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Background: The clinical applications of stromal vascular fraction (SVF) therapy for osteoarthritis (OA) have attracted academic and clinical attention. However, data of the effects of stromal vascular fraction therapy on regeneration of degenerated cartilage are limited in the literature. Meanwhile, there is a great need for a simple and non-invasive evaluation method to analyze the changes of joint cartilage qualitatively and quantitatively in clinical trials. This study entitled “stromal vascular fraction Therapy for Human Knee Osteoarthritis” was registered in ClinicalTrial.gov # NCT05019378.
Materials and Methods: We designed and conducted a single center, open labeled clinical phase I/II study, and 6 osteoarthritis patients with both knee cartilage defect I-II were enrolled in this study. The two knees of each patient were randomly assigned to autologous stromal vascular fraction treatment group or non-treatment control group to evaluate the safety and therapeutic effect of stromal vascular fraction therapy for human knee osteoarthritis. We have also established a novel protocol to provide 3D MRI imaging for human knee cartilage enabling us to qualitatively and quantitatively evaluate cartilage degeneration and regeneration in this study.
Results: The qualitative and quantitative evaluation of 3D Magnetic Resonance Imaging (MRI) imaging of knee cartilage demonstrated that the stromal vascular fraction therapy reduced the cartilage defects; and significant increase of cartilage value both in defect cartilage area and whole cartilage area of treated group and significant increase of thickness and area of both femoral and tibia cartilage in vertical sections of the stromal vascular fraction treated Group at 12 and 24 W post treatment in cartilage defect I-II osteoarthritis patients.
Conclusion: This clinical phase I/II study indicated that stromal vascular fraction therapy is a safe clinical procedure and provided evidence that the stromal vascular fraction therapy significantly facilitated cartilage regeneration, opening the opportunity to a phase III trial investigating authentic efficacy of the procedure. This study is the first qualitative and quantitative evaluation of the efficacy of autologous stromal vascular fraction cellular therapy on cartilage regeneration. Through early and definite diagnosis of knee osteoarthritis patients, and providing safe and efficient therapy to facilitate cartilage regeneration, we will be able to control or reverse cartilage degeneration and completely change the epidemiology of osteoarthritis worldwide.
Keywords: stromal vascular fraction (SVF), cartilage regeneration, 3D MRI imaging, osteoarthritis, clinical trial
1 INTRODUCTION
Osteoarthritis (OA) is one of the most common joint disorders and the leading causes of work restrictions and decreased quality of life in the elderly (Dunlop et al., 2003). The cartilage degeneration is commonly considered to be the initial pathological defect in OA. However, current clinical interventions for OA, including knee arthroplasty, are all during the stage of managing symptoms rather than regenerative medicine (Coleman et al., 2010; Gademan et al., 2016; Kizaki et al., 2019). With the aging of the population, osteoarthritis patients are increasing year-by-year and effective cartilage regeneration approaches are urgently needed.
Recently, adult mesenchymal stem cells (MSCs) or adipose-derived stem cells (ADSCs) have emerged as promising candidates with great healing potential in regenerative medicine because of their capacity to differentiate into multiple tissue types and to self-renew (Richardson et al., 2016; Gu et al., 2017; Vural et al., 2017; Bonaventura et al., 2020). Nevertheless, before utilizing stem cells for cartilage regeneration by tissue engineering methods, in vitro amplification is necessary to obtain sufficient number of cells before transplantation. However, local microenvironment of culture media can affect stem cells differentiation and ex vivo manipulation may result in genetic changes that may affect functional and biological characteristics. Moreover, progenitor cells are able to regenerate damaged articular cartilage, but the lack of vascularity in cartilage region prevents the infiltration and survival of the implanted stem cells. Therefore, recent regenerative medicine switched to apply stromal vascular fraction (SVF) instead of MSCs or ADSCs, aiming to resolve these limitations in tissue engineering.
Stromal vascular fraction (SVF) isolated from adipose tissues enriched adipose stem cells (ADSCs) as well as other stromal cell types involved in tissue regeneration such as endothelial cells, pericytes, and fibroblasts (Charles-de-Sa et al., 2015; You et al., 2015). These various cell components in SVF may act synergistically with stem cells in facilitating and promoting tissue regeneration (Ramakrishnan and Boyd, 2018). More importantly, SVF cells can be readily obtained from liposuction procedure without the need for any cell propagation, which make it more convenient and feasible for clinical application than culture-expanded ADSCs (Pak et al., 2016a; Bora and Majumdar, 2017; Desando et al., 2019). The clinical applications of SVF therapy for osteoarthritis (OA) have attracted academic and clinical attention (Comella et al., 2017; Farre-Guasch et al., 2018; Tran et al., 2019; Bonaventura et al., 2020). On the ClinicalTrials.gov website, 34 clinical observations utilizing SVF have been registered, of which 7 are for the treatment of osteoarthritis. In the limited published clinical observations, visual analog score (VAS) for pain, functional rating index (FRI), range of motion (ROM) of the patients, and the Western Ontario and McMaster Universities Arthritis Index (WOMAC) questionnaire were assessed to evaluate the outcome of the treatment (Koh et al., 2014; Koh et al., 2015; Fodor and Paulseth, 2016). However, these measurement methods do not provide direct evidences of cartilage degeneration or regeneration.
Conventional Magnetic Resonance Imaging (MRI) can be performed to assess the extent of cartilage damage (Baysal et al., 2004), but cannot be analyzed quantitatively. In addition, most studies utilize two-dimensional MRI images to compare the changes in cartilage between different time periods of the same patient. However, there is no reliable criterion or protocol to ensure that the two images of the MRI section of the same patients from different time periods are actually anatomically identical. At present, there is a great need for a simple and non-invasive evaluation method to analyze the changes of joint cartilage qualitatively and quantitatively in clinical trials.
Herein we reported a randomized clinical phase I/II trial to evaluate the safety and therapeutic effect of autologous SVF cellular therapy on knee OA. In addition, a novel method to provide 3-dimension (3D) MRI imaging for human knee cartilages and bones was developed, enabling us to qualitatively and quantitatively evaluate cartilage regeneration in this study.
2 MATERIALS AND METHODS
Study participants voluntarily provided written informed consent to participate in the study and signed the Health Insurance Portability and Accountability Act (HIPAA) authorization letter before participating in any research procedures. The study was reviewed and approved by the Medical Ethical Committee of Zhongnan Hospital of Wuhan University and was conducted in accordance with the Declaration of Helsinki, International Conference on Harmonization (ICH).
2.1 Study design and participants
We designed and conducted a single center, open labeled clinical phase I/II study. A total of 6 OA patients were enrolled in this study based on their clinical and MRI evaluation. Inclusion criteria were men and women, aged 35–70 years, both knee joints with articular cartilage defect grades I/II, body mass index (BMI) less than 35 kg/m2. Patients meeting the following criteria were excluded: serious medical disorders, previous major knee trauma, mechanical pain caused by severe meniscus injury, autoimmune or inflammatory arthritis, intra-articular hyaluronic acid or corticosteroid injection in the preceding 3 months, previous arthroscopic or open surgery treatment for knee OA in the past 6 months, and inability to provide informed consent. The two knees of each patient were randomly assigned to an autologous SVF (108 cells) treatment group or non-treatment control group. The patients were evaluated every 4 weeks up to 24 weeks for safety and efficacy of autologous SVF therapy (Table 1).
TABLE 1 | The clinical trial design of the SVF cellular therapy with novel 3D MRI imaging for OA.
[image: Table 1]2.2 Adipose tissue harvest
The adipose tissue harvest and subsequent SVF cells processing protocols were followed within the guidelines of the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT) (Bourin et al., 2013; Bora and Majumdar, 2017). On the day of SVF injection, subcutaneous adipose tissue was harvested from the patients’ abdomen by liposuction with tumescent technique (Stone, 1995). Through a small incision, a 3.7 mm hollow blunt-tipped cannula was inserted into the abodominal subcutaneous tissue of the subject, and tumescent solution (0.9% saline solution supplemented with 2% lidocaine, 8.4% sodium hydrogen carbonate, and 0.1% epinephrine) was administered into adipose tissue through infiltration before aspiration. Liposuction with a target volume of about 200–250 mL was collected directly into a sterile tissue-processing container to produce SVF. After the liposuction procedure, pressure bandages were applied around the abdomen for 48 h.
2.3 Preparation of SVF cells
The adipose tissue was then transported to the certified cell therapy laboratory. The adipose tissue was washed twice in PBS and digested through mixing with collagenase Type I (Washington Biochemical Corp., NJ, USA) at 37°C for 30 min with agitation at 5-min intervals. Afterwards, PBS-EDTA was added to stop collagenase activity. The solution was then centrifuged at 800 g for 10 min to collect the cell pellet. The supernatant, including all debris, floating cells and the aqueous phase, was removed and discarded. The pellet was resuspended with normal saline 0.9% to obtain 3 mL of cell solution containing 108 SVF cells for injection into each knee joint. Prior to injection, a cell viability test, endotoxin test, and bacteriologic tests were carried out before releasing for injection. In addition, an aliquot sample was sent to a third-party cetified laboratory for quality control tests.
2.4 SVF treatment
The patient was kept in a supine position on the operating table. Before the treatment, local anesthesia in the knee joint was administered. The Ultrasound-guided intro knee joint injection was performed in the operation room. Three milliliters of cell suspension containing 108 SVF cells were slowly injected into the joint through an 18 gauge 1.5-inch needle. The injection site was disinfected with povidone-iodine solution and covered with a sterile bandage. After injection, the subject’s knee was kept in zero load state for 48 h.
2.5 Follow-up and clinical assessment
At the baseline, enrolled patients were assessed for vital signs, laboratory tests, knee pain and daily functional mobility, 3D MRI imaging evaluations of articular cartilage defect, volume and thickness. Clinical status of all patients was closely monitored at baseline, at the time of SVF treatment, 12 and 24 weeks after the SVF treatment. Knee pain, functional mobility and physical disability were assessed using the WOMAC patient questionnaire and the Lysholm knee scale. Clinical evaluation including medical history, physical examination, as well as any side effects possibly associated with SVF cell therapy were also carefully documented.
2.6 Establishment of a novel method to provide 3D MRI imaging for evaluating human knee cartilage
An experienced orthopedic radiologist, who was blind to the grouping and treatment, performed the comparative evaluation of images before and after SVF therapy.
2.6.1 MRI data acquisition
The scanning sequence of a human knee joint is obtained based on tomography technology. The parameters of the MRI scanner with high resolution Siemens 3.0 T MRI device (Siemens, Munich, Germany) are as follows: repetition time (TR): 14.10 ms; echo time (TE): 5.0 ms; field of view (FOV): 171 mm Å∼ 171 mm; data matrix:320 Å∼ 320; slice thickness: 0.53 mm。By setting the parameters of the scanner to the set value, it is possible to obtain a greater differentiation between various soft tissues (such as articular cartilage, ligament, articular capsule and synovium) and hard bones. When photographing the human knee joint with the tomographic technology, the body position of the photographed person and the degree of flexion and extension of the joint part are fixed.
2.6.2 Establishment of human knee joint MRI 3D models
Acquired DICOM data were processed by Mimics ver. 17.0 (Materialise, Leuven, Belgium) to establish 3D knee joint cartilage imaging models.
a. The detection range from the femoral condyle to the tibial plateau of the knee joint is selected in coronal plane and sagittal plane of the MRI (Figures 1a, b).
b. The contour curves of the tibia and femur of the knee joint are drawn in the top and bottom coronal plane of the detection range. Based on these two contour curves, the region growing method is used to obtain the contour curves of all planes of the detection range (Figures 1c–e).
c. The grayscale threshold value of knee joint bone and cartilage are determined separately. Based on the grayscale thresholds of cartilage or bone, the scanning sequences of cartilage or bone within the selected region are identified respectively (Figures 1f, g). Then the cartilage and bone 3D MRI models are generated (Figures 1h, i).
[image: Figure 1]FIGURE 1 | Establishment of human knee joint MRI 3D models and 3D spatial alignment method. (A) Establishment of human knee joint MRI 3D models: (a,b) The detection range from the femoral condyle to the tibial plateau of knee joint is selected in coronal plane and sagittal plane of MRI; (c–e) region growing method is used to obtain the contour curves of all planes of the detection range; (f,g) Based on the gray scale thresholds of cartilage or bone, the scanning sequences of cartilage or bone within the selected region are identified respectively. (h,i) the cartilage and bone 3D MRI models are generated. (B). Establishment of 3D spatial alignment method: (j-n) 3-matic was applied to spatially align the MRI image data I and II based on osteogenic section to ensure that the cartilage section is registered in the same 3D spatial domain.
Within the selected detection range of the knee joint, the grayscale threshold of bone tissue rarely overlaps with that of other tissues. There is no need for special handling after 3D imaging, and only the redundant parts, which are not consistent with the anatomic structure, can be removed.
Within the selected detection range of the knee joint, the grayscale threshold of articular cartilage may overlap with the meniscus and the cruciate ligament to a certain extent. After 3D imaging, targeted processing can be carried out as needed.
2.6.3 Establishment of MRI 3D imaging model for qualitative analysis of articular cartilage defects
Since the knee articular cartilage is a thin layer of cartilage attached to the articular surface of the femur and tibia, the articular surface of the femur and tibia can be used as a reference to identify a thin bowl-shaped layer of cartilage. Other tissues with the same grayscale value that are not associated with articular cartilage can be removed by the regional growth method or by manual erase. The purpose of 3D image qualitative analysis of articular cartilage is to determine whether there is cartilage defect and the dynamic change of defect before and after SVF treatment (Figure 2). We have drafted the ZhongnanH articular cartilage defect index for this study: I) Sporadic cartilage defects; II) Single cartilage defect <200 mm2 or total defect <600 mm2; III) Large single cartilage defect >200 mm2 or total defect >600 mm2; IV) Penetrating cartilage defect: on the same contact surface, both tibial cartilage and femoral cartilage are defective. Articular cartilage defect grade I has the least impact on the knee joint, while grade IV causes direct bone friction, inducing serious knee dysfunction.
[image: Figure 2]FIGURE 2 | Qualitative analysis of femoral cartilage and tibial cartilage. (A–C) The articular cartilage was determined with the articular surface of femur or tibia as the reference template, (D,E) the damage of cartilage were qualitatively analyzed based on the defect of articular cartilage.
2.6.4 Establishment of 3D spatial alignment method for quantitative analysis of articular cartilage
To achieve quantitative comparative analysis of the same patient’s articular cartilage, MRI imaging data between two different periods (refer to MRI imaging data I and II), we spatially align the MRI imaging data I and II based on osteogenic section to ensure that the cartilage section is registered in the same 3D spatial domain (Figure 1B). In this manner, the cartilage volume, area, and thickness of the same patient between two different time periods can be quantitatively compared (Figure 3).
[image: Figure 3]FIGURE 3 | Quantitative analysis method of articular cartilage at different time periods. Define the borderline of defect cartilage area (A) or entire articular cartilage area (B), and the volume changes between two different periods could be measured and compared. (C) The knee joint was coronal incised at the anterior and posterior positions, the cross-sectional area of cartilage, as well as the thickness of femoral cartilage and tibial cartilage at each position could be measured respectively.
By defining the borderline of the entire articular cartilage area or defect cartilage area, the volume changes between two different periods can be measured and compared (Figures 3A, B). In order to further evaluate the status of cartilage at different positions, the knee joint was coronal incised at the anterior and posterior positions. The cross-sectional area of cartilage in each incision, as well as the thickness of femoral cartilage and tibial cartilage at the anterior and posterior positions was measured respectively (Figure 3C). The thickness and cross-sectional area of cartilage at different time periods, as well as the total volume and defect volume of cartilage, were used to reflect the changes of cartilage state before and after treatment.
2.7 Statistical analysis
Statistical analysis was performed using GraphPad Prism v6.0 (GraphPad Software, San Diego, CA, United States). Data were presented as mean ± standard error. The radiologic evaluation including the volume of whole or damaged cartilage, the cross-sectional area of cartilage in each incision, as well as the thickness of femoral cartilage and tibial cartilage were analyzed by two-way analysis of variance (ANOVA) to compare the data at each time-point of the SVF treated group with the corresponding time-point of the control group and to check the significance between the two groups. In addition, for each group the 24 weeks outcome at different time points was compared to check the change of cartilage status. Statistical inferences were based on a paired t-test for WOMAC and Lysholm analysis. The Mann-Whitney U-test was applied when the assumptions of a t-test were not met.
3 RESULT
3.1 Patient characteristics
Six patients with bilateral knee OA were enrolled in this clinical phase I/II study, and the unilateral knee joint of each patient was randomly divided into the treatment group [autologous SVF (108 cells) therapy] or the control group (no treatment). The mean age was 62.17 ± 6.34 years (range 53–69 years), 5 (83.3%) patients were females and 1 (16.7%) was male. There were 3 (50.0%) patients with normal weight (BMI 18–24.9), 3 (50.0%) overweight patients (BMI 25–29.9). All the enrolled patients were diagnosed with cartilage defect I-II based on MRI 3D imaging. All patients were evaluated regularly during their 24-week follow-up visits.
3.2 SVF cells therapy
Among the enrolled patients, the average amount of harvested liposuction was 200 mL, with an average SVF cells count of 1.5 × 108 cells. The aliquot cells were processed through internal and centisified third party lab quality control protocol for viability, cell count, endotoxin, and Gram-positive bacterial testing. The SVF products from the 6 patients met releasing standards. The cellular components of SVF were characterized by FACS analysis as following: CD45+ cells (Blood-derived cells, 40.81 ± 2.73%), CD45-/CD31-/CD34+ cells (Adipose-derived stromal cells, 33.86 ± 3.40%), CD45-/CD31+/CD34+ cells (Vascular endothelial cells, 10.45 ± 1.82%) and CD45-/CD31-/CD34-cells (other cells including Fibroblasts, Pericytes and others, 14.87 ± 2.99%) (Bourin et al., 2013; Bora and Majumdar, 2017). The SVF injections were completed in the operation room. Under local anesthesia with 1% lidocaine and ultrasound-guidance, 2 mL of 108 SVF cell suspension were injected into the medial side of the knee joint. The SVF cells processing time from the end of adipose tissue harvest to prepared SVF cells in syringe for injection was 120–150 min. The aliquot SVF cells were sent to a national certified-laboratory for quality control testing and all reports were consistent with our internal testing results.
3.3 Safety evaluation
No complications related to adipose tissue harvest were noticed. There were no other adverse events including infection, thrombo-embolism, poor wound healing, or allergy associated with SVF cell administration. Each patient’s EKG, blood tests (kidney, liver function) remained normal throughout the follow up period.
3.4 Qualitative evaluation of cartilage defect of OA patients
We developed a novel method to provide 3D MRI imaging for human knee cartilage, enabling us to qualitatively evaluate the dynamic changes of cartilage defect in this study. As Figures 4, 5 demonstrate, after a single injection of SVF the femur and/or tibia cartilage defects of the treatment group show improvement, some show significant reduction at 12 and 24 weeks post therapy in comparison with pretreatment. In contrast, most the defects of the untreated group show deterioration and some new defects are noted.
[image: Figure 4]FIGURE 4 | Qualitative analysis of femoral cartilage and tibial cartilage defects of 6 enrolled patients. (A) Patient 1: female, 69 years, BMI = 23.5. (B) Patient 2: female, 69 years, BMI = 20. (C) Patient 3: female, 64 years, BMI = 23.8. (D) Patient 4: female, 59 years, BMI = 29.2. (E) Patient 5: female, 59 years, BMI = 27.3. (F) Patient 6: male, 53 years, BMI = 25.0. After a single injection of SVF the femur and/or tibia cartilage defects of all 6 patients show improvement, some show significant reduction at 12 and 24 weeks post therapy in comparison with pretreatment. In contrast, most the defects of untreated group show deterioration and some new defects are noted.
[image: Figure 5]FIGURE 5 | Radiologic evaluation of articular cartilage: volume, area and thickness. (A) Volume change of damaged cartilage. (B) Volume change of total articular cartilage. (C) Thickness of femoral cartilage in section 1. (D) Thickness of tibial cartilage in section 1. (E) Area of articular cartilage in section 1. (F) Thickness of femoral cartilage in section 2. (G) Thickness of tibial cartilage in section 2. (H) Area of articular cartilage in section 2. The volume of damaged cartilage and total cartilage, thickness and area of articular cartilage improved significantly in SVF treated group at 12 and 24 weeks as compared to baseline, while no significant difference was observed in control group.
3.5 Quantitative evaluation of cartilage value, area, and thickness demonstrated
By using femur or tibia as reference, the spatial alignment of knee cartilage 3D imaging of two different time points of the study from the same patient enable us to reliably and quantitatively evaluate the dynamic changes of cartilage volume, cross-sectional area, and thickness.
As illustrated in Figure 5, after a single injection of SVF in the treated knee joint, the mean cartilage volume of defect area increased from baseline 112.96 ± 56.85 to 301.42 ± 298.05 (p < 0.05) and to 279.58 ± 277.99 (p < 0.05) at 12 and 24 weeks post SVF therapy, respectively. No significant cartilage volume change was observed from week 12 to week 24. In contrast, the mean cartilage volume of defect area in the control group showed a decrease, trending from 210.54 ± 59.28 at baseline to 198.94 ± 71.22 (p > 0.05) at 12 weeks visit, and 179.64 ± 45.32 (p > 0.05) at 24 weeks follow-up. However, there was no statistical significance was detected.
The total volume of cartilage in SVF group increased from baseline (4668.61 ± 610.84) to 5335.21 ± 795.53 (p < 0.01) and 5483.52 ± 817.97 (p < 0.001) at 12 and 24 weeks post SVF therapy (Figure 5), respectively. By contrast, the total volume of cartilage in the control group was 5264.40 ± 613.30 at baseline, 5552.90 ± 784.41 (p > 0.5), and 5292.85 ± 698.96 (p > 0.5), at 12 and 24 weeks respectively. No significant difference was detected at each time point.
As Figure 5 illustrates, the thickness of femoral cartilage and tibia cartilage on both anterior and posterior coronal cross-sections were all increased significantly in comparison with that of baseline at 12 weeks (p < 0.5) and 24 weeks (p < 0.5) post therapy. The area of articular cartilage on both anterior and posterior coronal cross-sections were also increased in comparison with that of baseline at 12 weeks (p < 0.5) and 24 weeks, although at 24 weeks the increase was not statistically significant.
3.6 Changes in WOMAC index after SVF treatment
The WOMAC score of 6 patients decreased from a preoperative mean of 85.33 ± 22.19 to a postoperative mean of 70.67 ± 11.02 at 4 weeks, 61.33 ± 17.61 at 8 weeks, 43.00 ± 19.93 at 12 weeks, 45.67 ± 27.32 at 16 weeks, 35.33 ± 12.10 at 20 weeks, and 37.33 ± 19.76 at 24 weeks, respectively (Figure 6A). Of note, the decreasing trend on the WOMAC score is obvious between 0 and 12 weeks, and levels off gradually at 12–24 weeks, indicating that the improvement of pain mainly occurred in the period of 0–12 weeks after SVF therapy.
[image: Figure 6]FIGURE 6 | The trend in WOMAC score and Lysholm score from 0 to 24 W. (A) WOMAC Score: the decreasing trend of WOMAC is obvious between 0 and 12 weeks, and leveled off gradually at 12–24 weeks. (B) Lysholm score: The constant increase was observed from 0 to 12 weeks; thereafter, a relative stability was recorded.
3.7 Changes in Lysholm score after SVF treatment
On the basis of the Lysholm scale interpretation, a higher score represents better knee joint function. The results of 6 patients were that the Lysholm score increased from 42.50 ± 15.76 at the baseline to 64.83 ± 13.75 at 12 weeks; thereafter, a relative stability was recorded after 12 weeks (Figure 6B). The overall increase from the value before treatment to that at 12 weeks was found to be significant (p < 0.05). While similar to the WOMAC score, no statistically significant increase in the Lysholm score was detected after 12 weeks.
4 DISCUSSION
Since 2011, Pak reported for the first time a series of knee OA cases treated with autologous adipose SVF (Pak, 2011), the clinical applications of SVF therapy for OA have attracted academic and clinical attention. Several studies or clinical observations on the application of SVF therapy for knee OA were reported (Koh and Choi, 2012; Pak et al., 2013; Koh et al., 2015; Pak et al., 2016b; Fodor and Paulseth, 2016; Tran et al., 2019). The safety and effects of relieving pain and improving function were observed in most patients. However, The lack of a quantitative measurement to provide convincing evidence of cartilage regeneration makes it impossible to obtain a strong conclusion on the correlation between clinical improvement and cartilage regeneration (Orozco et al., 2013; Koh et al., 2014; Orozco et al., 2014; Koh et al., 2015; Vega et al., 2015; Fodor and Paulseth, 2016). In addition, in some studies the inclusion criteria of the study subjects are K-L III-IV, indicating the progression of arthritis has entered a stage that requires surgical intervention (Orozco et al., 2013; Pak et al., 2016b; Pers et al., 2016; Sampson et al., 2016).
In this study we established a novel protocol to provide 3D MRI imaging for human knee cartilages and bones. The establishment of both cartilage and bone 3D MRI models of the knee joint is of crucial importance to achieve the goal to qualitatively and quantitatively evaluate cartilage regeneration. Since the knee articular cartilage is a thin layer of cartilage attached to the articular surface of femur and tibia, the articular surface of femur and tibia can be used as a reference to identify a thin bowl-shaped layer of cartilage. In addition, to achieve quantitative comparative analysis of the same patient’s articular cartilage MRI imaging data between two different periods (refer to MRI imaging data I and II), it is most critical to spatially align the cartilage section of MRI imaging data I and II in the same 3D spatial domain. Due to the minimum change of joint osteogenesis over a short period of time, and its well-defined anatomic structure, we spatially align the MRI imaging data I and II based on the osteogenic section to ensure that the cartilage section was registered in the same 3D spatial domain (Figures 1j–n). This ensure the cartilage volume; area and thickness of two different time periods are comparable. In this manner, the cartilage volume, area, and thickness of the same patient between two different time periods can be quantitatively compared (Figure 3).
Cartilage degeneration is commonly considered to be the initial pathological defect in OA. In this study, we hypothesized that SVF therapy facilitates and promotes cartilage regeneration and thus will have profound effects to control and reverse the cartilage degeneration in the OA patients with cartilage defect grades I/II, the early and mid stage of OA. In this pilot study six OA patients with both knee cartilage defect I-II were enrolled. The two knees of each patient were randomly assigned to autologous SVF (108 cells) treatment group or non-treatment control group, thus this study minimized the potential impact of the differences of age, sex, BMI, life style, and medications between the treatment group and the control group on the interpretation of the study’s outcome. We estimated in this pilot study six patients were able to provide data for large scale clinical trails.
In this study, the adipose tissue harvest and SVF cells processing protocols were followed within the guidelines of the International Federation for Adipose Therapeutics (IFATS) and Science and the International Society for Cellular Therapy (ISCT) (Bourin et al., 2013). SVF products met releasing criteria, including cell viability test, endotoxin test, and bacteriologic test. In this study, we did not register any adverse events, confirming recent literature which reported that the SVF therapy for knee OA is a safe procedure (Pak et al., 2013; Koh et al., 2015; Fodor and Paulseth, 2016).
Similar to previous pilot studies, the WOMAC score decreased from a preoperative mean of 85.33 ± 22.19 to a postoperative mean of 43.00 ± 19.93 at 12 weeks and 37.33 ± 19.76 at 24 weeks, which represents decreasing pain and improving movement. Lysholm Knee Scale, another recommended method for measuring knee function, increased from 42.50 ± 15.76 at the baseline to 64.83 ± 13.75 at 12 weeks, and 66.10 ± 16.09 at 24 weeks. No statistically significant differences were detected at most time points in both the WOMAC score and Lysholm score which may be related to the limited sample size. The patient serving as self-control also affected the pain and function evaluation of SVF treated knee.
In this study, we qualitatively evaluated knee cartilage defects 3D MRI imaging. As illustrated in Figure 4 detailling that most defects of femur and/or tibia cartilage of the SVF treated group demonstrated improvement, some showed significant reduction at 12 and 24 weeks in comparison with 0 week. In contrast, most the defects of untreated group showed deterioration and some new defects were noted.
The quantitative evaluation of 3D MRI imaging of knee cartilage demonstrated that there was significant increase of cartilage value both in defect cartilage area and whole cartilage area of treated group (Figure 5). The cross-sectional area and thickness of the femoral and tibial cartilage at different positions were also significantly increased. This study shows that the defect cartilage achieved around 1.67 times improvement 12 weeks after SVF injection (from 112.96 ± 56.85 to 301.42 ± 298.05). Even in the cartilage non-defect area, the thickness and cross-sectional area were also improved to some extent. No obvious cartilage repair was observed from week 12 to week 24, which may indicate that the repair of cartilage by SVF therapy mainly occurred during the 12 weeks post treatment. In contrast, there was no significant change of cartilage value, thickness, and area within the untreated group (p > 0.5). Since only 6 patients were recruited in our clinical phase I/II study, a large-scale clinical phase III trial is required to further confirm the safety and efficacy of SVF therapy in treating chondral defects of knee osteoarthritis.
5 CONCLUSION
Our clinical phase I/II study indicated that SVF therapy is a safe clinical procedure for human knee OA. This study provided convincing evidence that SVF therapy reduced cartilage defects; significantly increased cartilage value, cross-sectional area and thickness, indicating SVF therapy facilitate cartilage regeneration in cartilage defect I-II knee OA patients 12–24 weeks post treatment. In this study, we have established a novel protocol to provide 3D MRI imaging for human knee cartilages and bones enabling us to qualitatively and quantitatively evaluate cartilage regeneration. The ZhongnanH articular cartilage defect index may provide a new tool to standardize diagnoses of cartilage defects of knee OA. This pilot study provided novel protocol and data for future large-scale phase III trial to further confirm the efficacy promises of SVF therapy.
From a public health point of view, if we are able to make early definite diagnoses for all knee OA patients, and provide safe and efficient therapy to facilitate cartilage regeneration, we will be able to control or reverse cartilage degeneration and completely change the epidemiology of OA worldwide. We hope our study will make a significant contribution to achieve this goal.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Medical Ethical Committee of Zhongnan Hospital of Wuhan University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
BR, FX, LL, TL, ZR, HX, JT, LC, and XZ contributed to conception and design of this study. YC, RL, JX, YB, JL, JZ, WL, and ZP conducted the clinical trial. BR, RL, ZR, JL, and XZ validated and analyzed the data. BR, YC, LC, and XZ performed the statistical analysis. BR, FX, LC, and XZ wrote the manuscript. All authors contributed to manuscript and approved the submitted version.
FUNDING
This study was supported by Wuhan University Zhongnan Hospital Research Fund (No. RCKY20150101), National Natural Science Foundation of China Grant (Nos. 81571558 and 81870162) and Fundamental Research Funds for the Central Universities (Grant No. 413000333).
ACKNOWLEDGMENTS
The authors thank all the study participants. We would like to acknowledge Peter Rubin (Department of Plastic Surgery, University of Pittsburgh Medical center, Pittsburgh, PA United States), Spencer Brown and Bruce Bunnell for their support and consultant throughout the study, thank Ningchen Shen for his logistical support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Baysal, O., Baysal, T., Alkan, A., Altay, Z., and Yologlu, S. (2004). Comparison of MRI graded cartilage and MRI based volume measurement in knee osteoarthritis. Swiss Med. Wkly. 134, 283–288. doi:10.4414/smw.2004.10546
 Bonaventura, G., Incontro, S., Iemmolo, R., La Cognata, V., Barbagallo, I., Costanzo, E., et al. (2020). Dental mesenchymal stem cells and neuro-regeneration: A focus on spinal cord injury. Cell Tissue Res. 379, 421–428. doi:10.1007/s00441-019-03109-4
 Bora, P., and Majumdar, A. S. (2017). Adipose tissue-derived stromal vascular fraction in regenerative medicine: A brief review on biology and translation. Stem Cell Res. Ther. 8, 145. doi:10.1186/s13287-017-0598-y
 Bourin, P., Bunnell, B. A., Casteilla, L., Dominici, M., Katz, A. J., March, K. L., et al. (2013). Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded adipose tissue-derived stromal/stem cells: A joint statement of the international federation for adipose therapeutics and science (IFATS) and the international society for cellular therapy (ISCT). Cytotherapy 15, 641–648. doi:10.1016/j.jcyt.2013.02.006
 Charles-De-Sa, L., Gontijo-De-Amorim, N. F., Takiya, C. M., Borojevic, R., Benati, D., Bernardi, P., et al. (2015). Antiaging treatment of the facial skin by fat graft and adipose-derived stem cells. Plastic Reconstr. Surg. 135, 999–1009. doi:10.1097/PRS.0000000000001123
 Coleman, C. M., Curtin, C., Barry, F. P., O'Flatharta, C., and Murphy, J. M. (2010). Mesenchymal stem cells and osteoarthritis: Remedy or accomplice?Hum. Gene Ther. 21, 1239–1250. doi:10.1089/hum.2010.138
 Comella, K., Parlo, M., Daly, R., Depasquale, V., Edgerton, E., Mallory, P., et al. (2017). Safety analysis of autologous stem cell therapy in a variety of degenerative diseases and injuries using the stromal vascular fraction. J. Clin. Med. Res. 9, 935–942. doi:10.14740/jocmr3187w
 Desando, G., Bartolotti, I., Martini, L., Giavaresi, G., Aldini, N. N., Fini, M., et al. (2019). Regenerative features of adipose tissue for osteoarthritis treatment in a rabbit model: Enzymatic digestion versus mechanical disruption. Int. J. Mol. Sci. 20, 2636. doi:10.3390/ijms20112636
 Dunlop, D. D., Manheim, L. M., Song, J., and Chang, R. W. (2003). Health care utilization among older adults with arthritis. Arthritis & Rheumatism-Arthritis Care & Res. 49, 164–171. doi:10.1002/art.11003
 Farre-Guasch, E., Bravenboer, N., Helder, M. N., Schulten, E., Ten Bruggenkate, C. M., and Klein-Nulend, J. (2018). Blood vessel formation and bone regeneration potential of the stromal vascular fraction seeded on a calcium phosphate scaffold in the human maxillary sinus floor elevation model. Mater. (Basel) 11, 161. doi:10.3390/ma11010161
 Fodor, P. B., and Paulseth, S. G. (2016). Adipose derived stromal cell (ADSC) injections for pain management of osteoarthritis in the human knee joint. Aesthetic Surg. J. 36, 229–236. doi:10.1093/asj/sjv135
 Gademan, M. G. J., Hofstede, S. N., Vlieland, T. P. M. V., Nelissen, R. G. H. H., and Marang-Van De Mheen, P. J. (2016). Indication criteria for total hip or knee arthroplasty in osteoarthritis: A state-of-thescience overview. Bmc Musculoskelet. Disord. 17, 463. doi:10.1186/s12891-016-1325-z
 Gu, W. D., Hong, X. C., Potter, C., Qu, A. J., and Xu, Q. B. (2017). Mesenchymal stem cells and vascular regeneration. Microcirculation 24, e12324. doi:10.1111/micc.12324
 Kizaki, K., Shanmugaraj, A., Yamashita, F., Simunovic, N., Duong, A., Khanna, V., et al. (2019). Total knee arthroplasty using patient-specific instrumentation for osteoarthritis of the knee: A meta-analysis. Bmc Musculoskelet. Disord. 20, 561. doi:10.1186/s12891-019-2940-2
 Koh, Y. G., and Choi, Y. J. (2012). Infrapatellar fat pad-derived mesenchymal stem cell therapy for knee osteoarthritis. Knee 19, 902–907. doi:10.1016/j.knee.2012.04.001
 Koh, Y. G., Kwon, O. R., Kim, Y. S., and Choi, Y. J. (2014). Comparative outcomes of open-wedge high tibial osteotomy with platelet-rich plasma alone or in combination with mesenchymal stem cell treatment: A prospective study. Arthroscopy-the J. Arthrosc. Relat. Surg. 30, 1453–1460. doi:10.1016/j.arthro.2014.05.036
 Koh, Y. G., Choi, Y. J., Kwon, S. K., Kim, Y. S., and Yeo, J. E. (2015). Clinical results and second-look arthroscopic findings after treatment with adipose-derived stem cells for knee osteoarthritis. Knee Surg. Sports Traumatol. Arthrosc. 23, 1308–1316. doi:10.1007/s00167-013-2807-2
 Orozco, L., Munar, A., Soler, R., Alberca, M., Soler, F., Huguet, M., et al. (2013). Treatment of knee osteoarthritis with autologous mesenchymal stem cells: A pilot study. Transplantation 95, 1535–1541. doi:10.1097/TP.0b013e318291a2da
 Orozco, L., Munar, A., Soler, R., Alberca, M., Soler, F., Huguet, M., et al. (2014). Treatment of knee osteoarthritis with autologous mesenchymal stem cells: Two-year follow-up results. Transplantation 97, E66–E68. doi:10.1097/TP.0000000000000167
 Pak, J., Chang, J. J., Lee, J. H., and Lee, S. H. (2013). Safety reporting on implantation of autologous adipose tissue-derived stem cells with platelet-rich plasma into human articular joints. Bmc Musculoskelet. Disord. 14, 337. doi:10.1186/1471-2474-14-337
 Pak, J., Lee, J. H., Kartolo, W. A., and Lee, S. H. (2016a). Cartilage regeneration in human with adipose tissue-derived stem cells: Current status in clinical implications. Biomed Res. Int. 2016, 4702674. doi:10.1155/2016/4702674
 Pak, J., Lee, J. H., Park, K. S., Jeong, B. C., and Lee, S. H. (2016b). Regeneration of cartilage in human knee osteoarthritis with autologous adipose tissue-derived stem cells and autologous extracellular matrix. BioResearch Open Access 5, 192–200. doi:10.1089/biores.2016.0024
 Pak, J. (2011). Regeneration of human bones in hip osteonecrosis and human cartilage in knee osteoarthritis with autologous adipose-tissue-derived stem cells: A case series. J. Med. Case Rep. 5, 296. doi:10.1186/1752-1947-5-296
 Pers, Y.-M., Rackwitz, L., Ferreira, R., Pullig, O., Delfour, C., Barry, F., et al. (2016). Adipose mesenchymal stromal cell-based therapy for severe osteoarthritis of the knee: A phase I dose-escalation trial. Stem Cells Transl. Med. 5, 847–856. doi:10.5966/sctm.2015-0245
 Ramakrishnan, V. M., and Boyd, N. L. (2018). The adipose stromal vascular fraction as a complex cellular source for tissue engineering applications. Tissue Eng. Part B-Reviews 24, 289–299. doi:10.1089/ten.TEB.2017.0061
 Richardson, S. M., Kalamegam, G., Pushparaj, P. N., Matta, C., Memic, A., Khademhosseini, A., et al. (2016). Mesenchymal stem cells in regenerative medicine: Focus on articular cartilage and intervertebral disc regeneration. Methods 99, 69–80. doi:10.1016/j.ymeth.2015.09.015
 Sampson, S., Smith, J., Vincent, H., Aufiero, D., Zall, M., and Botto-Van-Bemden, A. (2016). Intra-articular bone marrow concentrate injection protocol: Short-term efficacy in osteoarthritis. Regen. Med. 11, 511–520. doi:10.2217/rme-2016-0081
 Stone, A. (1995). Tumescent technique with local-anesthesia for liposuction. Plastic Reconstr. Surg. 95, 603–605. doi:10.1097/00006534-199503000-00046
 Tran, T. D. X., Wu, C. M., Dubey, N. K., Deng, Y. H., Su, C. W., Pham, T. T., et al. (2019). Time- and kellgren-lawrence grade-dependent changes in intra-articularly transplanted stromal vascular fraction in osteoarthritic patients. Cells 8, 308. doi:10.3390/cells8040308
 Vega, A., Martin-Ferrero, M. A., Del Canto, F., Alberca, M., Garcia, V., Munar, A., et al. (2015). Treatment of knee osteoarthritis with allogeneic bone marrow mesenchymal stem cells: A randomized controlled trial. Transplantation 99, 1681–1690. doi:10.1097/TP.0000000000000678
 Vural, A. C., Odabas, S., Korkusuz, P., Saglam, A. S. Y., Bilgic, E., Cavusoglu, T., et al. (2017). Cranial bone regeneration via BMP-2 encoding mesenchymal stem cells. Artif. Cells Nanomedicine Biotechnol. 45, 544–550. doi:10.3109/21691401.2016.1160918
 You, D., Jang, M. J., Kim, B. H., Song, G., Lee, C., Suh, N., et al. (2015). Comparative study of autologous stromal vascular fraction and adipose-derived stem cells for erectile function recovery in a rat model of cavernous nerve injury. J. Urology 193, E222.
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Ren, Chang, Liu, Xiao, Xu, Li, Li, Ruan, Bao, Lin, Zhou, Liao, Pan, Xu, Tian, Cai and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1106279-g005.gif





OPS/images/fcell-11-1106279-g006.gif





OPS/images/fcell-11-1106279-g003.gif





OPS/images/fcell-11-1106279-g004.gif
VY ; ”~
& .k Ve

chﬁﬁ ohlcl
o%ﬂﬂ uma
000 “00

Q'UQ«QY

1898Ded §9¢P¢Y
4

;“““ todode

WU WL

40898d 89¢r¢"





OPS/images/fcell-11-1106279-t001.jpg
Patients Randomized
n=6 (6 patients/12 knees)

SVF treat group Control group
n=6 (6 patients x 1 knee/patient) n=6 (6 patients x 1 knee/patient)
SVF injection No treatment

No patients lost to follow up No patients lost to follow up
6 samples analyzed 6 samples analyzed






OPS/xhtml/nav.xhtml
Contents

		Cover

		Clinical phase I/II trial of SVF therapy for cartilage regeneration: A cellular therapy with novel 3D MRI imaging for evaluating chondral defect of knee osteoarthritis		1 Introduction

		2 Materials and methods		2.1 Study design and participants

		2.2 Adipose tissue harvest

		2.3 Preparation of SVF cells

		2.4 SVF treatment

		2.5 Follow-up and clinical assessment

		2.6 Establishment of a novel method to provide 3D MRI imaging for evaluating human knee cartilage

		2.7 Statistical analysis





		3 Result		3.1 Patient characteristics

		3.2 SVF cells therapy

		3.3 Safety evaluation

		3.4 Qualitative evaluation of cartilage defect of OA patients

		3.5 Quantitative evaluation of cartilage value, area, and thickness demonstrated

		3.6 Changes in WOMAC index after SVF treatment

		3.7 Changes in Lysholm score after SVF treatment





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Cell and Developmental Biology

Clinical phase I/Il trial of SVF
therapy for cartilage
regeneration: A cellular therapy
with novel 3D MRI imaging for
evaluating chondral defect of
knee osteoarthritis





OPS/images/fcell-11-1106279-g001.gif





OPS/images/fcell-11-1106279-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





