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Autologous fat grafting has become a popular and well-established technique used by
plastic surgeons in a variety of aesthetic and reconstructive procedures. An under-
standing of the basic science principles underlying fat grafting is crucial to explaining
its extensive utility for soft tissue rejuvenation, volume augmentation, and body
contouring—and the unpredictable fat resorption rates after grafting that pose a
significant challenge for plastic surgeons. While the scientific principles of fat grafting
can theoretically be exploited to optimize fat grafting techniques and increase fat

= adipose-derived stem tissue survival, a consensus has yet been established as to the best practices for this
cells procedure. This review discusses the biology of adipose tissue and the scientific

= fat graft survival

Autologous fat grafting, or the surgical transfer of adipose
tissue from one area of the body to another, was first
described by the German surgeon Gustav Adolf Neuber in
1893 after he successfully transplanted fat from the forearm
to fill an atrophic scar on the face.'™3 Despite several early
successes, subsequent reports of varying levels of graft
failure prevented the technique from being widely accepted
until the 1980s.2 Since then, positive reports regarding the
safety and efficacy of autologous fat transfer have helped to
repopularize the technique. Today, autologous fat grafting is
widely used by plastic surgeons in a variety of reconstructive
and aesthetic procedures.*> Clinical applications of this
technique continue to expand and include many contouring,
augmenting, and rejuvenating procedures, as well as the
treatment of radiation damage, breast capsular contracture,
scar treatment, posttraumatic deformities, congenital anom-
alies, burn injuries, and soft tissue defects.*~® A recent survey
showed that around 80% of plastic surgeons have used fat
grafting in their practice.* The popularity of autologous fat
grafts is because of not only its utility in volume replacement
and tissue quality improvement but also its low cost, low
donor-site morbidity, and high levels of accessibility, avail-
ability, and biocompatibility."

Despite the widespread use of autologous fat transfer, the
issue of unpredictable fat resorption rates remains a major
limitation of this technique. Resorption rates of grafted
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principles behind its behavior and survival in autologous fat grafting.

adipose tissue have been reported to range from 20 to 90%,
leading to variable reduction of total implanted volume.'-’
Resorption often results in the need for repeated procedures
and, in some cases, poor aesthetic outcomes, making the
achievement of lasting results following fat grafting a signif-
icant challenge.>>8

Wide procedural variation in fat grafting is thought to
contribute to this vast difference in resorption rates. Despite
much investigation into all the steps of fat grafting, there is
currently still no universal protocol for this procedure.>* To
better understand fat grafting outcomes, the biological prin-
ciples of adipose tissue and its mechanisms for survival in
autologous fat grafting have also been extensively investi-
gated.>® A thorough understanding of the basic science
behind autologous fat grafting is important to establish
best practice guidelines, facilitate graft survival, and opti-
mize procedural outcomes.

Adipose Tissue Biology

Types

Adipose tissue is generally classified into two types: thermo-
genically active brown adipose tissue (BAT) and energy-storing
white adipose tissue (WAT).® BAT was previously thought to
exist only in infants and small mammals, but in the past
decade, studies have also shown the presence of metabolically
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active BAT in adults.® In humans, brown fat is distributed
throughout the cervical, supraclavicular, axillary, paraverte-
bral, mediastinal, and upper abdominal regions.'® In contrast
WAT, the predominant type of fat in humans, is located either
viscerally or subcutaneously.!"'2 It is subcutaneous WAT that
is used for autologous fat grafting in plastic and reconstructive
procedures and is the main focus of this review.®

Composition

White adipose tissue has two main components: mature
adipocytes and the stromal vascular fraction (SVF).” The SVF
is a heterogeneous cell population composed of endothelial
cells, smooth muscle cells, pericytes, leukocytes, fibroblasts,
mast cells, preadipocytes, and multipotent adipose-derived
stem cells (ASCs).®° While cellular components of the SVF
make up nearly 50% of the total adipose tissue cell number,
adipocytes make up 90% of the total adipose tissue volume.’
An extracellular matrix connects adipocytes and contributes
to the formation of fat lobules in adipose tissue.'?

Adipogenesis

Adipocytes are derived from ASCs.” The development of a
mature adipocyte occurs in two main phases. First is the
determination phase, in which the ASC commits to the adipo-
cyte lineage, becoming a pre-adipocyte.’ At this point, the pre-
adipocyte can no longer differentiate into other cell types.
Second is the terminal differentiation phase, in which the
pre-adipocyte accumulates lipid in its cytosol and becomes a
mature adipocyte.” As we age, the capacity of preadipocytes to
differentiate into fully functional mature adipocytes declines.’ 3

Adipocyte Characteristics

The size of a mature human adipocyte ranges from 50 to
150 um in diameter, and these cells can survive for up to
10 years.'¥ Mature adipocytes are extremely fragile and have
a low tolerance for mechanical trauma and ischemia.” Pre-
adipocytes, which have minimal metabolic activity and are
20 times smaller than mature adipocytes, have a much
higher tolerance for traumatic and ischemic insults."’

Vascularity of Adipose Tissue

Adipose tissue is highly vascularized, with each and every
adipocyte attached to a capillary network that allows for the
efficient exchange of metabolic products.”'* Due to its high
capillary density and low oxygen consumption rate, subcuta-
neous adipose tissue has the highest tissue partial oxygen
tension (ptO-: 40-60 mm Hg) among all the internal organs.'*
As adipose tissue expands and regresses in size throughout life,
there must be parallel growth of its capillary network.”

Regenerative and Proliferative Potential of Adipose
Tissue

Adipose tissue was once thought to be an inert substance used
solely for energy storage, but more recent research has shown it
to have significant proliferative and regenerative potentials.>°
Much of the regenerative potential of adipose tissue is because
of the ASCs of the SVFE.">7:8 Adipose tissue contains the highest
percentage of adult stem cells of any tissue in the body, even
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higher than that of bone marrow."” There exist as many as
4,500 ASCs per milliliter of fat compared with only 100 to 1,000
stem cells per milliliter of bone marrow.! ASCs achieve their
regenerative effects through paracrine secretion of cytokines
and growth factors, with higher levels of secretion occurring in
hypoxic conditions.' These factors include angiogenic cyto-
kines such as vascular endothelial growth factor (VEGF), hepa-
tocyte growth factor (HGF), fibroblastic growth factor 2, and
basic fibroblast growth factor, as well as hematopoietic cyto-
kines such as granulocyte colony-stimulating factor and gran-
ulocyte-macrophage colony-stimulating factor.>'® Together,
these growth factors affect the differentiation of stem cells,
induce angiogenesis, stimulate tissue remodeling, and promote
wound healing.! Mature adipocytes themselves have the
ability to dedifferentiate into ASCs and then redifferentiate
into adipocytes or other cell types such as osteocytes.'®
ASCs are the main cell population responsible for adipocyte
regeneration.'® ASCs have the ability to undergo multilineage
differentiation into adipocytes and vascular endothelial cells, as
well as other tissue types such as bone, cartilage, skeletal
muscle, nerves, and skin.""'* A small subset of ASCs, termed
adipose-multilineage-differentiating stress-enduring (Muse)
cells, may have even more potency and are thought to contrib-
ute to the ability of ASCs to differentiate into endodermal and
ectodermal derived tissue such as skin and nerves.'*'® In
addition to multipotency, the density of ASCs in the tissue
also contributes to the potential for adipose tissue regenera-
tion." Thus, ASC-deficient tissues, such as irradiated or chroni-
cally inflamed tissues, exhibit impaired adipose remodeling
and expansion.'*!” Given the extensive angiogenic and regen-
erative properties of ASCs, there is much interest in the inclu-
sion of concentrated levels of ASCs in fat grafts.!

Adipose Tissue in Fat Grafting

Graft Revascularization

When adipose tissue is grafted, it is transferred in an avascular
fashion and must revascularize to survive.>® Fat graft revascu-
larization is largely promoted by perivascular ASCs that release
angiogenic factors in response to ischemia (~Fig. 1).>'* To
achieve proper graft revascularization, each fat graft droplet (G)
must interact with a capillary recipient site (R) ina 1:1 ratio to

Fig. 1 Adipose-derived stem cells located perivascularly.
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Fig. 2 The stoichiometry principle of fat grafting requires each fat droplet (G) to pair with a recipient capillary vascular supply (R) in a 1:1 ratio
for adequate revascularization. All unmatched fat tissue will not survive.

form a successful fat-recipient (GR) complex. The presence of
more fat droplets than capillary recipient sites will lead to
insufficient neoangiogenesis and is thought to be the reason
behind fat resorption and necrosis.® This concept, first
described by Khouri and Khouri, is referred to as the stoichi-
ometry principle of fat grafting (~Fig. 2).>° Ideally, there
should be an optimal graft-recipient interface and good vas-
cularity and oxygen tension of the recipient tissue.>'*

Response to Injury and Mechanical Force

When adipose tissue is injured, it undergoes degenerative
changes that trigger the release of inflammatory and injury-
related cytokines to promote wound healing. ASCs are stimu-
lated by this process, proliferating and secreting secondary
factors such as HGF and VEGF to regenerate adipose tissue and
suppress fibrosis during the first week of injury.'*'® Bone
marrow progenitor cells are also recruited and collaborate
with ASCs to repair adipose tissue.'* Mechanical forces, both

exogenous and endogenous, can affect the cellular function,
survival, and growth of adipose tissue.'® Different fat graft
harvesting techniques place different amounts of mechanical
stress on adipocytes, and studies have demonstrated differ-
ences in cell viability and adipocyte functionality between
techniques.* Physical interactions with the extracellular
matrix of adipose tissue can also influence stem cell behavior,
and external tissue expansion has been shown experimentally
to stimulate adipogenesis, resulting in a reversible enlarge-
ment of adipose tissue.'*17-19

Graft Survival

Currently, three theories have been put forth describing how
fat grafts survive after avascular surgical implantation, and
research suggests that each theory may play a role in the
survival process.” The theories are called the graft survival
theory, the graft replacement theory, and the host cell
replacement theory.
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Graft Survival Theory

This theory, first described by Peer et al,?® states that after
surgical transfer, fat grafts initially survive through nutrient
diffusion from the plasma until neovascularization from the
recipient site occurs.” Only those fat cells with sufficient new
blood supply can survive.! Smaller volume grafts may thus
demonstrate better survival than larger volume grafts, as
smaller volumes are better suited to achieve complete diffu-
sion and perfusion.

Graft Replacement Theory

This theory states that very few donor adipocytes survive the
grafting process; instead, grafted adipocytes are largely
replaced by the donor ASCs that are concurrently transferred
in the graft.” It is the donor SVF that is responsible for
adipogenesis and angiogenesis.” Enrichment of fat grafts
with SVF and ASCs has been investigated in multiple
studies and has demonstrated significant increases in graft
retention.?2 Higher density fat grafts have also been shown to
possess greater ASC concentrations and thus have increased
survival rates compared with lower density grafts.23

Host Cell Replacement Theory

According to this theory, no grafted cells survive, and all the
cells are replaced by recipient cells.” Grafted cells necrotize
and are replaced with fibrous tissue, new fat cells, and blood
vessel ingrowth from the recipient tissue.” Thus, the integrity
and environment of the recipient site are major determinants
of graft survival. In the past few decades, several methods to
prepare the recipient site have been proposed, and fat grafting
surgical outcomes have shown improvement as a result.?*

Three-Zone Survival Theory
The survival of adipose tissue after autologous fat grafting
can be further described by the three-zone survival theory

Surviving Regenerating
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ipocyte |
< de D

established by Eto et al in 2012.%° This theory states that
when the avascular fat is transferred, it can be divided into
three cellular zones (~Fig. 3).°> The most peripheral zone is
the survival zone, which is less than 300 pm in thickness and
contains adipocytes and ASCs that survive after grafting.>%14
Directly underneath the survival zone is the regenerative
zone, which is 600 to 1,200pm in thickness.”*'* Here,
adipocytes die and get resorbed, but ASCs survive and
regenerate into new adipocytes.5’8 The innermost zone is
the central necrotic zone where no cells survive because of
hypoxia.” In this zone, no regeneration occurs and the dead
space is either resorbed or filled with fibrosis.® Based on the
three-zone concept, the degree of survival of the regenerat-
ing zone contributes to the overall retained graft volume.'
After surgical transfer of the nonvascularized autologous
fat tissue, the grafts are initially nourished through plasmatic
diffusion from the surrounding host tissue for several
days.®' Then, as early as 48 hours postimplantation, new
blood vessels will begin supplying nutrients to the grafts.®14
Revascularization occurs centripetally starting from the
periphery and working its way to the center of the fat
droplets.! Until revascularization occurs, under severe ische-
mia, most adipocytes in the regenerative and necrotic zones
will die within the first 24 hours of grafting and release
inflammatory and injury-related factors.'*?! Among cellular
components of adipose tissue, mature adipocytes are the
most susceptible to ischemia and die first.'*%° If ischemia
continues, vascular endothelial cells and blood-derived cells
will die next.'® ASCs are relatively resistant to ischemia and
can survive up to 3 days under severely ischemic condi-
tions.'*?> During this time, ASCs undergo proliferation and
adipogenesis as well as promote angiogenesis in response to
signals from nearby dying cells to facilitate the repair process
and restore the damaged tissue.'#?° Revascularization in the
regenerating zone is thus improved by ASCs within these

ASC Necrotizing

Adipocyte
regeneration

Fig.3 Three-zone survival theory for fat graft. The avascular fat graft is composed of three zones: outermost survival zone, middle regenerative

zone, and central necrotic zone.
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first 3 days following grafting.'* Adipogenesis from ASCs
replaces dead adipocytes in the regenerative zone until
3 months following grafting.'*2® Interestingly, phagocytosis
of dead adipocytes takes several weeks to months depending
on tissue size; therefore, the volume of grafted fat remains
unchanged for the first 4 weeks despite significant adipocyte
death.'42°

The “acute” regenerative and adipogenic phase of fat
graft survival is completed by 3 months and is followed by a
“chronic” stabilizing process that can persist for up to
additional 9 months; the total remodeling process following
fat grafting can thus take up to a year (~Fig. 4).'* During
this “chronic” phase, lipid absorption continues without
compensatory ASC regeneration."® Any remaining dead
adipocytes in the regenerative or central necrotic zones
will either be resorbed, undergo fibrogenesis, or form oil
cysts.'* The speed of resorption depends on the diameter
of the lipid droplets.”’ Droplets <8mm in diameter can
be resorbed relatively quickly and replaced by fibrosis.'*
Droplets > 8 mm in diameter are resorbed more slowly, and
permanent oil cysts form before these large droplets can be
completely resorbed, leading to chronic inflammation and
calcification over time.'426-27

The balance between the rates of lipid resorption, necro-
sis, and successful adipocyte replacement plays a prominent
role in determining final graft volume retention.'*?" If the
graft volume is small and lipid resorption and adipocyte
regeneration are complete within the 3-month time period,
then the final volume of the graft is unlikely to change
significantly after 3 months.'*2® However, if the graft vol-
ume is large, then many large droplets will be incompletely
absorbed by 3 months and will continue to undergo absorp-
tion without compensatory adipogenesis for up to a year,
resulting in clinically significant volume reduction.'® The
ultimate graft volume retained is influenced by many addi-

Acute Repair Phase

Science of Fat Grafting Shih et al.

tional factors such as graft microenvironment, vascularity,
processing techniques, and postoperative care.'

Large-Volume Fat Grafts

In order for fat cells to survive, oxygen must be able to diffuse
through the fat droplet to provide nourishment.” Thus, only
microdroplets with a maximum regenerative zone depth of
1.6 mm are able to fully revascularize and survive without
developing a central necrotic zone.>® When trying to graft
larger fat volumes, a high number of small individual grafts
should be deposited in different tissue planes to prevent
droplet coalescence.>? If allowed to coalesce, larger grafts
will exhibit high levels of necrosis, liquefaction, and cyst
formation due to poor nutrient diffusion from plasma and
inadequate neovascularization to the central zone.?

Browning of Adipose Tissue

One interesting phenomenon that has recently been de-
scribed is the “browning” of WAT. In addition to the com-
monly known WAT and BAT, adults have also been shown to
have beige (or brite) adipose tissue. This beige adipose tissue
is an inducible brownlike adipose tissue that, when found
among WAT, causes WAT to have BAT-like metabolic char-
acteristics. This phenomenon is called “browning.” In recent
experiments, Hoppela et al demonstrated that when subcu-
taneous WAT was grafted into the muscle tissue, the graft
exhibited “browning,”® that is, transfer of metabolically
inactive WAT into a new environment changed the metabolic
activity of the grafted tissue to resemble the metabolic
activity of the recipient site. This study showed that different
depots of fat have different inherent metabolic activity and
that adipose tissue can undergo metabolic changes upon
grafting to certain new locations. This metabolic change
could impact graft site glucose tolerance, metabolism, and
body weight.®

Chronic Resorption Phase
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Fig. 4 Fat graft undergoes acute repair phase until 3 months and chronic absorption phase from 3 to 12 months.
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Conclusion

Autologous fat grafting is a common technique used by many
plastic surgeons in a variety of aesthetic and reconstructive
procedures. Predicting fat graft volume retention remains a
challenge and largely depends on the balance between
regeneration and resorption of adipose tissue, which is
affected by many factors including graft size, procedure
techniques, and graft microenvironment. While the exact
mechanism underlying the survival of adipose tissue after fat
grafting is not entirely understood, many studies have in-
vestigated this topic and several well-supported theories
have been proposed. Understanding the biology and scien-
tific principles behind adipose tissue can give us a better
insight into ideal fat grafting methods that can produce long-
lasting and desirable results.
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