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Abstract 

Introduction 

Autologous fat grafting is commonly used to correct soft-tissue contour deformities. 
However, results are impaired by a variable and unpredictable resorption rate. Autologous 
adipose-derived stromal cells in combination with lipoinjection (cell-assisted lipotransfer) 
seem to favor a long-term persistence of fat grafts, thus fostering the development of devices 
to be used in the operating room at the point of care, to isolate the stromal vascular fraction 
(SVF) and produce SVF-enhanced fat grafts with safe and standardized protocols. Focusing 
on patients undergoing breast reconstruction by lipostructure, we analyzed a standard 
technique, a modification of the Coleman’s procedure, and three different commercially 
available devices (Lipokit, Cytori, Fastem), in terms of 1) ability to enrich fat grafts in stem 
cells and 2) clinical outcome at 6 and 12 months. 

Methods 

To evaluate the ability to enrich stem cells, we compared, for each patient (n = 20), the 
standard lipoaspirate with the respective stem cell-enriched one, analyzing yield, 
immunophenotype and colony-forming capacity of the SVF cells as well as 
immunophenotype, clonogenicity and multipotency of the obtained adipose stem cells 
(ASCs). Regarding the clinical outcome, we compared, by ultrasonography imaging, changes 
at 6 and 12 months in the subcutaneous thickness of patients treated with stem-cell enriched 
(n = 14) and standard lipoaspirates (n = 16). 

Results 

Both methods relying on the enzymatic isolation of primitive cells led to significant increase 
in the frequency, in the fat grafts, of SVF cells as well as of clonogenic and multipotent 
ASCs, while the enrichment was less prominent for the device based on the mechanical 
isolation of the SVF. From a clinical point of view, patients treated with SVF-enhanced fat 
grafts demonstrated, at six months, a significant superior gain of thickness of both the central 
and superior-medial quadrants with respect to patients treated with standard lipotransfer. In 
the median-median quadrant the effect was still persistent at 12 months, confirming an 
advantage of lipotransfer technique in enriching improving long-term fat grafts. 

Conclusions 

This comparative study, based on reproducible biological and clinical parameters and 
endpoints, showed an advantage of lipotransfer technique in enriching fat grafts in stem cells 
and in favoring, clinically, long-term fat grafts. 



Introduction 

Fat grafting is a widely used technique that has been developed by plastic reconstructive and 
aesthetic surgeons [1,2]. Adipose tissue has been used for many years as autologous filler in 
breast augmentation, hemifacial atrophy, facial rejuvenation and rhinoplasty [3]. However, 
the potential regenerative effect of fat grafting has been hypothesized and, to some extent, 
experimented only in recent years, as in the treatment of tissues damaged by radiotherapy [4]. 
The employment of adipose tissue, both as autologous filler and as a source of Adipose Stem 
Cells (ASCs), has introduced the concept of regenerative therapy into plastic reconstructive 
surgery, thus leading to the publication of a large body of literature that supports the 
regenerative properties of the fat grafting techniques. ASCs are indeed mesenchymal stem 
cells characterized by the ability to differentiate, at least in vitro, into multiple cell types of all 
the three germ layers, including adipocytes, smooth muscle cells, endothelial cells, neurons 
and hepatocytes [5-11]. 

However, despite the reported promising results, lipofilling is burdened by variable and 
unpredictable graft-take rates in the postoperative period, with reported absorption rates 
varying from 20 to 90% [12]. 

The variability in fat graft survival has been attributed to several causes, such as the local 
angiogenesis, the donor site, sampling and processing techniques and the type of receiving 
area and its characteristics. Summarizing, three main theories have been reported that try to 
explain the evolution of the grafted adipose tissue: Neuhof in 1923 advanced the host-
replacement theory [13], Peer in 1956 outlined the importance of the adipose cell survival 
[14], and Yoshimura, in 2009, demonstrated the primary role played by ASCs on the rate of 
fat engraftment [15]. According to this latter theory, after the lipofilling procedure, almost all 
the injected cells die within a few months and are replaced by the differentiation of the 
mesenchymal stem cells contained in the stromal vascular fraction (SVF) [16], the portion of 
the adipose tissue particularly enriched in ASCs [11]. 

For this reason, it has been proposed that the enrichment of adipose tissue with ASCs could 
contribute to a de novo formation of adipocytes and blood vessels, thus promoting long-term 
volume retention of the autologous fat graft. Consequently, a new approach, named cell-
assisted lipotransfer (CAL) has been introduced [17]. CAL consists in freshly isolating SVF 
cells from half of the aspirated fat and recombine the isolated cells with the other half, thus 
using, for reconstructive purposes, autologous primitive cells in combination with 
lipoinjection. This process allows converting relatively ASCs-poor aspirated fat to ASCs-rich 
fat [17]. 

Consistently, in the last years, numerous devices, intended for clinical use, have been 
developed and commercialized that are aimed at increasing the concentration of primitive 
cells in the fat graft, by automating and standardizing the procedures for extracting, washing, 
and concentrating the SVF from the autologous adipose tissue, thus ensuring safety and 
reproducibility of the procedures [3,15,18-23]. 

Although some of these clinical devices, often relying on different principles, have been 
described in a number of scientific reports, specifically focused on the effectiveness and 
safety of the new proposed technologies, very few papers have directly compared these 
different procedures in terms of SVF and ASCs enrichment as well as clinical results [18,24]. 



In fact, if the long-term volume retention of the autologous fat graft is guaranteed by the 
presence of ASCs, it has to be demonstrated that these cells are more abundant in the 
enriched-adipose tissues and that they are able to persistently proliferate and differentiate into 
adipocytes and vessels. 

In this study we analyzed four different lipotransfer techniques used for breast reconstruction: 
the gold-standard technique used in our department, which is a modified Coleman’s 
procedure, and three different devices available on the market (Cytori Celution System - 
Lipokit Medikhan System – Fastem Corios). Specifically, we focused our attention on the 
ASC isolated from the different products, studying stem cell yield, proliferation and 
differentiation ability. In this paper it has been: 1 Optimized an in vitro protocol to compare, 
for each patient, standard- and stem cell-enriched- fat grafts, in terms of SVF cells and ASCs; 
2. Demonstrated the effectiveness of the enzymatic stem cell-enrichment procedures in 
enriching fat grafts in primitive cells; and 3. Presented preliminary clinical data showing that 
the use of adipose tissue enriched in stem cells seems to correlate with a better persistence of 
the fat graft at 6 and 12 months. 

Materials and methods 

The independent ethic committee of the Azienda Ospedaliero-Universitaria of Udine has 
approved the research (Parere N. 103 / 2011 / Sper). Written informed consents have been 
obtained from patients and all clinical investigations have been conducted according to the 
principles expressed in the Declaration of Helsinki. 

Tissue donors 

We enrolled in the study n = 36 patients that underwent mammary reconstruction by different 
lipostructure techniques from January 2010 to January 2012. Four skilled senior plastic 
surgeons, which belong to our Department, performed the surgical procedures following a 
standardized procedural protocol. 

Table 1 summarizes the clinical features of the enrolled patients. Specifically, 16 patients 
underwent lipostructure with a standard technique, a Coleman’s modified procedure 
optimized in our Department, while in 20 patients the lipostructure was obtained using 
autologous adipose tissue enriched in SVF through 3 different devices: Cytori Celution 
System (abbreviated “Cytori”, http://www.cytori.com, n = 9), Lipokit Medikhan System 
(abbreviated “Lypokit”, http://www.medikanint.com, n = 5) and Fastem Corios (abbreviated 
“Fastem”, no website available, n = 6), following manufacturers’ instruction. Briefly, in the 
standard procedure the breast reconstruction has been performed using directly the 
centrifuged lipoaspirate. In the other cases, half of the lipoaspirates was employed to 
enzymatically (Cytori and Lipokit) or mechanically (Fastem) isolate the SVF cells and these 
latter were then added to the other half of the lipoaspirate. Lipostructure was then performed 
using the SVF-enriched lipoaspirate. A detailed description of the techniques is presented in 
the Additional file 1. 

  



Table 1 Patients included in the study 
 Standard 

lipoaspirate 
ASCS-enriched 
lipoaspirate 

Statistical 
significance 

ASCS-Enriched 
Lipoaspirate Techniques 

 

Cytori  Lipokit  Fastem 

Clinical features       
n (%)  16 (44,4%) 20 (55%)  9 (25%) 5 (13,8%) 6 (16,7%) 

Age, years; median (range) 49,5 (21–71) 48 (19–74) P =  0.8370 46 (41–70) 52 (41–57) 52 (19–74) 
BMI kg/m2; median (range) 22,35 (19,36-

30,3) 
21,4 (19,8-32,8) P =  0.7520 21,30 (20,58-

30,5) 
22,19 (20–
32,8) 

21,20 
(19,8-24,4) 

Co-morbidities; n (%)  0 (0,0%) 2 (10,0%) P =  0.4921 1 (11,1%) 1 (20,0%) 0 (0,0%) 
Previous surgical procedure 
Mastectomy; n (%)  14 (87,50%) 16 (80,00%) P =  0.6722 8(89%) 5 (100%) 3 (50%) 
Quadrantectomy; n (%)  1 (6,25%) 2 (10,00) P =  1.0000 1(11,1%) 0 (0,00%) 1 (16,7%) 
None (congenital 
malformation); n (%)  

1 (6,25%) 2 (10,00) P =  1.0000 0 (0,00%) 0 (0,00%) 2 (33,3%) 

DONOR AREA        
Abdomen; n (%)  5 (31,25%) 1 (5,00%) P =  0.0689 0 (0,00%) 0 (0,00%) 1 (16,7%) 
Hips; n (%)  7 (43,75%) 7 (35,00%) CHI-Q =  0.5926 3(22,2%) 3 (60%) 1 (16,7%) 
Trochanteric region; n (%)  2 (12,50%) 2 (10,00) P =  1.0000 1(11,1%) 0 (0,00%) 1 (16,7%) 
Abdomen and hips; n (%)  2 (12,50%) 4(20%) P =  0.6722 1(11,1%) 2 (40%) 1 (16,7%) 
Hips and trochanteric region; 
n (%)  

0 (0,00%) 4(20%) P =  0.1131 3(22,2%) 0 (0,00%) 1 (16,7%) 

Abdomen and trochanteric 
region; 
n (%)  0 (0,00%) 1 (5,00%) P =  1.0000 0 (0,00%) 0 (0,00%) 1 (16,7%) 
Abdomen, hips and 
trochanteric region; n (%)  0 (0,00%) 1 (5,00%) P =  1.0000 1(11,1%) 0 (0,00%) 0 (0,00%) 
Amount of solution 
infiltrated, cc ; median 
(range) 95 (54–160) 143 (60–230) P =  0.0540 158 (75–230) 

145 (60–
175) 

85 (75–
165) 

Adjuvant therapies 
None; n (%)  6 (37,5%) 11 (55%) P =  0.3351 5(55,6%) 2 (40%) 4 (66,7%) 
RT; n (%)  1 (6,25%) 3 (15,00%) P =  0.6129 1(11,1%) 1 (20%) 1 (16,7%) 
CT; n (%)  7 (43,75%) 3 (15,00%) P =  0.0732 1(11,1%) 2 (40%) 0 (0,00%) 
RT and CT; n (%)  2 (12,50%) 3 (15,00%) P =  1.0000 2(22,2%) 0 (0,00%) 1 (16,7%) 
Hormonal therapies; n (%)  7 (43,75%) 12 (60,00%) CHI-Q =  0.3318 6(67%) 4 (80%) 2 (33,3%) 

Abbreviations: ASCs = Adipose Stem Cells; BMI = body mass index; cc = cubic centimeter; RT = radiotherapy; CT = 
chemotherapy. 

Stem cell isolation and culture 

SVFs were isolated from aliquots of the lipoaspirates used for breast reconstruction. In the 
case of patients undergoing reconstruction with stem-cell-enriched samples, stem cell 
isolation was performed from aliquots of either not enriched- (i.e. that were collected before 
stem cell enrichment procedures) or stem cell enriched- adipose-tissue samples. 

Lipoaspirates were enzymatically dissociated by using a 0.025% collagenase II solution for 
30 minutes at 37°C (Worthington, Lakewood, NJ) and, after neutralization of the enzyme, 
centrifuged ad 600 g for 10 minutes and filtered (Millipore). To determine the cell yield after 
isolation, cells less than 70 µm in diameter were counted and recovery was expressed as 106 
cells for ml of lipoaspirate. 

To isolate and culture ASCs, we applied, with minor modifications, a protocol optimized for 
culturing multipotent adult stem cells from normal [5-7,9,25,26] and neoplastic human tissues 
[27,28]. Briefly, freshly isolated SVF cells (1.5 × 106) were plated onto human fibronectin 
(Sigma-Aldrich)–coated 100-mm dishes (Corning BV life sciences, Corning, NY) in a 



proliferation medium composed as follows: 60% low glucose DMEM (Invitrogen), 40% 
MCDB-201, 1 mg/mL linoleic acid-BSA, 10−9 M dexamethasone, 10−4 M ascorbic acid-2 
phosphate, 1X insulin-transferrin-sodium selenite (all from Sigma-Aldrich), 2% fetal bovine 
serum (StemCell Technologies), 10 ng/ml human PDGF-BB, 10 ng/ml human EGF (both 
from Peprotech EC), as in [5-7,9,25,26]. Medium was replaced with fresh one every 4 days. 
Once cells reached 70-80% of confluence, they were detached by TrypLE Express 
(Invitrogen) and re-plated at a density of 1-2 × 103/cm2. 

Cell culture assays 

Colony forming efficiency, cell growth kinetic, single cell cloning and multilineage 
differentiation were performed as in [6,7,9,25]. 

Colony forming units (CFU) of SVF cells were determined seeding freshly isolated cells at a 
concentration of 1,500 cells/cm2 in 96 well plates and counting the number of formed 
colonies under a phase contrast microscope 7 days after incubation at 37°C. CFU were 
examined in triplicates and by two independent investigators. 

The cell population doubling time (PDT) was calculated by plating ASCs at the third passage 
at a density of 2 × 103 cells/cm2 in expansion medium. Medium was replaced with fresh one 
every 4 days and, at different time points (1-2-3-5-7 days), cells were detached with TrypLE 
Express (Invitrogen) and counted. Population doubling time was calculated during the log-
phase of growth. 

To generate single-cell–derived clones, a cell sorter (MoFlo, Beckman Coulter) was used to 
automatically deposit individual ASCs onto fibronectin-coated wells of 96-well Terasaki 
plates (n = 300 wells/cell line) and cultured in expansion medium added with 10% fetal 
bovine serum. To determine sorting efficiency and to verify if any well was properly seeded, 
we utilized the Vybrant CFDA SE (CFSE) as a cell tracker (Molecular Probes, Invitrogen). 
Wells were examined once a week. When clones reached confluence, cells were detached 
utilizing TrypLE (Invitrogen) and plated at the density of 1,5 × 103cells/cm2 on new 
fibronectin- coated dishes and cultured in expansion medium. 

ASCs were differentiated and analyzed as in [6,7,9,25]. Hepatocytic differentiation was 
induced growing cells for two weeks at high density (2 × 104/cm2) onto fibronectin coated 
coverslips in a medium containing 0.5% fetal bovine serum (Sigma-Aldrich), 10 ng/ml FGF-
4 and 20 ng/ml HGF (both from Peprotech). Muscle cell- and endothelial cell- differentiation 
was achieved plating 0.5 to 1 × 104/cm2 cells in expansion medium containing 5% fetal 
bovine serum (Sigma-Aldrich), 10 ng/mL bFGF, 10 ng/mL VEGF, and 10 ng/mL IGF-1 (all 
from Peprotech EC), but not EGF. Adipogenic differentiation was induced using culture 
medium supplemented with 0.5 mM isobutylmethylxanthine, 50 µM indomethacin and 0.5 
µM dexamethasone. Cells were allowed to become confluent and cultured for up to 2 weeks 
with medium exchanges every 4 days. 

Flow-cytometry 

Freshly isolated cells or ASCs at the third passage in culture were detached by Tryple-
Express and incubated with the properly conjugated antibodies CD10, CD13, CD29, CD34, 
CD44, CD45, CD49a, CD49b, CD49d, CD59 (BD Biosciences), CD66e (Serotec), CD73, 
CD90 (BD Biosciences), CD105 (Serotec), CD117 (BD Biosciences), CD133 (Miltenyi 



Biotec), CD271 (R&D System), HLA-DR (BD Biosciences), KDR, ABCG-2 (R&D System). 
Properly conjugated isotype-matched antibodies were used as a negative control. The analysis 
was performed either by FACS-Calibur or by FACSCanto (BD Bioscience) [6,7,9,25]. 
Erythrocytes, in freshly isolated samples, were lysed by incubating cells for 5 minutes in 
FACS lysing solution (BD Bioscience). 

Immunofluorescence and cytochemistry 

Cell staining and image acquisition were conducted as in [25,26] to detect: Oct-4 (Abcam, 
1:150); Sox-2 (Chemicon, 1:150); Nanog (Abcam, 1:150); Nestin (Millipore, 1:100), 
vimentin (Dako, 1:100), PPARγ (Santa Cruz, 1:100), CD31 (Dako, 1:50), smooth muscle 
actin (SMA) (Dako, 1:50), α sarcomeric actin (Sigma, 1:100) and c-Kit (Dako, 1:30). The 
accumulation of lipid droplets indicating adipogenic differentiation was detected staining the 
cells in a solution of 0.5% Oil Red-O (Sigma-Aldrich). 

Clinical follow-up 

To compare the clinical results of the different lipostructure techniques used in the mammary 
reconstruction, ultrasound measurement of the subcutaneous thickness in the reconstructed 
breast have been acquired pre-operatively as well as 6 and 12 months post-operatively. 
Moreover, representative pre- and post-operative photographs of the mammary region, taken 
according to standard projections, have been acquired. Ultrasound measurements (7.5 / 13.5 
MHz) have been collected with the GE Vivid e portable ultrasound Doppler. In order to 
standardize the procedure, breast mound has been divided in 9 quadrants and, although 
measurements were performed on all the quadrants, comparisons between groups were 
performed on the superior-medial quadrant (SMQ) and on the median-median quadrant 
(MMQ, i.e. the central quadrant in the breast mound). In fact, as reported in the literature 
[29], both SMQ and MMQ represent an area of weakness and thinness in the reconstructed 
breast after mastectomy. The investigated area corresponds to the treated area in the patients 
who underwent quadrantectomy reconstructions and congenital malformation treatment. 

Depending on the observational nature of the study and the impossibility by some patients to 
undergo pre-operative or post-operative ultrasound, some data regarding pre or post-surgery 
quadrants’ subcutaneous thickness were incomplete. Thus thickness gain data were not 
available for n = 7 patients. Analyses were performed without imputing for missing data. 

Statistics 

For the ASCs study, characteristics of the population have been described using means ± s.d. 
or median and range for continuous variables and percentages for categorical variables. Data 
were tested for normal distribution using the Kolmogorov-Smirnov test. Paired T-test or 
Mann–Whitney test, as appropriate, was used to compare continuous variables between two 
groups. Repeated measurements one-way Anova followed by Bonferroni post-test or Kruskal 
Wallis followed by Dunn’s test, as appropriate, were used to compare more than two groups. 
P values less than 0.05 were considered significant (Prism, version 4.0c). 

For the clinical study, patient characteristics were described using median and range for 
continuous variables, frequencies and percentages for categorical variables. T-test or 
Wilcoxon-Mann–Whitney test were used to compare continuous variables between standard 
treatment and stem cells-enriched treatment, in accordance with Shapiro-Wilk’s normality 



test results. Chi-square or Fisher exact test were used to compare categorical variables, as 
appropriate. For detailed comparisons among standard group and the three enrichment 
methods, Kruskall-Wallis test was performed because of the small sample sizes. Preoperative 
and long term data were tested with Wilcoxon signed rank sum test, while Friedman test were 
used to compare three groups of data. 

Analyses where performed without imputing for missing data. The total number of subjects 
analyzed is reported in figures. 

Results 

Patients enrolled in the study 

As summarized in Table 1, most of the patients enrolled in the study underwent breast 
reconstruction after mastectomy (n = 30), while a minority of them was treated after a 
quadrantectomy (n = 3) or for a congenital malformation (Poland syndrome, n = 3). Patients 
treated with the standard method did not differ significantly from those treated with the stem 
cell-enriched procedure in terms of age, body mass index (BMI), co-morbidities and 
therapies. 

Lipoaspirates were obtained in most cases from the hip area, followed by the abdominal and 
the trochanteric regions, without significant differences between patients treated either with 
standard- or ASCs enrichment- procedure. 

Isolation of adipose tissue stem cells from lipoaspirates obtained by different 
procedures 

To establish whether the enrichment procedures could interfere with the ability to isolate 
primitive cells from lipoaspirates, we analyzed 40 lipoaspirates obtained from 20 patients that 
underwent a CAL procedure. Specifically, for each patient, we compared the characteristics 
of freshly isolated cells both from the non-enriched- (n = 20) and the stem cell- enriched 
samples (n = 20). 

We observed that, at the end of the enzymatic dissociation followed by the filtration step, 
both Cytori and Lipokit procedures determined a significant increase in the number of 
recovered cells, when compared to the respective non-enriched lipoaspirates. This was not the 
case for the Fastem procedure (Figure 1A). 

Figure 1 Isolation of primitive cells from lipoaspirates (L) and lipoaspirates enriched in 
stem cells (L + SC). Histograms represent (A) cell yield, (B) cell composition and (C) 
number of colony-forming units at 7 days from seeding. (D-G) Expression of stem cell 
markers in primary culture. Proliferating cells expressed high levels of Nanog (green 
fluorescence, D), Sox-2 (yellow-fluorescence, E) and Oct-4 (magenta fluorescence, F), while 
a fraction of cells expressed c-Kit (red fluorescence, G). Nuclei are depicted by the blue 
fluorescence of DAPI. In the histograms, results are expressed as mean ± standard deviation. 
For each isolation method, *, p < 0.05 vs. L. 

In order to establish whether the enrichment procedure modified the composition of the 
isolated cells, we performed a FACS analysis to determine, in the erythrocyte-lysed samples, 



the fraction of CD45+ hematopoietic cells, and, among the CD45 negative cells, the 
expression of the mesenchymal stem cell markers CD73, CD90 and of the endothelial marker 
CD31. Moreover, we evaluated the CD34+CD45−CD31− stromal cell population [30]. Cytori, 
and especially Fastem procedures, significantly increased the fraction of CD45 positive 
hematopoietic cells, while the CD34+CD45−CD31− stromal cell population was significantly 
increased by both Lipokit and Cytori enrichment procedures (Figure 1B). No main 
differences were detected in the frequency of CD31, CD73 or CD90 positive cells. 

When dissociated cells were cultured to obtain ASCs, only a minority of the seeded cells was 
able to adhere and proliferate (Figure 1C). Specifically, the colony forming efficiency, an 
assay often used to quantify the presence of mesenchymal stem cells [31], was significantly 
increased in samples enriched by the two enzymatic methods, Cytori and Lipokit, but not by 
the mechanic Fastem method (Figure 1C). 

Despite the stringent culture conditions, 5–7 days after the primary culture, proliferating cell 
lines were obtained from every sample, confirming the high efficiency of the optimized 
method [5-7,9,25]. 

As soon as one week after seeding, proliferating cells were positive for the expression of the 
pluripotent-state specific transcription factors Oct-4, Nanog and Sox-2 (Figure 1D-F), thus 
excluding that the acquisition of these features could be related to an extensive culture 
manipulation. The expression of c-Kit, the stem cell antigen receptor, was detected in about 
10% of the population without significant differences between the samples (Figure 1G). 

Altogether, these results indicate that samples obtained by Cytori- and Lipokit- stem cell 
enrichment procedures are characterized, with respect to the non-enriched counterpart, by 
increased cell yield and number of colony-forming cells. Conversely, Fastem seems not to 
affect these parameters. 

Cytori- and Lipokit- enrichment in stem cells persist with passages in culture 

To test the hypothesis that the persistence of ASCs in the donated fat is required for the long-
term volume retention of the autologous fat graft, we verified if the enrichment in primitive 
cells persisted after extensive expansion in culture. For this purpose, ASCs obtained from 
samples enriched with the 3 different techniques were compared with those isolated from 
their non-stem cell enriched counterparts. 

As shown in Figure 2, proliferating cells at the third passage in culture (i.e. ≈24th population 
doubling) continued to express Oct-4 and Nanog (Figure 2 A-F), transcription factors 
considered to be crucial, together with Klf-4 and c-Myc, for the maintenance of a primitive 
state [32]. However, only Cytori-enriched samples were characterized, with respect to the 
non-enriched counterpart, by a significant increase in the expression of both Oct-4 and Nanog 
(Figure 2C and 2F). Furthermore, 20-30% of cultured cells derived from samples enriched in 
stem cells by either Lipokit or Cytori expressed the stem cell marker c-Kit, although only the 
latter group significantly differed from the non-enriched counterpart (Figure 2G-I). 

  



Figure 2 Stem cell marker expression by ASCs. Stem cells isolated from lipoaspirates (L) 
(A, D, G) and lipoaspirates enriched in stem cells (L + SC) (B, E, H) express Oct-4 (yellow 
fluorescence, A-C), Nanog (magenta fluorescence, D-F) and c-Kit (red fluorescence, G-I ). 
Nuclei are depicted by the blue fluorescence of DAPI. (J) Representative surface 
immunophenotype of ASCs: histograms overlays show isotype control IgG staining profile 
(red histograms) versus specific antibody staining profile (green histograms). (K)  Population 
doubling time. In C, F, I and K results are expressed as mean ± standard deviation. *, p < 
0.05 vs. L. 

The flow-cytometric analysis of the cell surface immunophenotype (Figure 2J) demonstrated 
that every cell line exhibited, independently from the enrichment procedure, a similar 
mesenchymal phenotype, characterized by the expression of CD44, CD73, CD90, and CD105 
in the absence of hematopoietic markers, such as CD45. With the exception of c-Kit, that was 
more expressed both in Cytori and Lipokit enriched samples, no other major differences were 
detected (Additional file 2: Table S1). 

When analyzed in terms of growth kinetic, only cell lines obtained from samples enriched in 
stem cells by Lipokit showed a significantly reduced population doubling time, while for 
Cytori-enriched and Fastem-enriched samples the trend in increasing the growth speed did 
not reach a statistical significance (Figure 2K). 

Finally, in order to test whether enrichment procedures affected clonogenicity, a crucial in 
vitro property of stem cells, we performed a single cell-cloning assay comparing non-
enriched and stem cell-enriched paired samples (Figure 3). Although from all cell lines it was 
possible to isolate highly proliferating clones (Figure 3A-B), the frequency of these latter was 
significantly increased in Cytori- and Lipokit- enriched ASCs (Figure 3B). Specifically, 
ASCs enriched by Lipokit were 2.8(±0.6) times more clonogenic than the non-enriched 
counterpart, while Cytori enrichment determined a 2.5(±2.1) fold increase in the frequency of 
clonogenic cells. Enrichment by Fastem did not increase the clonal ability of isolated cells. 
Importantly, clonal cells maintained a stable undifferentiated phenotype characterized by the 
expression of pluripotent-state specific transcription factors, vimentin, nestin and c-Kit 
(Figure 3C-H). 

Figure 3 Clonogenicity of ASCs. (A) Phase contrast picture of a representative single-cell 
derived clone. (B) Quantitative evaluation of the clonogenicity of stem cells isolated from 
lipoaspirates (L) and lipoaspirates enriched in stem cells (L + SC). Data are expressed as 
mean ± standard deviation. *, p < 0.05 vs. L. (C-F) Clones are characterized by a primitive 
phenotype being highly expressing Oct-4 (red fluorescence, C), Nanog (green fluorescence, 
D), Sox-2 (yellow fluorescence, E), c-Kit (red fluorescence, F), and the intermediate 
filaments nestin (green fluorescence, G) and vimentin (red fluorescence, H). 

ASCs from Lipokit- and Cytori- enriched fat grafts display superior 
differentiation potential in vitro 

It has been hypothesized that the enrichment of adipose tissue with stem cells could stimulate 
the formation of new blood vessels and maintain the thickness of the graft. In order to 
establish whether the enrichment procedure could increase the frequency, within grafted 
samples, of multipotent cells able to originate new vessels and adipose tissue, we exposed 
ASCs to adipogenic-, myogenic- and endothelial-inducing conditions (Figure 4). Cells 
cultured in adipocyte differentiation medium accumulated Oil Red-O- positive lipid droplets 



in their cytoplasm (Figure 4A-C) and increased the expression of PPARγ (Figure 4D-E). 
Again, cell lines obtained from Lipokit- and Cytori-enriched samples, displayed a 
significantly increased ability to differentiate into adipocyte-like cells. 

Figure 4 Multipotency of ASCs. Stem cells isolated from lipoaspirates (L) (A, D, F, I, L) 
and lipoaspirates enriched in stem cells (L + SC) (B, E, G, J, M) were evaluated for their 
ability to differentiate into adipocytes-like cells staining positive for Oil-red O (red vacuoles, 
A-C) and PPAR-γ (magenta, D-E), endothelial-like cells positive for CD31 (green 
fluorescence, F-H) and muscle cells positive for smooth muscle actin (red fluorescence, I-K ) 
and alpha-sarcometic actin (red fluorescence, L-N ). Nuclei are depicted by the blue staining 
of either hematoxylin or DAPI. In C, H, K and N results are expressed as mean ± standard 
deviation. *, p < 0.05 vs. L. 

Concerning the ability to differentiate into CD31 positive endothelial cells, every tested cell 
line was able to acquire endothelial cell features (Figure 4F-H). However, only Cytori 
enrichment significantly improved the endothelial differentiation capacity of ASCs (Figure 
4H). Similarly, only cell lines obtained from samples enriched by Cytori were characterized 
by an increased ability to differentiate into both smooth muscle cells (Figure 4I-K) and 
skeletal muscle cells (Figure 4L-N). ASCs obtained from Lipokit enriched samples displayed 
only a trend towards the improvement in their differentiation ability, while ASCs obtained 
from Fastem-enriched samples did not differ from those obtained from the non-enriched 
counterparts. 

Altogether, the accumulated evidences showed that cell lines obtained from Cytori-enriched 
samples were characterized by an increased ability to differentiate into endothelial-, myocyte-
, and adipocyte-like cells. 

Adipose tissue grafts enriched by stem cells improve subcutaneous thickness 
gain 

In order to establish whether the use of stem cell-enriched lipoaspirates for breast cancer 
reconstruction can determine, with respect to the standard procedure, an improvement in the 
clinical outcome (Figure 5A, C, E, G), we compared the preoperative and postoperative 
subcutaneous thickness of the breast area, by ultrasound measurements (Figure 5B, D, F, H), 
allowing us to compute the gain in subcutaneous tissue six months after surgery (Figure 5I-
L). Importantly, the biological properties of the lipoaspirate products that were employed for 
the standard procedure did not differ from the above-described, non stem cell enriched- 
samples (Additional file 2: Table S1 and Additional file 3: Figure S1). 

Figure 5 Clinical evaluation. (A-D) Patient treated with stem-cell enriched fat-grafting 
technique. (A) Pre-operatory pictures of the patient after mastectomy and immediate 
expander reconstruction of the left breast. (B) Ultrasound evaluation image of the pre-
operatory subcutaneous thickness of the mastectomy skin flap over the implant, detected at 
the level of the median-median quadrant (MMQ). (C) Post-operative pictures at 6 months 
after the patient underwent expander substitution with an implant and contemporary fat 
grafting with 230 cc of stem cell-enriched adipose tissue (Cytori Celution System). Shape, 
volume, and projection of the final implant are good to excellent. (D) Ultrasound evaluation 
image of the subcutaneous thickness of the mastectomy skin flap at 6 months, detected in the 
area of the MMQ. (E-H) Patient treated with Standard fat-grafting technique. (E) Pre-
operatory pictures of a patient after mastectomy and immediate expander reconstruction of 



the right breast. (F) Ultrasound evaluation image of the subcutaneous thickness of the 
mastectomy skin flap over the implant in the pre-operatory period, detected at the level of the 
MMQ. (G) Post-operative pictures at 6 months. Reconstruction was performed with expander 
substitution with an implant and contemporary fat grafting with 110 cc of adipose tissue 
(Standard technique). The symmetry is reached, although in the lateral view, there is a lack in 
the right breast projection. (H) Ultrasound evaluation image of the subcutaneous thickness of 
the mastectomy skin flap at 6 months, detected in the area of the MMQ. (I-L)  Graph boxes 
showing the subcutaneous thickness gain in millimeter in the superior-median quadrants 
(SMQ) (I-J) and in the MMQ (K-L) at 6 months. (M-N)  Graph boxes showing the 
subcutaneous thickness loss in millimeter in the MMQ between 6 and 12 months. 

Compared to the standard technique, stem cell enrichment led to better results in terms of 
thickness gain in both SMQ (Figure 5I: +0 mm [−11.2 mm to +4.5 mm] in the standard 
treatment group vs. +3.1 mm [−4.7 mm to +8.5 mm] in the stem cell enriched group, p = 
0.002) and MMQ (Figure 5K: +0.5 mm [−16.6 mm to +6.3 mm] in the standard treatment 
group vs +4.5 mm [−0.20 mm to +8.2 mm] in the enriched group, p = 0.028). When 
considering the single technique’s performance, a difference in thickness gain was observed 
for SMQ (Figure 5J, p = 0.026) but not for MMQ (Figure 5L, p = 0.117), but subgroup 
analysis did not identify differences between the techniques, most probably because of small 
sample sizes. 

Finally, to evaluate the stability of fat grafts at one year, we evaluated the thickness loss 
between 6 and 12 months in the patients treated with stem cell-enriched- and standard- 
lipoaspirates, respectively. Again, compared to the standard technique, stem cell enrichment 
led to a significant reduction in thickness loss in the MMQ (Figure 5M), while in the SQM 
the difference did not reach statistical significance (data not shown). When considering the 
single technique’s performance, a difference in thickness gain was observed for MMQ 
(Figure 5N, p = 0.026), and the subgroup analysis identified the significant superiority of 
Cytori. 

Discussion 

Adipose tissue has been used since a century as autologous filler. After the first attempts, 
explored by Neuber and Czerny at the end of the XIX century [1,2,32], lipofilling techniques 
have undergone a huge development in the ’90s, thanks to Coleman’s work, rapidly gaining a 
widespread diffusion [33,34]. 

The success of this technique is strictly related to the properties of the adipose tissue, an 
easily accessible source that can be collected by procedures that are relatively simple, safe 
and repeatable with minimal morbidity. Moreover, since the adipose tissue is available in the 
majority of the patients, it allows autologous approaches devoid of immunogenic drawbacks. 
The main disadvantage of lipofilling remains the unpredictable fat graft’s resorption rate that 
may vary between 20 to 90% [12,35]. 

Since the demonstration that adipose tissue is an abundant and accessible source of 
multipotent stem cells [11], the concept of stem cell enhanced fat grafting has been 
formulated [17]. Briefly, the hypothesis is that the supplementation of fat grafts with cells 
obtained from the SVF, a cell population known to be enriched in ASCs [30], would improve 
graft stability, taking advantage of the capacity of ASC to reduce apoptosis, contribute to 



vessel formation and to maintain a self-renewing reservoir of cells able to give rise to all the 
mature cell types constituting the adipose tissue [18,36,37]. In this regard, the first clinical 
studies of the Yoshimura’s group, showing the ability of the so called Cell Assisted 
Lipotransfer (CAL) to improve the results of the lipostructure technique, leading to a more 
predictable and stable result [17,37,38], were further confirmed by other groups both at 
clinical [23,39,40] and pre-clinical level [36,41-43]. Led by the accumulation of data 
documenting safety and efficacy of CAL approaches, different automated, semi-automated 
and manual devices, to be used in the operating room at the point of care, have been 
developed to isolate with safe and standardized protocols the SVF and to produce SVF-
enhanced fat grafts [18,21,37,44-48]. However, it is difficult for the clinician to choose 
among the available devices, since very few comparative studies have been performed that 
have taken into account systematically both biological and clinical criteria. In fact, it would 
be advisable to have standards based on reproducible parameters and endpoints that could 
allow comparing different techniques [30,49]. 

In this paper, we compared a standard lipotransfer technique, based on the Coleman’s 
procedure, with three commercially available cell-lipotransfer techniques. Two of the 
devices, Cytori [18,22] and Lipokit [18,47], are closed systems allowing an enzymatic 
separation of the SVF cells, while the third one, Fastem, is a closed system of filtering bags 
that mechanically isolates the SVF. 

The comparison took into consideration both biological and clinical criteria. Regarding the 
first evaluation, we compared, for each patient, Standard-lipoaspirates with the respective 
stem-cell enriched- ones in terms of yield, immunophenotype and colony forming capacity of 
the SVF cells as well as immunophenotype, clonogenicity and multipotency of the culture-
expanded ASCs [30]. Regarding the clinical criteria, we compared, in terms of subcutaneous 
thickness gain, as detected by ultrasound imaging, the group of patients treated with stem-cell 
enriched lipoaspirates with a group of patients treated with the Standard procedure. 

Considering the cell yield, a higher number of cells could be isolated from lipoaspirates 
enriched by both the enzymatic methods. Regarding the characterization of the isolated cells, 
Cytori, and especially Fastem, significantly enriched the lipoaspirate product in 
hematopoietic cells, while the CD34+CD31−CD45− putative stromal cell-containing 
population [30] was higher in both Lipokit- and Cytori- enriched samples. A recent report of 
Yoshimura et al., trying to define the cellular events guiding the graft take in a murine model, 
showed that CD34+ cells were proliferating in the first 2–4 weeks after grafting [50], while a 
xenograft transplantation study by Rubin’s group suggested that the concentration of CD34+ 
progenitor cells within the SVF could be used to predict the human fat graft retention [43]. 

Accordingly, Cytori- and Lipokit-enriched lipoaspirates were also characterized by an 
increased number of colony forming unit cells. The colony forming unit assay, commonly 
used to assess the frequency of progenitor cells [30], supported an increased number of 
primitive cells in Cytori- and Lipokit- enriched products. The trend was evident also for 
Fastem, although it did not reach statistical significance. 

We further analyzed the stem cell-enriched lipoaspirates isolating, culturing and 
characterizing ASCs. Many works have been conducted showing that stem cell-enrichment 
devices, such as Cytori, are able to isolate ASCs, thus allowing the surgeon to perform a cell-
assisted lipotransfer [18,21,22]. Additionally, a recent work of Dominici’s group has 
demonstrated, in a rabbit subcutaneous adipose tissue autologous regeneration model, the 



capacity of ASCs to reduce cell apoptosis favoring a long-term graft performance [36]. More 
importantly, a randomised placebo-controlled trial has demonstrated that enrichment of 
autologous fat grafts with ex-vivo expanded ASCs significantly improved graft survival [35]. 

In our study, ASCs could be isolated both from non-enriched and stem cell-enriched samples. 
However, differences could be detected in ASC phenotype and function at the third passage 
in culture. Specifically, a larger fraction of ASC obtained from Lipokit- and Cytori- enriched 
lipoaspirates expressed stem cell markers such as Nanog, Sox-2 and c-Kit, although 
differences reached statistical significance only for Cytori. Similarly, ASCs from the stem 
cell-enriched lipoaspirates tended to grow faster. Regarding clonogenicity, Lipokit- and 
Cytori-derived ASC were characterized by a double number of cells able to grow when 
seeded as single cells. Similarly, ASCs obtained from the samples enriched by Lipokit and 
Cytori were characterized, with respect to those obtained from the non-enriched lipoaspirates, 
by a significantly increased ability to differentiate into adipocytes (Lipokit and Cytori), 
endothelial cells (Cytori) and muscle cells (Cytori). Conversely, the mechanic Fastem 
enrichment procedure seemed not to significantly enrich the samples in clonogenic and 
multipotent ASCs. 

Altogether, the cytological criteria analyzed in this paper seem to indicate a clear ability of 
the enzymatic-based method to enrich the samples in both vascular stromal cells and ASCs. 
In a recent study, Aronowitz et al. compared four different commercial cell separation 
systems (Cytori Celution System - Lipokit Medikhan System - PNC’s Multi Station - CHA 
Biotech Cha-Station -), evaluating cell yield, frequency of CD34+CD31−CD45− and 
endothelial cells as well as colony forming units of the isolated cells, showing a clear 
superiority of the Cytori system [18]. However, the residual enzyme levels observed with 
Lipokit was 57-fold higher than that observed with the Celution System and this can explain 
why in our work, in which we used not the SVF but the lipoaspirate enriched in the isolated 
cells, we did not observe such a clear difference between Cytori and Lipokit. In fact, the 
addition of the isolated cells to the lipoaspirates could have neutralized the residual 
enzymatic activity, possibly reducing the negative effect of the enzymes on the isolated cells. 
This suggests the importance of the standardization of the sample to be used to define the 
properties of the donated fat graft. In Aronowit’s work, moreover, Authors did not study 
ASCs and a clinical evaluation is missing. 

Regarding the clinical results, in this pilot study we used an ultrasound evaluation of the 
subcutaneous thickness of the breast area corresponding to the SMQ and MMQ. The clinical 
evaluation of the results is a key point to establish the entity of the graft take and, ultimately, 
the effectiveness of the technique. At this regard, the magnetic resonance imaging (MRI) and 
three-dimensional (3D) surface imaging are considered ideal exams to quantify the entity of 
the graft takes. In fact, both techniques are non-invasive tools characterized by high accuracy 
and reproducibility in evaluating the effective volume persistence [51]. However, these 
methods are cost-effective, and, in the case of the 3D surface imaging, no information on the 
breast tissue is available. To ensure the possibility to have easy, fast and low cost 
measurements, we have employed an ultrasound device [52,53]. The ultrasonografic analysis 
gives the possibility to extend the analysis to several patients and even to increase the 
frequency of the exams thus improving the evaluation of the fat graft persistence/resorption 
kinetic. In this paper we have shown that, 6 months after fat grafting, patients treated with 
stem cell-enriched lipoaspirates showed, with respect to those treated with the Standard 
procedure, a significant superior gain in the subcutaneous thickness of both MMQ and SMQ; 
moreover, the significant superior thickness loss between 6 and 12 months in the MMQ of 



patients treated with standard lipoaspirates, confirmed a better stability over time of fat grafts 
obtained with stem cell-enriched procedures. 

The millimeter size of the thickness analyzed has made the ultrasound imaging a proper, 
easy, and low cost technique to be used for the measurements. Moreover, to overcome the 
subjective nature of ultrasound measurements, a dedicated team has been selected to control 
the patients and a standardization of the data collection procedure through a 9-quadrants 
breast pattern has been implemented. 

Our results are in line with all the reports indicating the clinical advantage of using the CAL 
procedure over a Standard lipotransfer [17,23,37-40,42]. 

Recently, the Peltoniemi’s group raised doubts regarding the advantage of using stem cell 
enrichment in cosmetic fat transplantation to the breast [54]. Specifically, they used for breast 
augmentation either lipoaspirates obtained by water-assisted lipotransfer (WAL) or WAL 
lipoaspirate enriched with stromal stem cells obtained by using the Cytori system. The water 
assisted lipostransfer method is based on the use of the Bodyjet System that allows a gentle 
liposuction through the aid of a water jet pulse dissecting the adipocytes from the 
subcutaneous tissue and its effectiveness, in terms of both fat graft survival rate and overall 
clinical outcome, has been reported by different groups [55,56]. However, in the Peltoniemi’s 
work no differences in the ASC phenotype was seen between the two lipoaspirates, thus 
suggesting that a more specific study on ASC presence and function in the two lipoaspirates 
would add crucial information. 

Considering instead the three different devices, despite the fact that, accordingly with in vitro 
data, Cytori-treated patients displayed a trend to a better clinical outcome, no significant 
differences between the different CAL procedures could be detected, perhaps because of the 
small number of analyzed patients. 

In fact, the major weakness points of this study are represented by the sample size of enrolled 
patients and by the short term follow up (12 months). A larger case study and a longer follow 
up is needed to confirm the results as well as a double blind ultrasound measurement study is 
requested to assess accuracy and reproducibility of our standardized protocol. Moreover, a 
cost analysis on a large population would clarify whether CAL represents a real advantage. In 
fact, lipostructure techniques are widespread and usually patients must be subjected to 
repeated interventions to achieve the optimum result. The use of stem cells should increase 
the long-term graft performance, reducing the number of the surgical procedures required to 
reach the desired clinical outcome. Therefore, the cost analysis should take into account the 
costs related to the CAL procedures and the savings due to the reduction in the number of 
surgeries required. 

Conclusions 

In this paper, applying our in vitro protocol to isolate, quantify and characterize SVF cells 
and ASCs from fat grafts, we have demonstrated a significant superiority of the enzymatic 
stem cell-enrichment procedures over the Standard procedure. Accordingly, our in vivo 
protocol, based on the ultrasonographic assessment of the subcutaneous thickness of the 
breast area, confirmed the clinical advantage of cell assisted lipotransfer techniques in 
reducing the graft resorption at one year, especially in the central part of the breast. 



Abbreviations 

ASCs, Adipose Stem Cells; CAL, Cell Assisted Lipotransfer; CFU, Colony Forming Unit; 
Cytori, Cytori Celution System; Fastem, Fastem Corios; Lipokit, Lipokit Medikhan System; 
MMQ, median-median quadrant; PDT, population doubling time; SMQ, superior-medial 
quadrant; SVF, stromal vascular fraction; WAL, water-assisted lipotransfer 

Competing interests 

The authors declare that they have no competing interests. 
The authors have no past or current financial interest, activities, relationships, affiliations, 
including any grant funding, reagent or product support, honorarium or other forms of 
reimbursement received, in any of the products or devices or association referred to in the 
article. 

Authors' contributions 

RD: Collection and/or assembly of data, Data analysis and interpretation, Manuscript writing, 
Final approval of manuscript. SC: Conception and design, Provision of study material or 
patients, Collection and/or assembly of data, Data analysis and interpretation, Manuscript 
writing, Final approval of manuscript. LL: Conception and design, Provision of study 
material or patients, Collection and/or assembly of data, Data analysis and interpretation, 
Manuscript writing, Final approval of manuscript. DM: Collection and/or assembly of data, 
Data analysis and interpretation, Final approval of manuscript. AG: Collection and/or 
assembly of data, Data analysis and interpretation, Final approval of manuscript. EB: 
Collection and/or assembly of data, Data analysis and interpretation, Final approval of 
manuscript. IM: Collection and/or assembly of data, Data analysis and interpretation, Final 
approval of manuscript. NB: Collection and/or assembly of data, Data analysis and 
interpretation, Final approval of manuscript. BT: Collection and/or assembly of data, Data 
analysis and interpretation, Final approval of manuscript. CAB: Conception and design, Data 
analysis and interpretation, Financial support, Manuscript writing, Final approval of 
manuscript APB: Conception and design, Data analysis and interpretation, Manuscript 
writing, Final approval of manuscript DC: Conception and design, Financial support, 
Collection and/or assembly of data, Data analysis and interpretation, Manuscript writing, 
Final approval of manuscript. PCP: Conception and design, Financial support, Provision of 
study material or patients, Data analysis and interpretation, Manuscript writing, Final 
approval of manuscript. All authors read and approved the final manuscript. 

Acknowledgments 

Italian Ministry of Health, GR-2007-683407 (P.I. D. Cesselli); Friuli Venezia Giulia 
Regional Grant: Art.11 L.R. 11/2003 (P.I. C.A. Beltrami). 

Written informed consent was obtained from the patient for publication of their individual 
details and accompanying images in this manuscript. The consent form is stored in the 
patients’ medical records and is available for review by the Editor-in-Chief. 



References 

1. Czerny A. Plastischer Ersatz der Brustdruse durch ein Lipoma. Chir Kongr Verhandl. 
1895;216:2. 

2. Neuber F. Fettransplantation. Chir Kongr Verhandl Dsch Gesellch Chir. 1893;22:66. 

3. Brown SA, Levi B, Lequeux C, Wong VW, Mojallal A, Longaker MT. Basic science 
review on adipose tissue for clinicians. Plast Reconstr Surg. 2010;126:1936–46. 

4. Rigotti G, Marchi A, Galie M, Baroni G, Benati D, Krampera M, et al. Clinical treatment 
of radiotherapy tissue damage by lipoaspirate transplant: a healing process mediated by 
adipose-derived adult stem cells. Plast Reconstr Surg. 2007;119:1404–9. 

5. Bergamin N, Dardis A, Beltrami A, Cesselli D, Rigo S, Zampieri S, et al. A human 
neuronal model of Niemann Pick C disease developed from stem cells isolated from patient's 
skin. Orphanet J Rare Dis. 2013;8:34. 

6. Domenis R, Bergamin N, Gianfranceschi G, Vascotto C, Romanello M, Rigo S, et al. The 
redox function of APE1 is involved in the differentiation process of stem cells toward a 
neuronal cell fate. PLoS One. 2014;9:e89232. 

7. Fortini C, Cesselli D, Beltrami AP, Bergamin N, Caragnano A, Moretti L, et al. Alteration 
of Notch signalling and functionality of adipose tissue derived mesenchymal stem cells in 
heart failure. Int J Card. 2014;174:119–26. 

8. Konno M, Hamabe A, Hasegawa S, Ogawa H, Fukusumi T, Nishikawa S, et al. Adipose-
derived mesenchymal stem cells and regenerative medicine. Dev Growth Differ. 
2013;55:309–18. 

9. Zeppieri M, Salvetat ML, Beltrami AP, Cesselli D, Bergamin N, Russo R, et al. Human 
adipose-derived stem cells for the treatment of chemically burned rat cornea: preliminary 
results. Curr Eye Res. 2013;38:451–63. 

10. Zuk PA. The adipose-derived stem cell: looking back and looking ahead. Mol Biol Cell. 
2010;21:1783–7. 

11. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adipose 
tissue is a source of multipotent stem cells. Mol Biol Cell. 2002;13:4279–95. 

12. Chan CW, McCulley SJ, Macmillan RD. Autologous fat transfer–a review of the 
literature with a focus on breast cancer surgery. J Plast Reconstr Aesthet Surg. 
2008;61:1438–48. 

13. Neuhof F, Hirshfeld S. The Transplantation of Tissues. 1923. 

14. Peer LA. The neglected free fat graft. Plast Reconstr Surg (1946). 1956;18:233–50. 



15. Yoshimura K, Suga H, Eto H. Adipose-derived stem/progenitor cells: roles in adipose 
tissue remodeling and potential use for soft tissue augmentation. Regen Med. 2009;4:265–73. 

16. Zhao J, Yi C, Li L, Zheng Y, Wu K, Liang L, et al. Observations on the survival and 
neovascularization of fat grafts interchanged between C57BL/6-gfp and C57BL/6 mice. Plast 
Reconstr Surg. 2012;130:398e–406. 

17. Matsumoto D, Sato K, Gonda K, Takaki Y, Shigeura T, Sato T, et al. Cell-assisted 
lipotransfer: supportive use of human adipose-derived cells for soft tissue augmentation with 
lipoinjection. Tissue Eng. 2006;12:3375–82. 

18. Aronowitz JA, Ellenhorn JDI. Adipose stromal vascular fraction isolation: a head-to-head 
comparison of four commercial cell separation systems. Plast Reconstr Surg. 2013;132:932e–
9. 

19. Behr B, Ko SH, Wong VW, Gurtner GC, Longaker MT. Stem cells. Plast Reconstr Surg. 
2010;126:1163–71. 

20. Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an underappreciated source of 
stem cells for biotechnology. Trends Biotechnol. 2006;24:150–4. 

21. Hicok KC, Hedrick MH. Automated isolation and processing of adipose-derived stem and 
regenerative cells. Methods Mol Biol. 2011;702:87–105. 

22. Lin K, Matsubara Y, Masuda Y, Togashi K, Ohno T, Tamura T, et al. Characterization of 
adipose tissue-derived cells isolated with the Celution system. Cytotherapy. 2008;10:417–26. 

23. Perez-Cano R, Vranckx JJ, Lasso JM, Calabrese C, Merck B, Milstein AM, et al. 
Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat grafting for partial 
mastectomy defects: the RESTORE-2 trial. Eur J Surg Oncol. 2012;38:382–9. 

24. Zhu M, Cohen SR, Hicok KC, Shanahan RK, Strem BM, Yu JC, et al. Comparison of 
three different fat graft preparation methods: gravity separation, centrifugation, and 
simultaneous washing with filtration in a closed system. Plast Reconstr Surg. 2013;131:873–
80. 

25. Beltrami AP, Cesselli D, Bergamin N, Marcon P, Rigo S, Puppato E, et al. Multipotent 
cells can be generated in vitro from several adult human organs (heart, liver, and bone 
marrow). Blood. 2007;110:3438–46. 

26. Cesselli D, Beltrami AP, D'Aurizio F, Marcon P, Bergamin N, Toffoletto B, et al. Effects 
of age and heart failure on human cardiac stem cell function. Am J Pathol. 2011;179:349–66. 

27. Bourkoula E, Mangoni D, Ius T, Pucer A, Isola M, Musiello D, et al. Glioma-associated 
stem cells: A novel class of tumor-supporting cells able to predict prognosis of human low-
grade gliomas. Stem cells (Dayton, Ohio). 2014;32:1239–53. 

28. Cesselli D, Beltrami AP, Poz A, Marzinotto S, Comisso E, Bergamin N, et al. Role of 
tumor associated fibroblasts in human liver regeneration, cirrhosis, and cancer. Int J Hepatol. 
2011;2011:120925. 



29. Tebbetts JB. A system for breast implant selection based on patient tissue characteristics 
and implant-soft tissue dynamics. Plast Reconstr Surg. 2002;109:1395–6. 

30. Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, et al. 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 So. Cytotherapy. 
2013;15:641–8. 

31. Pochampally R. Colony forming unit assays for MSCs. Methods Mol Biol. 2008;449:83–
91. 

32. Beltrami AP, Cesselli D, Beltrami CA. Pluripotency rush! Molecular cues for 
pluripotency, genetic reprogramming of adult stem cells, and widely multipotent adult cells. 
Pharmacol Ther. 2009;124:23–30. 

33. Coleman SR. Long-term survival of fat transplants: controlled demonstrations. Aesthetic 
Plast Surg. 1995;19:421–5. 

34. Coleman SR, Saboeiro AP. Fat grafting to the breast revisited: safety and efficacy. Plast 
Reconstr Surg. 2007;119:775–85. discussion 786–777. 

35. Trojahn Kolle SF, Oliveri RS, Glovinski PV, Elberg JJ, Fischer-Nielsen A, Drzewiecki 
KT, et al. Importance of mesenchymal stem cells in autologous fat grafting: A systematic 
review of existing studies. J Plast Surg Hand Surg. 2012;46:59–68. 

36. Piccinno MS, Veronesi E, Loschi P, Pignatti M, Murgia A, Grisendi G, et al. Adipose 
stromal/stem cells assist fat transplantation reducing necrosis and increasing graft 
performance. Apoptosis. 2013;18:1274–89. 

37. Yoshimura K, Sato K, Aoi N, Kurita M, Hirohi T, Harii K. Cell-assisted lipotransfer for 
cosmetic breast augmentation: supportive use of adipose-derived stem/stromal cells. 
Aesthetic Plast Surg. 2008;32:48–55. discussion 56–47. 

38. Yoshimura K, Asano Y, Aoi N, Kurita M, Oshima Y, Sato K, et al. Progenitor-enriched 
adipose tissue transplantation as rescue for breast implant complications. Breast J. 
2010;16:169–75. 

39. Gentile P, Orlandi A, Scioli MG, Di Pasquali C, Bocchini I, Curcio CB, et al. A 
comparative translational study: the combined use of enhanced stromal vascular fraction and 
platelet-rich plasma improves fat grafting maintenance in breast reconstruction. Stem cells 
translational medicine. 2012;1:341–51. 

40. Moseley TA, Zhu M, Hedrick MH. Adipose-derived stem and progenitor cells as fillers in 
plastic and reconstructive surgery. Plast Reconstr Surg. 2006;118:121S–8. 

41. Butala P, Hazen A, Szpalski C, Sultan SM, Coleman SR, Warren SM. Endogenous stem 
cell therapy enhances fat graft survival. Plast Reconstr Surg. 2012;130:293–306. 



42. Condé-Green A, Wu I, Graham I, Chae JJ, Drachenberg CB, Singh DP, et al. Comparison 
of 3 techniques of fat grafting and cell-supplemented lipotransfer in athymic rats: a pilot 
study. Aesthetic Surg J. 2013;33:713–21. 

43. Philips BJ, Grahovac TL, Valentin JE, Chung CW, Bliley JM, Pfeifer ME, et al. 
Prevalence of endogenous CD34+ adipose stem cells predicts human fat graft retention in a 
xenograft model. Plast Reconstr Surg. 2013;132:845–58. 

44. Crawford JL, Hubbard BA, Colbert SH, Puckett CL. Fine tuning lipoaspirate viability for 
fat grafting. Plast Reconstr Surg. 2010;126:1342–8. 

45. Doi K, Tanaka S, Iida H, Eto H, Kato H, Aoi N, et al. Stromal vascular fraction isolated 
from lipo-aspirates using an automated processing system: bench and bed analysis. J Tissue 
Eng Regen Med. 2013;7:864–70. 

46. Ferguson REH, Cui X, Fink BF, Vasconez HC, Pu LLQ. The viability of autologous fat 
grafts harvested with the LipiVage system: a comparative study. Ann Plast Surg. 
2008;60:594–7. 

47. Wang L, Lu Y, Luo X, Fu M-G, Hu X, Dong H, et al. [Cell-assisted lipotransfer for breast 
augmentation: a report of 18 patients]. Chinese J Plast Surg. 2012;28:1–6. 

48. Wu C-H, Lee F-K, Suresh Kumar S, Ling Q-D, Chang Y, Chang Y, et al. The isolation 
and differentiation of human adipose-derived stem cells using membrane filtration. 
Biomaterials. 2012;33:8228–39. 

49. Aguena M, Fanganiello RD, Tissiani LAL, Ishiy FAA, Atique R, Alonso N, et al. 
Optimization of parameters for a more efficient use of adipose-derived stem cells in 
regenerative medicine therapies. Stem Cells Int. 2012;2012:303610. 

50. Kato H, Mineda K, Eto H, Doi K, Kuno S, Kinoshita K, et al. Degeneration, 
Regeneration, and Cicatrization after Fat Grafting: Dynamic Total Tissue Remodeling during 
the First 3 Months. Plast Reconstr Surg. 2014;133:303e–13. 

51. Herold C, Ueberreiter K, Busche MN, Vogt PM. Autologous fat transplantation: 
volumetric tools for estimation of volume survival. A systematic review. Aesthetic Plast 
Surg. 2013;37:380–7. 

52. Costantini M, Cipriani A, Belli P, Bufi E, Fubelli R, Visconti G, et al. Radiological 
findings in mammary autologous fat injections: a multi-technique evaluation. Clin Radiol. 
2013;68:27–33. 

53. Wang H, Jiang Y, Meng H, Yu Y, Qi K. Sonographic assessment on breast augmentation 
after autologous fat graft. Plast Reconstr Surg. 2008;122:36e–8. 

54. Peltoniemi HH, Salmi A, Miettinen S, Mannerstrom B, Saariniemi K, Mikkonen R, et al. 
Stem cell enrichment does not warrant a higher graft survival in lipofilling of the breast: A 
prospective comparative study. J Plast Reconstr Aesthet Surg. 2013;66:1494–503. 



55. Sasaki GH. Water-assisted liposuction for body contouring and lipoharvesting: safety and 
efficacy in 41 consecutive patients. Aesth Surg J. 2011;31:76–88. 

56. Ueberreiter K, von Finckenstein JG, Cromme F, Herold C. Tanzella U and Vogt PM: 
[BEAULI™–a new and easy method for large-volume fat grafts]. Handchir Mikrochir Plast 
Chir. 2010;42:379–85. 

Additional files 

Additional_file_1 as DOCX 
Additional file 1  Supplemental Materials and Methods. 

Additional_file_2 as DOCX 
Additional file 2: Table S1 Surface immunophenotype of ASCs isolated from the samples 
obtained with different procedures. 

Additional_file_3 as TIFF 
Additional file 3: Figure S1 Comparison of lipoaspirates obtained with the standard 
procedure with those obtained from Lipokit, Cytori and Fastem devices before stem cell 
enrichment, in terms of: cell yield, frequency of colony forming unit cells and fraction of 
CD34 + CD45-CD31-cells in the isolated SVF as well as population doubling time of 
obtained ASCs. Results are expressed as mean ± standard deviation. 



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Additional files provided with this submission:

Additional file 1: 1556592361140975_add1.docx, 14K
http://stemcellres.com/imedia/1885872078155850/supp1.docx
Additional file 2: 1556592361140975_add2.docx, 15K
http://stemcellres.com/imedia/1632592783155850/supp2.docx
Additional file 3: 1556592361140975_add3.tiff, 1428K
http://stemcellres.com/imedia/1785946228155850/supp3.tiff

http://stemcellres.com/imedia/1885872078155850/supp1.docx
http://stemcellres.com/imedia/1632592783155850/supp2.docx
http://stemcellres.com/imedia/1785946228155850/supp3.tiff

	Start of article
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Additional files

