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Introduction: The regeneration of adipose tissue in patients after breast cancer surgery would be
desirable without the use of growth factors or cells to avoid potential recurrence and metastasis. We
reported that prolate spheroidal-shaped poly-L-lactic acid (PLLA) mesh implants of approximately 18-
mm polar diameter and 7.5-mm greatest equatorial diameter containing collagen sponge (CS) would
be replaced by regenerated adipose tissue after implantation, thereby suggesting an innovative method
for breast reconstruction. Our study aimed to evaluate the adipose tissue regeneration ability of implant
aggregates in a porcine model.
Methods: We prepared implant aggregates consisting of thirty PLLA mesh implants containing CS packed
in a woven poly (glycolic acid) bag. The implant aggregates were inserted under the mammary glands in
the porcine abdomen for a year. Single and double groups were classified by inserting either one or two
implant aggregates on each side of the abdomen, respectively.
Results: In both groups, the volume of the implant aggregates decreased over time, and the formation of
adipose tissue peaked between 6 and 9 months. Histologically, the formation of adipose tissue was
confirmed in the area that was in contact with native adipose tissue.
Conclusions: Our implant aggregates could induce the autologous adipose tissue after long term im-
plantation in vivo, without the use of any growth factor or cell treatment, presenting a potential novel
method of breast reconstruction.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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Fig. 1. Poly-L-lactic acid implant aggregates. (a) Gross appearance of the poly-L-lactic
acid (PLLA) implant aggregates before both sides are tied up. (b) Gross appearance of
the PLLA implant aggregates after both sides are tied up. The dashed black arrow in-
dicates the largest diameter of the short axis, and the solid black arrow indicates the
greatest length of the long axis. Scale bar: 1 cm.
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1. Introduction

The reconstruction of soft tissues to repair deformities caused by
trauma, oncologic resection, and congenital disease is challenging.
Recently, the demand for breast reconstruction in patients after
breast cancer surgery has been increasing. Currently, breast
reconstruction approaches include the use of autologous flap, sili-
cone implants, filler injection, or autologous fat injection to replace
the lost volume. Despite the success of these methods, some un-
solved issues, such as donor site morbidity, volume loss over time
[1e3], and development of breast implant-associated anaplastic
large cell lymphoma [4], remain. Therefore, new potential methods
for the restoration of breast volume are urgently required.

This study aimed to present a novel breast reconstruction strat-
egy for patients after breast cancer surgery. The progress in tissue
engineering have enabled the regeneration of adipose tissue using
cells, growth factors, and scaffolds [5e10]. The safety of treatment
with growth factors or cells, such as adipose-derived stromal cells
(ASCs), has not yet been confirmed in patients with breast cancer,
owing to the possible induction of tumor proliferation and metas-
tasis [11e15]. Alternative approaches using scaffolds without the
addition of cells and growth factors are emerging as a promising
solution [16]. In addition, scaffolds aremade biocompatiblewith the
target tissue and are also cost-effective [17,18], without the typical
manufacturing hurdles seen in cell therapies [19]. The development
of scaffolds for adipose tissue regeneration requires controlled
biomechanical cues for achieving an appropriate environment,
which promote the differentiation of ASCs towards adipogenesis
[20]. For example, ASCs cultured on soft hydrogels, mimicking the
stiffness of adipose tissue (2 kPa), showed a significant upregulation
of adipogenicmarkers in vitro [21]. Sincemechanical force is known
to affect adipogenesis, in vitro studies reported the adipogenesis of
ASCs to be inhibited by mechanical compressive force [22] or me-
chanical stretch [23]. Previously, we had reported that using certain
materials to protect the internal space from surrounding tissue
pressure can induce regeneration of adipose tissue in vivo [24,25].

We had earlier developed an innovative breast reconstruction
method using a bioabsorbable implant that is substituted by newly
formed adipose tissue after implantationwithout the use of growth
factors or cells [24,25]. The implant consisted of a poly-L-lactic acid
(PLLA) mesh containing collagen sponge (CS). Maintenance of the
internal space in vivo for approximately one year after implantation
was essential for the successful formation of adipose tissue from
the PLLA implant in the rodent model [24]. However, the amount of
adipose tissue formed in rodent and rabbit models was not suffi-
cient to fill the volume required for breast augmentation after
clinical mastectomy [24,25]. In a subsequent study [26], we pro-
duced implant aggregates consisting of PLLA mesh implants con-
taining CS in a poly (glycolic acid) (PGA) woven bag, which were
able to regenerate adipose tissue 6 months after implantation.
Magnetic resonance imaging (MRI) was deemed an appropriate
method for evaluating the volume of the implant aggregate and
formation of adipose tissue in a porcine model.

In this study, we inserted a PLLA implant aggregate of large
volume enveloped with a PGA mesh bag into the abdomen, under
the mammary gland, of a porcine model for a long duration (one
year), and evaluated the regeneration ability of the adipose tissue
over this time.

2. Methods

2.1. Preparation of the bioabsorbable implant aggregates

Prolate spheroidal-shaped PLLA mesh implants containing CS
(PELNAC ®, Gunze Ltd., Tokyo, Japan) were prepared as reported
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previously [24]. Each columnar mesh, 1 cm in diameter and 1 cm in
height, was knitted using a 2e0 PLLA thread supplied by Gunze Ltd.
One side of the PLLA mesh was closed with purse-string sutures.
After tight packing with a 40 mm � 20 mm � 3 mm CS, with a
porosity of 80e95%, the other side of the mesh was closed with
purse-string sutures as well. The PLLAmesh implants containing CS
were approximately 18 mm in polar diameter and 7.5 mm in
greatest equatorial diameter, with multiple square openings of
1.5 mm on each side.

Next, as reported previously [26], PGA multifilaments, formed
by combining twelve PGA monofilaments with a thickness of
0.015 mm, were woven into an envelope-shaped bag. Eighteen flat
woven PGA bags with a dimension of 110 mm � 35 mm were
prepared. Thirty implants were packed into each PGA woven bag,
resulting in a cylindrical implant aggregate with a diameter of
2.4 cm and a height of 9.0 cm (Fig. 1a). Two untied implant ag-
gregates were used for one minipig of the single group. For the
other minipigs, both sides of the implant aggregate were tied up to
create a bulge with 4-0 nylon sutures (Diadem: Wondermorks Inc.,
Tokyo, Japan), resulting in sixteen implant aggregates with a
prolate-spheroidal shape, polar radius of approximately 7.0 cm, and
the greatest equatorial radius of approximately 2.6 cm (Fig. 1b).
2.2. Animal experiments

2.2.1. Experimental design and operative procedure
Minipigs were selected for this study, owing to their large body

surface area and skin similar to that of humans. Six female CLAWN
miniature swine were purchased from Kagoshima Miniature Swine
Research Center (Kagoshima, Japan). Three were used for the single
group while the other three were used for the double group. After
more than 1 week of acclimatization, 10e11-month-old minipigs
weighing between 25.8 and 32.0 kg were used in this study. The
animals were cared for as outlined in the Public Health Services
Policy on Humane Care and Use of Laboratory Animals, and their
general symptoms were assessed daily.

The minipigs were fasted overnight before the administration of
general anesthesia. Briefly, the minipigs were sedated via intra-
muscular injection of 25 mg/kg ketamine (KETALAR®, DAIICHI
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SANKYO Co., Ltd., Tokyo, Japan) and 0.02 mg/kg medetomidine
(DOMITOR®, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan).
Then, a peripheral intravenous line and endotracheal tube were
inserted. While the minipigs’ oxygen saturation was monitored,
they were anesthetized by the inhalation of a mixture of air and
oxygen containing 2.0e2.5% isoflurane. The abdominal region of
the minipig was shaved, and then a 6-cm midline incision was
made in the abdomen 1 cm caudal to the umbilicus (Fig. 2). Next,
the fat tissuewas incised, and a pocket was prepared over the fascia
and under the mammary gland on each side of the abdomen. In the
single group, one untied implant aggregate was inserted on each
side for one of the minipigs, and one tied implant aggregate
inserted on each side for two of the minipigs. In the double group,
two tied implant aggregates were inserted on each side for all three
minipigs. After implantation, both fat and skin were closed with 2-
0 blade nylon sutures (Nurolon: Johnson & Johnson K.K., Tokyo,
Japan).

2.2.2. Evaluation of the implant aggregates
The tissue regeneration inside the implant aggregates were

evaluated using ultrasound and MRI under general anesthesia,
prior to implantation, immediately after implantation, and 3, 6, 9,
and 12 months after implantation. Tissue specimens were har-
vested approximately 1 cm from the outer edge of the implant
aggregate and from just below the skin, up to and including the
fascia in contact with the implant aggregate. Tissue samples from
the right side of the abdomen were harvested under general
anesthesia 6 months after implantation, whereas those from the
left side of the abdomen were harvested under general anesthesia
12 months after implantation, subsequently followed by sacrifice of
the animal.

2.2.2.1. Ultrasonography. Tissue formation inside the implant ag-
gregates was evaluated using an ultrasonographic system (ACUSON
S2000 HELX Evolution: Siemens Healthcare K.K., Tokyo, Japan) with
a 9L4 probe.

2.2.2.2. MRI. As reported previously [26], the minipigs were first
placed in a supine position on the examination table. The abdom-
inal area of the minipigs was scanned using awide-bore 3 T (T) MRI
scanner (Magnetom Verio Dot, Siemens Healthcare, Erlangen,
Germany) with a dedicated 4-channel large flex coil. The images
were scanned in the transverse plane using 3D T1-weighted
gradient-echo 2-point Dixon imaging (TR/TE ¼ 5.26/2.46 ms; flip
angle ¼ 10�; acquisition matrix ¼ 352 � 172; field of view
(FOV)¼ 285� 350mm2; slice thickness¼ 1.0 mm). To acquire each
TE image, this Dixon imaging method additionally calculated fat-
Fig. 2. Areas into which the implant aggregates were inserted. (a) Insertion area in the
single group. (b) Insertion area in the double group. The gray line represents the 6-cm
incision. The black dotted area shows where the implant aggregates were inserted.
Scale bar: 5 cm.
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only images. The breath was controlled by intravenous injection
of 0.4 mg/kg rocuronium bromide (ESLAX®, MSD K.K., Tokyo,
Japan) during scanning. The volume of the implant aggregate and of
the newly formed adipose tissue inside the implant aggregate were
quantified using 3D Slicer [27], a software package for the analysis
of medical images.

2.2.2.3. Histological assessment of the newly formed tissue inside the
implant aggregate. As reported previously [26], the harvested
specimens were fixed using 4% paraformaldehyde phosphate buffer
solution (FUJIFILMWako Pure Chemical Corporation, Osaka, Japan).
Thereafter, they were equally divided into four blocks along the
long axis of the implant aggregates. The second block from the
caudal side was embedded in optimum cutting temperature com-
pound (Sakura Fine Technical Co. Ltd., Tokyo, Japan) and frozen
using ethanol dry ice. The 16-mm-thick frozen section from the
central region of the tissues was prepared for Oil Red O staining.
The three remaining blocks were paraffin-embedded. Five-micron-
thick sections from three aspects of the specimenwere used for the
hematoxylin-eosin (H&E) and the azocarmine and aniline blue
(AZAN) staining, and 5-mm-thick sections from the central aspects
of the specimen were used for immunohistochemical staining.

All microphotographs were captured using a light microscope
(IX83; Olympus Corporation, Tokyo, Japan) at 40 � magnification.
For the microphotographs of the H&E-stained sections, the newly
formed tissues and the newly formed adipose tissues inside the
implant aggregates were evaluated using ImageJ software version
1.53 s (National Institutes of Health, Bethesda, Maryland, USA). The
average area for the three aspects of each specimen was used for
statistical analysis of the newly formed tissue and newly formed
adipose tissue inside each implant aggregate.

2.2.2.4. Evaluation of the newly formed adipose tissue and capillaries
using immunohistochemical staining. Immunohistochemical stain-
ing of Perilipin-1 and CD31 was performed to evaluate the newly
formed adipose tissue and capillaries in the newly formed tissue, as
per a previous study [26]. After deparaffinization and rehydration,
the paraffin sections were incubated in diluted target retrieval so-
lutions (415211; Nichirei Biosciences Inc., Tokyo, Japan) for 20 min
at 98 �C. The sections were cooled to 20 �C and rinsed with distilled
water. To block endogenous peroxidase activity, the sections were
immersed in 3% hydrogen peroxide (FUJIFILMWako Pure Chemical
Industries, Ltd.) and methanol (FUJIFILM Wako Pure Chemical In-
dustries, Ltd.) for 10 min. Thereafter, the sections were once again
rinsed with distilled water, and then with 50 mM Tris-HCI buffered
saline (Takara Bio Inc., Kusatsu, Japan) with 0.05% Tween 20
(FUJIFILM Wako Pure Chemical Industries Ltd.) and 0.15 M NaCl
(TBST). To block nonspecific protein binding, 3% bovine serum al-
bumin (BSA) diluted with phosphate-buffered saline (PBS) was
applied for 60 min at 20 �C. For the immunohistochemical staining
of Perilipin-1, the primary antibody (Perilipin-1 [D1D8] XP Rabbit
mAb #9349; Cell Signaling Technology, Inc., Danvers, MA, USA) was
applied at a dilution of 1:2000 using 1% BSA in PBS and incubated
overnight at 4 �C. For the immunohistochemical staining of CD31,
the primary antibody (anti-CD31 antibody [EPR17259] rabbit mAb
#ab182981; Abcam plc., Tokyo, Japan) was applied at a dilution of
1:10000 using 1% BSA in PBS and incubated overnight at 4 �C. After
rinsing the sections with TBST, a peroxidase-labeled secondary
antibody (rabbit anti-goat simple stain MAX PO [R]; Histofine;
Nichirei Biosciences Inc.) was applied for 30 min at 20 �C. After
rinsing with TBST once more, the sections were exposed to 3,30-
diaminobenzidine tetrahydrochloride (Dako Japan Co., Ltd., Tokyo,
Japan) for 5 min at 20 �C and counterstained with hematoxylin. All
microphotographs were captured using a light microscope (IX83;
Olympus Corporation) at 40 � magnification.
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2.3. Statistical analysis

Statistical significance was evaluated by analysis of variance and
the TukeyeKramer test. All data are expressed as mean ± standard
deviation. Statistical significance was set at a p value < 0.05.
Microsoft Excel with the Statcel 4 software add-in (OMS Publishing
Inc., Tokyo, Japan) was used for all statistical analyses.

3. Results

Tissue samples from the right and left sides were harvested 6
and 12 months after implantation, respectively. During the follow-
up period, no infection or tumor formation was observed around
the implant aggregates. However, one minipig in the double group
died from emaciation at 8 months after implantation, a result
deemed unrelated to the implants. Therefore, the number of MRI
results at 9 and 12 months and the number of histological assess-
ments at 12 months decreased by two.

3.1. Ultrasonographic findings

The ultrasonographic findings of the implant aggregates are
shown in Fig. 3. Immediately after implantation, in both the groups,
the outer surfaces of the implant aggregates were hyperechoic and
clearly defined. In contrast, ultrasonic observation inside the
implant aggregate was unclear due to the presence of PLLA thread
and PGA mesh. At 3, 6, 9, and 12 months after implantation, the
definite outer surface of the implant aggregate disappeared in both
the groups, and a hyperechoic area was identified on the skin side
of the implant aggregates. Observation of the deep fascial side of
the implant aggregates was not possible. In this study, ultrasonic
observation was determined to be inappropriate for the proper
evaluation of the implant aggregates.

3.2. MRI findings

The MRI scans are shown in Fig. 4. The outer edge of the implant
aggregate was easily observed at all time points in both the groups.
Newly formed adipose tissue was identified as a high-intensity
lesion within the implant aggregate. In both the groups, the for-
mation of adipose tissue inside the implant aggregate was
confirmed starting 3 months after implantation, particularly on the
skin side where it was in contact with the surrounding fat.

The time course in the volumes of the implant aggregates and
newly formed adipose tissue inside the implant aggregates is shown
Fig. 3. Ultrasound evaluation inside the implant aggregate. The representative ultrasound i
both the groups, the ultrasonic observation inside the implant aggregate was unclear due to
deep fascia. White arrows indicate the outer surface of the implant aggregates. Gray arrows
acid).
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in Fig. 5. The volume of the implant aggregates gradually decreased
in a statistically significant manner over time. The volumes of the
implant aggregates in the single and double groups at 12 months
after implantation were 33.9% and 32.4%, respectively, of those
immediately post-implantation. The volume of the newly formed
adipose tissue inside the implant aggregates reached amaximum at
6 months for the single group and 9 months for the double group
after implantation, decreasing at 12 months. The percentage of the
newly formed adipose tissue in the implant aggregates reached a
maximum at 9months in the single and double groups, being 28.3%
and 35.2%, respectively and decreased at 12 months.
3.3. Histological assessment of the newly formed tissue

Micrographs of the H&E-stained, Oil Red O-stained, AZAN-
stained, and anti-perilipin-stained sections are shown in Fig. 6a,
b, c and 7a, respectively. The areas of the newly formed adipose
tissues measured on the H&E sections are shown in Table 1. The
continued presence of the PLLA mesh was confirmed histologically
at all time points in both the groups. At 6 months after implanta-
tion, in both the groups, the internal space of the implant aggre-
gates was maintained, and the newly formed tissue inside the
implant aggregates consisted of both adipose tissue and collagen
fibers. Most of the adipose tissue was regenerated in the area that
was in contact with the native adipose tissue on the skin side, and
the regeneration occurred for each unit of PLLA mesh implant
within the aggregate. A small amount of adipose tissue was re-
generated on the fascial side of the implant, an area in no contact
with native adipose tissue. At 12 months, the distance between the
PLLA threads became narrower in both groups, the area of the
newly formed tissues decreased, and the internal space was no
longer maintained. Furthermore, the amount of newly regenerated
adipose tissue was not retained and decreased to some extent. The
percentage of newly formed adipose tissue in the newly formed
tissue at 6 months was significantly higher in the single group than
in the double group (p < 0.05).
3.4. Evaluation of capillary formation inside the implant aggregate

Micrographs of the anti-CD31-stained sections are shown in
Fig. 7b. At 6 months, in both groups, evenly dispersed capillary
formationwas observed in the newly formed adipose tissue as well
as in the formed collagen fibers. At 12 months, in both the groups,
most of the newly formed capillaries were observed around the
threads.
mages of the single group indicate the use of implant aggregates tied at both ends. In
the PLLA thread and PGA mesh after implantation. The white arrowhead indicates the
indicate the skin surface. Scale bar: 1 cm. PLLA, poly-L-lactic acid; PGA, poly (glycolic



Fig. 4. Magnetic resonance imaging of the implant aggregates and the newly formed adipose tissue. The representative magnetic resonance imaging of the single group indicate the
use of implant aggregates tied at both ends. In both groups, the area of the implant aggregates gradually decreased over time. The newly formed adipose tissue was identified as a
hyperintense lesion in the Dixon fat-only images after 3 months. The red dotted lines indicate the area of the implant aggregate, and the yellow dotted lines indicate the area of the
newly formed adipose tissue. Scale bar: 5 cm.

Fig. 5. Time course of the volumes of the implant aggregates and newly formed adipose tissue inside the implant aggregates using magnetic resonance imaging. (a, d) Time course
of the volume of the implant aggregates. The volume decreased over time in both the groups. (b, e) Time course of the volume of adipose tissue inside the implant aggregates. The
volume reached a maximum at 6 months in the single group and 9 months in the double group. (c, f) Percentage of the volume of adipose tissue with respect to that of the implant
aggregates. The percentage reached a maximum at 9 months in both the groups. (a), (b), and (c) indicate the single group, and (d), (e), and (f) indicate the double group. In the single
group, 0, 3, 6 (n ¼ 6), 9, and 12 months (n ¼ 3) were the time points. In the double group, 0, 3, 6 (n ¼ 6), 9, and 12 months (n ¼ 2) were the time points. Data are presented as the
mean ± standard deviation. *p < 0.05, **p < 0.01.
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4. Discussion

In this study, we observed adipogenesis using twomodels of our
implant aggregates over a long duration of one year, confirming
that our implant aggregates can regenerate adipose tissue. MRI was
an appropriate method for evaluating the volumes of the implant
aggregates and regenerated adipose tissue over time. However, the
implant aggregates were unable to maintain the regenerated adi-
pose tissue beyond a year.

In a previous study [26], we investigated the efficacies of 3D
surface imaging, ultrasonography, and MRI as evaluation methods
of adipogenesis inside implant aggregates over time using a porcine
model. While MRI was the most appropriate method for studying
adipogenesis, ultrasonography was also highly potent. In our study
on rabbits [28], we confirmed the formation of adipose tissue inside
a polypropylene mesh containing CS using ultrasound imaging one
year after implantation. Another study showed that PLLA in PBS at
37 �C was degraded to 50% (by weight) within 2 years, and PGAwas
completely degraded within 2e3months [29]. In the present study,
complete dissolution of PLLA was not histologically confirmed
(Fig. 6). Therefore, ultrasonography may not be an appropriate
method for evaluating adipose tissue, owing to the difficulty of
accurately determining the hyperechoic area and observing the
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fascial side of the implant aggregate at all time points (Fig. 3). This
difference in the ultrasonography results between our rabbit [28]
and the present minipig studies may be attributed to the difference
in the size, shape, and material of the implants used. Therefore, in
the current study, MRI was proven to be a superior evaluation
method for the area inside the implant aggregate over time.

In terms of the adipose tissue regeneration ability of our implant
aggregates, they were found to promote the formation of adipose
tissue at 6 months, which was then retained until 9 months (Figs. 4,
5b and e, and Table 1). Maintaining the internal space using ma-
terials able to withstand the in vivo tissue compressive forces for
months leads to the regeneration of adipose tissue [30e32].
Considering the relationship between the in vivo tissue pressure
and adipose tissue formation, pre-breast expansion using an
external soft tissue expander could enable the transfer of large
volumes of fat safely and effectively with a very high survival rate
[33]. Methods using intratissular expansion and serial fat grafting
have been shown to achieve an aesthetically pleasant and stable
breast mound [34]. Therefore, generating an internal space in
advance is an important factor for adipose tissue grafting to avoid
tissue pressure. Moreover, maintenance of the internal space for
over a year is the most important factor for adipogenesis [24,25]. In
the present study, our implant aggregates maintained the internal



Fig. 6. Histological evaluation of the implant aggregates. (a) Light micrographs of the hematoxylin-eosin (H&E)-stained sections, (b) light micrographs of the Oil Red O-stained
sections, and (c) light micrographs of the azocarmine and aniline blue (AZAN)-stained sections. The representative histological images of tissue from the single group indicate the
use of implant aggregates tied at both ends. The presence of poly-L-lactic acid (PLLA) threads was confirmed at all time points in both groups. The internal space in the implant
aggregate was maintained until 6 months and had collapsed by 12 months. At 6 months, most of the newly formed adipose tissue was observed on the skin side. At 12 months, the
regenerated adipose tissue remained to some extent. The black dotted lines indicate the area of newly formed tissue inside the implant aggregates, and the yellow dotted lines
indicate the areas of newly formed adipose tissue. The arrowhead indicates the fascia, and the solid arrow indicates the PLLA thread. Scale bar: 10 mm; magnified scale bar: 0.5 mm.
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space to some extent, until nine months after implantation (Fig. 5).
Therefore, up until that point, they could contribute to the regen-
eration of the adipose tissue by reducing the compressive force of
the surrounding tissue.

Regarding the mechanism of adipogenesis, previous studies
reported that, in a model where an arteriovenous bundle or arte-
riovenous shunt loop was placed in a porous chamber, adipose
tissue formation occurred both from the porous area in contact
with the native adipose tissue and perivascular area placed in the
chamber [35e37]. Both the histological and MRI findings in our
present study showed that, at 6 months, the adipose tissue was
mainly regenerated inside the implant aggregates in the area in
contact with the native adipose tissue (Figs. 4, 6a, b and 7a), and the
newly formed capillaries regenerated evenly, as shown in Fig. 7b. In
addition, the formation of adipose tissue in the double group was
slower than that in the single group, owing to the difference in the
extent of contact with native adipose tissue (Table 1). Therefore, the
contact with the native adipose tissue is important factor for adi-
pogenesis using our implants. Thus, we suggest that themain target
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for our implants is patients undergoing partial mastectomy so that
the implant is able to have more contact with the surrounding fat.
However, our implant aggregates were not able to maintain the
internal space until the adipose tissue was regenerated around the
newly formed capillaries or from the area in contact with the re-
generated adipose tissue inside the fascial-side implant.

The objective of this study was to regenerate a large volume
(>100 ml) of fat, which is considered clinically necessary for breast
reconstruction after mastectomy. Prior to achieving this, investi-
gation of the correlation between the volumes of implant aggregate
and newly formed adipose tissue is important and necessary. Large
volumes of adipose tissue has been regenerated via autologous fat
transfer using bioabsorbable polycaprolactone-based scaffolds in a
porcine model [38] as well as poly-4-hydroxybutyrate mesh scaf-
folds [39]. However, methods requiring autologous fat grafting
involve donor site morbidity. Our implant aggregates could be
conveniently inserted multiple times as necessary, in varying
amounts depending on the situation, without the addition of cells
or growth factors, and without little risk of morbidity.



Fig. 7. Immunohistochemical evaluation of the implant aggregates. (a) Light micrographs of anti-Perilipin-1-stained sections. At 6 months, regeneration of adipose tissue on the
skin side was confirmed. At 12 months, the regenerated adipose tissue remained to some extent. (b) Light micrographs of anti-CD31-stained sections. Newly formed capillaries were
observed both in the areas of newly formed adipose tissue and in the areas of formed collagen fibers at 6 months in both the groups. At 12 months, most of the newly formed
capillaries were observed around the threads. The representative immunohistochemical images of the single group indicate use of implant aggregates tied at both ends. Scale bar:
10 mm; magnified scale bar: 0.5 mm.

Table 1
Evaluation of the newly formed tissue and newly formed adipose tissue inside the implant aggregates.

Time after implantation

6 months 12 months

Single group (n ¼ 3) Double group (n ¼ 3) Single group (n ¼ 3) Double group (n ¼ 2)

Area of the newly formed tissue (mm2) 194.6 ± 22.4 452.2 ± 30.3 121.9 ± 10.0 250.3 ± 33.5
Area of the newly formed adipose tissue (mm2) 80.3 ± 27.7 64.8 ± 20.9 28.4 ± 10.7 77.3 ± 46.5
Percentage of the newly formed adipose tissue

in the newly formed tissue (%)
42.4 ± 8.4 14.7 ± 4.1* 23.5 ± 6.6 27.7 ± 13.6

Data are expressed as the mean ± standard deviation. *p < 0.05 versus the single group at 6 months.
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A limitation of this study is that our implant aggregates were
unable to retain the newly regenerated adipose tissue beyond a
year. This could be due to the increased inflammation and elevation
of internal pressure inside the implant aggregates after collapse of
the PLLA implant structure, both caused by PLLA absorption. In
subsequent studies, we plan to explore the effect of PLLA implants
of various shapes on tissue pressure resistance, as well as various
implantation methods that may ensure a larger contact area with
native adipose tissue, in order to maintain the internal space for
more than a year and evaluate the correlation between the volume
of the implant aggregate and the newly formed adipose tissue using
a porcine model.

5. Conclusions

Implant aggregates regenerated the adipose tissue, irrespective
of the number of the implant aggregates. The aggregates main-
tained the internal space and retained the newly formed adipose
tissue for up to 9 months. They could induce the autologous
adipose tissue after implantation in vivo, without the need for
330
growth factors or cells, thereby suggesting a novel method of breast
reconstruction.
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