving MSC therapy than in
the group receiving PRP only, there were no differences
between the groups with respect to the Lysholm score
and the other KOOS subscores.

In this study, subcutaneous adipose tissue was used as
the stem cell source. Adipose tissue is composed of 2
main cell populations, mature adipocytes and the cells
in the SVF. The latter comprise a heterogeneous frac-
tion that includes preadipocytes, endothelial cells,
smooth muscle cells, pericytes, macrophages, fibro-
blasts, and ADSCs, which share several characteristics
with bone marrow stem cells.””*° ADSCs are promising
candidates in a broad range of innovative therapies,
ranging from regenerative medicine to tissue engi-
neering. Moreover, the use of ADSCs has been pro-
posed for several chronic diseases, such as Crohn
disease,”” autoimmune pathologies (e.g., multiple
sclerosis),”® and allergic pathologies. The effectiveness
against these pathologies can be explained by the
immunoregulatory and anti-inflammatory activities of
ADSCs and non-expanded SVF cells.”® Unfortunately,
because most studies have focused on in vitro expanded
adipose-derived cells, relatively little is known about
the potential clinical effects of the whole lipoaspirate,
which contains numerous cell populations in addition
to MSCs. Recently, ADSCs have been suggested as a
new option for the treatment of osteochondral lesions,
and the injection of MSCs with marrow stimulation has
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been proposed for treating such cases.”” Moreover,
Desando et al.’” reported that the healing properties of
ADSCs, including their promotion of cartilage and
meniscus repair and attenuation of inflammatory
events in the synovial membrane, may inhibit OA
progression. Jurgens et al.”' evaluated the safety,
feasibility, and efficacy of freshly isolated SVF cells and
cultured ADSCs in an animal model. They showed the
preclinical safety and feasibility of a 1-step surgical
procedure for osteochondral defect regeneration using
freshly isolated SVF cells and cultured ADSCs. Specif-
ically, they observed similar regeneration induced by
either freshly isolated SVF cells or cultured ADSCs.

In OA patients the healing tissue has been shown to
be quite different from the surrounding degenerated
yellow cartilage. Furthermore, because the cartilage of
OA patients has diffuse degenerative lesions, identifying
changes in the status of OA patients is difficult. In other
words, the grading of severe lesions, used in the Out-
erbridge classification’” and the International Cartilage
Repair Society grade, does not seem appropriate to
describe these changes in the cartilage status of OA
patients. Thus the classification of the regenerative
progress using the Kanamiya classification,” as used in
our study, is necessary.

MSC therapy has previously been shown to induce a
positive effect in OA treatment through 2 mechanisms,
paracrine signaling and end-organ (e.g., cartilage) for-
mation. Paracrine mechanisms likely explain the clinical
improvements, whereas cartilage formation explains the
differences in cartilage healing status observed between
the groups in this study at their final follow-up visit. The
MSC therapy method used in this study was a very
primitive technique; therefore the method cannot likely
be used in isolation. For the application of this tech-
nique, several challenges still need to be overcome,
including the identification of the optimal sources of
stem cells, scaffolds, and growth factors.

Limitations

This study has several limitations. First, the follow-up
period was short, and therefore future studies with
longer cartilage formation and survival follow-up periods
should be undertaken. Second, the stem cells were
delivered with a single injection, whereas optimal results
may require providing patients with more than 1 injec-
tion over time. Third, pathologic examinations of the
cartilage properties in each group were not performed.
Fourth, the loss of correction influenced the clinical
outcome; because patients were not assessed in the
standing position, measurement of correction angles in
the immediate postoperative period was not performed.
Therefore a measure of the influence of correction loss
on clinical outcomes was not possible. Fifth, because
several patients were excluded because they did not
want to undergo plate removal, there might be the
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problem of selection bias in this study. Sixth, the Kana-
miya grading system” was a potential limitation because
it was not validated with known interobserver and
intraobserver variability. Lastly, an additional limitation
is the potential for type II errors because of the small
sample sizes. Although an a priori power evaluation was
conducted to determine the number of participants
required for the trial, the calculations were completed
using limited data. Therefore the study may suffer from a
type 1I statistical error, resulting from the effects of stem
cells on persons with diffuse cartilage lesions. Thus the
lack of significant differences in some of the clinical
outcome data, with the exception of the pain scores and
symptom subscores, was likely because of a type II error.
In addition, although statistically significant improve-
ments in some KOOS subscores and in the VAS pain
score were observed, they may not reflect clinically sig-
nificant improvements. Therefore another study will be
needed with a larger number of patients.

Conclusions
MSC therapy, in conjunction with HTO, induced mild
improvements in cartilage healing and good clinical
results in some KOOS subscores and the VAS pain score
compared with PRP only.
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