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Abstract. 
Background . One of the most plentiful sources for MSCs is the bone marrow; however, it is unknown whether MSC yield differs among different bone marrow sites. In this study, we quantified cellular yield and evaluated resident MSC population from five bone marrow sites in the porcine model. In addition, we assessed the feasibility of a commercially available platelet concentrator (Magellan® MAR01™ Arteriocyte Medical Systems, Hopkinton, MA) as a bedside stem cell concentration device. Methods. Analyses of bone marrow aspirate (BMA) and concentrated bone marrow aspirate (cBMA) included bone marrow volume, platelet and nucleated cell yield, colony-forming unit fibroblast (CFU-F) number, flow cytometry, and assessment of differentiation potential. Results. Following processing, the concentration of platelets and nucleated cells significantly increased but was not significantly different between sites. The iliac crest had significantly less bone marrow volume; however, it yielded significantly more CFUs compared to the other bone marrow sites. Culture-expanded cells from all tested sites expressed high levels of MSC surface markers and demonstrated adipogenic and osteogenic differentiation potential. Conclusions. All anatomical bone marrow sites contained MSCs, but the iliac crest was the most abundant source of MSCs. Additionally, the Magellan can function effectively as a bedside stem cell concentrator.



1. Background
Bone marrow contains a heterogeneous mixture of cells, which provides the basis for its robust regenerative capacity. Mesenchymal stem cells (MSCs) represent a small population of plastic-adherent bone marrow stem cells that at a minimum possess the ability to differentiate along the osteogenic, chondrogenic, and adipogenic lineages [1]. Aside from their direct and proposed transdifferentiation capacity [2], MSCs have been shown to possess antiapoptotic, antibacterial, and anti-inflammatory capabilities, predominately elicited via bioactive mediators which they produce [3, 4]. Due to their versatile regenerative properties, MSCs have been at the forefront of cell-based clinical trials during the last decade [5]. Utilization of these cells in chronic conditions is most often translated from preliminary work in small animal models [6]. We envision an increase in stem cell use in trauma and critical care and believe that large animal models can address many of the potential problems associated with stem cell therapy. Animal studies that more closely recapitulate the physiological sequelae following injury facilitate the extrapolation of their data to humans.
Clinical administration of MSCs requires a large quantity of cells (1–10 million cells per kilogram) [5, 7]. Since MSCs are present in extremely low concentrations in the bone marrow (~0.001%–0.01%) [8], it is imperative to maximize their recovery from the subject for allogeneic and autologous treatments. Traditionally, isolation of MSCs is achieved through the initial separation of the mononuclear cell (MNC) population using density-gradient centrifugation (e.g., Ficoll-Paque) of the whole bone marrow aspirate. The MNCs are subsequently cultured at low densities, and within 2-3 weeks, the plastic-adherent cells form colonies, termed “colony-forming unit fibroblasts” (CFU-F), as each colony is thought to originate from a single MSC [9, 10]. This process is relatively lengthy and has been known to recover only 15–30% of the initial cell population [11–14]. Other processing techniques have been reported to be more efficient in the recovery of MSCs, such as direct plating of the bone marrow [2, 15, 16] and red-blood-cell removal prior to plating [17, 18]. Although these approaches have the advantage of capturing a larger set of the bone marrow cell population, without losing MSCs to subsequent postprocessing steps, they are still laborious and do not preserve the naïve bone marrow milieu that may be regenerative in nature (e.g., growth factors and cytokines).
Another method to isolate MSCs is through a bedside cell concentration device that yields a bone marrow concentrate (BMC) specimen [19–26]. One advantage of such a device is the quick centrifugation step used to generate the BMC, which bypasses the time-consuming step of cell culture and expansion and enables immediate administration to the patient that may translate to clinical significance. Depending on the particular device, the BMC may contain different cell populations, other than MSCs, and a variety of growth factors that may aid in the overall regenerative process [27–30]. For this purpose, we aimed to evaluate stem cell isolation using a point-of-care device (Magellan MAR01 System, Hopkinton, MA).
Since bone marrow MSCs reside in the trabecular component of flat and long bones, they can be harvested from multiple anatomical locations. In humans, bone marrow MSCs are typically isolated from the iliac crest, while in porcine, various anatomical sites (sternum, proximal tibia, femur, and iliac crest) have been used without systematic justification [31–35]. In this study, we characterized the relationship between donor sites and cell yield in a porcine model with the aim of autologous administration of MSCs. We sought to characterize cells from all locations, and based on existing literature in humans, it hypothesized that the iliac crest provides the most abundant source of cells for translational use. In addition, we assessed the feasibility of bedside stem cell concentration using the Magellan (Arteriocyte Medical Systems, Hopkinton, MA). This platelet concentration device is capable of concentrating white blood cells within 30 minutes after sampling the bone marrow. For this reason, we assessed the efficiency of the Magellan as a potential stem cell concentrator for critical-care scenarios requiring autologous cell-based interventions.
2. Materials and Methods
This study was approved by the US Army Institute of Surgical Research (an AAALAC-accredited facility) Animal Care and Use Committee. It was conducted in compliance with the Animal Welfare Act and the implementing Animal Welfare Regulations and in accordance with the principles of the Guide for the Care and Use of Laboratory Animals.
2.1. Surgical Procedure
Five Yorkshire female cross-bred pigs (42.5 ± 1.67 kg; Midwest Research Swine, Gibbon, MN) were housed for at least one week to allow for acclimation and testing of any preexisting disease. Prior to surgery, animals were fasted for 12 to 18 hours with access to water ad libitum. On the day of bone marrow aspirate (BMA), anesthesia was induced via 1–5% isoflurane (in 100% oxygen) and the pigs were endotracheally intubated. Catheters were placed in the left carotid artery and in the pulmonary artery (via left jugular vein), after which the pigs were maintained under total intravenous anesthesia (TIVA), comprised of ketamine HCl (20–30 mg/kg/hr) and midazolam HCL (1.0–1.5 mg/kg/hr) and propofol (100 mcg/kg/min) as described previously [36]. TIVA was carried out continuously and titrated to ensure full anesthesia and analgesia.
2.2. Bone Marrow Aspiration and Concentration
Five donor pigs were used for all assays (). Up to ten bone marrow samples were obtained from the tibia, femur, humerus, and iliac crest (i.e., bilateral) and five bone marrow samples from the sternum, for a total of nine bone marrow sites per animal. Prior to the aspiration, all materials were precoated with heparin to prevent clotting during collection and downstream processing. The area overlying each bone marrow site was aseptically prepared. A BMA needle (Arteriocyte Medical Systems, Hopkinton, MA) connected to a standard drill was inserted into the bone marrow compartment. The obturator was removed and a syringe, containing 8 ml of anticoagulant dextrose (ACD-A) solution (Arteriocyte Medical Systems), was attached and withdrawn to establish negative pressure. Aspirates were filtered to remove residual fat, bone chips, and clots. Approximately, 1 ml of BMA was set aside for cellular analyses and MSC characterization prior to concentration while the remainder was concentrated using the Magellan MAR01 System (Arteriocyte Medical Systems, Hopkinton, MA) according to the manufacturer’s instructions. In instances where the volume of BMA was less than 30 ml, peripheral blood was added to the marrow component to accommodate the Magellan’s minimal volume requirement. Following concentration, a similar volume of concentrated bone marrow aspirate (cBMA) was also used for comparative analyses.
2.3. Cellular Analyses and Mesenchymal Stem Cell Characterization
The volume of the BMA as well as concentration of nucleated cells and platelet retrieved from each bone marrow site was recorded. Nucleated cells and platelet numbers were obtained using the ADVIA® 120 Hematology System (Siemens, Malvern, PA). A subset of cells from BMA and cBMA was seeded onto plastic culture dishes in Dulbecco’s Minimum Essential Media (DMEM) supplemented with 10% fetal bovine serum (Sigma-Aldrich, Saint Louis, MO), 2 mM L-glutamine, and 1% penicillin/streptomycin in a humidified incubator (5% CO2, 37°C). At subconfluency, cells were enzymatically detached with 0.25% trypsin–EDTA and characterized at passage 1 using the following assays: colony-forming unit fibroblast (CFU-F), multidifferentiation capacity, and flow cytometry.
2.3.1. Flow Cytometry
Cultured cells were detached using Versene solution (Life Technologies, Carlsbad, CA) and collected in PBS. Samples were centrifuged at 1500 RPM for 10 min, washed with PBS, and centrifuged again. Cells were resuspended in BD Pharmingen Stain Buffer containing 2% fetal bovine serum (BD Biosciences, Franklin Lakes, NJ) and single cell suspensions were obtained by filtering cells through a cell strainer (40 micron pore size). As a control for positive CD45 expression, peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ) per manufacturer’s instructions. Viable cells were enumerated by trypan-blue exclusion using light microscopy. In a round-bottom 96-well plate, 2.5–5 × 105 cells were added to each well. Purified mouse IgG antibody (SouthernBiotech, Birmingham, AL) was used to block cells at a concentration of 10 μg per 106 cells for 30 min at 4°C, and blocked cells were washed twice with Stain Buffer. Cells were incubated for 30 min at 4°C in 50 μl of Stain Buffer containing an antibody cocktail. This consisted of CD90-APC (clone 5E10, Abcam, Cambridge, MA), CD105-PE (clone MEM-229, Abcam), and CD45-FITC (clone K252.1E4, AbD Serotec, Raleigh, NC); or isotype antibody cocktail containing mouse IgG1-FITC, IgG2a-PE, and IgG1-APC per manufacturer’s recommendations. All isotype-control antibodies were purchased from BD Biosciences. Cells were washed twice with PBS and stained with BD Horizon Fixable Viability Stain 450 (BD Biosciences) per manufacturer’s instructions. Cells were fixed in 1% paraformaldehyde, and data were acquired for 50,000 cells per sample using a MACSQuant flow cytometer (Miltenyi Biotec, San Diego, CA). Data were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).
2.3.2. Colony-Forming Unit Fibroblast Assay
The colony-forming unit fibroblast (CFU-F) assay was used as an indicator of progenitor cell content in BMA and cBMA, as described previously [37]. Briefly, prior to the addition of peripheral blood (6.9 ± 1.7 ml) to the BMAs to accommodate the Magellan’s minimal volume requirements, red blood cells were lysed with 2% acetic acid from each aliquot of BMA and nucleated cells counted manually using a hemocytometer. A total of 4 × 105 nucleated cells were plated per well of a six-well plate in triplicates, and 3 ml of expansion media (DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 1% penicillin/streptomycin) was added. The media was changed every other day thereafter for 10 days. Cells were then washed with PBS and fixed with a 1 : 1 mixture of acetone : methanol for 10 min at room temperature. The plates were allowed to air dry; stained with Giemsa to allow for visualization; and colonies enumerated and reported as CFUs/ml. To gain an insight on MSC frequency in the MNC fraction obtained from the different sites, percent MSCs was calculated by dividing total CFUs by the total number of MNCs. Percent recovery of MSCs by the Magellan was calculated by dividing total CFUs in the cBMA by total CFUs in the BMA specimen and multiplying by 100.
2.3.3. Multidifferentiation Assay
Adipogenic differentiation of cells was accomplished by replacing expansion media with preinduction adipogenic media consisting of DMEM, 10% FBS, 1% antibiotics, 0.5 mM isobutyl-methylxanthine (IBMX), 200 μM indomethacin, 0.1 μM dexamethasone, and 1 μM insulin (Sigma-Aldrich, St. Louis, MO) for 24 hours, followed by two weeks of culture in adipogenic media (same as preinduction media minus the IBMX). Cells were fixed with 4% paraformaldehyde for 20 min and followed by staining with Oil Red O for one hour at room temperature (RT). Excess stain was removed by extensive washes with phosphate-buffered saline (PBS), and cells were imaged with an Olympus IX 71 inverted microscope.
Osteogenic differentiation of cells was achieved by replacing growth media with osteogenic media composed of DMEM, 10% FBS, 1% antibiotics, 10 mM β-glycerophosphate, 10 nM dexamethasone, and 150 μM ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO) for three weeks. Cells were fixed with 4% paraformaldehyde for 20 min, followed by staining with Alizarin Red S (40 mM, pH 4.1) for 20 min, and followed by extensive washes with water to examine mineralization activity. Images were collected as described above.
2.4. Statistical Analysis
Results are presented as means ± standard errors of the mean. All statistical tests were performed with the aid of GraphPad Prism version 5.00 and JMP version 10.0. A two-tailed Student’s t-test was performed for a 2-group comparison. For more than two groups, a one-way analysis of variance (ANOVA) with a Tukey’s Multiple Comparisons posttest was used to compare volume yield among the different bone marrow sites. In cases of unequal variances, a nonparametric, Wilcoxon test was performed. A  value of <0.05 was considered statistically significant.
3. Results
3.1. Cellular Analyses and Mesenchymal Stem Cell Characterization
The mean volume of BMA from each site is displayed in Figure 1. In terms of volume yield, significantly less bone marrow was retrieved from the iliac crests as compared to the other bone marrow sites (). Therefore, to accommodate the Magellan’s minimal volume requirements, peripheral blood was added to the BMA prior to concentration at a mean volume of 14.7 ± 1.3 ml for the iliac crests and 5 ± 1.8 ml for the remaining bone marrow sites. The number of platelets and nucleated cells was also evaluated, and no significant differences were noted in their numbers among the different bone marrow sites. However, as expected, the concentration of nucleated cells and platelets increased significantly () following processing with the Magellan (Figure 2).




			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		Figure 1: Volume yield of BMA from different bone marrow sites (); .
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Figure 2: Concentration of nucleated cells (a) and platelets (b) obtained from different bone marrow sites. Significant differences were observed before (BMA) and after (cBMA) concentration, but not among the different sites; .


Isolated cells from BMA and cBMA were also cultured and analyzed by flow cytometry for surface expression of the hematopoietic marker CD45 and MSC markers CD90 and CD105. The mean percentage ± SEM of cells that were CD45+, CD45−CD90+, and CD45−CD105+ were determined for each location of harvest (Figure 3). The majority of cultured cells isolated from all locations lacked the expression of CD45 as the average percentage of CD45+ cells was 0.75 ± 0.09 and 0.60 ± 0.31, pre- (BMA) and post-concentration (cBMA), respectively. The percentages of the MSC surface markers CD45−/CD90+ were 99.78 ± 0.05 for BMA and 99.77 ± 0.04 for cBMA, while CD45−/CD105+ were 88.65 ± 4.62 for BMA and 90.77 ± 2.47 for cBMA.




			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
				
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
			
		
			
				
					
				
				
					
				
			
			
				
			
		
			
			
			
			
			
			
			
			
			
			
		Figure 3: Mesenchymal stem cell surface markers (CD45−, CD90+, and CD105+) of cells isolated from multiple bone marrow sites before and after concentration.


The CFU-F assay was used as an indicator of MSC presence in BMA and cBMA specimens. Similar to the nucleated cells and platelets, the number of CFUs significantly increased after concentration by the Magellan (). Overall, percent recovery of MSCs from the various sites via the Magellan was 51% ± 5.3 (mean ± SEM). Table 1 presents CFU/well, CFU/ml, and total CFUs among the various bone marrow sites; interestingly, percent MSCs, as a fraction of total CFUs per MNCs prior to concentration, was significantly higher in the iliac crest (0.007%) compared to the other bone marrow sites (approximately 0.002%, , Figure 4(a)). Therefore, although the volume yield from the bone marrow of the iliac crest was significantly lower than other sites, it contained the highest concentration of MSCs.
Table 1: Colony-forming units (CFUs) among the different bone marrow sites before (BMA) and after (cBMA) concentration with the Magellan.
	

	Bone marrow site (±SEM)	CFUs/well	CFUs/ml	Total CFUs
	BMA	cBMA	BMA	cBMA	BMA	cBMA
	

	Tibia	7.4 (±2.0)	22.2 (±6.3)	205.7 (±62.3)	1737.7 (±765.5)	9433.9 (±4065.1)	5213.1 (±2296.5)
	Femur	7.0 (±1.3)	18.8 (±4.2)	206.3 (±85.6)	1593.6 (±555.2)	11235.2 (±3451.6)	4780.8 (±1665.5)
	Humerus	6.5 (±2.3)	12.1 (±4.8)	210.4 (±76.8)	1129.3 (±468.9)	9347.3 (±3366.3)	3387.9 (±1406.6)
	Sternum	7.2 (±2.2)	12.7 (±4.5)	203.5 (±91.7)	1404.0 (±641.6)	6338.8 (±1988.1)	4212.0 (±1924.8)
	Iliac crest	25.6 (±11.2)	28.8 (±12.0)	623.7 (±282.5)	2295.6 (±849.1)	12692.3 (±4981.4)	6886.7 (±2547.2)
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Figure 4: Percent MSCs among the different bone marrow sites prior to concentration (a) and multidifferentiation assays illustrating MSC characteristics of isolated cells from multiple bone marrow sites before and after concentration (b); .


Table 2: Optimal conditions to maximize MSC yield from bone marrow aspirates (BMAs).
	

	Factors	Optimal conditions	Reference
	

	Gender & age	Young females	[44–46]
	Bone marrow site	Iliac crest	[38–43]
	BMA technique	Rapid with high 
negative pressure	[40, 47, 49]
	BMA volume	Low volume	[47, 48]
	Cell processing method	Direct bone marrow plating	[11–18]
	



To confirm the multilineage potential of cells isolated from the different bone marrow sites, culture-expanded cells derived from BMA and cBMA were induced via adipogenic and osteogenic media. After 21 days in osteogenic induction media, both BMA- and cBMA-derived MSCs showed nodule formation that stained positive for mineralization with Alizarin Red. Similarly, adipogenic differentiation was demonstrated by Oil Red O staining in BMA- and cBMA-derived stem cells after two weeks of induction (Figure 4(b)). No site variation was observed in the multidifferentiation capacity of the culture-expanded MSCs.
4. Discussion
The MSC is the most utilized stem cell type in clinical trials, due to its safety, ease of isolation, and robust regenerative capacity [5]. Although bone marrow harvesting from the iliac crest has long been the “gold standard” in humans due to the prominence of the iliac crest and ease of collection, only limited numbers of studies have compared MSC yield from different bone marrow sites. Hyer et al. compared the yield of MSCs obtained from BMA of the iliac crest, tibia, and calcaneus in humans. Consistent with our findings, they concluded that although all tested bone marrow sites contained progenitor cells, the iliac crest provided the greatest yield of MSCs [38]. McLain et al. reported similar or higher concentrations of MSCs from the vertebra as compared to the iliac crest when the two sites where compared in humans [39]. Henrich et al. compared the osteogenic function of MSCs recovered from BMA of the femur and iliac crest in humans. Their study demonstrated that MSCs obtained from the femur (using the reamer/irrigator/aspirator technique) exhibited significantly enhanced calcium deposition compared to the iliac crest [40]. As in the aforementioned studies, they only assessed the osteogenic differentiation capacity of the MSCs. Marx et al. evaluated the yield of CD34+, CD105+, and CD44+ cells from the tibial plateau, anterior, and posterior iliac crests in humans. They reported that both the anterior and posterior iliac crests had twice the amount of progenitor cells as the tibial plateau [41]. Beitzel et al. reported satisfactory concentrations of MSCs from proximal humerus and distal femur in humans [42]. Narbona-Carceles et al. then expanded on this work and compared MSCs isolated from the proximal tibia, distal femur, and iliac crest. They demonstrated that MSCs obtained from the three bone marrow sites possessed common MSC surface markers with multilineage differentiation capacity [43]. The published data presented above complements our findings, indicating that all bone marrow sites contain progenitor cells with multipotent characteristics, though the iliac crest possesses the highest frequency of MSCs.
Other than collection site, the quality of the bone marrow specimen and subsequent MSC yield can be affected from various factors, such as donor gender and age, BMA volume, rate and method of harvest, cell processing technique, and downstream cell-culture methods (Table 2). The age of the donor is fundamental, as aging has been correlated with depletion of the available stem cell pool [44–46]. In our study, the swine were not sexually mature (4–6 months old) and, thus, most likely possessed a large pool of stem cells, as demonstrated herein. The aspirated volume of the bone marrow sample has also been intimately linked with the frequency of isolated MSCs. Specifically, low-volume (i.e., 1–4 ml) BMA has been shown to contain higher concentrations of MSCs than high-volume aspirates due to increased dilution of the bone marrow specimen with peripheral blood [47, 48]. In our efforts to supplement this study and to optimize the approach for maximal MSC recovery, we have also compared 4 ml to 30 ml BMAs from the same iliac crests (bilateral). The 4 ml aspirates were processed using Ficoll-Paque while the 30 ml BMAs were processed using the Magellan. With respect to CFU-F assays and flow cytometry (CD45−, CD90+, CD105+, and CD73+), our preliminary findings indicate significantly higher concentration of MSCs in the smaller volume (4 ml) BMA samples (data not shown), similar to published literature. The rate and magnitude of the applied negative pressure also affects the quality of the BMA specimen. Herniguo et al. demonstrated that increased negative pressure coupled with low-volume aspirate and multiple insertion sites (in human iliac crest) resulted in higher concentrations of MSCs [47]. A similar conclusion was reached by Gronkjaer et al. showing that rapid aspiration, albeit more painful, is favorable over slow BMA for obtaining a high-quality bone marrow specimen [49]. In this study, the BMAs were aspirated into small volume syringes under high negative pressure.
Regardless of the optimal aspiration and postprocessing approach, variability in BMA quality and in MSC characteristics exists between donors [50, 51]. Phinney et al. showed that BMAs obtained from the iliac crests of 17 donors were highly variable in growth properties and in the osteogenic capacity of isolated MSCs, irrespective of gender and age [51]. Based on these published studies and our preclinical experience, we have learned that performing BMA procedures with 10 ml syringes minimizes variability and maximizes negative pressure for optimal MSC yield. Finally, the effect of the cell processing method will also have significant implications on the fate of isolated MSCs. As mentioned previously, the most common method for isolating MSCs is via density-gradient centrifugation, which has been demonstrated to recover a fraction of the MSC population [11–14]. We have found that percent recovery of MSCs using the Magellan was in the range of 36%–66% (mean 51% ± 5.3), which is a dramatic improvement over the Ficoll-Paque technique and constitutes an important outcome of our work. In our efforts to optimize MSC recovery, we further compared the Magellan to both RBC-lysed and direct plating of BMA to isolate MSCs. Data from our lab show that these approaches, and in particular direct plating of the BMA, are indeed more advantageous than other methods requiring downstream cell processing of the BMA sample. It is important to note, however, that irrespective of the bone marrow site or technique used, differences in MSC concentrations in the BMA sample are particularly pertinent when the primary objective is immediate administration to the patient (i.e., autologous treatment). This is because any apparent site/technique-related differences in the heterogeneity of the BMA sample will diminish with progressive cell culture, as the MSC population becomes more uniform [52]. Implications (if any) for long-term therapeutic potency of the stem cells may need to be further studied in light of the fashion in which they were retrieved and processed. However, based on the increased yield of MSCs after Magellan processing, we consider this device suitable as a bedside concentration tool for interventions requiring rapid administration of autologous bone marrow cells.
In this study, the BMAs were processed using the Magellan device, which unlike Ficoll-Paque rapidly generates a leucocyte-rich BMC sample. The BMC generated by the Magellan contains a variety of myeloid and lymphoid cells at various stages of differentiation. Nucleated cells and particularly platelets, in the form of platelet lysate or platelet-rich plasma, have been shown to potentiate the therapeutic milieu of the BMC [27, 28, 53]. Furthermore, the extended array of cytokines and growth factors most likely work in concert with the various bone marrow cells to facilitate the overall regenerative process in vivo [21, 28, 54–56]. In this study, the concentration of nucleated cells and platelets increased significantly (2.6-fold and 11-fold, respectively) following processing with the Magellan, a fact that may prove beneficial for autologous cell therapy. Following processing, culture-expanded cells from both BMA and cBMA expressed high levels of the MSC-surface markers CD90 (99.8%) and CD105 (89.8%) and demonstrated multilineage potential among all tested sites.
The Magellan system has also been evaluated in other studies for its ability to concentrate BMA. Rodriguez-Collazo et al. used the Magellan to concentrate BMA obtained from the proximal tibia in humans to expedite fracture healing. While they reported expedited fracture healing, the cellular products before or after processing were not evaluated [57]. Zhong et al. also used the Magellan to obtain BMC from humans and reported similar (2.8-) fold concentration for nucleated cells, as reported herein (2.6-fold). Analysis of hematopoietic and mesenchymal stem cell markers using flow cytometry (CD34+, CD271+, CD90+, CD105+, and CD146+) did not show an increase in stem cell concentration following processing [58]. Hegde et al. compared the Magellan to two other FDA-approved bone marrow concentration systems, namely Harvest SmartPrep 2 (Harvest Technologies Corporation, Plymouth, MA) and Biomet BioCUE (Biomet Biologics, Warsaw, IN), for their capacity to isolate progenitor cells from BMA of iliac crest in humans. The SmartPrep 2 system resulted in a greater concentration of progenitor cells, evaluated by means of a CFU-F assay, when compared to the Biomet and the Magellan system [25]. Cassano et al. performed extensive comparison on the composition of human BMC and platelet-rich plasma using also the Magellan and the SmartPrep 2. Unlike Hedge et al., they reported similar MSC concentrations in resultant BMC samples from the two systems, although the SmartPrep 2 yielded a higher concentration of nucleated cells [28]. They reported some instances of failure of the Magellan to concentrate the sample. We too have observed this phenomenon. We suspect that technical errors and variability of the obtained samples and their dilution with blood could all be responsible for concentration errors reported by others and us. Nonetheless, the improved MSC concentration potential of the Magellan suggests that it is suitable for point-of-care therapeutic applications when hematocrit, volume status, and collection conditions are well managed.
4.1. Limitations
The bone marrow specimens were harvested from swine, and thus extrapolation to humans should be done with caution. Although porcine MSCs are highly comparable to human MSCs in terms of their phenotype (such as for the positive expression of the common MSC surface markers CD90, CD105, CD73, CD29, CD44, etc.) [59, 60], and pigs share similar anatomic and physiologic characteristics with humans [61], interspecies variations in bone marrow and in blood rheology should be taken into consideration [62]. For example, the fact that the pig is a quadruped animal means different loads across its skeleton, these dissimilar skeletal loads may affect MSC fate through mechanisms such as mechano-transduction [63–65]. Another caveat is that the BMC samples generated with the Magellan are rich in platelets and leucocytes, the clinical implications of which have yet to be fully elucidated.
4.2. Conclusion
The rationale of this study was to identify the bone marrow site that is richest in MSC content. To this end, our results indicate that although MSCs were present in all tested bone marrow sites, the iliac crest, though low in bone marrow volume, possessed the highest frequency of MSCs. This fact is not only important for MSC isolation but also pertinent for autologous-based therapy. The second aim of this study was to evaluate the Magellan as a bone marrow concentration device for MSC collection. Compared to other isolation techniques, such as Ficoll-Paque, the cBMA generated by the Magellan contained a higher yield of MSCs suggesting that the Magellan has important potential advantages when rapid bedside administration of autologous BMC is the goal.
Abbreviations
	BMA:	Bone marrow aspirate
	BMC:	Bone marrow concentrate
	cBMA:	Concentrated bone marrow aspirate
	CFU-F:	Colony-forming unit fibroblast
	DMEM:	Dulbecco’s Modified Eagle Medium
	MSCs:	Mesenchymal stem cells
	PBMCs:	Peripheral blood mononuclear cells
	PBS:	Phosphate-buffered saline.

Additional Points
Data Access. The datasets during and/or analyzed during the current study are available from the corresponding author on reasonable request.
Disclosure
The opinions or assertions contained herein are the private views of the authors and are not to be construed as official or reflecting the views of the Department of Defense, the United States Government. The authors are employees of the U.S. Government. This work was prepared as part of their official duties, and, as such, there is no copyright to be transferred.
Conflicts of Interest
The authors declare that they have no competing interests.
Authors’ Contributions
J. S. McDaniel and B. Antebi equally contributed to drafting the manuscript, data collection, analysis and interpretation, and critical revisions. M. Pilia contributed to data collection. B. J. Hurtgen contributed to data acquisition, analysis and interpretation, and writing. S. Belenkiy and C. Necsoiu contributed to data collection and critical revisions. L. C. Cancio provided data interpretation, writing, critical revisions, and funding support. C. R. Rathbone contributed to the study design, data collection and interpretation, writing, and critical revisions. A. I. Batchinsky provided the study concept and funding and contributed to the study design, data collection, analysis and interpretation, writing, and critical revisions. J. S. McDaniel and B. Antebi contributed equally to the manuscript and are co-first authors.
Acknowledgments
This study was funded by the U.S. Army Medical Research and Materiel Command (USAMRMC) and the Telemedicine and Advanced Technology Research Center (TATRC) via a Grant W81XWH-13-2-0005 administered through the Geneva Foundation and entitled “Comprehensive Treatment of Acute Lung Failure due to Smoke Inhalation and Burns Using Point-of Care Mesenchymal Stem Cell Therapy”, Principal Investigator Andriy Batchinsky, MD. The authors would like to thank the Personnel of the Multi-Organ Support Technology (MOST) Task Area, U.S. Army Institute of Surgical Research.
References
	D. J. Prockop, “Marrow stromal cells as stem cells for nonhematopoietic tissues,” Science, vol. 276, no. 5309, pp. 71–74, 1997.
	Y. Jiang, B. N. Jahagirdar, R. L. Reinhardt et al., “Pluripotency of mesenchymal stem cells derived from adult marrow,” Nature, vol. 418, no. 6893, pp. 41–49, 2002.
	A. I. Caplan and D. Correa, “The MSC: an injury drugstore,” Cell Stem Cell, vol. 9, no. 1, pp. 11–15, 2011.
	M. B. Murphy, K. Moncivais, and A. I. Caplan, “Mesenchymal stem cells: environmentally responsive therapeutics for regenerative medicine,” Experimental & Molecular Medicine, vol. 45, no. 11, article e54, 2013.
	A. Trounson and C. McDonald, “Stem cell therapies in clinical trials: progress and challenges,” Cell Stem Cell, vol. 17, no. 1, pp. 11–22, 2015.
	L. A. McIntyre, D. Moher, D. A. Fergusson et al., “Efficacy of mesenchymal stromal cell therapy for acute lung injury in preclinical animal models: a systematic review,” PloS One, vol. 11, no. 1, article e0147170, 2016.
	A. I. Hoch and J. K. Leach, “Concise review: optimizing expansion of bone marrow mesenchymal stem/stromal cells for clinical applications,” Stem Cells Translational Medicine, vol. 3, no. 5, pp. 643–652, 2014.
	M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage potential of adult human mesenchymal stem cells,” Science, vol. 284, no. 5411, pp. 143–147, 1999.
	P. Bianco, S. A. Kuznetsov, M. Riminucci, and R. P. Gehron, “Postnatal skeletal stem cells,” Methods in Enzymology, vol. 419, pp. 117–148, 2006.
	P. Bianco, ““Mesenchymal” stem cells,” Annual Review of Cell and Developmental Biology, vol. 30, pp. 677–704, 2014.
	R. T. van Beem, A. Hirsch, I. M. Lommerse et al., “Recovery and functional activity of mononuclear bone marrow and peripheral blood cells after different cell isolation protocols used in clinical trials for cell therapy after acute myocardial infarction,” EuroIntervention, vol. 4, no. 1, pp. 133–138, 2008.
	F. H. Seeger, T. Tonn, N. Krzossok, A. M. Zeiher, and S. Dimmeler, “Cell isolation procedures matter: a comparison of different isolation protocols of bone marrow mononuclear cells used for cell therapy in patients with acute myocardial infarction,” European Heart Journal, vol. 28, no. 6, pp. 766–772, 2007.
	M. Aktas, T. F. Radke, B. E. Strauer, P. Wernet, and G. Kogler, “Separation of adult bone marrow mononuclear cells using the automated closed separation system Sepax,” Cytotherapy, vol. 10, no. 2, pp. 203–211, 2008.
	C. Posel, K. Moller, W. Frohlich, I. Schulz, J. Boltze, and D. C. Wagner, “Density gradient centrifugation compromises bone marrow mononuclear cell yield,” PloS One, vol. 7, no. 12, article e50293, 2012.
	N. Jaiswal, S. E. Haynesworth, A. I. Caplan, and S. P. Bruder, “Osteogenic differentiation of purified, culture-expanded human mesenchymal stem cells in vitro,” Journal of Cellular Biochemistry, vol. 64, no. 2, pp. 295–312, 1997.
	K. Mareschi, D. Rustichelli, R. Calabrese et al., “Multipotent mesenchymal stromal stem cell expansion by plating whole bone marrow at a low cellular density: a more advantageous method for clinical use,” Stem Cells International, vol. 2012, Article ID 920581, p. 10, 2012.
	P. Horn, S. Bork, A. Diehlmann et al., “Isolation of human mesenchymal stromal cells is more efficient by red blood cell lysis,” Cytotherapy, vol. 10, no. 7, pp. 676–685, 2008.
	P. Horn, S. Bork, and W. Wagner, “Standardized isolation of human mesenchymal stromal cells with red blood cell lysis,” Methods in Molecular Biology, vol. 698, pp. 23–35, 2011.
	L. A. Fortier, H. G. Potter, E. J. Rickey et al., “Concentrated bone marrow aspirate improves full-thickness cartilage repair compared with microfracture in the equine model,” The Journal of Bone and Joint Surgery American Volume, vol. 92, no. 10, pp. 1927–1937, 2010.
	D. Enea, S. Cecconi, S. Calcagno et al., “Single-stage cartilage repair in the knee with microfracture covered with a resorbable polymer-based matrix and autologous bone marrow concentrate,” The Knee, vol. 20, no. 6, pp. 562–569, 2013.
	D. Enea, S. Cecconi, S. Calcagno, A. Busilacchi, S. Manzotti, and A. Gigante, “One-step cartilage repair in the knee: collagen-covered microfracture and autologous bone marrow concentrate. A pilot study,” The Knee, vol. 22, no. 1, pp. 30–35, 2015.
	A. Gigante, S. Cecconi, S. Calcagno, A. Busilacchi, and D. Enea, “Arthroscopic knee cartilage repair with covered microfracture and bone marrow concentrate,” Arthroscopy Techniques, vol. 1, no. 2, pp. e175–e180, 2012.
	A. Gobbi, G. Karnatzikos, C. Scotti, V. Mahajan, L. Mazzucco, and B. Grigolo, “One-step cartilage repair with bone marrow aspirate concentrated cells and collagen matrix in full-thickness knee cartilage lesions: results at 2-year follow-up,” Cartilage, vol. 2, no. 3, pp. 286–299, 2011.
	A. Gobbi, G. Karnatzikos, and S. R. Sankineani, “One-step surgery with multipotent stem cells for the treatment of large full-thickness chondral defects of the knee,” The American Journal of Sports Medicine, vol. 42, no. 3, pp. 648–657, 2014.
	V. Hegde, O. Shonuga, S. Ellis et al., “A prospective comparison of 3 approved systems for autologous bone marrow concentration demonstrated nonequivalency in progenitor cell number and concentration,” Journal of Orthopaedic Trauma, vol. 28, no. 10, pp. 591–598, 2014.
	J. Skowronski and M. Rutka, “Osteochondral lesions of the knee reconstructed with mesenchymal stem cells - results,” Ortopedia, Traumatologia, Rehabilitacja, vol. 15, no. 3, pp. 195–204, 2013.
	R. G. Johnson, “Bone marrow concentrate with allograft equivalent to autograft in lumbar fusions,” Spine (Phila pa 1976), vol. 39, no. 9, pp. 695–700, 2014.
	J. M. Cassano, J. G. Kennedy, K. A. Ross, E. J. Fraser, M. B. Goodale, and L. A. Fortier, “Bone marrow concentrate and platelet-rich plasma differ in cell distribution and interleukin 1 receptor antagonist protein concentration,” Knee Surgery, Sports Traumatology, Arthroscopy, pp. 1–10, 2016.
	R. M. Ajiboye, J. T. Hamamoto, M. A. Eckardt, and J. C. Wang, “Clinical and radiographic outcomes of concentrated bone marrow aspirate with allograft and demineralized bone matrix for posterolateral and interbody lumbar fusion in elderly patients,” European Spine Journal, vol. 24, no. 11, pp. 2567–2572, 2015.
	S. Sauerbier, D. Rickert, R. Gutwald et al., “Bone marrow concentrate and bovine bone mineral for sinus floor augmentation: a controlled, randomized, single-blinded clinical and histological trial—per-protocol analysis,” Tissue Engineering. Part a, vol. 17, no. 17-18, pp. 2187–2197, 2011.
	M. Rojas, R. E. Parker, N. Thorn et al., “Infusion of freshly isolated autologous bone marrow derived mononuclear cells prevents endotoxin-induced lung injury in an ex-vivo perfused swine model,” Stem Cell Research & Therapy, vol. 4, no. 2, p. 26, 2013.
	P. Jungbluth, A. R. Hakimi, J. P. Grassmann et al., “The early phase influence of bone marrow concentrate on metaphyseal bone healing,” Injury, vol. 44, no. 10, pp. 1285–1294, 2013.
	L. Zou, X. Zou, L. Chen et al., “Multilineage differentiation of porcine bone marrow stromal cells associated with specific gene expression pattern,” Journal of Orthopaedic Research, vol. 26, no. 1, pp. 56–64, 2008.
	Y. Nakamura, X. Wang, C. Xu et al., “Xenotransplantation of long-term-cultured swine bone marrow-derived mesenchymal stem cells,” Stem Cells, vol. 25, no. 3, pp. 612–620, 2007.
	S. A. Ock, R. Baregundi Subbarao, Y. M. Lee et al., “Comparison of immunomodulation properties of porcine mesenchymal stromal/stem cells derived from the bone marrow, adipose tissue, and dermal skin tissue,” Stem Cells International, vol. 2016, p. 9581350, 2016.
	S. Belenkiy, K. M. Ivey, A. I. Batchinsky et al., “Noninvasive carbon dioxide monitoring in a porcine model of acute lung injury due to smoke inhalation and burns,” Shock (Augusta, Ga), vol. 39, no. 6, pp. 495–500, 2013.
	B. Antebi, Z. Zhang, Y. Wang, Z. Lu, X. D. Chen, and J. Ling, “Stromal-cell-derived extracellular matrix promotes the proliferation and retains the osteogenic differentiation capacity of mesenchymal stem cells on three-dimensional scaffolds,” Tissue Engineering. Part C, Methods, vol. 21, no. 2, pp. 171–181, 2015.
	C. F. Hyer, G. C. Berlet, B. W. Bussewitz, T. Hankins, H. L. Ziegler, and T. M. Philbin, “Quantitative assessment of the yield of osteoblastic connective tissue progenitors in bone marrow aspirate from the iliac crest, tibia, and calcaneus,” The Journal of Bone and Joint Surgery American Volume, vol. 95, no. 14, pp. 1312–1316, 2013.
	R. F. McLain, J. E. Fleming, C. A. Boehm, and G. F. Muschler, “Aspiration of osteoprogenitor cells for augmenting spinal fusion: comparison of progenitor cell concentrations from the vertebral body and iliac crest,” The Journal of Bone and Joint Surgery American Volume, vol. 87, no. 12, pp. 2655–2661, 2005.
	D. Henrich, C. Nau, S. B. Kraft et al., “Effect of the harvest procedure and tissue site on the osteogenic function of and gene expression in human mesenchymal stem cells,” International Journal of Molecular Medicine, vol. 37, no. 4, pp. 976–988, 2016.
	R. E. Marx and R. Tursun, “A qualitative and quantitative analysis of autologous human multipotent adult stem cells derived from three anatomic areas by marrow aspiration: tibia, anterior ilium, and posterior ilium,” The International Journal of Oral & Maxillofacial Implants, vol. 28, no. 5, pp. e290–e294, 2013.
	K. Beitzel, M. B. McCarthy, M. P. Cote et al., “Comparison of mesenchymal stem cells (osteoprogenitors) harvested from proximal humerus and distal femur during arthroscopic surgery,” Arthroscopy, vol. 29, no. 2, pp. 301–308, 2013.
	J. Narbona-Carceles, J. Vaquero, S. Suarez-Sancho, F. Forriol, and M. E. Fernandez-Santos, “Bone marrow mesenchymal stem cell aspirates from alternative sources: is the knee as good as the iliac crest?” Injury, vol. 45, Supplement 4, pp. S42–S47, 2014.
	N. Baker, L. B. Boyette, and R. S. Tuan, “Characterization of bone marrow-derived mesenchymal stem cells in aging,” Bone, vol. 70, pp. 37–47, 2015.
	O. Katsara, L. G. Mahaira, E. G. Iliopoulou et al., “Effects of donor age, gender, and in vitro cellular aging on the phenotypic, functional, and molecular characteristics of mouse bone marrow-derived mesenchymal stem cells,” Stem Cells and Development, vol. 20, no. 9, pp. 1549–1561, 2011.
	G. Siegel, T. Kluba, U. Hermanutz-Klein, K. Bieback, H. Northoff, and R. Schafer, “Phenotype, donor age and gender affect function of human bone marrow-derived mesenchymal stromal cells,” BMC Medicine, vol. 11, p. 146, 2013.
	P. Hernigou, Y. Homma, C. H. Flouzat Lachaniette et al., “Benefits of small volume and small syringe for bone marrow aspirations of mesenchymal stem cells,” International Orthopaedics, vol. 37, no. 11, pp. 2279–2287, 2013.
	G. F. Muschler, C. Boehm, and K. Easley, “Aspiration to obtain osteoblast progenitor cells from human bone marrow: the influence of aspiration volume,” The Journal of Bone and Joint Surgery American Volume, vol. 79, no. 11, pp. 1699–1709, 1997.
	M. Gronkjaer, C. F. Hasselgren, A. S. Ostergaard et al., “Bone marrow aspiration: a randomized controlled trial assessing the quality of bone marrow specimens using slow and rapid aspiration techniques and evaluating pain intensity,” Acta Haematologica, vol. 135, no. 2, pp. 81–87, 2016.
	A. Peister, J. A. Mellad, B. L. Larson, B. M. Hall, L. F. Gibson, and D. J. Prockop, “Adult stem cells from bone marrow (MSCs) isolated from different strains of inbred mice vary in surface epitopes, rates of proliferation, and differentiation potential,” Blood, vol. 103, no. 5, pp. 1662–1668, 2004.
	D. G. Phinney, G. Kopen, W. Righter, S. Webster, N. Tremain, and D. J. Prockop, “Donor variation in the growth properties and osteogenic potential of human marrow stromal cells,” Journal of Cellular Biochemistry, vol. 75, no. 3, pp. 424–436, 1999.
	F. J. Lv, R. S. Tuan, K. M. Cheung, and V. Y. Leung, “Concise review: the surface markers and identity of human mesenchymal stem cells,” Stem Cells, vol. 32, no. 6, pp. 1408–1419, 2014.
	T. N. Castillo, M. A. Pouliot, H. J. Kim, and J. L. Dragoo, “Comparison of growth factor and platelet concentration from commercial platelet-rich plasma separation systems,” The American Journal of Sports Medicine, vol. 39, no. 2, pp. 266–271, 2011.
	A. Cieslik-Bielecka, D. M. Dohan Ehrenfest, A. Lubkowska, and T. Bielecki, “Microbicidal properties of leukocyte- and platelet-rich plasma/fibrin (L-PRP/L-PRF): new perspectives,” Journal of Biological Regulators and Homeostatic Agents, vol. 26, Supplement 1, no. 2, pp. 43S–52S, 2012.
	G. Vadala, A. Di Martino, F. Russo et al., “Autologous bone marrow concentrate combined with platelet-rich plasma enhance bone allograft potential to induce spinal fusion,” Journal of Biological Regulators and Homeostatic Agents, vol. 30, no. 4 Suppl 1, pp. 165–172, 2016.
	R. Hart, M. Komzak, F. Okal, D. Nahlik, P. Jajtner, and M. Puskeiler, “Allograft alone versus allograft with bone marrow concentrate for the healing of the instrumented posterolateral lumbar fusion,” The Spine Journal, vol. 14, no. 7, pp. 1318–1324, 2014.
	E. R. Rodriguez-Collazo and M. L. Urso, “Combined use of the Ilizarov method, concentrated bone marrow aspirate (cBMA), and platelet-rich plasma (PRP) to expedite healing of bimalleolar fractures,” Strategies in Trauma and Limb Reconstruction, vol. 10, no. 3, pp. 161–166, 2015.
	W. Zhong, Y. Sumita, S. Ohba et al., “In vivo comparison of the bone regeneration capability of human bone marrow concentrates vs. platelet-rich plasma,” PloS One, vol. 7, no. 7, article e40833, 2012.
	D. Bharti, S. B. Shivakumar, R. B. Subbarao, and G. J. Rho, “Research advancements in porcine derived mesenchymal stem cells,” Current Stem Cell Research & Therapy, vol. 11, no. 1, pp. 78–93, 2016.
	W. A. Noort, M. I. Oerlemans, H. Rozemuller et al., “Human versus porcine mesenchymal stromal cells: phenotype, differentiation potential, immunomodulation and cardiac improvement after transplantation,” Journal of Cellular and Molecular Medicine, vol. 16, no. 8, pp. 1827–1839, 2012.
	M. M. Swindle, A. Makin, A. J. Herron, F. J. Clubb Jr., and K. S. Frazier, “Swine as models in biomedical research and toxicology testing,” Veterinary Pathology, vol. 49, no. 2, pp. 344–356, 2012.
	T. M. Amin and J. A. Sirs, “The blood rheology of man and various animal species,” Quarterly Journal of Experimental Physiology, vol. 70, no. 1, pp. 37–49, 1985.
	I. J. Wallace, G. M. Pagnotti, J. Rubin-Sigler et al., “Focal enhancement of the skeleton to exercise correlates with responsivity of bone marrow mesenchymal stem cells rather than peak external forces,” The Journal of Experimental Biology, vol. 218, Part 19, pp. 3002–3009, 2015.
	S. Sonam, S. R. Sathe, E. K. Yim, M. P. Sheetz, and C. T. Lim, “Cell contractility arising from topography and shear flow determines human mesenchymal stem cell fate,” Scientific Reports, vol. 6, p. 20415, 2016.
	J. Hao, Y. Zhang, D. Jing et al., “Mechanobiology of mesenchymal stem cells: perspective into mechanical induction of MSC fate,” Acta Biomaterialia, vol. 20, pp. 1–9, 2015.


EPUB/Navigation/nav.xhtml


		

			

		  1. Background

		  2. Materials and Methods

		  3. Results

		  4. Discussion

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




