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Abstract in German (Zusammenfassung)

Der autologe Fetttransfer (AFG) ist aufgrund seiner Biokompatibilitat, guten
Verfugbarkeit und vielseitigen Anwendbarkeit ein etabliertes Verfahren in der
asthetischen und rekonstruktiven Chirurgie. Eine zentrale Limitation bleibt jedoch
die unvorhersehbare Resorption des transplantierten Fettgewebes, wodurch die
langfristige Volumenretention erheblich variieren kann und in der Literatur Werte
von unter 20% bis Uber 90% Dberichtet werden. Der Zell-unterstitzte
Fetttransfer (CAL), bei dem das Fetttransplantat mit Zellen der Stromal-vaskularen
Fraktion (SVF) beziehungsweise adiposen Stammzellen (ADSCs/ASCs)
angereichert wird, wurde entwickelt, um durch Angiogenese, Adipogenese und
Geweberegeneration die Einheilung des Transplantats zu verbessern. Die klinische
Evidenz im Vergleich zum konventionellen autologen Fetttransfer ist jedoch bislang
uneinheitlich.

Ziel dieser systematischen Ubersichtsarbeit war es zu untersuchen, ob CAL die
volumetrische Retention von Fetttransplantaten im Vergleich zum konventionellen
AFG verbessert und Unterschiede in den postoperativen Komplikationsraten
bestehen. Hierfur wurde eine systematische Literaturrecherche gema® PRISMA
Richtlinien in den Datenbanken PubMed und Web of Science von
Datenbankerstellung bis zum 30. September 2025 durchgefuhrt. Eingeschlossen
wurden prospektive klinische Studien, die CAL mit konventionellem AFG verglichen
und eine Kontrollgruppe, eine objektive volumetrische Messung, eine
Nachbeobachtungszeit von mindestens 3 Monaten sowie mindestens 5
Patient:innen aufwiesen. Datenextraktion und Qualitatsbewertung erfolgten
unabhangig durch zwei Reviewer. Aufgrund der Heterogenitat hinsichtlich
Empfangerregionen, = Nachbeobachtungszeitraumen, Zellisolationsmethoden,
Aufbereitungsprotokollen und volumetrischen Messverfahren wurde keine
Metaanalyse durchgefluhrt, sondern die Ergebnisse deskriptiv zusammengefasst.

Insgesamt erfullten 15 prospektive klinische Studien die Einschlusskriterien. 11
berichteten Uber eine signifikant hohere Retentionsrate zugunsten von CAL, 1
zeigte einen numerischen, jedoch nicht signifikanten Vorteil und 3 fanden keinen
signifikanten Unterschied. Besonders deutlich war der Vorteil von CAL bei mehreren
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Anwendungen im Gesichtsbereich, wahrend die Ergebnisse im Brustbereich
heterogener ausfielen. Klinisch relevante Komplikationen wie Olzysten,
Kalzifikationen, tastbare Veranderungen oder Fettgewebsnekrosen traten
insgesamt selten auf und zeigten keine erhohte Haufigkeit in den CAL-Gruppen
gegenuber den Kontrollgruppen.

Zusammenfassend deutet die derzeit verfugbare prospektive klinische Evidenz
darauf hin, dass CAL die Retention von Fetttransplantaten verbessern kann, ohne
mit einer erhdhten postoperativen Komplikationsrate verbunden zu sein. Zur
endgultigen Bewertung des klinischen Nutzens sind jedoch grofiere randomisierte
Studien mit standardisierten Methoden und einheitlichen Parametern erforderlich.




Abstract

Autologous fat grafting (AFG) is an established technique in aesthetic and
reconstructive surgery owing to its biocompatibility and versatility. Nevertheless,
unpredictable graft resorption remains a major limitation, resulting in highly variable
long-term retention rates ranging from under 20% to over 90%. Cell-assisted
lipotransfer (CAL), which enriches fat grafts with cells from the stromal vascular
fraction (SVF) or adipose-derived stem/stromal cells (ADSCs/ASCs), has been
proposed to enhance graft survival through angiogenesis, adipogenesis, and tissue
regeneration. However, clinical evidence comparing CAL with conventional AFG

remains inconclusive.

The aim of this systematic review was to evaluate whether CAL improves volumetric
fat graft retention compared with conventional AFG and to assess differences in
postoperative complication rates. A systematic literature search was conducted in
PubMed and Web of Science from database establishment until September 30%",
2025, in accordance with PRISMA guidelines. Eligible studies were prospective
clinical trials comparing CAL with conventional fat grafting that included a concurrent
control group, objective volumetric assessment, a minimum follow-up of 3 months,
and at least 5 patients. Data extraction and quality assessment were performed
independently by two reviewers. Because of heterogeneity in recipient sites, follow-
up schedules, cell isolation techniques, processing protocols, and volumetric
measurement methods, no meta-analysis was performed and results were

synthesized descriptively.

15 prospective clinical studies fulfilled the inclusion criteria. CAL demonstrated
higher volumetric take rates than conventional fat grafting in most studies. 11 of 15
studies reported significantly improved fat graft retention with CAL, 1 study showed
a numerical but non-significant advantage, and 3 studies found no significant
difference between techniques. The beneficial effect of CAL appeared particularly
pronounced in several facial applications, whereas breast-related outcomes were
more heterogeneous. Clinically relevant complications, including oil cysts,
calcifications, palpable changes, and fat necrosis, were infrequent and did not occur
more frequently in CAL groups compared with controls.
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In conclusion, current prospective clinical evidence suggests that CAL may improve
fat graft retention without increasing postoperative complication rates. Nevertheless,
the available evidence is limited by small sample sizes, methodological
heterogeneity, and non-standardized CAL protocols. Larger randomized controlled
trials with standardized methodologies and harmonized outcome measures are

required to determine the true clinical value of CAL.
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1 Abbreviations

3D
ADRC
ADSC
AFG
ASC
ATMPs
BAT
bFGF
BI-RADS
BMI
BRAVA
CAL
CT
EVE
FU
GRADE

HGF

IL

Ki-67

M

MRI

NA
non-CAL
PCCT
PCT
PDGF
PPAR-y

PRCCT
PRCT

Three-Dimensional

Adipose-Derived Regenerative Cell
Adipose-Derived Stem Cell

Autologous Fat Grafting

Adipose Stem Cell

Advanced Therapy Medicinal Products
Brown Adipose Tissue

Basic Fibroblast Growth Factor

Breast Imaging Reporting and Data System
Body Mass Index

Bra-Shaped External Volume Expander
Cell-Assisted Lipotransfer

Computed Tomography

External Volume Expansion

Follow-Up

Grading of Recommendations Assessment,
Development and Evaluation

Hepatocyte Growth Factor

Interleukin

Ki-67 Antigen

Mean

Magnetic Resonance Imaging

Not Available

Non-Cell-Assisted Lipotransfer

Prospective Controlled Clinical Trial
Prospective Clinical Trial

Platelet-Derived Growth Factor
Peroxisome  Proliferator-Activated  Receptor
Gamma

Prospective Randomized Controlled Clinical Trial
Prospective Randomized Clinical Trial




PRISMA

PRP
RCT
rpm
SAT
ScID
SD
SDF-1
SVF
TGF-B
UBM
VEGF
WAT

Preferred Reporting Items for Systematic Reviews
and Meta-Analyses

Platelet-Rich Plasma

Randomized Controlled Trial
Revolutions Per Minute
Subcutaneous Adipose Tissue
Severe Combined Immunodeficiency
Standard Deviation

Stromal-Derived Factor-1

Stromal Vascular Fraction
Transforming Growth Factor 3
Ultrasound Biomicroscopy

Vascular Endothelial Growth Factor

White Adipose Tissue




2 Figures

Figure 1: Flow Diagram of the Study Selection

Figure 2: Mean Volumetric Outcomes (Take Rate) Across Studies

Figure 3: Take Rate by Study / Follow-Up.......




3 Tables

Table 1: Characteristics of the Included Studies




4 Introduction

4.1 Autologous Fat Grafting — Definition and Applications

There are two main types of adipose tissue: thermogenic brown adipose
tissue (BAT) and energy-storing white adipose tissue (WAT) (1). While BAT is
distributed throughout the cervical, supraclavicular, axillary, paravertebral,
mediastinal and upper abdominal regions, WAT, the predominant type of fat in
humans, is located either viscerally or subcutaneously (2—4). Subcutaneous
adipose tissue (SAT) is generally present in sufficient quantities in the human body,
thus rendering it an ideal autologous filling material for the correction or remodeling
of profile and volume defects. In contemporary autologous fat grafting procedures,
SAT is first aspirated from one area of the body and then processed before being
re-injected into another area (5). In comparison with alternative filling materials,
autologous fat grafting offers several advantages, including good biocompatibility,
ease of availability, abundant sources, a satisfactory filling effect and minimal
trauma. The broad spectrum of its applications, coupled with its established safety
and efficacy record (6,7), has given rise to a significant body of research in this field,

resulting in numerous enhancements since its inception (8).

4.1.1 Historical Background

The utilization of the basic principle can be traced back to as early as 1889 when
Van der Meulen employed autologous fat to treat a diaphragmatic hernia (5,9). Four
years later, in 1893, German surgeon Gustav Adolf Neuber successfully
transplanted fat from the forearm to fill an atrophic facial scar and in 1895 Czerny
performed the first breast augmentation using fat tissue on a tumor patient (10,11).
However, these early satisfactory results were discredited by later reports by Strong
and Peer, who observed asymmetries due to uneven resorption of the fat
grafts (12,13). Subsequent years witnessed the evolution of autologous fat grafting
into a clinically proven method, which was utilized in various medical specialties and

in diverse anatomical regions (5,14), yet reports of varying degrees of graft failure
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prevented the technique from gaining widespread acceptance until the
1980s (12,15). Coleman et al. were instrumental in effecting a paradigm shift in the
history of autologous fat grafting (AFG) through their seminal publications. They
refined and built upon the techniques established by their precursors and are widely
credited with establishing the definition of AFG as a procedure consisting of
harvesting, processing and reinjection of autologous fat. This constitutes a
significant step forward in the direction of achieving optimum results (16-20).

4.1.2 Indications and Clinical Applications

Nowadays, AFG has become a prevalent technique in both aesthetic and
reconstructive surgery, recognized as an efficacious instrument for soft-tissue
augmentation (21,22). According to Luze, Strong and Suszynski, the range of
applications extends to encompass a broad spectrum of anatomical sites:
- Face: facial rejuvenation, facial lipoatrophy (e.g. Parry-Romberg syndrome),
scleroderma and rhinoplasty
- Breast: postmastectomy reconstruction, postaugmentation recontouring,
postoperative breast deformities, congenital breast or chest defects (e.g.
tuberous deformity, Poland syndrome) and micromastia
- Hand: Dupuytren’s contracture, Raynaud’s syndrome and hand rejuvenation
- Skin and soft tissue: pathological scar revision (e.g. burn injuries), skin
rejuvenation and body contouring
- Other applications: laryngoplasty, gluteoplasty, mastoidectomy defects, etc.
(12,23,24).

4.1.3 Composition of Autologous Fat Grafts

The composition of fat grafts, which are utilized in all the areas mentioned above,
remains largely consistent post-harvesting. While adipocytes, otherwise known as
fat cells, comprise approximately 90% of the volume, they account for only around
20% of the cells contained within the graft. In addition to these, the stromal vascular

fraction (SVF) constitutes the remaining 80%. This is an amalgamation of various
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cell types, including endothelial cells, pericytes, fibroblasts, macrophages,
monocytes, lymphocytes, smooth muscle cells and most importantly autologous
stem cells (ADSCs), which collectively form a complex structure within an
extracellular matrix (25-29). Adipose tissue was previously considered to be a
passive energy storage mechanism. However, recent research has demonstrated
its regenerative potential, which comprises a range of processes including
angiogenesis, peripheral nerve repair, enhancement of skin thickness and elasticity
and the reversal of fibrosis resulting from radiation therapy, scarring, or inflammatory
conditions. A substantial body of research has underscored the healing capabilities
of autologous fat grafting, a phenomenon that is presumably attributable to the
presence of ADSCs (26). Physiologically, adipocytes derive from these ADSCs, by
either proliferation or differentiation (30). This mechanism also takes place following
the injection of a fat graft into the recipient site. Due to the mechanical stress
experienced during the grafting process, some adipocytes undergo apoptosis or
necrosis. However, at the same time, new fat cells are created from ADSCs, helping
to compensate for the volume loss caused by the death of adult adipocytes (25).

4.1.4 Theories of Graft Survival

Despite the increasing use of AFG and the wealth of research on the subject, the
actual mechanism of how adipose tissue grafts survive is not fully understood (31).
At present, three principal theories explaining fat graft survival following avascular
surgical transplantation are widely recognized. Emerging evidence indicates that all
three mechanisms may contribute concurrently to the overall graft survival process.
These theories are known as the cell survival theory, the graft replacement theory
and the host replacement theory (21).

4.1.4.1 Cell Survival Theory

The cell survival theory, alternatively referred to as the graft survival theory, was first
described by Peer in 1955 and continues to be cited in numerous contemporary
studies. It is the oldest and most significant of the three theories (31,32) and can be
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stated by Peer as follows: In the context of human subjects, cells in free autogenous
transplants have been observed to demonstrate a propensity for survival and the
maintenance of their normal tissue structure, on the condition that they are
transferred as intact cell units to appropriate transplantation sites. However, in the
absence of cell survival, the transplant is replaced by connective tissue. This
replacement does not correspond to the original tissue in terms of structure or
function (32). For the transplanted cells to survive, it is imperative that an initial
nutrient supply is furnished by plasma diffusion until neovascularization occurs at
the recipient site. The latter process is predominantly promoted by perivascular
ADSCs, which release angiogenic factors in response to ischemia. To ensure
successful graft revascularization, each individual fat graft droplet must establish an
interaction with a capillary at the recipient site (33). In consideration of the
aforementioned factors, grafts with reduced volume and evenly distributed small fat
droplets demonstrate an enhanced capacity for survival compared to large volume
grafts (32,33). Furthermore, to ensure optimal survival of adipocytes and ADSCs, it
is recommended that the employed harvesting and injection technique is as gentle
as possible and water, oil and erythrocytes are removed during processing to obtain
a concentrated and uniform mass. Although the cell survival theory is widely
accepted, it cannot fully account for the clinical outcomes of AFG alone, suggesting
the existence of other mechanisms that influence graft survival (31).

4.1.4.2 Graft Replacement Theory

According to the graft replacement theory, the transplanted adipocytes only survive
partway through the process, with a significant proportion of the fat cells that persist
in the long-term being derived from the transplanted ADSCs (33). Suga et al. posit
that the demise of the initially transplanted adipocytes can be attributed to the
hypoxic environment present at the recipient site (34). The findings of Yoshimura et
al., derived from both in-vitro and in-vivo studies, support this assertion by
demonstrating that, under conditions of severe ischemia, adipocytes derived from
stem cells, exhibit a heightened capacity for survival (31,34,35). Based on this fact,
multiple studies have already achieved positive results by adding SVF cells or
ADSCs. A detailed discussion of these outcomes will be provided subsequently in
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this thesis. Nevertheless, the authors themselves recognize the necessity for further

research in this area and acknowledge the variability of results (33,36,37).

4.1.4.3 Host Replacement Theory

The host cell replacement theory posits that the transplanted cells are not viable
and instead undergo necrosis, being entirely replaced by host-derived cells (35).
The necrotic grafted tissue is substituted with fibrous tissue, newly formed
adipocytes, and neovascular structures originating from the recipient site (21). It is
therefore vital to note that the condition and microenvironment of the recipient site
play a critical role in determining graft survival (33). As demonstrated in a study
conducted by Luze et al., a significant correlation was identified between the
thickness of the subcutaneous fat layer at the recipient site and the take rate. This
correlation was found to be approximately equal to the number of previous grafting
sessions, the BMI, and the patient’s bodyweight (38). To this day, various
techniques have been developed to optimize the recipient site, leading to improved
surgical outcomes in fat grafting procedures (33). This is merely one of numerous
procedural modifications that have been instigated within the domain of fat
grafting (8). Nevertheless, in order to comprehend these enhancements in greater
depth, it is first necessary to examine the technique and procedure involved in fat
grafting more closely.

4.2 Techniques of Conventional Fat Grafting

As previously stated, Sydney R. Coleman is widely credited with establishing the
first standardized approach to contemporary fat grafting in 1994. The so-called
Coleman technique consists of three distinct processes: harvesting, processing and
grafting. It has been adopted and adapted by surgeons across the globe, owing to
its capacity to consistently enhance fat graft survival via a methodology that is both
standardized and reproducible (39). Its extensive implementation has resulted in the
development of numerous methods aimed at optimizing donor site preparation, fat
harvesting, post-harvest processing and grafting procedures (8). Notwithstanding
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this wide array of methods, a consensus on a gold standard remains elusive to this
day (40,41). This may be attributable to the presence of inconclusive results on a
multitude of procedural variables, which in turn may have a detrimental effect on the
quality of AFG and consequently the outcome (23). In addition, some confounding
variables, such as mechanical factors, have been studied more intensely than other
potential influences on the final outcome (25,27). The following presents a
comprehensive overview of the current AFG technology and an analysis of the risk
factors inherent to each procedural step in relation to the overall clinical result.

4.2.1 Harvesting

The manner in which adipose tissue is harvested exerts a substantial influence on
the efficacy of subsequent fat graft integration (42). Despite the ongoing debate
surrounding the optimal method for obtaining the most viable and functional cells for
grafting, no clearly superior harvesting technique has been established to date (43).
Factors such as the selection of the donor site, the administration of tumescent
anesthesia, cannula size, and the utilization of power- or ultrasound-assisted
liposuction can substantially influence both the initial viability of adipocytes during
harvesting and the differentiation capacity of SVF cells following extraction and
transplantation. It is imperative that these variables are given due consideration in
order to establish a gold standard and optimize graft survival rates (24,25,42).

4.2.1.1 Harvest Site

A substantial body of research has demonstrated that autologous fat grafts
harvested from various donor sites, including the abdomen, flanks, thighs and
knees, show no significant differences in terms of weight, volume, or histological
properties such as integrity, inflammation, fibrosis, cyst formation and
neovascularization, in both preclinical and clinical investigations (42,44-46).
Despite these findings, there are individual studies claiming a higher concentration
of ADSCs in adipose tissue harvested from the lower abdomen and inner thighs
compared to other regions (47). It has also been argued that, depending on the

harvesting site, advanced donor age may exert either a negative or positive
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influence on graft survival (48). However, the validity of both these hypotheses is
contingent upon further validation through additional research. Li et al. ultimately
concluded that, at present, no optimal harvest site can be established (44). Instead,
selection should be guided by accessibility, safety and patient preference.
Nevertheless, it is imperative for surgeons to consider confounding variables such
as prior local radiation therapy, surgical interventions, or liposuction, as these may
compromise tissue quality (23,44).

4.2.1.2 Use of Tumescent Anesthesia

In addition to the aforementioned standard technique developed by Coleman (16),
‘wet” and “super wet” extraction methods were later introduced with the aim of
minimizing the substantial damage to adipocytes and SVF cells that can occur
during the extraction process (49). While the “wet” technique requires a
comparatively smaller volume of infiltration fluid, Fodor et al. described the “super
wet” liposuction technique, characterized by a 1:1 infiltration-to-aspiration ratio (50).
It is considered to be a safe approach for larger fat removal procedures due to the
reduced amount of blood loss and may also benefit AFG by enhancing graft
retention through the reduction of mechanical stress during harvesting (49).
Furthermore, comparative in-vitro studies demonstrated that tumescent anesthesia
preserves a significantly greater number of viable ADSCs than local anesthesia,
with higher counts of adherent ASCs after 24 hours of culture (51). However, the
effect of local anesthetics, with or without vasoconstrictors, on adipocyte and SVF
cell viability remains controversial, with other studies reporting both detrimental (52)
and beneficial (53) outcomes. Contrary to the conclusions drawn by Moor et al. in
previous studies (54), Weichman et al. discovered that local anesthetics do not have
a significant impact on the long-term survival of fat grafts (55). Despite the existence
of in-vitro evidence of its dose-dependent toxicity on fibroblasts and
ADSCs (56-58), Lidocaine remains the most prevalent anesthetic agent employed
in AFG (56).
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4.2.1.3 Harvesting Cannula

The diameter and number of perforations in the harvesting cannula are pivotal in
determining the success of fat grafting procedures (42). As demonstrated by
Campbell et al., an inverse correlation was identified between the degree of cellular
damage and the diameter of the instrument utilized for the extraction of fat (59).
Numerous studies have shown that multi-perforated cannulas have the capacity to
reduce local pressure at each port, thus minimizing tissue damage during fat
harvesting (60). The utilization of smaller-diameter cannulas has been hypothesized
to facilitate access to more superficial and vascularized adipose layers, with the
potential to enhance patient comfort and the yield of ADSCs. However, findings on
optimal cannula diameter remain inconsistent, with reports suggesting advantages
for 2 mm, 3 mm, 4 mm and even 6 mm instruments in terms of adipocyte viability,
density and graft survival (61-64). Despite the absence of a consensus on the
optimal cannula diameter, it is widely accepted that the instrument should be
sufficiently large to minimize shear stress and preserve adipocytes as well as SVF
cells (65-67).

4.2.1.4 Power- and/or Ultrasound-assisted Liposuction

The final stage involves selecting the harvesting technique, with current approaches
including direct excision, manual syringe aspiration and suction-assisted
liposuction, the latter employing various pressure levels and mechanisms for their
generation (68—-70). In addition, liposuction may be facilitated by other methods,
including liquid-jet, ultrasound pulses or laser energy (71-73). It is postulated that
the level of negative pressure applied during fat harvesting may theoretically
influence the viability of adipocytes and SVF cells through shear stress (23).
Furthermore, several studies evaluating manual syringe aspiration, power-assisted
liposuction and ultrasound-assisted liposuction have indicated that these techniques
exert differential effects on cell viability and adipocyte functionality (12). It is
frequently presumed that hand-held liposuction outperforms power-assisted
methods in preserving cell quantity and viability. However, findings by Keck et al.

demonstrated no statistically significant differences between these techniques (70).

12



Power-assisted liposuction remains a prevalent technique in AFG, yet recent
evidence suggests that ultrasound-assisted liposuction is a viable alternative.
Comparative in-vitro investigations utilizing human SAT obtained via both
modalities, demonstrated that ultrasound-assisted harvesting can vyield cellular
preparations that are comparable to those produced by power-assisted procedures.
Key outcome parameters, including adipocyte viability, total cell yield, expression of
characteristic surface markers and maintenance of phenotypic stability,
demonstrated no significant differences between the techniques. In addition,
ADSCs isolated from ultrasound-assisted lipoaspirates exhibited proliferation rates
and differentiation capabilities that were equivalent to those from power-assisted
samples (74). Further independent analyses, with a particular focus on adipocyte
viability within ultrasound-derived graft material, provide additional support for the
potential of this method for clinical use in AFG. Collectively, these findings suggest
that ultrasound-assisted liposuction not only matches the cellular quality obtained
with power-assisted approaches, but may also expand the range of harvesting
options without compromising regenerative potential (75). Nevertheless, a
consensus on a gold standard for harvesting as a part of AFG remains to be found,
with the final result being significantly influenced by further processing of the fat
graft.

4.2.2 Processing

The predominant techniques for fat graft preparation include sedimentation,
centrifugation, washing and filtration. The processing of the harvested lipoaspirate
is of paramount importance, as it contains not only adipocytes but also collagen
fibers, residual blood and cellular debris. These non-adipose components have the
capacity to trigger inflammatory responses at the recipient site, with the potential to
compromise graft survival. Residual blood should be removed because it
accelerates the degradation of the transplanted adipose tissue. Conversely, the
presence of debris can create a misleading perception of augmentation volume, as
it is rapidly resorbed within hours after transplantation (24,43). In a survey
conducted among members of the American Society of Plastic Surgeons in 2013, a
notable variation in fat processing techniques for AFG in breast surgery was
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observed. The most frequently reported method was gravity separation, applied by
45% of respondents. This was followed by centrifugation combined with filtration,
applied in 34% of cases. The utilization of gauze rolling was reported by 11% of
surgeons, while 7% reported employing alternative, unspecified approaches. It was
observed that a minority of only 3% of all practitioners proceeded without any
processing of the harvested lipoaspirate (76). A special processing approach has
been developed that allows higher concentrations of SVF cells and ADSCs to be
achieved in the fat graft, with the potential to improve tissue uptake and reduce
resorption rates (77). This methodology is the primary focus of this work and will be
discussed in greater detail in the following chapters. Firstly, an examination will be
conducted into the manner, in which the respective processing techniques are
executed.

4.2.2.1 Gravity Separation, Decantation and Sedimentation

The most common techniques employed in the processing of lipoaspirates are
gravity separation, decantation and sedimentation (76). It has been demonstrated
that, over time, this method enables spontaneous stratification of the harvested
material into three distinct layers: an upper lipid-rich fraction, a middle oily phase
and a lower aqueous layer. After the separation process, the oil and aqueous layers
are disposed of and solely the purified fatty fraction is prepared for reinjection at the
recipient site. The development of modern sterile, closed-system devices has
enabled the streamlining of this process, facilitating the removal of the aqueous
phase through a bottom outlet while maintaining the fat and oil fractions above. The
purpose of these single-use systems is twofold: firstly, to facilitate ease of handling
and secondly to contribute to reduced procedural times in AFG (24,78).
Notwithstanding the aforementioned advantages, concerns have been raised
regarding the potential for inaccurately high injection volumes if incomplete
separation results in dilution of the graft with oil, fluid or debris (78). An in-vitro study
by Fang et al. of various fat processing methods has indicated that gravity-based
approaches vyield the lowest proportion of pure adipose tissue, although they
produce the highest total aspirate volumes. This discrepancy is likely attributable to
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the retention of non-adipose components, such as residual oil, liquid and particulate

matter, within the final graft material (79).

4.2.2.2 Centrifugation

First introduced by Coleman et al. in 1987 (16), centrifugation has since become a
standard feature in the field (76). In its original form, the method involved the
processing of lipoaspirate at a high speed of 3.000 revolutions per minute (rpm) for
a period of 3 minutes, with the objective of separating its components. The lower
layer, containing the tumescent solution and blood, is then removed. Any remaining
surface oil is poured off and absorbed using a cotton pad over the course of another
3 minutes (16,78). While the core steps of the Coleman technique remain widely
regarded as the gold standard for fat processing via centrifugation, more recent
studies have proposed modifications to the exact centrifugation parameters (43).
Nevertheless, despite the exploration of numerous centrifuge configurations, no
optimal methodology has been identified to date (78).

Centrifugation has been demonstrated to enhance the concentration of progenitor
cells within the processed fat (80). It is hypothesized that such concentrated
lipoaspirates enhance graft survival and reduce resorption rates, likely through a
vasculogenic mechanism mediated by the increased presence of those cells and
associated vasculogenic factors (81,82). Conversely, while centrifugation effectively
enriches cell concentrations, concerns have been raised that the forces involved
may potentially damage adipocytes and ADSCs, thereby decreasing the viable
count of each cell type and, in theory, reducing the success rate of fat
grafting (15,83). However, an in-vitro experiment yielded evidence that cell viability
was comparable at both 500 rpm and 1.300 rpm, despite the higher speed resulting
in greater peripheral cell damage. Notwithstanding this observation, the authors
recommended 1.300 rpm for in-vivo use, as no graft resorption was detected one
year after transplantation (84). This finding is consistent with the results of several
other trials that reported no significant influence of centrifugation settings on the
quality or viability of lipoaspirates (46,85). However, it is challenging to draw
definitive conclusions from the available data, due to the significant variation in study
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designs and the absence of standardized reporting for centrifugal speed, force,

duration and equipment settings (78).

4.2.2.3 Washing and Filtration

Lipoaspirate can be processed by washing, filtration, or a combination of both,
typically within a closed system (78). According to the findings of a survey conducted
by the American Society of Plastic Surgeons, the utilization frequency of these

methods is comparable to that of centrifugation (76).

The process of washing is typically repeated multiple times using normal saline or
lactated Ringer’s solution, while filtration employs membranes of varying pore sizes,
depending on the device. The objective of both procedures, as with all processing
methods, is to eliminate oil, debris and nonviable tissue while maximizing viable
ADSCs and adipocytes (78). It is noteworthy that filtration is regarded by some as
being less traumatic than centrifugation and more effective at eliminating free lipids
and unwanted cellular components (5). Condé-Green et al. demonstrated that the
washing of preserved cells resulted in a higher recovery of adherent stromal cells
when compared with the decanting and centrifugation methods (86). This approach
may hold particular utility in large-volume grafting procedures, where centrifugation
is less feasible (5).

Metal sieve filtration involves leaving fat on a sterile sieve with gentle
shaking (87,88). This method produces greater inflammation and leaves more
residual oil than the subsequently discussed cotton gauze rolling, potentially
compromising graft viability (88). A study by Asilian et al., by contrast, found
comparable outcomes between facial fat grafts processed by centrifugation and
those prepared with metal sieve filtration combined with saline washing, as judged
by both patients and surgeons (87).
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4.2.2.4 Gauze Rolling

Cotton gauze rolling is a widely utilized method for preparing harvested fat grafts,
most often performed with Telfa (Medtronic) gauze, though surgical towels or 4x4
gauze pads can be used as alternatives. In this technique, the fat is rolled over the
gauze with the back of an instrument, allowing the material to absorb excess oil,
tumescent fluid and aqueous components, leaving behind the viable fat cells. As the
process of purification progresses, the graft assumes a golden appearance (78).
The process generally takes 2 — 4 minutes, which is comparable to the efficiency of
centrifugation and important to limit ischemia time (80). However, it should be noted
that the process may become less efficient with larger fat volumes. The advantages
of this method include low cost and minimal trauma to fat particles, especially when
an assistant can prepare the graft during harvesting to maximize procedural
efficiency (78). Preclinical in-vivo studies indicate that the application of cotton
gauze rolling results in the highest SVF cell counts and graft retention rates in
comparison to centrifugation or filtration methods. Conversely, the underlying
mechanism that enables this potential advantage, in addition to its definitive
superiority over alternative processing methods, remains to be elucidated (77).

4.2.3 Recipient Site Preparation

While many authors regard recipient site tissue integrity and environment as key
factors in fat graft survival, the evidence remains inconclusive (12,33,38). In a recent
review, Oranges et al. identified five major approaches for the preparation of the
recipient site (89). The overarching objective of these approaches is to enhance
oxygenation and nutrient supply, thereby optimizing conditions for autologous tissue
grafting (8). The ensuing paragraphs therefore are to be devoted to the following
subjects: external volume expansion, administration of proliferative agents such as
vascular endothelial growth factor (VEGF), SVF or interleukin-8 (IL-8), induction of
iatrogenic ischemia, microneedling and implantation of alloplastic materials (89).
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4.2.3.1 External Volume Expansion

External volume expansion (EVE), achieved through negative pressure, has been
shown to stimulate tissue changes that are favorable for fat grafting (90-92). In
clinical settings, EVE is commonly performed with devices such as the BRAVA
system (Brava LLC, Miami, USA). This bra-like device is utilized to apply a low
vacuum pressure of up to -80 mmHg and is typically worn for 10 — 24 hours per day
for 2 — 4 weeks prior to surgery (92). In preclinical in-vivo studies, pressures ranging
from -25 mmHg to -125 mmHg have been observed to induce an increase in cell
proliferation, vascularization and skin/subcutaneous thickness, with these effects
being more pronounced over extended periods of application. The most commonly
observed changes included enhanced adipocyte density, higher expression of
proliferation markers (e.g. Ki-67, PPAR-y), increased blood vessel density and
improved skin perfusion. It has been reported in the literature that greater fat graft
survival and adipocyte viability have been observed following EVE, particularly at a
pressure of -125 mmHg. Although continuous pressure was employed in all animal
experiments, cyclical pressure has been hypothesized to elicit more pronounced
biological responses (89). In summary, applying EVE before grafting seems to
create a pro-adipogenic and pro-angiogenic environment, yielding promising results
with AFG take rates reported from 53% to 82% (89,92). However, further research
is required to define the optimal pressure, timing and duration parameters (89).

4.2.3.2 Administration of Cell-proliferating Factors

A number of preclinical studies in mice and rats have explored the administration of
cell-proliferating factors such as VEGF, SVF and IL-8 to the recipient site before or
during AFG (89). VEGF, either as a standalone treatment or in combination with
SVF, has been observed to induce a consistent enhancement in vascularity,
adipocyte content and, in certain instances, graft weight. The most pronounced
outcomes were observed in cases where both factors were
co-administered (93-95). IL-8 did not significantly improve graft weight, volume or
adipogenesis but was associated with reduced cyst formation (89,96).

Notwithstanding the encouraging laboratory findings, there is a lack of validation
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from clinical trials to date and the extent of improvements in graft weight or viability

remains unconfirmed in a clinical setting (8).

4.2.3.3 Ischemia

Preliminary research conducted in a preclinical setting has indicated that the
implementation of iatrogenic remote ischemic preconditioning of the recipient site
may potentially enhance the survival of fat grafts by reducing the incidence of
ischemia-reperfusion injury (89,97,98). In a rat model, Gassman et al. applied 3
5-minute cycles of temporary hindlimb ischemia before grafting, resulting in
markedly higher graft viability, preserved tissue architecture and reduced fibrosis
and liponecrosis compared with controls. These effects were linked to improved
oxygenation and perfusion in distant capillary beds (98). Whilst this approach shows

great promise, it has yet to be subjected to evaluation in clinical trials (24).

4.2.3.4 Microneedling

Preclinical studies utilizing microneedling to prepare the recipient site prior to AFG
involved the ablation of subcutaneous tissue in a crisscross pattern, thereby
increasing surface area (8,99,100). In rat models, both microneedle roller and
18-gauge needle abrasion increased vascularity and in some cases reduced
inflammation, cyst formation and fibrosis (99,100). A study conducted by Sezgin et
al. revealed no significant enhancement in adipocyte integrity, cell proliferation or
graft viability (100). Conversely, another study by Samdal et al. documented
modestly elevated fat survival and tissue perfusion (99). Microneedling has been
shown to induce favorable vascular and inflammatory changes (100). However, the

effect of microneedling on long-term graft survival remains uncertain.

4.2.3.5 Implantation of Alloplastic Material

In a rabbit model, the implantation of silicone sheets to induce capsule formation

prior to autologous fat grafting resulted in increased vascularization of the recipient
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site and improved graft retention. Baran et al. reported a 30% fat recovery after one
year when grafting preserved-structure fat into preconditioned sites, compared with
no residual fat in controls. However, it should be noted that this method necessitates
an additional surgical session and there is a lack of human studies that have thus
far evaluated its efficacy (101).

4.2.4 Grafting

The reinjection of processed lipoaspirate is a delicate step that exerts a significant
influence on both aesthetic and functional outcomes (12).

4.2.4.1 Cannulas and Injection Pressure

The procedure is generally performed through a small skin incision (8). The
cannulas utilized for the injection are typically smaller than those employed for
harvesting and often have a single distal port, in contrast to the 2 ports characteristic
of Coleman cannulas (64,65,67,102). For facial grafting, very fine cannulas (~1 mm)
with varying tip shapes, diameters and lengths are used (8). Closed-system
aspiration and injection devices delivering constant pressure at 11 mmHg have been
shown to provide laminar fat flow, reduce the risk of local barotrauma and
theoretically lower the risk of fat embolism (8).

4.2.4.2 Injection Volume

To maximize graft survival, it is recommended to inject the fat in small aliquots (1 —
2 mm) during cannula withdrawal, arranged in a fanning, crosshatch pattern at
varying depths (8,16,19). This technique increases surface contact with the recipient
bed, avoids localized overpressure and helps prevent central necrosis, since
deposits larger than 2 — 3 mm risk developing a necrotic core once plasmatic
imbibition is no longer sufficient (12,103—-105). Overfilling by approximately 20% is
advised to compensate for the resorption of tumescent solution in the first few

postoperative days (8).
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4.2.4.3 Injection Speed

The injection speed is also of critical importance. Slower rates of 0.5 — 1.0 ml/s result
in smaller deposits, thereby improving oxygenation and perfusion and reducing
shear-force-related cellular damage in comparison with faster rates of
3.0 — 5.0 ml/s (8,106). The selection of cannula diameter remains a subject of
debate. Smaller gauges may reduce the risk of trauma and hematoma, thereby
preserving oxygen delivery at the recipient site (8). Conversely, larger gauges may
be more effective in preserving the integrity of adipocyte and SVF cells (65).

4.2.4.4 Injection Layers

The grafting process can be performed in a subcutaneous, intramuscular or multiple
plane configuration, with the objective of expanding distribution and avoiding
excessive interstitial pressure (8). Preliminary findings indicated that the
intramuscular placement of the implant resulted in enhanced vascularization and
improved outcomes (107). However, in specific anatomical locations, fat was
observed to be more prone to mobilization in comparison to subcutaneous
tissue (108). It is essential that the injection volume matches the physiological
capacity of the recipient site. This principle is based on the requirement for a
balanced 1:1 ratio between the transplanted fat and the recipient bed, which
facilitates adequate nutrient supply and vascular ingrowth. Consequently, a breast
weighing 250 g should not receive more than 250 g of grafted fat (8,109). Excessive
volumes in confined areas have been demonstrated to impair perfusion, cause fat

droplet coalescence into poorly integrated “lakes”, and reduce graft take (109).

Given these technical considerations, understanding the advantages and limitations
of each AFG approach is essential to optimize outcomes and minimize

complications.
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4.2.5 Advantages and Limitations

AFG has become an increasingly popular method for soft tissue augmentation given
its host compatibility, ease of harvesting, repeatability and the absence of
complications such as allergic or foreign body reactions (17,91,110-112).
Notwithstanding these advantages, the main challenge remains the inconsistency
of long-term outcomes (113,114). The literature on this subject remains
inconclusive, with reported graft survival rates showing considerable variability,
ranging from below 20% to over 90% (109,115-121). Despite extensive research
and growing standardization in harvesting, processing and injection techniques,
these advancements have not led to a substantial reduction in clinical outcome
variability (12). This suggests that patient-specific factors, particularly the number,
viability and functionality of ASCs, may play a more decisive role in graft success
than technique alone (122). In light of this theory, novel strategies have been
devised to enhance outcomes, with Cell-assisted Lipotransfer (CAL) being a leading
contender. This subject will be addressed in the subsequent section.

4.3 Cell-assisted Lipotransfer — Concept and Mechanism

Following the seminal work of Zuk et al. in 2002, which marked the first successful
isolation of ADSCs from adipose tissue, Matsumoto et al. advanced the concept of
CAL in 2006 (123,124). This pioneering study introduced the innovative approach
of co-transplanting adipose tissue with the SVF, which contains ASCs (124). This
method aimed to improve graft survival and reduce postoperative complications by
leveraging the regenerative and angiogenic properties of these cells (124).

The technique was rapidly transferred from the laboratory to the clinical setting. In
2008, Yoshimura et al. reported the first human application of CAL, investigating its
use in breast augmentation and correction of facial lipoatrophy (125). This trial
demonstrated feasibility and safety, consequently initiating a series of
preclinical (121,124,126-131) and clinical (115,116,132—-134) studies to evaluate
the efficacy of CAL in terms of volume retention, long-term survival and complication
rates. Despite growing interest, study outcomes have been heterogeneous, with
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some reporting clear benefits and others showing little to no difference compared to

conventional AFG.

4.3.1 Mechanisms of Cell-assisted Lipotransfer

CAL is based on the principle of enriching conventional fat grafts with SVF or
isolated ASCs to counteract postoperative resorption and atrophy (124). As
previously described in Chapter 4.1.3, the SVF is a heterogeneous cell population
obtained after enzymatic digestion of lipoaspirate and contains, besides ASCs,
endothelial cells, pericytes, fibroblasts, macrophages, monocytes, lymphocytes and
smooth muscle cells. These diverse cell types create a synergistic environment in
which both structural and paracrine interactions can support graft survival. Within
this mixture, ASCs are considered the key mediators of the regenerative
effect (25-29). The yield of ASCs from adipose tissue is approximately 500-fold
higher than that obtained from bone marrow, making them a particularly abundant
and practical resource that is more convenient to use for AFG than the
latter (135,136).

The mechanisms by which ASCs in CAL improve graft survival can be categorized
into three main pathways: first, the differentiation into functional cell lineages,
second, the persistence of undifferentiated stromal cells and third, paracrine
signaling and secretory functions.

4.3.1.1 Differentiation into Functional Cell Lineages

ASCs are multipotent and have the capacity to differentiate into a variety of cell
types, including adipocytes, endothelial cells, osteoblasts, chondrocytes, myocytes,
cardiomyocytes and neurogenic cells (123,137-140). In the context of CAL,
adipocyte differentiation has been shown to replenish lost fat cells within the graft,
thereby directly counteracting postoperative atrophy (123,124,137,138).
Furthermore, the process of differentiation into endothelial progenitors and
endothelial cells promotes neovascularization, which is a critical process for

maintaining graft viability by ensuring adequate blood supply and
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oxygenation (141,142). This dual capacity enables ASCs to not only substitute for
lost adipocytes but also to restore the vascular architecture that is essential for long-
term graft integration.

4.3.1.2 Persistence of Undifferentiated Stromal Cells

A subset of transplanted ASCs remains undifferentiated within the graft. These cells
provide trophic and structural support in the microenvironment (124). It is
hypothesized that these cells integrate into the stromal matrix, where they maintain
viability, produce extracellular matrix components and interact with other cell types.
By remaining in their progenitor state, ASCs function as a reservoir of regenerative
cells that are able to respond dynamically to microenvironmental cues such as
hypoxia, tissue damage, or inflammatory signals. This persistence is believed to
stabilize the graft during the critical early postoperative period when ischemia and

necrosis are most likely to occur (36,143—-145).

4.3.1.3 Paracrine Signaling and Secretory Functions

The most significant contribution of ASCs in CAL is their paracrine activity, as they
have been shown to secrete a wide range of cytokines, chemokines and growth
factors that enhance graft survival and integration. These include Hepatocyte
Growth Factor (HGF) and Stromal Cell-Derived Factor 1 (SDF-1), which are of
particular relevance due to their release in response to injury, thereby strongly
promoting angiogenesis and tissue remodeling (146—149). Furthermore, ASCs have
been observed to secrete Vascular Endothelial Growth Factor (VEGF), Basic
Fibroblast Growth Factor (bFGF), Transforming Growth Factor-Beta (TGF- 3) and
Platelet-Derived Growth Factor (PDGF), all of which stimulate endothelial cell
proliferation and vascular stabilization (147,150,151). Through these secretions,
ASCs protect grafted fat from hypoxia-induced apoptosis and promote rapid
neovascularization (123,137,138).

Moreover, the paracrine effects are not limited to angiogenesis. ADSCs also secrete

immunomodulatory factors that reduce local inflammation, mitigate fibrosis and
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improve integration of the transplanted tissue (152,153). By modulating immune
responses, ASCs may prevent excessive scarring, pseudocyst formation, or
calcification, complications that sometimes occur in conventional fat
grafting (36,152,154).

4.3.1.4 Interactions of Mechanisms

It is imperative to emphasize that these mechanisms do not function in isolation.
The process of differentiation into adipocytes and endothelial cells is crucial for
structural regeneration. Persistent ASCs are essential for maintaining cellular
reservoirs  within the graft and paracrine signaling is vital for
ensuring a supportive microenvironment through angiogenesis and
immunomodulation (124,141,142,147). Collectively, these synergistic effects
provide the scientific justification for the enhanced survival rates observed in cases
of CAL, as opposed to fat grafting methodologies devoid of cellular
enrichment (124).

4.3.2 Benefits and Preclinical Evidence

The efficacy of CAL in comparison with conventional AFG has been the subject of
extensive investigation in preclinical studies utilizing rodent, rabbit and large animal
models. Collectively, these studies provide robust experimental evidence that
enrichment with SVF or ASCs enhances graft survival, vascularization and structural
integrity (121,124,126-131).

The earliest preclinical work by Matsumoto et al. from 2006 demonstrated in severe
combined immunodeficiency (SCID) mice that human CAL grafts displayed
significantly larger areas of viable adipose tissue and more extensive
neovascularization than conventional fat grafts, thereby introducing the concept of
CAL in-vivo (124). This finding was subsequently corroborated through additional
rodent studies. The dose-dependent effect of SVF supplementation was highlighted
in 2015 when Paik et al. transplanted fat enriched with different cell concentrations
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in nude mice. The researchers observed that graft retention exhibited a proportional
enhancement with the administration of SVF cell doses up to an optimal threshold,
after which further benefits were not achieved (121). In a similar vein, the optimal
proportion of SVF was investigated in an athymic rat model, which confirmed that
enrichment improved volumetric persistence and identified an optimal fat-to-SVF
ratio of 1:1 as superior for cellular supplementation (126). Rabbit models provided
further elaboration of these findings by demonstrating that grafts enriched with ASCs
exhibited a significant decrease in resorption rates and increase in vascular density
and histological structure in comparison to the control group (127,128). Analogous
findings were also obtained in larger animal models, where the supplementation of
fat grafts with ASCs or SVF in pigs resulted in improved graft volume retention. This
finding serves to further enhance the translational relevance of the preclinical
observations to human applications (129). As demonstrated in two preclinical
studies from 2018, there is furthermore considerable potential for CAL to reduce
cyst formation and fibrosis (130), as well as to enhance anti-inflammatory effects by
promoting M2 macrophage polarization (131), which, in turn, is associated with

increased graft retention and vascularization.

Collectively, these findings suggest that CAL consistently exhibits superior
performance in preclinical models when compared with conventional fat grafting, as
evidenced by enhanced graft survival, augmented angiogenesis and diminished
structural degeneration. Despite the existence of disparities in methodology, animal
species and enrichment strategies, the cumulative body of evidence provides
substantial support for the rationale that CAL is a superior technique for soft tissue
augmentation in comparison to traditional AFG. However, it is crucial to emphasize
that the findings of studies utilizing animal models should not be directly
extrapolated to humans. Comprehensive evaluation through clinical studies is
imperative to validate these results within the clinical setting.
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4.3.3 Potential Risks and Challenges

CAL was introduced with the expectation that enrichment with SVF or ASCs could
not only enhance graft survival but also reduce postoperative complications (124).

However, the available clinical data does not consistently confirm this assumption.

Several comparative studies have directly addressed complication rates. Peltoniemi
et al. reported that CAL did not provide a clear advantage in terms of graft safety
and showed no significant reduction of adverse events compared with standard fat
grafting (132). Similarly, prospective trials by Tissiani et al. and Chiu et al. failed to
demonstrate statistically significant differences in complication rates between CAL
and non-CAL groups (155,156). A meta-analysis by Zhou et al. further concluded
that, although CAL may slightly improve fat survival, it is not superior to conventional
grafting in lowering the risk of complications (157). The adverse events most
frequently described in these studies include pseudocyst formation, calcification and
fibrosis, which remain potential outcomes of fat grafting regardless of enrichment
strategy (155-157).

Overall, while CAL has shown promise in terms of fat survival, its role in reducing
complications remains uncertain. Differences in methodology, such as isolation
techniques, cell preparation protocols and the choice of recipient site, may partly
explain the heterogeneity of reported results (132). At present, evidence does not
support CAL as being clearly safer than conventional AFG regarding postoperative
complications. Nevertheless, there remains a need for a more comprehensive

overview of the current state of research.

4.4 Rationale for a Systematic Review

A significant number of studies have been conducted to investigate the
effectiveness of CAL in terms of fat graft retention and the occurrence of
postoperative complications. However, the evidence from these studies is
inconsistent. Two trials by Wang et al. and Peltoniemi et al. concluded that CAL
does not enhance graft survival rates (132,133). A more recent study by Vester-
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Glowinski et al. came to the same result (158). However, a multitude of other studies
have demonstrated the converse, providing evidence that CAL can achieve an
enhanced survival rate compared to conventional AFG in various anatomical
regions (6,115,134,144,159-162).

As previously discussed, the success of AFG depends on a multitude of factors and
the variable survival rates may also be significantly influenced by the location where
the procedure is performed. To derive an objective statement applicable to the
general population and to minimize center bias, it is therefore appropriate to
evaluate the efficacy of CAL through a systematic review. However, existing earlier
systematic reviews and meta-analyses (36,143,145,157,163) concluded that further
research is required in this field, which — considering the advances made in recent
years — highlights the necessity of conducting an up-to-date review on CAL.

4.5 Aim

The present study is designed to contribute to a more comprehensive understanding
of the clinical potential of CAL. Through a systematic comparison of CAL with
conventional AFG, this work aims to improve the predictability of treatment
outcomes and to generate evidence that may support the clinical implementation of
CAL approaches in Austria. At present, CAL has not yet been approved for routine
clinical use in Austria. The findings of this study are intended to provide a scientific
foundation that may enable its future establishment in Austrian clinical practice.

In addition to its relevance for the Austrian healthcare context, this project is
expected to contribute to the international effort of standardizing CAL procedures.
Establishing uniform protocols and methodological consistency is regarded as a
prerequisite for reproducible outcomes and ultimately for the definition of an

international gold standard in clinical practice.

The primary objective of this study is the assessment of differences in fat graft take
rates between CAL and conventional AFG. The secondary objective is the
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evaluation and comparison of the complication rates associated with both

techniques.

4.6 Hypothesis

It is hypothesized that CAL results in a superior fat graft take rate compared to
conventional AFG, while not being associated with an increased incidence of
postoperative complications.
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5 Methods

5.1 Search Strategy

A systematic literature search was conducted in accordance with PRISMA
guidelines to identify all clinical studies comparing CAL using ASCs or SVF with
conventional autologous fat grafting. The electronic databases PubMed and Web of
Science were searched from the date of their inception until September 30", 2025.

The following search terms and Boolean operators were used:

(“ASC” OR “adipose stem cell” OR “adipose stromal cell” OR “adipose regenerative
cell” OR “SVF” OR “stromal vascular fraction” OR “ADSC” OR “adipose-derived
stem cell”’ OR “ADRC” OR “adipose-derived regenerative cell”)

AND

(“fat graft” OR “lipotransfer” OR “lipofilling” OR “fat transplantation” OR “lipograft”
OR “autologous fat”).

Because Web of Science does not allow direct filtering for clinical trials, an additional
search string was applied to restrict results to prospective human studies:

(“clinical trial” OR “klinische stud*” OR “randomized controlled trial*” OR
‘randomised controlled trial*” OR “RCT” OR “controlled clinical trial* OR
‘randomisierte kontrollierte stud*” OR “intervention stud* OR “interventionsstud*”
OR “experimental stud*” OR “experimentelle stud*” OR “multicenter stud* OR
‘multizenterstud*” OR “prospective stud*” OR “prospektive stud* OR “double blind
stud* OR “doppelblindstud* OR “single blind stud*” OR “einfachblindstud*” OR
‘crossover stud*” OR “cross-over stud*™ OR “crossover-stud* OR “placebo
controlled stud* OR “placebokontrollierte stud* OR “phase | trial*” OR “phase I
trial*” OR “phase Il trial*” OR “phase IV trial*”).

Manual searches of reference lists and relevant review articles were performed to

identify additional eligible studies not captured by database queries.
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5.2 Eligibility Criteria

Studies were included if they met all of the following criteria:

Clinical fat transplantation using SVF or ASCs as enrichment to the grafted
fat

Prospective study design with a control group receiving conventional fat
grafting

Quantitative volumetric assessment of fat survival using magnetic resonance
imaging (MRI), computed tomography (CT), ultrasonography or three-
dimensional (3D) surface scanning.

Follow-up of at least three months

Inclusion of five or more patients

Articles written in English or German

Exclusion criteria were:

Non-clinical (animal or in-vitro) studies, reviews, letters or conference
abstracts

Retrospective case series without a control group

Studies with insufficient quantitative data or without objective volume
measurement

Duplicate publications of the same study population

5.3 Study Selection

The selection process is illustrated in the PRISMA-style flowchart (Figure 1). The

database search initially yielded 638 records from PubMed and 2559 from Web of

Science, resulting in 3226 total hits. After exclusion of 27 non-English/German

articles, 3199 remained. Screening for study design eliminated 2924 non-clinical

trials, leaving 275 publications for further evaluation. 27 duplicates were removed,

resulting in 248 unique articles, to which 2 additional studies identified by manual

search were added leading to a total count of 250.

31



After full-text assessment, 235 articles were excluded for not meeting inclusion

criteria, leaving 15 studies that were ultimately included in this systematic review.
All records were independently screened by 2 reviewers, who performed the

selection and data extraction in duplicate. Any disagreements were resolved by

consensus discussion.

Figure 1: Flow Diagram of the Study Selection

Pubmed Web of Science
n=638 n=2 588

Records identified
n=3226
Not available in
English/German
n=27
n=3199
Not Clinical Trials
n=2924
n= 275
Duplicates removed
n=27
n= 248
Records identified through
other sources
n=2
n= 250

Not relevant based on
Abstract/ Fulltext
n=235

Number of publications included in this review
n=15
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5.4 Data Extraction

Data were systematically extracted using a standardized template based on
previous systematic reviews of CAL (36,145,157). The following parameters were
recorded for each study: Author, Study Design, Level of Evidence, Intervention,
Number of Patients, Age, BMI, Donor Site, Recipient Site, Number of Surgeries,
Stem Cell Isolation Method, Fat Centrifugation, Mean Volume Injected, Cell
Concentration, Mean Volume Gain, Volumetric Measurement Method, Fat Survival
Rate and Follow-Up Months. Adverse Events, focusing exclusively on relevant
complications such as oil cysts, fat necrosis, calcifications, etc. and ignoring short-
term mild side effects such as swelling or redness, as well as Main Findings,

including conclusions reported by the authors, were similarly recorded.

5.5 Quality Assessment

The methodological quality and level of evidence of the included studies were
assessed based on the reported study design. Where explicitly stated by the
authors, the level of evidence was adopted directly. In cases where no level of
evidence was provided, it was assigned by the reviewers according to commonly
accepted hierarchies of clinical evidence, primarily based on study design

characteristics such as randomization and the presence of a control group.

Randomized controlled trials were classified as higher levels of evidence, whereas
non-randomized prospective studies and controlled cohort designs were assigned
accordingly lower levels. Given the scope and design of this systematic review, no
formal risk-of-bias assessment tool (e.g., Cochrane Risk of Bias Tool or Newcastle-
Ottawa Scale), no formal assessment of reporting bias, and no formal GRADE
assessment of certainty of evidence were applied. Instead, methodological quality
and the overall confidence in the evidence were evaluated narratively based on
study design, sample size, consistency of findings, methodological heterogeneity,

and reported outcomes.
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All assessments were performed independently by 2 reviewers, with discrepancies
resolved through consensus or consultation with a senior reviewer. The reliability of
extracted data was ensured by cross-checking values against the original text and

figures of each publication.

5.6 Data Synthesis

Given the heterogeneity in study design, stem-cell isolation methods, recipient sites
and volumetric measurement techniques, no quantitative meta-analysis was
performed. Instead, the data were synthesized descriptively and tabulated to
highlight trends in graft survival, methodological consistency and reported
complications. Volumetric outcomes were primarily compared in relative terms
(percentage fat retention or mean volume gain) and subgroup comparisons (e.g.
breast vs. facial fat grafting) were described qualitatively based on the direction and

magnitude of effects reported across studies.

The primary outcome measure of this review was volumetric fat graft retention (take
rate), as reported by the original studies, most commonly in percentage terms.
Where studies reported mean volume gain instead of percentage retention, these
data were extracted and interpreted descriptively as reported by the authors. The
secondary outcome was the occurrence of clinically relevant complications,
including oil cysts, calcifications, palpable abnormalities and fat necrosis. Mild
transient postoperative findings such as edema, ecchymosis, tenderness or redness
were not considered clinically relevant complications for the primary safety

synthesis.

For descriptive visualization purposes, additional data preparation steps were
performed in selected cases. Where outcomes were reported as ranges rather than
single values, midpoint values were calculated solely to improve comparability in the
graphical presentation. Where bilateral values were reported separately, mean
values were calculated for descriptive representation in the figures. No such
transformations were used for statistical pooling, as no meta-analysis was

performed.
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6 Results

6.1 Study Selection and Characteristics

15 prospective clinical studies fulfilled the prespecified eligibility criteria (prospective
human trials comparing CAL (SVF or ASCs) with conventional AFG, objective
volumetric outcome by MRI/CT/ultrasound/3D imaging, minimum follow-up = 3
months and a concurrent fat-only control group with = 5 patients) and are presented
in Table 1 (115,116,132,134,144,155,158-162,164—-167). Designs included
randomized controlled trials and prospective controlled cohorts, predominantly

Level Il evidence, complemented by smaller Level Il and Level IV series.

Across studies, CAL was implemented either as SVF- or ASC-enriched fat grafting,
while one study directly evaluated both methods within the same trial design (159).
Follow-up durations ranged from 3 to 19 months and were variably reported as
single time points (115,116,132,134,144,160,161,164,166), multiple time points
within the same cohort (158,159,162,165,167), or follow-up ranges (155).

Participant characteristics were reported heterogeneously across trials but
consistently reflected adult cohorts undergoing autologous fat grafting for
reconstructive or aesthetic indications across different recipient sites. These
comprised facial applications (115,159,160,162,164,166,167), breast
augmentation/reconstruction-related applications (132,134,144,155,158,161,165),
and one upper-arm model (116). The most common donor sites were the
abdomen (115,116,134,144,155,158-161,164—166), followed by the
thighs (144,158,161,162), hips (158,161) and flanks (165,166), reflecting typical

clinical lipoharvesting practice.

All primary study outcomes are reported descriptively as provided by the original
studies. For graphical visualization only, midpoint values or bilateral means were
calculated in selected cases, without weighting or statistical pooling. A formal meta-
analysis was not performed because substantial between study heterogeneity in
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recipient sites, follow-up schedules, enrichment strategies, processing and isolation
workflows, and volumetric measurement methods would have limited the validity

and interpretability of a pooled quantitative estimate.

Within each included study, outcomes and methodological parameters were
extracted in a standardized manner and are summarized in Table 1, which forms
the basis for the qualitative synthesis and the accompanying visualizations in
Figures 2 and 3. Study arms shown in square brackets in Table 1 (e.g., Platelet-rich
plasma (PRP) assisted fat grafting) did not meet the predefined CAL-versus-fat
comparison and were therefore not included in the primary synthesis of results.
Where a study reported a single mean injected volume, this value was applied to all
study arms. Where multiple values were provided, they were treated as group
specific as reported. Cell concentrations, if available, were inherently CAL-specific
and spanned a broad range from low single-digit to higher 2- to 3-digit values (x10°
cells/ml) across individual trials. Volumetric take rate assessment relied
predominantly on MRI, while CT, 3D surface imaging, and ultrasound/UBM were
used in selected studies, reflecting methodological heterogeneity across the clinical

literature.
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Table 1: Characteristics of the Included Studies

Study

Gentile
etal.
(2012)

Kolle
etal.
(2013)

Peltoniemi

Tissiani
etal.
(2016)

Gontijo
etal.
(2017)

Jeon
etal.
(2020)

Kolle
etal.
(2020)

Study  Levelof
Design Evidence

PRCCT

PCT

PCCT

PRCT

pccT

PRCCT

n

]

v

Intervention

SVF + fat

[PRP + fat]

fat

ASCs + fat

fat

SVF + fat

fat

SVF + fat

[PRP + fat]

fat

SVF + fat

fat

SVF + fat

fat

SVF + fat

fat

ASC + fat

fat

Nr.of
Patients  (M#SD/range) (MzSD/range)

10

10

(10]

10

1

5[15]

5[15]

10

10

Age, year

19-60

28489

48.5+7.9

43.4=211.1

21-69

496=5.7

498 11.5

[42.4%10.2]

[39.7 + 10.4]

456+8.8

47.1+6.8

BMI kg/m®

NA

247220

248239

236520

NA

263224

259x3.5

[29.9+2.6]

[127.9+2.1]

247234

221=21

Doner
Site

Abdomen

Abdomen

NA

Abdomen

Abdamen

Abdomen

Abdomen/
flanks

Abdomen/
thighs/
hips

Recipient

Site

Breast

Upper
arm

Breast

Breast

Face

Breast

Breast

Stem Cell

Fat
Isolation
Method  Centrifugation
Automatic  3000rpm, 3min
Manual 3000rpm, 3min
Automatic NA
Automatic  3000rpm, 3min
335g, 2min;
750, Smin
Manual
335g, 2min
Manuat 3000rpm, 3min
1000rpm, 3min
4x3000rpm, 3min
Automatic
1000rpm, 3min
Manual 600g, 10min

Mean Volume
Injected, ml
(M=SD, range)

295.4
(80-600)

28.2+3.2
(25.9-30.5)

28.6+3.3
(26.3-30.9)

left: 289.6
+88.8
right: 279.3
£72.1

left: 303.1
+27.6
right: 297.5
+27.6

NA

1343409

1115+22.8

(58+13.6
(45-65)]

532208
(40-70)]

101+ 45.8

97353

222.5 (270
182.5)

260(310.6-
240)

Cell Concen-
tration (x10%
Cells/mlFat)

0.5

NA

50x0.07

11.1+18.3

NA

NA

263

Mean Volume
Gain, ml (M£SD,
range)

NA

23+3.4
(20.6-25.4)

4752
(3.2-6.2)

left: 147.7
£70.7
right: 147.1
+57.3

left: 156.4
+26.9
right: 163.5
+24.0

NA

NA

NA

NA

NA

Volumetric

Measurement ”n!:c_”i_ a.lﬂ.
Method (A0, rae)
63
MRI,
ultrasound 169]
39
808£6.0
(76.6-85.2)
MRI
16.3£7.2
(11.1-21.4)
left: 49.2 £ 10.0
right: 51.8=9.5
mean:50.5
MRI
left: 52.0+ 10.3
right: 55.12 7.6
mean: 53,5
63
MRI,
ultrasound (69}
39
7882749
MRI
514184
90.4£3.4
(88-92)
cT
76.029.6
(70-85)
82.2+4.5/
738247/
65485
3D Scan
77.0 6.9/
62.2+9.8/
484=11.1
80.2 (66.1-124.2)
MRI

45.1 (36.5-50.7)

FU,
months
(range)

1/

12

IS

Adverse Events

1 patient: small cystic

micrecalcification

1 patient: excluded due
to incorrect graft
placement

2 patients CAL-group:
small oil cysts

1 patient control-group:
small oil cysts

no major complications

4 patients CAL-group:
fat necrosis

no major complications

No major complications,
[ecchymosis, edema]

no major complications,
1 patient each group: fat
necrosis

no major complications,
both groups: swelling,
bruising

Main Findings

SVF-and PRP-enriched fat grafts
show improved volume retention
in the treatment of soft tissue
defects. (SIGNIFICANT)

ASC-enriched fat grafts show
improved volume retention,
newly formed connective tissue,
lower amounts of necrosis and
similar amount of vessel density
and oncological risk.
(SIGNIFICANT)

SVF-enriched fat grafts do not
show improved volume retention
in breast augmentation, are
more time consuming and
expensive and have a higher risk
ofinfection. (NOT SIGNIFICANT)

SVF-and PRP-enriched fat grafts
show improved volume retention
in the treatment of soft tissue
defects in form of burn- and
post traumatic scars,
(SIGNIFICANT)

SVF-enriched fat grafts show
improved volume retention
(NOT SIGNIFICANT)

SVF-enriched fat grafts show
improved volume retention and
skin quality. (SIGNIFICANT)

SVF-enriched fat grafts show
improved volume retention for
the correction of volume deficit
after breast reconstruction
(SIGNIFICANT)

ASC-enriched fat grafts show
improved volume retention and
are safe to use even with high
concentrations of ASCs
supplemented. (SIGNIFICANT)

Characteristics and outcomes of the included prospective clinical studies comparing CAL (SVF- or ASC-enriched fat grafting) with conventional autologous fat grafting
(non-CAL), including study design, treatment arms, procedural parameters, volumetric outcomes, and reported adverse events. Study arms shown in square brackets
(e.g. PRP-assisted fat grafting) were not included in the primary CAL versus non-CAL analysis. Abbreviations: ASC = adipose stem cells, BMI = body mass index,
CT = computed tomography, FU = follow-up, M = mean, MRI = magnetic resonance imaging, NA = not available, PCCT = prospective controlled clinical trial, PCT =
prospective clinical trial, PRCCT = prospective randomized controlled clinical trial, PRCT = prospective randomized clinical trial, PRP = platelet-rich plasma, rom =
revolutions per minute, SD = standard deviation, SVF = stromal vascular fraction, UBM = ultrasound biomicroscopy.
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Table 1 (continued)

Yin
otal.
(2020)

etal.
(2021)

Hu
etal
(2022)

Roshdy
etal.
(2022)

Vester-
Glowinski
etal.

(2022)

Bourne
etal.
(2023)

Wufuer

(2029)

PRCT

PRCT

PRCT

PRCCT

PRCT

v

SVF +fat

fat

ASC + fat

SVF +fat

fat

SVF + fat

fat

ASC +fat

ASC +fat

fat

SVF + fat

SVF + fat

fat

25

25

17

15
Side B

15
Side A

10
Side B

10
Side A

Side B

12
Side A

1

12

355£8.2

353:8.1

27447

28.1%£5.2

244265

355+6.9

346=92

497

46.7 =14.1

51.64 = 10.99

49.69£#14.20

212218

21.6+1.9

208=1.0

21.9+1.8

21215

20316

201219

220

24.3

269

2124267

2284+3866

Abdomen

Abdomen

Abdomen/
thighs

Thighs

Abdomen/
thighs/
hips

Abdomen/
flanks

Face NA NA

3x400g, Smin;
600g, 5min;
600g, 10 min;
600g, 5min
3x400g, 5min;
600g, Smin;
600g, 10 min;

Face Manual

NA

2x1200rpm, 5min

Breast Manual
3000rpm, 3min;
Face Manual NA
Breast Manual 100g, 3min
Face Manual 1200, 3min
Face Automatic 3000rpm, 3min

556238
NA
565238
1322 5
1424 6
1524
Left:272.9+22.2
Right: 290.5
226.2
1
Left: 250.8 £21.2
33202 3.6-6
3102 17.6 (300-
350) o
3712146 51234
4450 £4.34 15.7+£3.3

4282586

317252

NA

NA

NA

NA

NA

3D Scan

MRI

UBM

MRI

776116

56.2+9.5

61.3+5/
49.8+8.8

45.7 %10/
31.8244.2

41.327.3/
219241

11 pat. >60

4 pat. >30

2 pat. <30
est. mean: 64.1

7 pat. >60

2 pat. >30

8 pat. <30
est. mean: 45.3

105.1 +71.9/
70.9 =58.1

69.8 2 60.2/
18.9+19.3

54.3/
54 =32.9 (4-87)

56,2/
55.9+37.8 (6-111)

57.3

74.510.0/
71.3£104

66.6 = 13.8/
62.0£13.5

@ e

15/

no major complications

no major complications

NA

5 patients CAL-group:
facial ecchymosis; [pain,

SVF-enriched fat grafts show
improved volume retention,
wrinkles and skin texture.
(SIGNIFICANT)

ASC-enriched fat grafts show
improved volume retention in
the correction of facial
atraphy in localized
scleroderma patients.
(SIGNIFICANT)

SVF-enriched fat grafts show
improved volume retention.
{SIGNIFICANT)

SVF-enriched fat grafts show

and hypodermal thickness in

both groups: increased
BI-RADS score,
9 patients: oil cysts,
5 patients: not malignant
palpable changes,
3 patients: fat necrosis

no major complications

no major complications

p
(SIGNIFICANT)

ASC-enriched fat grafts do not
show improved volume
retentien in breast
‘augmentation.

(NOT SIGNIFICANT)

SVF-enriched fat grafts do not
show impraved volume
retention.

(NOT SIGNIFICANT)

SVF-enriched fat grafts show
improved volume retention,
(SIGNIFICANT)
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6.2 Take Rate Outcomes

Across the 15 included studies, CAL generally demonstrated higher volumetric take
rate values than non-CAL at comparable follow-up intervals, although effect
magnitude varied by indication and protocol. Based on the statistical interpretation
reported by the original authors, 11/15 studies concluded a significantly higher take
rate with CAL compared with non-CAL (115,116,134,144,159-162,164,165,167), 1
study reported a numerically higher take rate with CAL that did not reach statistical
significance (155), and 3 studies reported numerically lower take rate values with
CAL than with non-CAL without statistical significance (132,158,166).

These overall patterns are visually captured by the distributional summary in Figure
2 and the study- and follow-up-specific comparisons in Figure 3, which also highlight
that in studies where CAL did not outperform non-CAL, the absolute differences
between groups were small and the values clustered closely rather than showing a
pronounced advantage for non-CAL.

Figure 2: Mean Volumetric Outcomes (Take Rate) Across Studies

120 1

105.1%*

1001

804

601

Take rate [%]

401

201

CAL (ASC/ SVF) Control

Candlestick summary of volumetric fat graft retention (take rate, %)
across included studies (follow-up 3-19 months). Bars represent
unweighted mean values and whiskers indicate the minimum and
maximum values reported. Overall, CAL demonstrates higher mean take
rates than conventional fat grafting (non-CAL), with substantial inter-
study variability. Abbreviations: ASC = adipose stem cells, CAL = cell-
assisted lipotransfer, SVF = stromal vascular fraction

* Values >100% due to ultrasound measurement
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Gentile 2012
Kolle 2013
Peltoniemi 2013
Gentile 2014
Tissiani 2016
Gontijo 2017
Jeon 2020

Kolle 2020
Yin 2020
Wang 2021

Hu 2022

Roshdy 2022

Vester-Glowinski 2022

Bourne 2023
Wufuer 2024

Figure 3: Take Rate by Study / Follow-Up
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120

Forest plot of study-level volumetric fat graft retention (take rate, %) comparing CAL
with conventional fat grafting (non-CAL) across all included studies and follow-up
intervals. CAL groups are color-coded by enrichment strategy (ASC and SVF), and
horizontal lines connect treatment arms within each study. Most studies demonstrate
significantly higher take rates for CAL, while differences are small and not significant
in studies favoring non-CAL. Abbreviations: ASC = adipose stem cells, CAL = cell-
assisted lipotransfer, SVF = stromal vascular fraction.

* Values calculated as the mean of left and right sides
** Values calculated as midpoints of reported ranges
*** Values >100% due to ultrasound measurement

| Statistically significant difference (p < 0.05)

6.2.1 Facial Indications

ok

Facial studies most frequently reported higher take rate values with CAL compared

to non-CAL at follow-up intervals between 3 and 12 months. Several SVF-based

CAL studies demonstrated a clear numerical separation favoring CAL, such as
63.0% versus 39.0% at 12 months (164), 90.4% versus 76.0% at 12 months (115),
77.6% versus 56.2% at 6 months (160), and 71.3% versus 62.0% at 6 months (167).

ASC-based CAL in temple augmentation showed marked numerical advantages at

both 3 months (105.1% versus 69.8%) and 6 months (70.9% versus 18.9%), with

the >100% value interpreted as modality-related overestimation in the underlying

study context (ultrasound/UBM measurement) rather than true biological gain (162).

A key mechanistic and comparative insight is provided by the 3-arm design in which
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ASC-enriched fat, SVF-enriched fat, and non-CAL were all evaluated at the same
time points. At both 3 and 6 months, take rate values followed a consistent ordering
of ASC > SVF > non-CAL (61.3% > 45.7% > 41.3% at 3 months; 49.8% > 31.8% >
21.9% at 6 months) (159). Notably, where CAL did not outperform non-CAL in facial
applications, differences were small and clustered closely, such as 50.5% (SVF)
versus 53.5% (non-CAL) at 6 months (132), and 50.3% (SVF) versus 57.3% (non-
CAL) at 9 months (166), which contrasts with the larger separations observed in
multiple other facial studies.

6.2.2 Breast Indications

Breast studies showed a more heterogeneous pattern than facial studies, with both
clear CAL advantages in some trials and near-overlapping outcomes in others. SVF-
based CAL was numerically higher than non-CAL in several breast cohorts,
including 63.0% versus 39.0% at 12 months (134), and sustained separation across
multiple follow-ups in another trial (73.8% versus 62.2% at 6 months; 65.4% versus
48.4% at 12 months) (165). In a study by Hu et al., take rate outcomes were reported
as ranges rather than single point estimates, which is stated in Table 1. Therefore,
for improved comparability and visualization in Figure 3, we calculated the midpoint
of each reported range, resulting in 64.1% (SVF) versus 45.3% (non-CAL) at 6
months (144). ASC-based CAL also demonstrated notable separation in at least one
breast trial, with 80.2% versus 45.1% at 4 months (161). Conversely, some breast
trials reported very similar take rate values between CAL and non-CAL, such as
54.3% versus 56.2% at 4 months and 54.0% versus 55.9% at 12 months in a study
conducted by Vester-Glowinski et al., suggesting that any benefit may be context-
dependent and potentially influenced by differences in protocols, recipient site
characteristics, and measurement approaches (158). A further example of
heterogeneity is seen in a trial from Peltoniemi et al., where take rate values were
close between groups at 6 months in a breast cohort (132). For that study, SVF take
rate values were reported separately for the left and right breast (49.2% left and
51.8% right) versus non-CAL values of 52.0% left and 55.1% right. Therefore, for
clearer presentation in Figure 3, the mean of both sides was calculated (SVF: 50.5%
versus non-CAL: 53.5% at 6 months) (132).
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6.2.3 Upper Arm Indications

A single randomized model by Kolle et al. evaluated CAL in an upper arm recipient
site and reported higher take rate outcomes for ASC-enriched fat compared to non-
CAL at 4 months (80.9% versus 16.3%) (116). Although limited to one study, this
model provides a controlled within-study demonstration of a large numerical
separation favoring CAL in a non-breast, non-facial recipient site (116).

6.2.4 Cross-sectional Summary at the Latest Follow-Up

Figure 2 summarizes the overall distribution of take rate outcomes across studies,
showing higher mean take rate for CAL than for non-CAL when outcomes are
summarized descriptively across the available follow-up windows. Figure 3
complements this by displaying the study-level values, where the majority of trials
demonstrate a directional shift toward higher take rate in the CAL arm at the reported
follow-up, particularly in multiple facial cohorts and several breast cohorts. Crucially,
in those trials where non-CAL exceeded CAL (132,158,166), the points remain
clustered in close proximity, indicating that the “non-CAL advantage” is small in
magnitude compared with the larger separations seen in several CAL-favoring trials.
Finally, the only direct within study comparison of ASC versus SVF supports an
ordering of ASC > SVF > non-CAL at both early (3 months) and later (6 months)
time points, reinforcing the interpretations that the overall CAL effect is not uniform
across enrichment strategies and may depend on the specific cell product
used (159).

6.3 Complication Rates

Across the included studies, clinically relevant adverse events were generally
infrequent and were not uniquely associated with CAL arms. In accordance with the
predefined extraction rule used in this review, mild transient postoperative
symptoms, such as erythema/redness, swelling/edema, ecchymosis, tenderness,

and pain, were not counted as complications even when reported by authors, as
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these were short lived and not clinically meaningful adverse outcomes in the context
of safety evaluation. With respect to clinically relevant complications, one study
reported a small cystic formation and microcalcification in a patient (134). Oil cysts
were documented in both CAL and non-CAL groups in at least one breast cohort,
indicating that such events are not exclusive to CAL enrichment (132,158). Fat
necrosis was reported in CAL recipients in one cohort (155) and occurred in both
groups in another study (165). In a breast trial with detailed radiologic and palpable
findings, increased BI-RADS scores, oil cysts, non-malignant palpable changes,
and fat necrosis were reported, without the pattern being described as uniquely
attributable to CAL (158). In a facial augmentation trial, ecchymosis was reported in
the CAL group and lumping at the recipient area in the control group, supporting a
qualitatively comparable safety profile across interventions within that study (162).
Overall, most studies reported no clinically relevant complications beyond
occasional low-frequency events, reflecting the generally favorable safety profile of
AFG irrespective of enrichment strategy. Accordingly, CAL did not appear “more
dangerous” than non-CAL within the reported follow-up intervals.

6.4 Isolation Protocols

Cell isolation workflows varied and were implemented either manually or using
automated systems depending on the study. Manual processing and isolation
approaches were used in multiple trials evaluating both SVF and ASC
products (115,116,144,155,158,159,161,162,166). Automated systems were also
used in several cohorts, illustrating that take rate improvements with CAL were not
confined to a single processing paradigm (132,134,164,165,167). Reported cell
concentration values, where available, spanned a wide range across studies,
reflecting substantial heterogeneity in dosing strategies and reporting practices
across the clinical literature. Given this heterogeneity and incomplete reporting
across studies, no cross-study dose-response inference was attempted in the

present synthesis.
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6.5 Volumetric Measurement Methods

Volumetric measurement approaches differed across trials and included MRI, CT,
3D surface scanning, and ultrasound/UBM-based techniques. MRI was used widely
across both breast and facial applications and represents the dominant modality in
the included evidence (115,116,132,134,144,155,158,159,161,167). CT-based
assessments were solely used in facial cohorts (115,166), whereas 3D imaging was
used in both facial and breast applications as well (160,165). 1 facial study used
ultrasound/UBM and reported an early take rate value exceeding 100%, which is
best interpreted as a measurement artifact related to ultrasound-based
quantification rather than true volume increase, particularly given the subsequent
reduction at later follow-up within the same cohort (162). Across the included
studies, no single volumetric measurement modality was consistently associated
with superior take rate outcomes overall, suggesting that differences in reported

efficacy were not driven by 1 measurement method alone.

6.6 Time-course Patterns

Across the included studies, follow-up schedules were highly heterogeneous,
ranging from single assessments to repeated measurements at multiple time points
between 3 and 19 months, which substantially limits direct cross-study comparability
of take rate values. This is clinically relevant because volumetric retention after fat
grafting is time dependent: take rate estimates are typically higher at earlier
assessments and decrease with longer follow-up, such that the choice of
measurement time point can meaningfully influence the apparent magnitude of

treatment differences (33).

To mitigate this source of variability, this review applied a minimum follow-up
threshold of =3 months, because early postoperative measurements may be
disproportionately influenced by transient factors, whereas differences between
enrichment strategies are more informative once early changes have stabilized and
subsequent decline becomes apparent. Within most studies that reported repeated

follow-ups, CAL remained numerically, and in many cases statistically, superior to
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non-CAL across time points, although the absolute take rate values decreased over
time in both arms (159,162,165). By contrast, in trials with nearly overlapping

curves, similarity persisted across both early and later follow-ups (158).

Overall, the wide variation in follow-up timing represents a major driver of
heterogeneity in this evidence base and further supports the descriptive synthesis
approach used here. For future evidence synthesis in a meta-analytic style
framework, harmonized and prespecified follow-up intervals would substantially
improve between study comparability and interpretability of pooled estimates.
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7 Discussion

7.1 Principal Findings

The present systematic review evaluated the clinical evidence comparing CAL with
conventional AFG with respect to volumetric graft retention, complication rates,

isolation protocols and volumetric measurement methods.

A central finding of this analysis is the substantial methodological heterogeneity of
the available clinical evidence. In particular, direct comparison of take rate outcomes
remains limited because graft retention was assessed using different volumetric
techniques and reported in non-uniform ways across studies, including MRI, CT, 3D
surface imaging, and ultrasound/UBM-based methods. Since these modalities differ
in precision, reproducibility, and susceptibility to measurement artefacts, the
reported take rate values are not fully interchangeable between studies. This
heterogeneity must be considered when interpreting the overall advantage of CAL
over conventional AFG.

Across the included clinical trials, the global trend indicates that CAL frequently
demonstrates improved fat graft survival compared with conventional fat grafting,
although the magnitude and statistical significance of this advantage vary between
studies and clinical indications (115,116,134,144,159-162,164,165,167). These
findings align with the general direction of previous research, where the majority of
clinical investigations have reported improved long-term graft retention after CAL,
while a minority of studies have found no clear benefit compared with conventional
techniques (36,143,145,157,163).

CAL was originally developed to improve the survival of transplanted adipose tissue
and to reduce postoperative complications associated with conventional fat
grafting (124). As a supplement to standard AFG, ASCs are believed to improve
graft survival through several complementary mechanisms: differentiation into

adipocytes, differentiation into endothelial cells promoting angiogenesis, secretion
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of growth factors supporting surrounding tissue survival, and persistence as
undifferentiated stromal cells within the graft (154). Through these mechanisms,
CAL has been considered a promising strategy to promote adipogenesis and
vascularization within transplanted fat tissue (168).

In the majority of previously published clinical trials and experimental studies, CAL
has demonstrated improved long-term fat survival compared with conventional fat
grafting (115,116,134,144,159-162,164,165,167).  Nevertheless, conflicting
evidence exists. For example, studies from Peltoniemi et al., Vester-Glowinski et al.
and Bourne et al. reported no significant difference in fat survival between CAL and
conventional fat grafting (132,158,166). Such discrepancies illustrate the ongoing
debate regarding the clinical benefit of CAL and emphasize the importance of
systematically evaluating the available evidence.

7.2 Biological Rationale of CAL

The theoretical advantage of CAL over conventional fat grafting is primarily based
on the regenerative potential of ASCs and other components of the SVF. ASCs have
the ability to differentiate into adipocytes and endothelial cells, thereby supporting
both adipose regeneration and neovascularization. In addition, these cells release
multiple cytokines and growth factors that enhance angiogenesis, tissue remodeling

and resistance to ischemia in the transplanted graft (154).

Experimental studies further suggest that CAL may promote adipogenesis and
angiogenesis in transplanted fat tissue, leading to improved graft survival and
structural integrity. The regenerative potential of ASCs is therefore considered one
of the central biological explanations for the improved volumetric outcomes reported
in many CAL studies (168).

However, despite these promising biological mechanisms, clinical results remain
heterogeneous. While numerous investigations have demonstrated increased fat
survival after CAL, others fail to reproduce this effect. These findings may be
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attributed to variations in cell isolation techniques, graft preparation methods,

injected volumes and recipient site characteristics (132,133,169-171).

7.3 Influence of Recipient Site and Graft Volume

One important determinant of fat graft survival appears to be the anatomical
recipient site and the associated injection volume. In general, facial fat grafting
requires relatively small volumes, whereas breast augmentation or reconstruction
involves substantially larger graft volumes. Large volume grafts are more
susceptible to central ischemia and necrosis due to insufficient vascularization in

the central region of the graft (172).

According to Yoshimura'’s three-zone theory, transplanted fat tissue can be divided
into a survival zone, a regeneration zone and a necrotic zone. In large graft volumes,
the central region is more likely to experience ischemic necrosis and subsequent
resorption (172). This mechanism may partly explain why complications such as oil
cyst formation, calcifications or nodules are more frequently observed in breast

procedures compared with facial applications (173).

Consistent with this concept, several meta-analyses have reported that CAL
improves fat retention more consistently in facial grafting than in breast
augmentation procedures. Nevertheless, other studies have suggested that CAL
may still provide clinical benefits in large volume grafting procedures when sufficient
cell enrichment is achieved (36,157).

7.4 Role of SVF and ASC Enrichment

An important variable influencing the outcome of CAL is the concentration of stromal
cells within the graft. Previous investigations have demonstrated that the dose of
SVF or ASCs may directly influence fat graft survival. High dose cell enrichment has
been associated with improved long-term volume retention and reduced

postoperative edema. However, the optimal number of enriched cells required for
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maximal graft survival remains unknown. The preparation equipment, isolation
protocols and cell counting methods vary widely across studies, making direct
comparison difficult. Consequently, it is currently not possible to determine the ideal
cell concentration for clinical use (36,143,174).

Furthermore, the method used to isolate stromal cells may influence the clinical
applicability of CAL. While enzymatic isolation techniques allow high cell yields, they
require specialized laboratory facilities and may increase procedural complexity and
cost. In contrast, mechanical isolation methods are faster and less expensive, but

their effectiveness remains the subject of ongoing investigation (163,175).

7.5 Complications and Safety Considerations

Another crucial aspect of CAL is the safety of the technique. Most clinical studies
indicate that complication rates after CAL are comparable to those observed after
conventional fat grafting (156,157). The complications most frequently reported
include oil cyst formation, calcifications, nodules and areas of fat
necrosis (143,176,177).

Interestingly, the majority of studies did not observe a statistically significant
difference in complication rates between CAL and conventional fat grafting (36,156).
This finding suggests that the safety profile of AFG may depend more on procedural
factors and graft volume than on the presence or absence of cellular enrichment.

A further point of discussion in the literature concerns the potential oncological
safety of CAL. Experimental studies have suggested that ASCs may promote tumor
growth through paracrine mechanisms (178-181). Nevertheless, clinical
investigations have not demonstrated a clear increase in cancer recurrence after fat
grafting procedures (157,182,183). Despite the absence of definitive evidence for
increased oncological risk, caution is generally recommended when performing fat
grafting procedures in patients with a history of breast cancer, particularly in the
early postoperative period (184).
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7.6 Limitations

This systematic review has several limitations that should be considered when
interpreting the findings. No review protocol was prospectively registered, which
represents a methodological limitation. In addition, no formal assessment of
reporting bias was performed. Therefore, the possible influence of unpublished
negative studies, selective outcome reporting, or incomplete reporting of
complications cannot be excluded. Furthermore, the literature search was restricted
to PubMed and Web of Science and did not include Embase or the Cochrane
Library. Consequently, complete literature coverage cannot be guaranteed, and
potentially relevant studies may have been missed. Beyond these review-level
considerations, several study-related limitations should also be acknowledged.

First, the number of eligible studies included in the analysis was limited. Only 15
clinical studies met the predefined inclusion criteria and were therefore incorporated
into the final synthesis. Although this number reflects the currently available
prospective evidence directly comparing CAL with conventional AFG, the relatively
small pool of studies restricts the statistical robustness and generalizability of the

conclusions.

Second, the sample sizes of the individual studies were generally small. All included
trials investigated relatively limited patient cohorts, with <100 patients per study.
Small sample sizes inherently increase the risk of statistical variability and reduce
the power to detect subtle differences between treatment approaches.
Consequently, the reported outcomes may be more susceptible to random variation
and may not fully reflect the true clinical effect of the intervention.

Third, considerable methodological heterogeneity was present across the included
studies. Variations were observed in several procedural aspects, including fat
harvesting techniques, graft processing methods, stromal vascular fraction isolation
protocols, and enrichment strategies. In addition, the concentration of injected cells,
preparation techniques for SVF and ASCs, and the proportion of lipoaspirate used
for cell isolation differed substantially between studies. These methodological
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inconsistencies complicate direct comparisons and may contribute to variability in

the reported take rate outcomes.

Another important source of heterogeneity concerns the anatomical recipient sites
investigated in the included trials. The studies covered a broad range of clinical
indications, including facial applications, breast procedures, and upper arm
augmentation. These indications differ substantially with respect to graft volume
requirements, vascular environment, and tissue characteristics, all of which may

influence graft survival and volumetric outcomes.

Furthermore, the follow-up intervals used to assess fat graft survival varied
considerably among the included studies. As fat graft retention changes over time
and tends to stabilize only after several months, differences in follow-up duration

may affect the comparability of reported take rate values across studies.

Finally, the available literature does not yet provide standardized protocols for CAL
procedures. Differences in cell isolation techniques, enrichment strategies, injected
cell concentration, and graft preparation workflows remain common in the clinical
literature. The absence of methodological standardization represents an important
limitation when attempting to compare outcomes across studies and draw definitive

conclusions regarding the optimal CAL protocol.

7.7 Clinical Implementation and Regulatory Considerations

Despite encouraging clinical results, the translation of CAL into routine clinical
practice remains influenced not only by scientific uncertainty but also by regulatory
constraints. In the European Union, cell- and tissue-based products may fall under
the framework of Advanced Therapy Medicinal Products (ATMPs), which imposes
specific regulatory requirements for manufacturing, quality control, traceability, and
clinical use (185).

With regard to ASCs specifically, European regulatory guidance distinguishes
between procedures that are considered non-substantially manipulated and those
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that may qualify for stricter regulatory oversight. In particular, collagenase digestion
and cell culture are regarded as substantial manipulation, whereas mechanical
isolation and use in homologous subcutaneous tissue are viewed more

permissively (186).

Accordingly, several ASC-based or SVF-based approaches described in the
literature may be difficult to implement routinely in the EU, especially when they
involve enzymatic processing, culture expansion, or non-homologous use, and
some published applications have therefore been described as potentially off-label
under European regulatory standards. These regulatory barriers likely contribute to
the relatively slow and heterogeneous clinical development of CAL, since more
complex cell-processing workflows are more difficult to standardize, validate, and
integrate into routine care under current European requirements (186—188).

In this context, the continued lack of high-quality, standardized clinical evidence is
not only a scientific issue but also a practical barrier to implementation, because
novel stem-cell-based procedures generally require robust clinical validation before

broader adoption can be justified (187).

7.8 Future Perspectives

Despite these limitations, the current body of evidence suggests that CAL remains
a promising technique for improving the survival of fat grafts. Future research should
focus on large prospective randomized clinical trials with standardized cell isolation
protocols, clearly defined cell concentrations and objective volumetric measurement

methods.

Such studies would help determine the optimal protocols for CAL and clarify whether
specific enrichment strategies or recipient site characteristics influence treatment
outcomes. Ultimately, improved methodological standardization will be necessary
to determine the true clinical value of CAL and its role in routine clinical practice.
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8 Conclusion

In summary, the available clinical evidence suggests that CAL may improve fat graft
survival compared with conventional AFG. The regenerative properties of ASCs and
SVF are believed to enhance angiogenesis, tissue regeneration and long-term graft
retention (154).

However, the magnitude of this benefit remains inconsistent across studies. While
many investigations report improved volumetric outcomes after CAL, others
demonstrate no  significant advantage compared with  conventional
techniques (132,133,157). In addition, current evidence indicates that complication
rates after CAL are generally comparable to those observed after conventional fat
grafting (36,156).

Overall, CAL represents a promising but not yet fully standardized approach for
improving the outcomes of fat grafting procedures. Further large-scale randomized
clinical trials with standardized methodologies and long-term follow-up are required

to clarify the true efficacy, safety and optimal clinical indications of this technique.
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10 Attachment

10.1 PRISMA 2020 Checklist

A
. PRISMA 2020 Checklist
RISMA
Location
Checklist item where item
is reported
TITLE
Title 1 _ Identify the report as a systematic review.
ABSTRACT
Abstract 2 _ See the PRISMA 2020 for Abstracts checklist.
INTRODUCTION
Rationale 3 | Describe the rationale for the review in the context of existing knowledge. 4.4
Obijectives 4 | Provide an explicit statement of the objective(s) or question(s) the review addresses. 45:46
METHODS
5 | Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. 5.2;5.6
Information 6 | Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify the 5.1
sources date when each source was last searched or consulted. ’
Search strategy 7 | Present the full search strategies for all databases, registers and websites, including any filters and limits used. 5.1
Selection process 8 | Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each record 5.3
and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process. :
Data collection 9 | Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked
process independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in the 5.3;5.4,5.5
process.
Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in each ,
: : : . : 5.4,5.6
study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect.
10b | List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe any 5.4:56
assumptions made about any missing or unclear information. T
Study risk of bias 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed each 5.5
assessment study and whether they worked independently, and if applicable, details of automation tools used in the process. )
Effect measures 12 | Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. 5.6
Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics and 5.2: 5.6 6.1
methods comparing against the planned groups for each synthesis (item #5)). S s e
13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data 5.6:6.2.2
conversions. e
13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses. 5.6; 6.1
13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the 56
model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used. ’
13e | Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). 5.6
13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized results. /
Reporting bias 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). 5.5
assessment ’
Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. 5.5

assessment
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PRISMA
Location
wwn”"o: #d Checklist item where item
P is reported
RESULTS
Study selection 16a | Describe the results of the search and selection process, from the number of records identified in the search to the number of studies included in | 5.3; Figure1;
the review, ideally using a flow diagram. 6.1
16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded. /
Study » 17 | Cite each included study and present its characteristics. 6.1: Table1
characteristics
Risk of bias in 18 | Present assessments of risk of bias for each included study. 5.5;6.1;
studies Table1
Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its precision |6.2-3; Table1
individual studies (e.g. confidence/credible interval), ideally using structured tables or plots. Figure2-3
Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies. 6.1-2
gyniinesas 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision (e.g. 6.2-3
confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect. ’
20c | Present results of all investigations of possible causes of heterogeneity among study results. 6.2; 6.4-6
20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. /
Reporting biases 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed. 55,76
Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. 5.5
evidence '
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the context of other evidence. 7.1-5;8
23b | Discuss any limitations of the evidence included in the review. 7.6
23c | Discuss any limitations of the review processes used. 7.6
23d | Discuss implications of the results for practice, policy, and future research. 7.7-8;8
OTHER INFORMATION
Registration and 24a | Provide registration information for the review, including register name and registration number, or state that the review was not registered. 7.6
protocol 24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared. 7.6
24c¢ | Describe and explain any amendments to information provided at registration or in the protocol. /
Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review. /
Competing 26 | Declare any competing interests of review authors. /
interests
Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from included

data, code and
other materials

studies; data used for all analyses; analytic code; any other materials used in the review.
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