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Abstract: Background and Objectives: The main drawback of lipofilling is fat transplant volume loss,
which makes long-term results unreliable. This study’s aim was to assess the influence of an adipose-
derived stromal vascular fraction (SVF) on volume retention in large-volume fat grafts. Materials
and Methods: A murine model was used for the in vivo evaluation of fat-graft volume changes over
6 months. We used 28 immunocompromised nude NU(NCr)-Foxn1nu mice and human fat tissue
as a liposuction by-product. Part of the fat tissue was used for SVF preparation. We created a fat
transplant without SVF (SVF-) and with SVF (SVF+) groups. Large-volume grafts were injected above
the sacrum and scapula in the same animal. Volume loss was evaluated using three-dimensional
optical scanning at 14 days (T1), 3 months (T2), and 6 months (T3) after transplantation. Scans were
processed with Artec Studio software to obtain stereolithography files. The volumes were calculated
in RapidForm software 2006. Results: The highest volume loss was observed above the scapula at
T3 (SVF- 85%; SVF+ 75%). There was a significant difference in volume between SVF-/SVF+ for
grafts above the sacrum at T2, with lower loss in SVF+, and the significance became stronger at
T3. The difference in volume loss was also significant above the scapula between SVF-/SVF+ at T3.
Conclusions: Although we found a beneficial effect of SVF on the long-term survival of large-volume
fat tissue transplants, volume loss due to other contributing factors was high.
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1. Introduction

The use of autologous fat transplants is widespread through different medical disci-
plines for reconstructive and aesthetic purposes. Adipose transplants are readily available,
easily obtainable with low donor-site morbidity, bio-compatible, and the procedure is
inexpensive, repeatable, and versatile. The first attempt to transfer fat tissue was described
in 1889 by Van der Muelen [1]. The techniques of harvesting, processing, and injecting
adipose grafts were developed and modified throughout the 20th century. Currently, the
most commonly used technique is one developed by Coleman [2,3]. To improve results for
augmentations of large-volume defects, some modifications are recommended [4].

Autologous fat grafts are useful not only as fillers to correct volume defects but also for
their regenerative potential [5,6]. Fat tissue is the biggest source of stem cells in the human
body [7]. On the basis of its origin, these stem cells have been named adipose-derived
stem cells (ASCs) [8,9]. In addition to the surgical technique used, these ASCs have a
decisive role in promoting long-term fat transplant survival [10,11]. The long-term survival
of transferred adipose tissue reportedly ranges between 25% [12–14] and 80% [4,15] of the
initial volume. This unpredictable permanence could be due to variability in techniques,
the graft’s volume, or the site features in the recipient area. Fat transplant survival is
inversely correlated to its volume [16]. Large-volume grafts have a higher resorption rate
because of the long distance between the outer edge and the center of the transplant.
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On the other hand, the survival of large-volume fat transplants could be improved
with stem cell enrichment. A stromal vascular fraction (SVF) [17] or isolated and ex vivo
expanded ASCs [10,18] can be used. An SVF is a cell fraction obtained from lipoaspirate
with an enzymatic collagenase degradation of fat tissue. Enrichment with SVF or ASCs
could improve the survival rate as high as 80% of the starting graft volume [18].

This study’s aim was to evaluate the resorption of large adipose tissue transplants
over time when enriched with an SVF in a murine model with nude mice. For the objective
volume-change evaluation, we introduced an innovative method to our research protocol
for volume measurement performed with three-dimensional optical scanning.

2. Materials and Methods
2.1. Animal Model

This study was conducted in a nude mouse model with fat tissue transplanted from a
human donor. Given the need for animal housing, care, and appropriate laboratory condi-
tions, the study was conducted at the Department for Experimental Oncology, Institute of
Oncology, Ljubljana, Slovenia. Fat harvesting was performed at the Department of Maxillo-
facial and Oral Surgery, University Medical Center, Ljubljana, Slovenia. The experiment
was approved by the Slovenian Ethics Committee for Animal Experimentation (No. U34401-
5/2018/10) and The National Medical Ethics Committee (No. 0120-436/2017/4).

The sample comprised 28 immunodeficient and hairless nude NU(NCr)-Foxn1nu
mice. Due to genetic modification, the mice were athymic and, consequently, without T-cell
response, which makes them appropriate for tumors or xenograft biology studies. All mice
in this study were 6-week-old females at the study start and were divided into two groups:
the group without SVF (SVF-; n =14) included mice that only received a fat transplant, and
the group with SVF (SVF+; n = 14) included mice that received SVF-enriched fat grafts. All
mice lived under the same conditions with free access to fresh water and food. Five mice
were housed in one individually ventilated cage. Weight was checked once per week from
the day of the fat-graft application.

2.2. Fat Tissue Source

The fat tissue for this study was from the by-product of a planned liposuction for
one human patient who signed consent to participate in the study. Using the technique
introduced by Coleman, liposuction was performed under general anesthesia [3]. We used
tumescent fluid. The total amount of needed lipoaspirate was approximately 100 mL, and,
after harvesting, it was centrifuged at 3000 rpm for 3 min. Three layers were created: the top
layer comprised oil from degraded adipocytes, the middle layer comprised fat tissue pieces,
and the bottom layer comprised blood cells, water, and the injected mixture remains [3].
We obtained approximately 50 mL of fat tissue, and approximately 35 mL was used for SVF
production. The rest of the volume was used as a fat graft.

2.3. Preparation of Fat Tissue for Transplantation

SVF was prepared in cooperation with Educell Company for Cell Biology Ltd. (Ljubl-
jana, Slovenia). Approximately 35 mL of fat tissue was digested with 0.75 PZ U/mL of
NB6 collagenase (Serva, Germany) at 37 ◦C for 30 min with shaking. The solution was then
centrifuged, the cell pellet was transferred to a fresh vessel, and the cell suspension was
rinsed twice with standard Ringer solution (B Braun, Germany). After the last rinse, the
cell pellet was resuspended in Ringer solution to a volume of 3 mL. The whole cell count in
suspension was 3.05 × 106/mL, and the ASC share was 0.11 × 106/mL.

We filled 56 syringes with 0.4 mL of fat tissue. In 28 syringes, we added 0.1 mL
of Ringer lactate. In the remaining 28 syringes, 0.1 mL of SVF was added for fat-graft
enrichment. The prepared mixtures were subcutaneously injected into the mice. Injection
was performed under general inhalation anesthesia with 3% isoflurane. The mice were
marked by ear holes for further identification. Grafts were injected as one bolus with a
23G needle in subcutaneous tissue above the scapula and sacrum (Figure 1). Each mouse
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received the same composition of the mixture in both places. In SVF-, we injected the
contents of 27 syringes containing a mixture of fat tissue and Ringer lactate. In SVF+, we
injected the contents of 28 syringes containing fat tissue enriched with SVF. Fat tissue could
not be implanted due to technical problems with syringes at two places in SVF- and at one
place in SVF+.
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 Figure 1. Mice photographs and scans at different time points: (a) photography at T1, (b) scan at T1,
(c) photography at T2, (d) scan at T2, (e) photography at T3 and (f) scan at T3. T1, 14 days after fat
graft application; T2, 3 months after fat graft application; T3, 6 months after fat graft application.

2.4. 3D Scanning

Before we injected the grafts, the mice were scanned using a 3D Artec Eva camera
(Artec 3D; Senningerberg, Luxembourg). Each mouse was placed in a standard position.
During the scanning, the tail and neck were in the same axis, and the legs were maximally
stretched. New scans were performed in the second week (T1) after fat tissue application
when the majority of the edema and hematomas had disappeared. Scanning was repeated
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at 3 (T2) and 6 (T3) months after the fat injections. All scans were performed with the mice
under general anesthesia in the described position.

The raw 3D scans were processed with Artec Studio 15 software to produce STL files.
Further analysis was performed in RapidForm 2006 (Inus Technology Inc.; Rock Hill, SC,
USA). We obtained images of the exterior surfaces of the mice bodies. Software was used to
perform the best-fit procedure between the first scans and all later scans. For the best fit, we
determined two points; the base of the tail and the occipital area of the head in the midline
(Figure 2). Protuberances in the skin were observed where the fat grafts were injected, and
the areas around them were trimmed. We obtained images of the exterior surfaces of the fat
transplant. The volume in mm3 was calculated with software. Each step from the best-fit
process to volume calculation was repeated four times by the same examiner. The average
value from measurements was used for further statistical analysis.
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Figure 2. Best fit on scan without fat transplant: (a) points used for best fit, (b) mouse model after
best-fit procedure.

2.5. Statistical Analysis

Statistical analysis was performed in SPSS software (SPSS Inc., PASW Statistics for
Windows, Version 18.0. Chicago, IL, USA). The mean and standard deviation were calcu-
lated for the fat graft volumes. The same procedure was also performed for the animal
weight data to compare weight changes between groups. The independent Student’s t-test
was performed to determine the significance of differences between the groups at different
time points. Statistical significance was set at p < 0.05.

3. Results

The mean volumes for the fat transplants above the left scapula and sacrum in both
groups are presented in Table 1. In SVF-, the mean fat transplant volume at T1 above the
scapula was 176.6 ± 64.5 mm3, which decreased to 36.2 ± 22.2 mm3 after 6 months. The fat
tissue transplant mean volume at T1 above the scapula in SVF+ was 192.3 ± 70.6 mm3 and
was 79.6 ± 35.7 mm3 6 months later. The graft above the sacrum in SVF- at T1 had a mean
volume of 240.6 ± 93.7 mm3. At T3, the mean volume decreased to 36.7 ± 33.0 mm3. In
SVF+, the mean volume was 286.8 ± 90.2 mm3 at the beginning and was 70.3 ± 29.1 after
6 months. The volume changes at T1, T2, and T3 of the transplant above the left scapula
and sacrum in SVF- and SVF+ are visually presented in Figure 3.
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Table 1. Comparison of the mean volumes of the grafted areas above the left scapula and sacrum and
animal weights between the group SVF- and group SVF+ at T1, T2, and T3.

SVF- SVF+

T1 T2 T3 T1 T2 T3

Scapula region

Mean (mm3) 176.6 77.5 36.2 192.3 101.8 79.6

SD 64.5 43.9 22.2 70.6 24.0 35.7

n 12 12 10 13 12 12

Sacrum region

Mean (mm3) 240.6 56.8 36.7 286.8 96.1 70.3

SD 93.7 30.5 33.0 90.2 43.5 29.1

n 14 12 10 14 13 12

Animal weight

Mean (g) 26.1 27.7 28.1 25.4 27.3 26.0

SD 1.1 1.1 1.8 1.2 1.5 2.9

n 14 12 10 14 13 12
T1, 14 days after fat graft application; T2, 3 months after fat graft application; T3, 6 months after fat graft
application; SVF-, control group; SVF+, group with added stromal vascular fraction; SD, standard deviation; n,
number of subjects in sample.
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Figure 3. (a) Volume changes of fat transplant at T1, T2, and T3 above left scapula region in control
group SVF- and SVF+. (b) Volume changes of fat transplant at T1, T2, and T3 above sacrum region in
SVF- and SVF+; T0, 14 days after fat graft application; T2, 3 months after fat graft application; T3,
6 months after fat graft application; SVF-, control group; SVF+, a group with added stromal vascular
fraction.

At 14 days after application, there was no significant difference between SVF- and SVF+
fat grafts volumes (Table 2). At 6 months, the fat transplant volume loss was significantly
higher in SVF- than in SVF+ (p < 0.05).
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Table 2. Comparison of volume changes above the left scapula and sacrum at different time points
with 95% CI) between group SVF- and SVF+.

p-Value
SVF-:SVF+

95% CI

Lower Border Upper Border

Scapula region

T1 0.56 −72.15 40.09

T2 0.11 −54.30 5.65

T3 0.003 −70.45 −16.19

Sacrum region

T1 0.2 −117.76 25.29

T2 0.01 −68.87 −9.69

T3 0.02 −59.86 −7.23
T1, 14 days after fat graft application; T2, 3 months after fat graft application; T3, 6 months after fat graft
application; SVF-, control group; SVF+, group with added stromal vascular fraction; CI, confidence interval;
values of p < 0.05 were considered to be statistically significant.

The loss of sample animals in our study in the late period of the study (mean time at
18th week) was expected (6 of 28). In all cases, blood was present around the anus from
which we concluded that the probable cause of death was gastrointestinal inflammation.
The animal mean weights did not change significantly over time between the groups.

4. Discussion

In this study, we chose an animal model that enabled the study of the influence of
SVF in large-volume fat transplants in a standardized environment. Too many patient-
dependent variables would have complicated evaluations of the SVF effect on fat transplant
survival in a clinical study. Harvesting of autologous mice fat tissue, usually inguinal fat
pads, is limited in volume [19] and could be potentially associated with higher animal
mortality due to the general anesthesia or postoperative wound inflammation. To pro-
vide enough adipose tissue for grafting, we decided to use human fat tissue, which was
transplanted into immunodeficient nude mice.

In our study design, we decided to wait 14 days after fat transplantation before per-
forming 3D scans of the mice. After this period, stable conditions inside and around the
graft were expected due to resorption of the graft’s liquid part and surrounding tissue
swelling. Consequently, we chose more comparable starting points between the fat trans-
plants. The later scans were performed at 3 and 6 months after the fat tissue application
due to more stable graft volumes, as previously reported [20].

Adipose tissue was harvested using a Coleman technique. We chose the umbilic region
as the donor site because of its accessibility. As recommended, we used 3 mm cannulas for
fat harvesting [21]. Smaller fat particles are more beneficial for adipocytes survival because
of nutrient diffusion [22]. Harvesting could also damage viable adipocytes because of shear
stress. In the literature, larger diameter cannulas are recommended to minimize shear
stress [23,24]. The influence of negative pressure, a local anesthetic, and tissue-refinement
protocols were not considered in these studies. Smaller diameter multi-perforated cannulas
improve the quality of harvested tissue. The count of ASC and vascular cells, both vital for
neovascularization, is compared to the conventional higher technique [25].

Harvested fat tissue is a mixture of fat particles, blood cells, tumescent fluid, and
oil. Different techniques are known to separate viable fat particles from blood and fluid.
The sedimentation method is inferior to washing and centrifugation techniques [26]. In
contrast, excessive centrifugation force could also damage adipocytes. Compared with
other techniques, an appropriate centrifugation force could increase the ASC count and
other growth factors in a fat transplant [27]. The blood cells and fluids in lipoaspirate
could cause fat transplant degradation and an erroneous volume impression [28]. Our
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protocol complied with Coleman’s technique. The 3 min centrifugation gave the most
favorable results [29]. Properly refined excess lipoaspirate added to the fat graft enhances
fat transplant survival [30]. A previous animal study confirmed the superiority of adding
ASCs to fat graft survival [31]. The number of ASCs is high in the liquid phase of a
lipoaspirate, but liquid is usually discarded in the preparation process [32]. There are also
differences in the number of cells between individual patients [10,18]. A certain number
of ASCs are needed in fat transplants for successful lipofilling. It is also necessary to
concentrate ASCs before the graft is implanted. In our study, we decided to use an SVF,
which contained ASCs in addition to other progenitor cells. For clinical use, it is more
appropriate to produce SVF because of the simplicity of the process and lower costs than
those associated with the isolation of ASCs [33,34]. The SVF preparation from a lipoaspirate
can be completed in a few hours, but isolation and culturing of ASCs could take weeks.

There are no reports describing a significant difference between the beneficial effects
of ASCs on long-term fat transplant volume [35]. The effect of ASCs alone or as part of an
SVF is somewhat controversial. Some reports have not found any difference in volume
retention when using an SVF [36]. On the other hand, ASCs and an SVF have been found
to have an important effect on fat graft retention [31,37].

Fat grafts have been injected into subcutaneous tissue above the scapula and sacrum
of mice with a small-gauge needle, which causes less trauma to the recipient site and more
stable conditions for fat graft survival [28]. A narrow-diameter cannula for injection could
also damage fat particles because of shear stress [23], so the injection cannula should be
carefully chosen considering these facts. At transplantation, mature adipocytes are endan-
gered by hypoxia. The only way to provide the nutrients from the surroundings is after
graft implantation, which occurs through diffusion [8]. Consequently, there are limitations
to the reconstruction of large-volume defects. To obtain the desired result, it is necessary to
repeat the procedure more times [38]. The retention rate after the second lipofilling is much
higher [39], which also means higher costs and a risk for more complications.

Many theories have described the mechanism of adipose transplant survival. At
present, the most accepted cellular survival theory is the one presented by Peer in 1955 [2].
A count of vital adipocytes at the time of transplantation has a crucial effect on transplant
survival [40].

In our study, we used a 3D scanner to objectively evaluate changes in fat graft volume
over time [41]. The 3D scanner uses flying triangulation to capture a 3D surface [42]. This
method has very good reproducibility and accuracy for volume evaluation [43,44]. A
previous comparison of two methods for volume measurement, computed tomography
(CT), and 3D scanning showed overestimation of volume retention when CT scans were
used [20]. Magnetic resonance imaging (MRI) and 3D scanning are the most reliable
methods for evaluating the success of lipofilling. For long-term evaluation, the 3D scanner
is more useful than MRI because of its accessibility and lower costs [45].

The quality of the free fat graft could be assessed with a histological exam. The
structure of normal fat tissue and high vessel density has a positive relation to good
clinical outcomes. Fat tissue necrosis and fibrosis are related to a lower volume of free fat
graft [31,37].

After 6 months, fat graft volume losses were higher than expected, with worse results
in G1. The mean volume retention was 20% above the scapula and 15% above the sacrum of
the initial volume, but no significant difference in volume retention was observed between
the grafts at the sacrum and scapula. A significant difference in graft volume change
was observed between SVF- and SVF+, with volumes higher in SVF+, which received fat
transplants with SVF. In SVF+, the graft volume retention was approximately 50% of the
initial volume above the scapula and 25% above the sacrum. In the SVF+ group, the loss
was higher in the region above the sacrum. This finding may be because underlying bone
could cause higher skin tension above the fat graft, and conditions might have become
more ischemic. Consequently, volume loss was higher. On the other hand, higher volume
loss could be apparent due to a bigger tissue bulge during 3D scanning as a consequence of
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thinner subcutaneous tissue and solid underlying bone. The difference in the grafts above
the sacrum between SVF- and SVF+ was already significant at T2, but, at T3, the p-value
was higher because of higher graft loss after 6 months in both groups. The effect of added
SVF in SVF+ probably was not strong enough to balance the ischemic conditions caused
by skin tension. A higher SVF share possibly would have a beneficial effect on fat graft
volume retention.

An SVF includes mature and progenitor endothelial cells, pericytes, hematopoietic
cells, preadipocytes, macrophages, and pluripotent ASCs. Some of these cells are precursors
of specific cells; on the other hand, ASCs are pluripotent [46]. This feature is crucial for
preserving fat transplant volume [35]. The ASCs are represented in a share from 3% to
9% [47,48]. The success rate is also dependent on the ratio between SVF and fat tissue
in the transplant, with the ideal ratio being approximately 1:4 for SVF to the whole graft
volume [49]. In our study, the SVF share was one quarter of the fat graft, and the ASCs
were 3% of the total cell number in SVF. Big fat transplants probably need a higher ASC
count in the SVF or a bigger volume of SVF to compensate for ischemic conditions in the
sacrum region.

The fat graft volumes in our study were large considering the mice body weights and
could be compared to breast augmentation with lipofilling because they showed almost
a 50% loss of initial volume after 4 months [50]. The skin tension above a large-volume
graft is higher, which worsens the ischemic conditions [51]. In the long term, the final
volume is smaller and the quality of adipose tissue is lower [52], which could explain the
higher volume loss in our study. To avoid the undesirable skin tension above large-volume
fat grafts, the Brava technique was introduced and combined with lipofilling for breast
reconstruction. Vacuum pressure is used to enlarge the skin around the recipient bed before
fat tissue is transferred. Skin tension is minimized, and vascularization is maximized.
The main downside of this method is patient cooperation, which is dependent on their
motivation [53]. In our study, we did not use the Brava technique, but we obtained similar
results after 6 months in group SVF+ above the scapula. Volume loss was approximately
50%. We attributed this result to the beneficial effect of SVF. The drugs used for hormonal
active breast cancer, such as Tamoxifen, do not have influence on ASC proliferation and fat
graft survival [54].

Methods for observing fat transplant survival described in the literature are very
heterogenic [3], so it is difficult to compare them with our method. Animal model studies
lasted from 4 weeks up to 3 months on average, and the initial volumes were much
smaller [55], so their results are difficult to compare with our results.

Large-volume fat tissue transplants have a higher rate of volume loss. Compared with
other animal model reports, initial graft volumes were smaller, and loss was consequently
lower [33]. The periods of observation also vary in the literature. The reports with shorter
observation times had higher volume retention [56,57]. The highest loss in our study
was after 3 months, which is in accordance with other experiments [20]. The underlying
mechanism is the resorption of fluid and non-viable cells [58]. A second lipofilling leads to
higher volume retention. This could also explain the higher volume loss of our large fat
grafts [59].

The distance for new vessel growth in large-volume fat grafts is longer, and skin
tension above the graft is higher. It is logical to improve the process of angiogenesis and
replacement of the lost adipocytes. SVF appears to be the right technically accessible choice.
Higher concentrations of ASCs in our SVF sample might have provided better results in
this study. However, this would increase costs because cell culture techniques are involved,
so this option would not be as useful in everyday clinical practice.

5. Conclusions

In our study, the beneficial effect of an SVF on large-volume fat graft survival was
demonstrated. The combination of an SVF and fat grafts has made lipofilling a more
predictable surgical procedure. In future studies, we recommend the use fat grafts with
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smaller volumes to minimize the influence of ischemia and to strengthen the SVF effect.
Further research is also needed to investigate the influence of a different ASC count in the
SVF on long-term fat graft survival.

Author Contributions: Conceptualization, M.K., S.K.B., T.D., G.S., A.K. and N.I.H.; methodology,
M.K., T.D., G.S. and S.K.B.; software, M.K.; formal analysis, M.K.; investigation, M.K. and S.K.B.;
writing—original draft preparation, M.K.; writing—review and editing, S.K.B., T.D., G.S., A.K.
and N.I.H.; supervision, N.I.H. All authors have read and agreed to the published version of the
manuscript.

Funding: Slovenian Research and Innovation Agency (No. P3-0374); University Medical Centre
Ljubljana (No. TP20220050); Slovenian Research and Innovation Agency (P3-0003).

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the National Medical Ethics Committee (No. 0120-436/2017/4,
26/10/2017). The animal study protocol was approved by the Slovenian Ethics Committee for Animal
Experimentation (No. U34401-5/2018/10, 22/03/2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All supporting data and datasets generated for this study are available
on request to the corresponding author.

Acknowledgments: We thank the Department of Experimental Oncology, Institute of Oncology,
Ljubljana, Slovenia, for their help in the study design and care for the animals.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Billings, E., Jr.; May, J.W., Jr. Historical review and present status of free fat graft autotransplantation in plastic and reconstructive

surgery. Plast. Reconstr. Surg. 1989, 83, 368–381. [CrossRef]
2. Bellini, E.; Grieco, M.P.; Raposio, E. The science behind autologous fat grafting. Ann. Med. Surg. 2017, 24, 65–73. [CrossRef]

[PubMed]
3. Coleman, S.R. Structural fat grafting: More than a permanent filler. Plast. Reconstr. Surg. 2006, 118, 108s–120s. [CrossRef]
4. Zocchi, M.L.; Zuliani, F. Bicompartmental breast lipostructuring. Aesthetic Plast. Surg. 2008, 32, 313–328. [CrossRef]
5. Raposio, E.; Caruana, G.; Petrella, M.; Bonomini, S.; Grieco, M.P. A Standardized Method of Isolating Adipose-Derived Stem Cells

for Clinical Applications. Ann. Plast. Surg. 2016, 76, 124–126. [CrossRef]
6. Rigotti, G.; Marchi, A.; Galie, M.; Baroni, G.; Benati, D.; Krampera, M.; Pasini, A.; Sbarbati, A. Clinical treatment of radiotherapy

tissue damage by lipoaspirate transplant: A healing process mediated by adipose-derived adult stem cells. Plast. Reconstr. Surg.
2007, 119, 1409–1422. discussion 1423–1404. [CrossRef] [PubMed]

7. Aust, L.; Devlin, B.; Foster, S.J.; Halvorsen, Y.D.; Hicok, K.; du Laney, T.; Sen, A.; Willingmyre, G.D.; Gimble, J.M. Yield of human
adipose-derived adult stem cells from liposuction aspirates. Cytotherapy 2004, 6, 7–14. [CrossRef]

8. Eto, H.; Kato, H.; Suga, H.; Aoi, N.; Doi, K.; Kuno, S.; Yoshimura, K. The fate of adipocytes after nonvascularized fat grafting:
Evidence of early death and replacement of adipocytes. Plast. Reconstr. Surg. 2012, 129, 1081–1092. [CrossRef] [PubMed]

9. Gimble, J.M.; Katz, A.J.; Bunnell, B.A. Adipose-derived stem cells for regenerative medicine. Circ. Res. 2007, 100, 1249–1260.
[CrossRef]

10. Kuno, S.; Yoshimura, K. Condensation of Tissue and Stem Cells for Fat Grafting. Clin. Plast. Surg. 2015, 42, 191–197. [CrossRef]
11. Matsumoto, D.; Sato, K.; Gonda, K.; Takaki, Y.; Shigeura, T.; Sato, T.; Aiba-Kojima, E.; Iizuka, F.; Inoue, K.; Suga, H.; et al.

Cell-assisted lipotransfer: Supportive use of human adipose-derived cells for soft tissue augmentation with lipoinjection. Tissue
Eng. 2006, 12, 3375–3382. [CrossRef]

12. Gormley, D.E.; Eremia, S. Quantitative Assessment of Augmentation Therapy. J. Dermatol. Surg. Oncol. 1990, 16, 1147–1151.
[CrossRef] [PubMed]

13. Niechajev, I.; Sevcuk, O. Long-term results of fat transplantation: Clinical and histologic studies. Plast. Reconstr. Surg. 1994, 94, 496–506.
[CrossRef] [PubMed]

14. Peer, L.A. Loss of Weight and Volume in Human Fat Grafts: With Postulation of A “Cell Survival Theory”. Plast. Reconstr. Surg.
1950, 5, 217–230. [CrossRef]

15. Pereira, L.H.; Radwanski, H.N. Fat grafting of the buttocks and lower limbs. Aesthetic Plast. Surg. 1996, 20, 409–416. [CrossRef]
16. Carpaneda, C.A.; Ribeiro, M.T. Percentage of graft viability versus injected volume in adipose autotransplants. Aesthetic Plast.

Surg. 1994, 18, 17–19. [CrossRef]

https://doi.org/10.1097/00006534-198902000-00033
https://doi.org/10.1016/j.amsu.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29188051
https://doi.org/10.1097/01.prs.0000234610.81672.e7
https://doi.org/10.1007/s00266-007-9089-3
https://doi.org/10.1097/SAP.0000000000000609
https://doi.org/10.1097/01.prs.0000256047.47909.71
https://www.ncbi.nlm.nih.gov/pubmed/17415234
https://doi.org/10.1080/14653240310004539
https://doi.org/10.1097/PRS.0b013e31824a2b19
https://www.ncbi.nlm.nih.gov/pubmed/22261562
https://doi.org/10.1161/01.RES.0000265074.83288.09
https://doi.org/10.1016/j.cps.2014.12.006
https://doi.org/10.1089/ten.2006.12.3375
https://doi.org/10.1111/j.1524-4725.1990.tb00027.x
https://www.ncbi.nlm.nih.gov/pubmed/2262623
https://doi.org/10.1097/00006534-199409000-00012
https://www.ncbi.nlm.nih.gov/pubmed/8047602
https://doi.org/10.1097/00006534-195003000-00002
https://doi.org/10.1007/BF02390316
https://doi.org/10.1007/BF00444242


Appl. Sci. 2023, 13, 7100 10 of 11

17. Stillaert, F.; Findlay, M.; Palmer, J.; Idrizi, R.; Cheang, S.; Messina, A.; Abberton, K.; Morrison, W.; Thompson, E.W. Host rather
than graft origin of Matrigel-induced adipose tissue in the murine tissue-engineering chamber. Tissue Eng. 2007, 13, 2291–2300.
[CrossRef] [PubMed]

18. Kolle, S.F.; Fischer-Nielsen, A.; Mathiasen, A.B.; Elberg, J.J.; Oliveri, R.S.; Glovinski, P.V.; Kastrup, J.; Kirchhoff, M.; Rasmussen,
B.S.; Talman, M.L.; et al. Enrichment of autologous fat grafts with ex-vivo expanded adipose tissue-derived stem cells for graft
survival: A randomised placebo-controlled trial. Lancet 2013, 382, 1113–1120. [CrossRef] [PubMed]

19. Frueh, F.S.; Später, T.; Scheuer, C.; Menger, M.D.; Laschke, M.W. Isolation of Murine Adipose Tissue-Derived Microvascular
Fragments as Vascularization Units for Tissue Engineering. J. Vis. Exp. 2017, 55721. [CrossRef]

20. Lv, Q.; Li, X.; Qi, Y.; Gu, Y.; Liu, Z.; Ma, G.-e. Volume Retention after Facial Fat Grafting and Relevant Factors: A Systematic
Review and Meta-Analysis. Aesthetic Plast. Surg. 2021, 45, 506–520. [CrossRef]

21. Pu, L.L.Q.; Coleman, S.R.; Cui, X.; Ferguson, R.E.H., Jr.; Vasconez, H.C. Autologous fat grafts harvested and refined by the
Coleman technique: A comparative study. Plast. Reconstr. Surg. 2008, 122, 932–937. [CrossRef]

22. Dolderer, J.H.; Thompson, E.W.; Slavin, J.; Trost, N.; Cooper-White, J.J.; Cao, Y.; O’Connor, A.J.; Penington, A.; Morrison, W.A.;
Abberton, K.M. Long-term stability of adipose tissue generated from a vascularized pedicled fat flap inside a chamber. Plast.
Reconstr. Surg. 2011, 127, 2283–2292. [CrossRef]

23. Kirkham, J.C.; Lee, J.H.; Medina, M.A., 3rd; McCormack, M.C.; Randolph, M.A.; Austen, W.G., Jr. The impact of liposuction
cannula size on adipocyte viability. Ann. Plast. Surg. 2012, 69, 479–481. [CrossRef]

24. Ozsoy, Z.; Kul, Z.; Bilir, A. The role of cannula diameter in improved adipocyte viability: A quantitative analysis. Aesthetic Surg. J.
2006, 26, 287–289. [CrossRef]

25. Trivisonno, A.; Di Rocco, G.; Cannistra, C.; Finocchi, V.; Torres Farr, S.; Monti, M.; Toietta, G. Harvest of superficial layers of
fat with a microcannula and isolation of adipose tissue-derived stromal and vascular cells. Aesthetic Surg. J. 2014, 34, 601–613.
[CrossRef]

26. Condé-Green, A.; de Amorim, N.F.; Pitanguy, I. Influence of decantation, washing and centrifugation on adipocyte and mesenchy-
mal stem cell content of aspirated adipose tissue: A comparative study. J. Plast. Reconstr. Aesthetic Surg. JPRAS 2010, 63, 1375–1381.
[CrossRef] [PubMed]

27. Pallua, N.; Pulsfort, A.K.; Suschek, C.; Wolter, T.P. Content of the growth factors bFGF, IGF-1, VEGF, and PDGF-BB in freshly
harvested lipoaspirate after centrifugation and incubation. Plast. Reconstr. Surg. 2009, 123, 826–833. [CrossRef] [PubMed]

28. Simonacci, F.; Bertozzi, N.; Grieco, M.P.; Grignaffini, E.; Raposio, E. Procedure, applications, and outcomes of autologous fat
grafting. Ann. Med. Surg. 2017, 20, 49–60. [CrossRef] [PubMed]

29. Demirel, O.; Karakol, P.; Bozkurt, M.; Tuglu, M.I. The Effect of Centrifuge Duration on Fat Graft Survival. Indian J. Plast. Surg. Off.
Publ. Assoc. Plast. Surg. India 2023, 56, 53–61. [CrossRef]

30. 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, 265–273. [CrossRef]

31. Lu, F.; Li, J.; Gao, J.; Ogawa, R.; Ou, C.; Yang, B.; Fu, B. Improvement of the survival of human autologous fat transplantation by
using VEGF-transfected adipose-derived stem cells. Plast. Reconstr. Surg. 2009, 124, 1437–1446. [CrossRef]

32. 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. [CrossRef]

33. Domergue, S.; Bony, C.; Maumus, M.; Toupet, K.; Frouin, E.; Rigau, V.; Vozenin, M.C.; Magalon, G.; Jorgensen, C.; Noel, D.
Comparison between Stromal Vascular Fraction and Adipose Mesenchymal Stem Cells in Remodeling Hypertrophic Scars. PLoS
ONE 2016, 11, e0156161. [CrossRef]

34. Pak, J.; Lee, J.H.; Park, K.S.; Park, M.; Kang, L.W.; Lee, S.H. Current use of autologous adipose tissue-derived stromal vascular
fraction cells for orthopedic applications. J. Biomed. Sci. 2017, 24, 9. [CrossRef]

35. Landau, M.J.; Birnbaum, Z.E.; Kurtz, L.G.; Aronowitz, J.A. Review: Proposed Methods to Improve the Survival of Adipose Tissue
in Autologous Fat Grafting. Plast. Reconstr. Surg. Glob. Open 2018, 6, e1870. [CrossRef]

36. Yoshimura, K.; Sato, K.; Aoi, N.; Kurita, M.; Inoue, K.; Suga, H.; Eto, H.; Kato, H.; Hirohi, T.; Harii, K. Cell-assisted lipotransfer
for facial lipoatrophy: Efficacy of clinical use of adipose-derived stem cells. Dermatol. Surg. Off. Publ. Am. Soc. Dermatol. Surg.
2008, 34, 1178–1185. [CrossRef]

37. Zhu, M.; Zhou, Z.; Chen, Y.; Schreiber, R.; Ransom, J.T.; Fraser, J.K.; Hedrick, M.H.; Pinkernell, K.; Kuo, H.C. Supplementation
of fat grafts with adipose-derived regenerative cells improves long-term graft retention. Ann. Plast. Surg. 2010, 64, 222–228.
[CrossRef]

38. Spear, S.L.; Wilson, H.B.; Lockwood, M.D. Fat injection to correct contour deformities in the reconstructed breast. Plast. Reconstr.
Surg. 2005, 116, 1300–1305. [CrossRef] [PubMed]

39. Jiang, T.; Xie, Y.; Zhu, M.; Zhao, P.; Chen, Z.; Cheng, C.; Huang, R.; Liu, K.; Li, Q. The second fat graft has significantly better
outcome than the first fat graft for Romberg syndrome: A study of three-dimensional volumetric analysis. J. Plast. Reconstr.
Aesthetic Surg. JPRAS 2016, 69, 1621–1626. [CrossRef] [PubMed]

40. Peer, L.A. Cell Survival Theory versus Replacement Theory. Plast. Reconstr. Surg. 1955, 16, 161–168. [CrossRef] [PubMed]
41. Verdenik, M.; Ihan Hren, N. Differences in three-dimensional soft tissue changes after upper, lower, or both jaw orthognathic

surgery in skeletal class III patients. Int. J. Oral Maxillofac. Surg. 2014, 43, 1345–1351. [CrossRef]

https://doi.org/10.1089/ten.2006.0382
https://www.ncbi.nlm.nih.gov/pubmed/17638518
https://doi.org/10.1016/S0140-6736(13)61410-5
https://www.ncbi.nlm.nih.gov/pubmed/24075051
https://doi.org/10.3791/55721
https://doi.org/10.1007/s00266-020-01612-6
https://doi.org/10.1097/PRS.0b013e3181811ff0
https://doi.org/10.1097/PRS.0b013e3182131c3e
https://doi.org/10.1097/SAP.0b013e31824a459f
https://doi.org/10.1016/j.asj.2006.04.003
https://doi.org/10.1177/1090820X14528000
https://doi.org/10.1016/j.bjps.2009.07.018
https://www.ncbi.nlm.nih.gov/pubmed/19679523
https://doi.org/10.1097/PRS.0b013e318199ef31
https://www.ncbi.nlm.nih.gov/pubmed/19319045
https://doi.org/10.1016/j.amsu.2017.06.059
https://www.ncbi.nlm.nih.gov/pubmed/28702187
https://doi.org/10.1055/s-0042-1759495
https://doi.org/10.2217/17460751.4.2.265
https://doi.org/10.1097/PRS.0b013e3181babbb6
https://doi.org/10.1007/s00266-007-9019-4
https://doi.org/10.1371/journal.pone.0156161
https://doi.org/10.1186/s12929-017-0318-z
https://doi.org/10.1097/GOX.0000000000001870
https://doi.org/10.1097/00042728-200809000-00003
https://doi.org/10.1097/SAP.0b013e31819ae05c
https://doi.org/10.1097/01.prs.0000181509.67319.cf
https://www.ncbi.nlm.nih.gov/pubmed/16217471
https://doi.org/10.1016/j.bjps.2016.06.027
https://www.ncbi.nlm.nih.gov/pubmed/27746101
https://doi.org/10.1097/00006534-195509000-00001
https://www.ncbi.nlm.nih.gov/pubmed/13266544
https://doi.org/10.1016/j.ijom.2014.06.017


Appl. Sci. 2023, 13, 7100 11 of 11

42. Ettl, S.; Arold, O.; Yang, Z.; Häusler, G. Flying triangulation—An optical 3D sensor for the motion-robust acquisition of complex
objects. Appl. Opt. 2012, 51, 281–289. [CrossRef]

43. Lübbers, H.T.; Medinger, L.; Kruse, A.; Grätz, K.W.; Matthews, F. Precision and accuracy of the 3dMD photogrammetric system in
craniomaxillofacial application. J. Craniofacial Surg. 2010, 21, 763–767. [CrossRef]

44. Tepper, O.M.; Small, K.H.; Unger, J.G.; Feldman, D.L.; Kumar, N.; Choi, M.; Karp, N.S. 3D analysis of breast augmentation defines
operative changes and their relationship to implant dimensions. Ann. Plast. Surg. 2009, 62, 570–575. [CrossRef]

45. Herold, C.; Ueberreiter, K.; Busche, M.N.; Vogt, P.M. Autologous Fat Transplantation: Volumetric Tools for Estimation of Volume
Survival. A Systematic Review. Aesthetic Plast. Surg. 2013, 37, 380–387. [CrossRef]

46. Caruana, G.; Bertozzi, N.; Boschi, E.; Grieco, M.; Grignaffini, E.; Raposio, E. Role of adipose-derived stem cells in chronic
cutaneous wound healing. Ann. Ital. Chir. 2015, 86, 1–4.

47. Bowles, A.; Strong, A.; Wise, R.; Thomas, R.; Gerstein, B.; Dutreil, M.; Hunter, R.; Gimble, J.; Bunnell, B. Adipose Stromal Vascular
Fraction-Mediated Improvements at Late-Stage Disease in a Murine Model of Multiple Sclerosis. Stem Cells 2016, 35, 532–544.
[CrossRef]

48. SundarRaj, S.; Deshmukh, A.; Priya, N.; Krishnan, V.S.; Cherat, M.; Majumdar, A.S. Development of a System and Method for
Automated Isolation of Stromal Vascular Fraction from Adipose Tissue Lipoaspirate. Stem Cells Int. 2015, 2015, 11. [CrossRef]
[PubMed]

49. Ni, Y.; He, X.; Yuan, Z.; Liu, M.; Du, H.; Zhong, X. Effect of fat particle-to-SVF ratio on graft survival rates in rabbits. Ann. Plast.
Surg. 2015, 74, 609–614. [CrossRef] [PubMed]

50. Delay, E.; Garson, S.; Tousson, G.; Sinna, R. Fat injection to the breast: Technique, results, and indications based on 880 procedures
over 10 years. Aesthetic Surg. J. 2009, 29, 360–376. [CrossRef] [PubMed]

51. Panettiere, P.; Accorsi, D.; Marchetti, L.; Sgro, F.; Sbarbati, A. Large-breast reconstruction using fat graft only after prosthetic
reconstruction failure. Aesthetic Plast. Surg. 2011, 35, 703–708. [CrossRef] [PubMed]

52. Peer, L.A. The neglected free fat graft, its behavior and clinical use. Am. J. Surg. 1956, 92, 40–47. [CrossRef]
53. Khouri, R.K.; Rigotti, G.; Cardoso, E.; Khouri, R.K., Jr.; Biggs, T.M. Megavolume autologous fat transfer: Part I. Theory and

principles. Plast. Reconstr. Surg. 2014, 133, 550–557. [CrossRef] [PubMed]
54. Boemi, I.; Lisa, A.V.E.; Vitali, E.; Liman, N.; Battistini, A.; Barbera, F.; Maione, L.; Vinci, V.; Klinger, M.E.A.; Lania, A.G.A.

Evaluation of the Ex Vivo Effects of Tamoxifen on Adipose-Derived Stem Cells: A Pilot Study. Front. Cell Dev. Biol. 2021, 9, 555248.
[CrossRef]

55. Rasmussen, B.S.; Lykke Sorensen, C.; Vester-Glowinski, P.V.; Herly, M.; Trojahn Kolle, S.F.; Fischer-Nielsen, A.; Drzewiecki, K.T.
Effect, Feasibility, and Clinical Relevance of Cell Enrichment in Large Volume Fat Grafting: A Systematic Review. Aesthetic Surg. J.
2017, 37, S46–S58. [CrossRef] [PubMed]

56. Ullmann, Y.; Hyams, M.; Ramon, Y.; Beach, D.; Peled, I.J.; Lindenbaum, E.S. Enhancing the Survival of Aspirated Human Fat
Injected into Nude Mice. Plast. Reconstr. Surg. 1998, 101, 1940–1944. [CrossRef]

57. Zhang, Y.; Xiao, L.L.; Li, J.X.; Liu, H.W.; Li, S.H.; Wu, Y.Y.; Liao, X.; Rao, C.Q. Improved fat transplantation survival by using the
conditioned medium of vascular endothelial growth factor transfected human adipose-derived stem cells. Kaohsiung J. Med. Sci.
2017, 33, 379–384. [CrossRef]

58. Rieck, B.; Schlaak, S. Measurement in vivo of the survival rate in autologous adipocyte transplantation. Plast. Reconstr. Surg.
2003, 111, 2315–2323. [CrossRef]

59. Cervelli, D.; Gasparini, G.; Grussu, F.; Moro, A.; Matteo Marianetti, T.; Foresta, E.; Azzuni, C.; Pelo, S. Autologous fat transplanta-
tion for the temporalis muscle flap donor site: Our experience with 45 cases. Head Neck 2014, 36, 1296–1304. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1364/AO.51.000281
https://doi.org/10.1097/SCS.0b013e3181d841f7
https://doi.org/10.1097/SAP.0b013e31819faff9
https://doi.org/10.1007/s00266-012-0046-4
https://doi.org/10.1002/stem.2516
https://doi.org/10.1155/2015/109353
https://www.ncbi.nlm.nih.gov/pubmed/26167182
https://doi.org/10.1097/SAP.0b013e318298e6f5
https://www.ncbi.nlm.nih.gov/pubmed/23903086
https://doi.org/10.1016/j.asj.2009.08.010
https://www.ncbi.nlm.nih.gov/pubmed/19825464
https://doi.org/10.1007/s00266-011-9670-7
https://www.ncbi.nlm.nih.gov/pubmed/21359982
https://doi.org/10.1016/S0002-9610(56)80009-3
https://doi.org/10.1097/01.prs.0000438044.06387.2a
https://www.ncbi.nlm.nih.gov/pubmed/24572848
https://doi.org/10.3389/fcell.2021.555248
https://doi.org/10.1093/asj/sjx008
https://www.ncbi.nlm.nih.gov/pubmed/29025214
https://doi.org/10.1097/00006534-199806000-00026
https://doi.org/10.1016/j.kjms.2017.05.009
https://doi.org/10.1097/01.PRS.0000060797.59958.55
https://doi.org/10.1002/hed.23457

	Introduction 
	Materials and Methods 
	Animal Model 
	Fat Tissue Source 
	Preparation of Fat Tissue for Transplantation 
	D Scanning 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

