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Abstract

An invaluable part of the plastic surgeon’s technical arsenal for soft tissue contouring, fat grafting continues to be plagued by unpredictable outcomes, re-
sulting in either reoperation and/or patient dissatisfaction. Thus, extensive research has been conducted into the effects of adipose tissue procurement, pro-
cessing, and placement on fat graft quality at both the cellular level and in terms of overall volume retention. Herein, we present an overview of the vast
body of literature in these areas, with additional discussion of cell-assisted lipotransfer as a therapy to improve volume retention, and on the controversial

use of autologous fat in the setting of prior irradiation.
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Fat grafting has existed for over a century and has long
been used for correction of both large and small volume
deficits. The German surgeon Gustav Neuber first de-
scribed the technique in 1893, reporting successful out-
comes after transplanting fat beneath atrophic scars.' Not
long after, Vincent Czerny pioneered the use of autologous
fat in breast surgery, employing a patient’s own lipoma for
post-mastectomy reconstruction.” By 1914, fat grafting had
been used for a variety of indications, ranging from cranio-
facial and breast reconstruction, to improvement of joint
mobility after surgery for ankylosis.> However, as surgeons
continued to expand their use of fat grafting in clinical prac-
tice, they also began to note its limitations, chiefly the un-
predictability of final volume retention. In his 1956 paper,
Lyndon Peer found original adipocyte survival to be ap-
proximately 50% among free fat grafts, noting that in-
creased trauma/mechanical handling negatively influenced
volume retention.*

Initially described in the early 1980s, the widespread
adoption of Illouz’s variation of suction-assisted lipectomy
meant an increase in the availability of autologous fat for
grafting, in spite of the still unresolved questions concern-
ing outcomes.’ Coleman’s description of “lipostructure”
represented the first attempt to address the variability of
final volume retention via a standardized protocol for the
processing and placement of lipoaspirate.® However, close
to two decades later, surgeons still report a wide range of

fat graft resorption rates — from 10% to 90% — inspiring a
large body of research into innovations in fat graft procure-
ment, processing, and placement for optimization of the
procedure.”” In the following review, we discuss some of
the advancements in scientific understanding that have
been made in each of these areas, in addition to what is
known about the influence of recipient site on autologous
fat graft survival (Table 1).

PROCUREMENT
Tumescent Solution

Nearly every step of autologous fat grafting has the poten-
tial to influence graft outcomes. While patient donor site
has not been shown to significantly impact ultimate fat
volume retention, donor site preparation — namely, the use
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Table 1. Summary of Key Issues Regarding Fat Grafting, From Processing
to Placement in Recipient Site

Procurement ® No automated system stands out for
maximizing adipocyte and ASC
viability

® High negative pressure procurement
adversely affects adipose tissue,
though precise effects of exposure
between —200 mmHg and —700
mmHg have not been defined

® Larger cannula size may be
advantageous

Processing ® Best technique for maximizing
adipocyte and ASC viability?
O Gauze rolling vs centrifugation vs
filtration
O Need improved standardization of
processing techniques for more
reliable comparisons

Placement ® | ow shear stress is imperative for
best outcomes

Recipient site ® Fat grafting improves irradiated skin
quality

® Maximization of volume retention
requires ASCs with questionable
pro-malignant potential

oflidocaine-containing tumescent solution — has been demon-
strated to affect harvested fat if not sufficiently cleared.!®!!
Lidocaine alone has been associated with decreased adipo-
cyte function, with Moore et al finding transient changes to
lipolysis and glucose transport in the presence of local anes-
thetic.'* Interestingly, removal of lidocaine through wash-
ing harvested lipoaspirate returned these levels to normal.
The effects of local anesthetic containing tumescent solu-
tion on fat graft retention have been confirmed in xenograft
models, with quality of lipografts greatly improved following
multiple washes and centriguation.'*"'* In fact, Livaoglu et al
evaluated the long-term effects (maximum 180 days postop-
eratively) of the use of lidocaine plus epinephrine and prilo-
caine in a xenograft model of excisional fat grafting, finding
increased fibrosis and necrosis in grafts that had received in-
jection with, but no removal of, the anesthetic-containing
solution.'®

Type of Liposuction

Current literature describes a newly-placed fat graft as con-
sisting of three zones: an outer, “surviving” zone, an inter-
mediate, “regenerating” zone, and a central, necrotic zone. '
According to Eto et al, the overall volume of a fat graft
retained depends on the degree of survival of the regener-
ating zone, which contains adipose derived stromal cells
(ASCs) with the potential for differentiation and replace-
ment of adipocytes lost in the necrotic zone.'® Using a mouse
model of autologous fat transfer, Kato et al highlighted the

importance of ASCs in this process, noting that, with the
exception of those in the surviving zone, all graft adipo-
cytes died and were replaced by differentiation of ASCs
within the regenerating zone.'” The integral role of ASCs in
fat graft survival has been further substantiated by Phillips
et al, who found a strong correlation between fat graft sur-
vival in a xenograft model and the prevalence of endoge-
nous CD34 + cells within the grafted lipoaspirate (ASCs)."®
In addition to contributing to adipogenesis within trans-
planted adipose tissue, ASCs have also been implicated in
encouraging graft revascularization via paracrine effects.'®'

Given these findings, it is not surprising that the ability
of liposuction techniques to preserve both adipocyte and
ASC viability within aspirated fat has been of concern. In
addition to the traditionally-used suction-assisted liposuc-
tion (SAL), more complex methods of aspirating fat are in-
creasingly being employed by surgeons. These include
ultrasound-assisted liposuction (UAL), laser-assisted lipo-
suction (LAL), and mechanically-assisted liposuction (MAL),
among others.? Such techniques are ostensibly designed
to prioritize relatively easy removal of adipose tissue with
minimization of patient complications, not preservation of
cellular and tissue integrity. Thus, several studies have
investigated the effects of liposuction technique on the
quality of fat obtained, and the subsequent implications for
fat grafting.

Our own laboratory has investigated biological proper-
ties and differentiation capacity of ASCs obtained from SAL
or UAL lipoaspirate.?’ As UAL utilizes high-frequency
sound waves for targeted ablation of adipocytes prior to as-
piration of fat, the potential benefits of localized, less trau-
matic removal of adipose tissue are counterbalanced by
reports of the potential for thermal injury and seroma for-
mation with UAL.**"** Interestingly, we found that exposure
to ultrasound during liposuction did not affect the in vitro
osteogenic differentiation potential of ASCs.*! Unpublished
findings from our laboratory have also similarly found no
significant differences in adipogenic potential of ASCs from
SAL and UAL lipoaspirate. This has been further corrobo-
rated by preliminary in vivo studies, with ASCs obtained
from various lipoaspiration techniques equivalently en-
hancing cutaneous healing in a murine wound model. All
of these findings parallel investigations by Fisher et al, who
have shown no significant differences in the resorption
rates of SAL- vs UAL-derived fat grafts in a xenograft model.*

These results are in contrast to what we have observed
with LAL, which was associated with decreased ASC yield,
viability, and proliferation in vitro in comparison to ASCs
derived from SAL. Furthermore, though the in vitro differ-
entiation potential of LAL-ASCs was not impaired, the cells
demonstrated significantly reduced capacity to heal calva-
rial defects in vivo.*®

Studies investigating the effects of MAL on adipose
tissue have focused less on the functional consequences of
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the liposuction method, instead highlighting effects on the
cellular composition of SVF. Bajek et al recently compared
ASC surface marker expression between cells obtained
from SAL and MAL; while they concluded that there were
no significant differences in marker expression between the
two cell populations, it is interesting to note that they ob-
served significantly higher CD34 expression in UAL-ASCs
(approximately 70% vs 25% in MAL-ASCs).?” While these
findings were limited to cultured ASCs, which exhibit in
vitro phenotypic drift over time in terms of surface marker
expression, it would be interesting to determine whether
those differences in prevalence of CD34+ cells are also
present in freshly-isolated stromal vascular fraction (SVF)
cells. A newer liposuction technique, water-assisted lipo-
suction (WAL), has not only been found to maintain the vi-
ability of aspirated adipose tissue, but also facilitate the
isolation of SVF with a higher proportion of CD34 + cells
compared to traditional liposuction, making it a particularly
promising method for fat grafting.**°

Cannula Size and Harvesting Pressure

Independent of the overall size of a fat graft, the volume of
the individual pieces, or “particles,” of adipose tissue
within the graft, has been shown to impact overall reten-
tion. Gause et al defined a fat particle as an intact piece of
adipose tissue consisting of undisturbed adipocytes and
stromal cells.*® Though optimal particle dimensions have
yet to be determined, the consensus thus far is that the size
must be large enough to preserve necessary cellular compo-
nents (ie, adipocytes and stromal cells) in some anatomical
relationship, but small enough so as to not limit diffusion of
nutrients.'”*° Intimately related to particle size is cannula
size: larger harvesting cannulas facilitate the collection of
larger fat particles and have been shown to facilitate better
adipocyte viability and overall volume retention.>!** For
example, Erdim et al found that fat harvested with a 6 mm
cannula was more viable than tissue harvested using 2 and
4 mm cannulas.* Similarly, Kirkham et al found that fat
grafts harvested with a 5 mm cannula underwent less re-
sorption than those harvested with a 3 mm cannula.®!
Mechanistically, this may be explained by the fact that
larger diameter cannulas result in less shear stress, and
more laminar flow of fat, leading to decreased tissue disrup-
tion during procurement.** Indeed, the biomechanics of fat
grafting play a critical role in outcomes: the amount of neg-
ative pressure applied during fat procurement has also
been shown to play a role in affecting long-term retention.
While some studies have found that negative pressure
during liposuction begins to adversely affect adipose tissue
after a threshold level of —700 mmHg is reached, other his-
tological studies suggest that adipocyte deformation begins
at pressures as low as —200 mmHg.*>*° Supporting this,
Cheriyan et al demonstrated enhanced adipocyte viability

when using a low pressure (—250 mmHg) as opposed to
high pressure (—760 mmHg) procurement technique.*’

PROCESSING
Preparation of Fat for Grafting

After collection, lipoaspirate is typically processed for re-
moval of the oil and aqueous portions in order to isolate the
adipose stroma for grafting. Various strategies for this exist,
including centrifugation, decantation, filtration, and mesh/
gauze rolling, with multiple studies having been conducted
to determine the most appropriate processing technique.
Centrifugation remains the most popular methodology for
separation of these components, with the Coleman tech-
nique recommending centrifugation for 3 minutes at 1200
relative centrifugal force (rcf).® However, though undoubt-
edly effective in concentrating the adipose stroma for graft-
ing, concern exists regarding the potential detrimental effects
of centrifugal force on adipocyte and ASC viability.***° For
this reason, some research groups have investigated the use
of low centrifuge speeds in lipoaspirate processing, though
their findings are conflicting, with direct comparisons between
studies complicated by the reporting of centrifuge speeds in
rpm instead of rcf.>**! And while controversial, some in-
vestigations of high centrifuge speeds suggests that there
may be a threshold effect, with speeds > 3000 rcf decreas-
ing adipocyte viability and the number of ASCs present
within fat grafts.*>*?

Less strenuous methods such as gauze rolling and filtra-
tion have also been investigated for lipoaspirate processing.
Fisher et al found gauze rolling to be superior to centrifuga-
tion (1200 rcf as prescribed by the Coleman technique) in
terms of SVF cell yield and fat graft retention, though they
recommended filtration and centrifugation as equally viable
alternatives when processing large volumes of tissue.*” In
contrast, Salinas et al found mesh/gauze filtration to be
equivalent to centrifugation at 1200 rcf with respect to both
ASC yield and fat graft retention. Interestingly, it is worth
noting that they analyzed retention of 1 mL grafts at 4 weeks
as opposed to Fisher et al, who studied 2 mL grafts at
6 weeks.** Zhu et al evaluated the in vitro viability of fat
processed using multiple methodologies, including an au-
tomated system for washing and filtration of adipose tissue.
They found that system (Puregraft; Cytori Therapeutics,
Inc., San Diego, CA) to provide superior removal of extra-
neous blood and oil, along with improved adipose tissue
viability.*> The conflicting results of these various studies
on which methodology is best appears to be representative
of the larger body of literature: a recent systematic review
collated the findings from 13 studies comparing fat process-
ing methods, and determined that no general recommenda-
tion could be made as to which technique was superior.*®
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The difficulty in determining the optimum processing
technique is likely due to multiple factors, including techni-
cal differences in how each processing technique is per-
formed. For example, gauze rolling as described by Pfaff
et al consisted of gently rolling lipoaspirate on a nonstick
gauze pad for approximately 30 seconds, until excess blood
and oil had been “sufficiently removed.”*! In contrast,
Fisher et al defined “gauze rolling” as using a scalpel handle
to gently knead and roll fat on a nonstick dressing for a
total of 5 minutes.?® Finally, when evaluating both ASC
content and overall fat graft retention rates, it is important
to consider patient specific differences. Our own laboratory
has noted significant variability in ASC surface marker
expression between patients, and patient age may be asso-
ciated with some differences in both ASC and adipocyte
viability.*”** Furthermore, ASCs themselves are a signifi-
cantly heterogenous cell population, and just as there exist
pro-osteogenic and pro-adipogenic ASCs, so might there be
differing subpopulations within adipose tissue with the po-
tential to facilitate enhanced fat graft retention.”*>*

CD31-
CD34+

CD45-

ASCs

\!l

UnIaBeIed
cells

ASCs and Cell Assisted Lipotransfer

Recent reports have suggested supplementation of fat grafts
with autologous cells to enhance graft volume retention.
First described by Matsumoto et al in 2006, cell-assisted lip-
otransfer (CAL) is the process of enriching lipoaspirate with
additional ASCs prior to fat grafting (Figure 1).>* This tech-
nique was borne out of the observation that collecting and
processing lipoaspirate may deplete the native ASC popula-
tion and contribute to unpredictable and often poor volume
retention.”*>* Thus, it was reasoned that supplementation
of lipoaspirate with additional ASCs would restore this defi-
ciency and allow for improved fat graft survival.* Clinical
reports have supported this theory, with multiple studies
demonstrating CAL’s success in settings ranging from large
volume fat grafting for breast reconstruction, to small
volume reconstruction of craniofacial assymetries.>*’
Though the precise role of ASCs in improving fat graft re-
tention has yet to be determined, two hypotheses exist. The
first is that, given their multipotent nature, ASCs are able to

Lipoaspirate

® Enzymatic digestion
® Mechanical filtration

® Centrifugation

Figure 1. Adipose tissue can be prepared for cell-assisted lipotransfer by combination with ASCs isolated via flow cytometry from

autologous SVF.
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differentiate into adipocytes for replacement of those lost
due to apoptosis or necrosis.'®!” The second is that, due to
their ability to release pro-angiogenic growth factors such
as vascular endothelial growth factor, ASCs promote angio-
genesis and thus revascularization of free fat grafts. This
second hypothesis has been supported by findings from
our laboratory, which observed increased vascularity in fat
grafts supplemented with SVF cells compared to unsupple-
mented grafts.>® Furthermore, re-isolation of supplemental
cells following grafting revealed that the majority of ASCs
did not persist in the grafts beyond 2 weeks, and that they
expressed genes associated with angiogenesis rather than
adipogenesis. "’

In spite of these findings, there are also varied reports of
CAL not being effective for improving fat graft retention,
suggesting that, like any technique, CAL must be optimized
before it is widely implemented into clinical use.?®"*® One
intrinsic parameter for optimization is the ratio of cells to
fat that will lead to optimum fat graft retention. This has
been investigated by our laboratory, which found that a
concentration of 1 x 10* SVF cells per 200 pL fat graft im-
proved retention by approximately 20% in a xenograft
model of CAL.>® Similarly, Li et al found a concentration of
2 x 10" ASCs per 200 1L fat provided maximum graft reten-
tion when combined with platelet rich plasma, suggesting
that, with further research, CAL may be optimized to serve
as a strategy to ensure predictable retention rates.®’

PLACEMENT

While we have thus far discussed the effects of liposuction
procurement and lipoaspiration processing, the subsequent
steps involved in fat graft placement have also been shown
to significantly impact volume retention. As we have seen
previously, the amount of shear stress and negative pres-
sure present during adipose tissue procurement critically
affect the overall quality of the fat graft. Similarly, shear
stress is also applied during graft placement and may affect
adipocyte viability. In light of this, larger injection cannulas
may reduce shear stress during fat graft placement. Alterna-
tively, Lee et al found that lowering of injection speed
could be used to adjust flow rate, leading to improved vol-
ume retention.*> However, standardizing injection speeds
amongst multiple surgeons is relatively impractical; thus,
use of a low-shear automated injection device for fat graft-
ing may improve outcomes. Studies evaluating such a
device (Advanced Adipose Tissue Injector (ATI); Lifecell
Corporation, Bridgewater, NJ) have shown that delivery of
standardized volumes of fat with minimal shear stress
during the injection process retained greater volume in vivo
when compared to fat injected using a modified Coleman
technique.®?

In order to explain these findings, further analysis of the
mechanical properties of fat grafts prepared using the ATI

in comparison to the modified Coleman technique indicat-
ed that the standardized, low-shear stress conditions pro-
vided by the ATI allowed for preservation of the intrinsic
structural properties of adipose tissue.®® This preservation
of the structural characteristics of adipose tissue likely has
larger implications for the preservation of resident adipo-
cytes and ASCs. Whether considering hematopoietic stem
cells or adipocytes, the niche, or cellular microenvironment,
is integral to cell functioning.** In fact, it has recently been
shown that decellularized fat may serve as a scaffold and be
repopulated and revascularized after implantation, demon-
strating the importance of the mechanical aspects of the
adipose-specific niche.®® The biomechanics of fat transfer
therefore should not be ignored, and represent an appropri-
ate lens through which to view the effects of fat procure-
ment, processing, and placement.

Standardized delivery of small fat volumes may also
enhance outcomes, as injection of larger parcels of fat, a
particular concern with larger injection cannulas, may
result in poor nutrient diffusion and greater ultimate re-
sorption. Studies have confirmed small droplets of fat
provide better take than larger ones.®°>®” With this in
mind, adherence to delivery of small aliquots of fat may still
allow for reasonable retention of large total volumes seen
with fat grafting for breast reconstruction.®*’

Fat Grafting the Recipient Site

Indications for fat grafting necessitate full evaluation of the
recipient site, with consideration of how the soft tissue/
skin envelope relates to anticipated volume placed and
the local vascularity to support grafted fat.”® Realization
of different recipient site demands have thus made the
approach to fat grafting more complex. Particularly when
the expected volume of fat grafting exceeds the capacity
of the recipient site, multiple staged procedures may be
necessary. Alternatively, pre-graft recipient site preparation
may be considered, with negative pressure-induced pre-
expansion of the skin envelope showing promise to facili-
tate large volume fat grafting of the breast.”"”?

Many reconstructive indications for fat grafting also
require working in damaged areas of the body, including
those affected by prior radiation. The chronic skin changes
resulting from irradiation can be broadly characterized by
thickening and hypovascularity in the setting of an under-
lying inflammatory state.”*”* While hypovascularity is
ostensibly the most concerning issue from the standpoint
of a surgeon utilizing autologous fat grafting this, in combi-
nation with a fibrotic, dysfunctional dermis, predisposes
patients to the development of wounds and abnormal
healing.”* Interestingly, however, while fat grafts in irradi-
ated recipient sites may demonstrate poor take, subcutane-
ous fat grafting has been demonstrated to restore the
quality of overlying, irradiated skin.”® Fat grafting beneath
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skin showing the effects of chronic, radiation-induced fibro-
sis has been found to reverse some of the pathology seen,
normalizing dermal thickness and significantly decreasing
collagen content by 8 weeks post-grafting in a xenograft
model. Additionally, the vascularity of irradiated skin over-
lying fat grafts was found to be significantly improved just
2 weeks after graft placement, likely due to pro-angiogenic
paracrine signaling by resident ASCs within the adipose
tissue.”® As fat graft volume retention is still an important
consideration for breast reconstruction in irradiated, post-
mastectomy patients, our laboratory has recently interrogated
CAL as a technique by which to improve fat graft take in
the setting of chronic radiation skin changes. Findings from
our laboratory have determined that SVF-supplementation
not only improves the restoration of quality of irradiated
skin, but also improves volume retention.”®

In the Setting of Prior Malignancy

Though highly promising as a technique to ameliorate the
pathological state of irradiated skin, and undoubtedly
useful in reconstruction of the contour deformities that ac-
company mastectomies or other cancer resections, the
safety of fat grafting in irradiated sites remains somewhat
unclear. This is due to the ASC content of grafted adipose
tissue, which, though critical to the survival and integra-
tion of a fat graft, is concerning in the setting of prior malig-
nancy, as varying reports have suggested a potential for
ASCs to stimulate tumor recurrence.’”””® This controversy is
further magnified in the setting of CAL, where supplemen-
tal ASCs are freely added to tissue prior to grafting.

A recent systematic review examining studies on the re-
lationship between ASCs and malignancy over the past 14
years determined that ASCs are associated with promotion
of tumor survival, particularly via pro-angiogenic effects
that are particularly advantageous in hypoxic microenvi-
ronments.”? Other mechanisms by which ASCs may exert
pro-tumorigenic effects include secretion of proliferative
factors, as well as pro-metastatic factors.®%2 That said,
there are also reports of anti-cancer effects of ASCs, most
notably from in vitro experiments involving breast cancer,
pancreatic cancer, and melanoma cell lines.®*® Finally,
though additional studies are certainly needed in order to
precisely gauge tumor risk with use of ASCs in reconstruc-
tive surgery, there were no reports of breast cancer recur-
rence in either the RESTORE I or RESTORE II clinical trials,
which evaluated the use of CAL in breast reconstruction
over a follow-up period of one year.%¢

CONCLUSION

While theoretically a simple procedure, unpredictable reten-
tion rates have made fat grafting a challenge to surgeons for
over a century. This has led to investigations into the effects of

every step of the procedure, from procurement, to processing,
to placement, and with regard to the recipient site, as well as
both adipocytes and ASCs, the cells thought to ultimately facil-
itate graft survival. Several systematic reviews have attempted
to determine the most critical factors in determining fat graft-
ing outcomes.'>*% While comprehensive, these reviews
stated similar limitations to those we have found when exam-
ining the fat grafting literature: namely, experimental studies
outnumber clinical studies, with study results being difficult
to compare across research groups due to the varied practices
used in the many steps of fat grafting. There is a clear need for
a greater number of comprehensive clinical studies, particu-
larly as pertaining to the use of CAL, in order for the field to
truly advance. That is not to say that we are not moving
forward - while in 2009, the ASPS Fat Grafting Task Force rec-
ommended use of 3 or 4 mm blunt cannulas for fat harvest-
ing, studies published in more recent years have found 5 and
6 mm cannulas to provide superior fat graft viability.'''-*?

Given the current literature, it is our opinion that the
most critical of the steps involved in autologous fat grafting
is fat placement, with special care to provide low shear
stress conditions needed for optimum fat graft retention.
The second most effective way to facilitate improved fat
graft retention would appear to be the addition of supple-
mental ASCs. With continued advances in the development
of automated ASC processing systems for efficient, intrao-
perative isolation of cells, along with further studies to eluci-
date the safety considerations when utilizing CAL in cancer
reconstruction, we can expect increasing adoption of this
technique in cosmetic and reconstructive settings. Overall, as
we continue to improve our understanding of the science of
fat grafting, we can continue to innovate and adjust our sur-
gical techniques to see improved clinical outcomes.
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