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Abstract

Osteoarthritis (OA) is one of the most common debilitating disorders. Recently, numerous attempts have been made to improve the functions
of the knees by using different forms of mesenchymal stem cells (MSCs). In Korea, bone marrow concentrates and cord blood-derived stem
cells have been approved by the Korean Food and Drug Administration (KFDA) for cartilage regeneration. In addition, an adipose tissue-derived
stromal vascular fraction (SVF) has been allowed by the KFDA for joint injections in human patients. Autologous adipose tissue-derived SVF
contains extracellular matrix (ECM) in addition to mesenchymal stem cells. ECM excretes various cytokines that, along with hyaluronic acid (HA)
and platelet-rich plasma (PRP) activated by calcium chloride, may help MSCs to regenerate cartilage and improve knee functions. In this article,
we presented a protocol to improve knee functions by regenerating cartilage-like tissue in human patients with OA. The result of the protocol
was first reported in 2011 followed by a few additional publications. The protocol involves liposuction to obtain autologous lipoaspirates that are
mixed with collagenase. This lipoaspirates-collagenase mixture is then cut and homogenized to remove large fibrous tissue that may clog up the
needle during the injection. Afterwards, the mixture is incubated to obtain adipose tissue-derived SVF. The resulting adipose tissue-derived SVF,
containing both adipose tissue-derived MSCs and remnants of ECM, is injected into knees of patients, combined with HA and calcium chloride
activated PRP. Included are three cases of patients who were treated with our protocol resulting in improvement of knee pain, swelling, and
range of motion along with MRI evidence of hyaline cartilage-like tissue.

Video Link

The video component of this article can be found at https://www.jove.com/video/58363/

Introduction

Mesenchymal stem cells (MSCs) are known to have the capability to regenerate cartilage1,2,3,4,5,6. They can be easily obtained from various
sources: bone marrow, cord blood, and adipose tissue among many others. Among these sources, adipose tissue is the only source where a
sufficient number of MSCs can be obtained without any culture expansion to regenerate cartilage in clinical settings7,8. Autologous bone marrow
stromal vascular fraction (SVF) can be easily obtained as well. However, the number of stem cells contained in the non-culture expanded marrow
is very low7,8. Cord-blood may contain a sufficient number of MSCs. However, cord blood is not a readily available source of autologous SVF.

Numerous methods of processing adipose tissue to obtain SVF are available for clinical applications. Among these, the method of obtaining
MSCs from adipose tissue using collagenase, developed and confirmed by Zuk et al.5,6, is very well accepted. This method of using collagenase
has been modified for clinical applications in orthopedics. In order to be applied to clinical settings, the system must be a closed system to
maintain the sterility while keeping the convenience. One particular modification presented in this article involves homogenization of the
lipoaspirates. Small sized lipoaspirates are digested relatively faster than the larger ones that are resulting in the uneven breakdown of adipose
tissue. Furthermore, these larger sized lipoaspirates may produce fibrous tissues that can clog up the syringes and needles while performing
joint injections9,10. In order to prevent these issues, the lipoaspirates may be homogenized by cutting and mincing the lipoaspirates before
the incubation with collagenase. The resulting adipose tissue-derived SVF may contain more uniform extracellular matrix (ECM) compared to
lipoaspirates that are not homogenized11. The broken-down ECM contained in the SVF may work as a scaffold12.

In 2009, autologous adipose tissue-derived SVF has been allowed by the Korean Food and Drug Administration (KFDA) when processed within
a medical facility with minimal processing by a physician13. Afterwards, autologous adipose tissue-derived SVF has been utilized as a potential
agent to improve knee functions in osteoarthritis (OA) patients by potentially regenerating cartilage-like tissue10,14,15,16,17,18.

In 2011, Pak showed for the first time that adipose tissue-derived stem cells (ASCs) contained in the adipose tissue-derived SVF can
improve knee functions potentially regenerating cartilage-like tissue in human OA patients when injected with platelet-rich plasma (PRP) 14.
In addition, Pak et al. have reported safety data in 2013 involving 91 patients. The mean efficacy rate reported in this safety data was 67%15.
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Subsequently, additional studies by Pak et al. showed improved knee functions potentially due to cartilage-like tissue regeneration in patients
with a meniscus tear and chondromalacia patellae10,16,17,18. Based on articles reported, it is known that the number of stem cells contained
in 100 g of adipose tissue processed by the protocol presented in this article may range from 1,000,000 - 40,000,000 depending on patients'
characteristics8,19,20,21,22,23.

Here, we present a clinical protocol of human knee OA by using autologous adipose tissue-derived SVF with HA and PRP activated with calcium
chloride. The first version of this clinical protocol, involving a closed, manual system to maintain the sterility, was reported in 201114. The identical
protocol was optimized, maintaining sterility, and was reported in 2013 and 201610,15. Here, the optimized protocol is presented. The schematic
overview of the protocol is presented in Figure 1.

 

Figure 1: The schematic overview of the protocol.  Please click here to view a larger version of this figure.

Protocol

The approval and consent to report following case reports were waived by Myongji University Institutional Review Board committee
(MJUIRB). Further, this clinical protocol was in compliance with the Declaration of Helsinki and regulation guidelines of the KFDA. For the
procedures, informed consents were obtained from the patients.

1. Liposuction

NOTE: Perform with sterile technique.

1. Use the following inclusion criteria: (1) MRI evidence of stage 3 OA; (2) either male or female; (3) over 18 years of age; (4) sufficient (100-110
g) adipose tissue for liposuction; (5) unwillingness to proceed with surgical intervention; (6) failure of conservative management; and (7)
ongoing disabling pain.

2. Use the following exclusion criteria: (1) active inflammatory or connective tissue disease thought to impact pain condition (i.e.,, lupus,
rheumatoid arthritis, fibromyalgia); (2) active endocrine disorder that might impact pain condition (i.e.,, hypothyroidism, diabetes); (3) active
neurological disorder that might impact pain condition (i.e.,, peripheral neuropathy, multiple sclerosis); (4) active pulmonary disease requiring
medication usage; and (5) no history of steroid joint injections past 3 months.

3. Bring the patient into an operating room with a biohazard class A hood and place him (or her) in a supine position.
4. Clean the abdominal area of the patient with 5% betadine (povidone-iodine) and drape the patient using the sterile technique, exposing the

cleaned area of the abdomen for liposuction.
5. Approximately 5 cm infero-laterally from the umbilicus, anesthetize two sites (the one on the left and the other on the right side of the

umbilicus) of incision to-be-made using 2 mL of 2% lidocaine without epinephrine with a (25 gauge, 1½ inch) needle in a 5-mL syringe by
injecting each site at the epidermal level.

6. Anesthetize the site of incision to-be-made using 5 mL of tumescent solution (500 mL of normal saline, 40 mL of 2% lidocaine, 20 mL of 0.5%
bupivacaine, 0.5 mL of 1:1000 epinephrine) in a 10-mL syringe with a needle (25 gauge, 1½ inch).

7. Make 2 incisions of 0.5 cm approximately 5 cm below the umbilicus laterally by pinching the skin to raise the depth of the subcutaneous level.
8. Using No. 11 blade, poke the raised skin to penetrate through to the subcutaneous level but not to penetrate through the abdominal wall.
9. By using 20 cm 16-gauge cannula, anesthetize the subcutaneous level of the whole lower abdomen area, which is to-be-liposuctioned, with

700 to 800 mL of the tumescent solution.
10. After finishing infiltration of the whole lower abdomen with the tumescent solution, prepare a liposuction apparatus by connecting a 3.0 mm

cannula connected to a 60 mL (or a 30 mL) syringe for manual liposuction or a specially designed 3.0 mm cannula connected to a centrifuge
kit, a closed-system syringe for the purpose of keeping the sterility, connected to a vacuum machine for vacuum-assisted liposuction.

11. Perform liposuction to obtain 100-110 g of adipose tissue excluding tumescent solution. When performing liposuction, adipose tissue will be
obtained along with the tumescent solution, which should be separated and removed.

12. To separate the tumescent solution, first by gravity, transfer the adipose tissue in the centrifuge kit to a 60 mL syringe and place the syringe
down (i.e., the portion of the syringe is at the bottom). By waiting 5-6 min, the adipose tissue and the tumescent fluid will be separated.
Remove the fluid at the bottom of the syringe by pressing on the top part of the syringe plunger.

13. Perform the above Steps 1.9-1.11 until a total of 100-110 g of adipose tissue (lipoaspirates) per knee has been accumulated.
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2. Preparation of ASC/ECM Mixture with Sterile Closed System

1. After separating the tumescent solution by gravity and accumulating 50-55 g of lipoaspirates per each 60 mL centrifuge kit, a sterile closed
system, place the 2 centrifuge kits into a centrifuge container bucket and spin at 1600 x g for 5 min, condensing the lipoaspirates and
separating fluid from the adipose tissue. In this process of further condenses, the lipoaspirates may produce fatty oil in certain cases.

2. Being cautious not to shake, remove the safety cap and the plug at the bottom of the centrifuge kit.
3. Remove the bottom fluid by slowly pressing down on the top of the plunger of the centrifuge kit.
4. On separate 60 mL syringe, dissolve 10 mg of collagenase (5 mg of collagenase specific for connective tissue24 and 5 mg of collagenase

specific for adipose tissue25) with 50 mL of normal saline.
5. Mix approximately 25-30 mL of condensed lipoaspirate with dissolved collagenase (5 mg of collagenase specific for connective tissue and 5

mg of collagenase specific for adipose tissue) at a ratio of 1:1 (v:v) by connecting the 60 mL syringe to a centrifuge kit by using a specialized
connector.

6. Thoroughly mix the condensed lipoaspirate and the collagenase by pushing the content between the 60 mL syringe and the centrifuge kits by
using a rod or a pusher.

7. Transfer the mixture of the lipoaspirate and the collagenase back to 60 mL syringes.
8. Connect each 60 mL syringe containing the mixture with a tissue homogenizer which contains blades.
9. Connect an empty 60 mL syringe to the other end of the homogenizer.
10. Push the mixture to the other 60 mL syringe through the homogenizer for 4 -6 times, resulting in cutting and mincing of the lipoaspirate.
11. Transfer the homogenized lipoaspirate and the collagenase mixture back to 60 mL centrifuge kits through a specialized connector
12. Place the centrifuge kits in a container to be placed in an incubator that has been pre-heated at 37 °C.
13. Incubate the two centrifuge kits with the homogenized mixture at 37 °C for 40 min while rotating at 45 rpm.
14. After the 40 min of incubation, remove the container from the incubator in a sterile fashion. Then, remove the centrifuge kits and place them

in a centrifuge machine.
15. Centrifuge the mixtures at 800 x g for 5 min to separate the adipose tissue-derived SVF.
16. After the centrifuge, remove the supernatant (which includes collagenase and digested adipose tissue) from each centrifuge kits by removing

the syringe cap on the top of the plunger and placing a 30 mL syringe on the plunger opening via syringe lock connection.
17. Slowly press down the barrel part of the 30 mL syringe for the supernatant to fill into the 30 mL syringe.
18. Press down the 30 mL syringe barrel all the way down to the last 3-4 mL of the bottom of the centrifuge kit, leaving only the last 3-4 mL of

adipose tissue-derived SVF. The supernatant is discarded.
19. Remove the 30 mL syringe from the top of the plunger and fill the syringe with 5% dextrose in lactated Ringer's solution (D5LR).
20. By attaching the 30 mL syringe filled with D5LR on the top of the plunger opening, fill the centrifuge kits, containing 3-4 mL of adipose tissue-

derived SVF, with D5LR up to 55 mL.
21. Remove the 30 mL syringe, cap the plunger, and centrifuge the centrifuge kits again at 300 x g for 4 min.
22. Repeat Steps 2.17-2.21 for a total of 4 washings. The used collagenase is xenogenic. Therefore, most collagenase is removed by 4

washings. However, for FDA approval, fine-tuning of the protocol may be necessary to completely remove the collagenase residues in the
final volume, although the current amount of collagenase residues may be negligible enough for the patients that do not have any clinical side
effects.

23. After the 4th centrifugation, in order to obtain the final SVF for injection, remove the safety cap and the plug at the bottom opening of the
centrifuge kit, without shaking or turning the centrifuge kit.

24. Attach a 20 mL syringe to the centrifuge kit bottom opening by using a specially designed connector.
25. Pull the plunger of the syringe several times back and forth to shake up the cells that have settled on the bottom of the centrifuge kit.
26. Remove the desired total volume of the SVF containing both ASCs and ECM along with other cells and tissue (usually about 3-4 mL from

each centrifuge kit for knee joint injections).

3. PRP Preparation with Sterile Technique

1. While preparing the ASCs and ECM, draw 30 mL of autologous blood with 2.5 mL of anticoagulant citrate dextrose solution.
2. Transfer the drawn blood to the 60 mL centrifuge kits.
3. Centrifuge the drawn blood at 730 x g for 5 min and remove the supernatant into a new 60 mL centrifuge kit. Centrifuge the supernatant at

1300 x g for 4 min, resulting in 3-4 mL of PRP.
4. Right before the injection, add 3% (w/v) calcium chloride at a ratio of 10:2 (PRP: calcium chloride, v:v) to the PRP to activate it.
5. Add 0.5% (w/v) HA, as a scaffold, to the PRP activated with calcium chloride. These ASCs with ECM, along with PRP, activated by calcium

chloride, and HA stand for the ASC/ECM mixture.

4. ASC/ECM Mixture-Based Treatment

1. Clean the knee of the patient with 5% betadine and drape it in a sterile manner.
2. Palpate the anterior of the knee for the joint space between the tibial and femoral bones.
3. Anesthetize the injection site superficially with diluted lidocaine (1 mL of 1% lidocaine diluted with 4 mL of normal saline) from the skin to just

outside of the joint capsule.
4. Anesthetize the inside of the joint capsule with diluted ropivacaine (1 mL 0.75% ropivacaine diluted with 3 mL of normal saline).
5. Mix 2 mL of HA to the 6-8 mL of SVF contained in a 20 mL syringe through the syringe-to-syringe connector.
6. By using a syringe-to-syringe connector, add 0.4 mL of calcium chloride to the 3-4 mL of autologous PRP that has been already prepared and

being ready in a 5-mL syringe.
7. Combine 3.5 - 4.5 mL of PRP/calcium chloride in a 5 mL syringe with 8-10 mL of HA/SVF mixture in a 20 mL syringe via syringe-to-syringe

connector.
8. Immediately inject the mixture (about 12-15 mL) slowly into the anterior tibio-femoral joint of the knees using 38-mm 18-gauge needle with or

without the ultrasound guidance.
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9. After the injection, bandage the injection site with pressure by folding 4x4 cotton gauze 4 times and placing tapes over the folded 4x4 gauze.
10. Instruct the patient to remain still for 60 min to allow for cell attachment.
11. Instruct the patient to limit activities for minimal of 1 week after discharge from the clinic.
12. Return to the clinic for three additional injections of PRP activated by calcium chloride over 3 weeks.

5. Post-Treatment Follow Up

1. Assess patient at the week of 2, 4, and 16 (18 or 22) for pain improvement in terms of visual analog scale (VAS) and function improvement in
terms of physical therapy parameters. Determine functional rating index (FRI), VAS, and range of motion (ROM) as previously described26,27.

2. Follow the patient by post-treatment MRI 3 months after the treatment.

Representative Results

Three patients (one 87-year-old female with stage 3 OA, one 68-year-old male with stage 3 OA, and one 60-year-old female with stage 3 OA)
without any significant past medical history presented to the clinic with persistent knee pain and desired for potential autologous adipose tissue-
derived SVF treatment. All three patients had their knee examined by an orthopedic surgeon and were offered to have total knee replacement
(TKR) and were reluctant to have the surgery. Prior to the procedure, all three patients had received multiple injections of steroids and HA
without any prolonged improvement.

The 87-year-old Korean female patient, at the time of examination, complained of severe pain (VAS score of 8; Figure 2A) while on rest. She
described the pain to be increasing ([FRI: 37; Figure 2A) when walking up and down stairs. On physical exam, mild joint swelling with decreased
ROM and tenderness with flexion (Figure 2B) were noted. However, no ligament laxity was appreciated. McMurray's and Apley's tests were
negative. A before-treatment MRI demonstrated a decreased size medial meniscus along with deformation and maceration. (Figure 2C, 2E, 2G,
and 2I).

The second patient, a 68-year-old Korean male, complained of severe left knee pain (VAS score: 7; Figure 3A) while on rest. The pain (FRI: 33;
Figure 3A) was described as increasing when walking up and down stairs. On physical exam, there was mild deformity with mild joint swelling.
ROM (Figure 3B) was decreased. Further, no ligament laxity was appreciated. McMurray's and Apley's tests were negative. A before-treatment
MRI showed cartilage thinning along with a decreased size and deformed medial meniscus secondary to the previous meniscectomy (Figure 3C,
3E, 3G, and 3I). The patient was diagnosed to have stage 3 OA.

The third patient, a 60-year-old Korean female, also reported severe pain (VAS score: 8; Figure 4A) on rest. The pain (FRI: 36; Figure 4A)
was described as increasing when walking. The patient also had mild knee swelling and decreased ROM (Figure 4B). No ligament laxity was
appreciated. McMurray's and Apley's tests were negative. A before-treatment MRI showed decreased size medial meniscus with deformation
and maceration, and there was cartilage thinning (Figure 4C, 4E, 4G, and 4I).

Treatment Plan. All three representative patients were restricted from taking steroids, aspirin, non-steroidal anti-inflammatory drugs (NSAIDs),
and Asian herbal medications at least for 1 week prior to the procedure. After taking MRI imaging studies, lipoaspirates were obtained and
processed as referenced above. Afterwards, the autologous adipose tissue-derived SVF containing ASCs, ECM, HA, and calcium-chloride-
activated autologous PRP were injected to the knees at day 0. There was no complication due to liposuctions and joint injections. Subsequently,
the patients returned to the clinic in one week, then 2 weeks, and then 3 weeks for additional injections of HA and autologous PRP activated with
calcium chloride.

Outcome. After the second week of the ASC/ECM mixture injection, the 87-year-old female patient's pain and ROM improved (Figure 2A and
2B). By the 16th week, the patient's pain and ROM significantly improved by more than 70% (Figure 2A and 2B). Post-treatment MRI taken after
the 16th week showed the increased thickness of hyaline cartilage-like tissue on the medial side of the knee (Figure 2D, 2F, 2H, and 2J). As a
comparison, the mean efficacy rate was 67% in data using this clinical protocol, involving 91 patients, and reported in 201315.
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Figure 2: Outcome of pain measurements (A) and range of motion (B); and MRI sagittal (C-F) and coronal (G-J) sequential T2 views
of the knee from the patient case 1.* indicates a statistically significant finding (p < 0.05). Pre-treatment MRI scans (C: sequential image,
5/20; E: 6/20; G: 10/20; and I: 11/20) show cartilage lesions (arrows). Post-treatment MRI scans at 16 weeks (D: 6/20; F: 7/20; H: 10/20; and J:
11/20) indicate cartilage-like tissue regeneration (arrowhead) that has been repaired by ASC/ECM mixture-based treatment. This figure has been
modified from the previous report of Pak et al.10. Please click here to view a larger version of this figure.

The 68-year-old male patient's pain and ROM improved after the second week of the ASC/ECM mixture injection (Figure 3A and 3B). By the
18th week, his pain and ROM significantly further improved to 80% (Figure 3A and 3B). Repeated MRI taken after 18th week showed an increase
in the height of hyaline cartilage-like tissue on the anterior medial side of the knee (Figure 3D, 3F, 3H, and 3J).

 

Figure 3: Outcome of pain measurements (A) and range of motion (B); and MRI sagittal (C-F) and coronal (G-J) sequential T2 views
of the knee from the patient case 2.* indicates a statistically significant finding (p < 0.05). Pre-treatment MRI scans (C: sequential image,
6/20; E: 7/20; G: 13/20; and I: 14/20) show cartilage lesions (arrows). Post-treatment MRI scans at 16 weeks (D: 6/20; F: 7/20; H: 13/20; and J:
14/20) indicate cartilage-like tissue regeneration (arrowhead) that has been repaired by ASC/ECM mixture-based treatment. This figure has been
modified from the previous report of Pak et al.10. Please click here to view a larger version of this figure.

The 60-year-old female patient's pain and ROM improved approximately 50% after the second week of the ASC/ECM mixture injection, (Figure
4A and 4B). By the 22nd week, the pain and ROM significantly improved over 80% (Figure 4A and 4B). Repeated MRI taken after the 22nd week
showed an increase in the height of the hyaline cartilage-like tissue on the medial side of the knee (Figure 4D, 4F, 4H, and 4J).
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Figure 4: Outcome of pain measurements (A) and range of motion (B); and MRI sagittal (C-F) and coronal (G-J) sequential T2 views
of the knee from the patient case 3.* indicates a statistically significant finding (p < 0.05). Pre-treatment MRI scans (C: sequential image,
4/20; E: 5/20; G: 10/20; and I: 11/20) show cartilage lesions (arrows). Post-treatment MRI scans at 16 weeks (D: 4/20; F: 5/20; H: 10/20; and J:
11/20) indicate cartilage-like tissue regeneration (arrowhead) that has been repaired by ASC/ECM mixture-based treatment. This figure has been
modified from the previous report of Pak et al.10. Please click here to view a larger version of this figure.

Discussion

In 2001, Zuk et al. isolated stem cells from adipose tissue by breaking down the collagen matrix with collagenase6. Afterwards, the group showed
that these stem cells isolated from the adipose tissue could transform into cartilage and other tissues of mesoderm in origin, proving that these
stem cells were mesenchymal in origin. 

Likewise, the procedure presented in this article is a modified protocol to apply the similar method to human patients. The main modification of
the protocol is the incorporation of closed system syringes in obtaining and processing the lipoaspirates in order to minimize the air contact while
maintaining the ease of performing the procedure. Using such closed system syringes, adipose tissue was obtained via liposuction. Then, the
lipoaspirates were mixed with collagenase within the closed system syringes. Afterwards, the collagenase was removed from the mixture by
diluting the collagenase concentration within the closed system syringes. The end result is a sterile adipose tissue-derived SVF obtained with
ease of the process. 

By using the similar method, Pak showed in 2011, for the first time, that autologous adipose tissue-derived SVF can be used to treat OA patients
by potentially regenerating cartilage-like tissue. Later, Pak et al. also demonstrated that autologous adipose tissue-derived SVF can be used to
treat meniscus tear and chondromalacia of patellae by regenerating fibrous cartilage-like tissue and hyaline cartilage-like tissue, respectively.
In 2013, Pak et al. reported a safety study involving 91 patients treated with autologous adipose tissue-derived SVF. The mean efficacy of the
study reported was 67%, paving the road to the possibility of applying autologous adipose tissue-derived SVF in general patient population with
cartilage damage.

One of the most common side effects reported by Pak et al. in 2013 safety study was post-treatment knee joint swelling, which can be explained
by 1) stem cell death, 2) inflammation by RBCs contained in the PRP, and/or 3) residual collagenase that has remained in the final volume of
adipose tissue-derived SVF. Since MSCs exist within ECM of adipose tissue11,12, digesting the lipoaspirates with collagenase to break down
the matrix to lease the stem cells is a mandatory process12. However, after breaking down the matrix to release the stem cells, the remaining
residual collagenase should be fully removed from the final volume in order to prevent any potential inflammation that can be produced by the
residual collagenase28. Although collagenase can cause inflammation, an insignificant amount of collagenase in the final volume of adipose
tissue-derived SVF may not trigger a joint swelling. Such final volume of autologous adipose tissue-derived SVF with an insignificant amount of
collagenase has been used safely for the last few years to treat OA of knees by regenerating cartilage-like tissue.

Recently two non-enzymatic methods of obtaining adipose tissue-derived SVF have been introduced29,30. These methods utilize either
mechanical force or ultrasound (vibrational) force, instead of collagenase. In 2018, D'Ambrosi et al. reported a result of treating four
osteochondral lesions of the talus of the ankle with micro-fractured, purified autologous adipose tissue that was obtained by using mechanical
force to breakdown the matrix29. No collagenase was used to break down the matrix. Four patients were treated with the micro-fractured adipose
tissue (i.e., mechanically broken-down adipose tissue), for their talus29. All these four patients showed clinical improvement six months after
the procedure. None had any complications. However, on this study29, there was no report of potential regeneration of cartilage. Another study
published this year involving vibrational energy showed that vibrational energy in certain frequency was not sufficient to isolate stem cells30.

As shown above, different groups have different protocols for using an autologous adipose tissue to treat various degenerative joint disorders.
The protocol can vary from the size of the cannula used for liposuction, the amount of adipose tissue used, type and amount of collagenase (if
any), method of injections, and so on. Since MSCs exist within ECM of adipose tissue, the effect of collagenase, or purification method using
mechanical forces, may play an important role. Especially, the efficacy of collagenase may depend on factors such as the size of the adipose
tissue, amount of the adipose tissue, concentration of collagenase, time and temperature of incubation with collagenase, and the process of
removing the leftover collagenase, which can cause cell damage28.
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It should be noted that collagenase, as it is an important component of this procedure to produce stem cell containing adipose tissue-derived
SVF, may have a negative effect on the final volume of adipose tissue-derived SVF. In this procedure, collagenase is mixed with condensed
lipoaspirates, homogenized, incubated, and then washed off. Throughout this process, stem cells are exposed to collagenase, which can have
a detrimental effect on the survival of the stem cells28. Too much concentration or prolonged exposure of collagenase may lower the stem cell
viability in the final volume28. Further, too much of collagenase left in the final volume may cause inflammation of the joint since collagenase may
break down the cartilage matrix of the joint injected28.

In addition to the potential negative effects of collagenase, liposuction can carry other potential complications. In order to obtain adipose tissue-
derived SVF, liposuction must be performed first. Performing liposuctions, as other medical procedures, carries few potential complications
such as irregularities in the skin contour, seromas, infection, perforation of the abdominal wall, necrotizing fasciitis, fat embolism, and pulmonary
embolism. Among these complications, skin contour irregularities are a very common side effect that can be easily prevented by using small
cannulas and avoiding superficial liposuctions31,32. Seromas, which is a collection of serous fluid in the suctioned area, can also be a result of
aggressive liposuction33. Other potential complications such as infection, necrotizing fasciitis, perforation of abdominal walls, fat embolism, or
pulmonary embolism are all possible. However, these complications can also be prevented by using strict sterile techniques and by improving
patient compliance34.

Further, all three patients included in the study initially presented with a mild joint effusion, a clear sign of synovitis. After the treatment with
adipose tissue-derived SVF, all these patients joint swelling improved. For this reason, it is also reasonable to assume that the improvement of
clinical symptoms is not due to the possible cartilage regeneration, but instead, due to the modulatory and anti-inflammatory effect of stem cells
and/or PRP on synovial membrane35,36. Alternatively, the symptom improvement can be contributed to both modulatory and anti-inflammatory
effect of stem cells and/or PRP on synovial membrane along with possible regeneration of cartilage-like tissue. Although more research is
necessary to delineate the true mechanism of symptom improvement, this percutaneous intra-articular injection of cell therapy in the form of
autologous, homogenized adipose tissue-derived SVF with autologous PRP activated with calcium chloride and /or HA may offer an alternative
treatment to the current strategy of treating knee OA.

As for the addition of autologous PRP is concerned, it is widely accepted that PRP contains various growth factors and differentiating factors
for injected MSCs to grow and differentiate37,38,39. PRP also has shown to have a collagenase neutralizing effect40. Regarding the addition of
hyaluronic acid (HA), HA has been shown to have a potential role as a scaffolding material, due to its high affinity to cartilage tissue, and a
potential role to assist stem cells in penetrating the cartilage matrix41.

As more new processes of obtaining adipose tissue-derived SVF are available, an optimization of a method of processing lipoaspirates is
necessary to standardize the process. However, this may be a difficult task due to the number of potential variations in the process of obtaining
and processing autologous adipose tissue-derived SVF. For example, differences in the texture of subcutaneous adipose tissue in each
individual patient, due to aging or the degree of obesity, may have different responses to collagenase activities, resulting in a different number of
ASCs in the autologous adipose tissue-derived SVF42. In addition, the number of stem cells in each gram of adipose tissue may differ from one
patient to another as shown by the great variation of reported stem cell numbers in numerous publications7,19,20,21,22,23.

This protocol presented in this article is a novel, innovative procedure attempting to improve the current strategy of treating human knee OA
by potentially regenerating cartilage-like tissue with percutaneous injections of autologous adipose tissue-derived SVF. The correct use of
collagenase is an important and critical step in this protocol. Using closed system syringes to keep the sterility while maintaining the convenience
of performing the procedure is the major modification of the protocol developed by Zuk et al.5 In addition, for human application, the residual
amount of collagenase contained in the final adipose tissue-derived SVF should be insignificant to prevent any joint inflammation. There are
limitations of this protocol: the collagenase residues in the final volume (although this may be negligible), no control groups that singly injected
PRP and HA, no biopsies, no evidence excluding the improvement of clinical symptoms due to PRP, the small number of patients (pilot study),
no defying components of the adipose tissue-derived SVF, and no specification of the number of stem cells in each of the 3 patients. Applying
adipose tissue-derived SVF for disorders such as a meniscus tear, chondromalacia patellae, spinal disc disorders, a delayed healing (or non-
healing) bone fracture, a non-healing skin ulcer, breast reconstruction, and other medical disorders may improve the clinical outcome. Although
these are potential clinical applications of adipose tissue-derived SVF, more thorough and vigorous clinical researches are necessary for
incorporating adipose tissue-derived SVF in actual clinical settings.
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