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Background Acellular dermal matrices (ADMs) have become an essential material for im- Correspondence: Ung Sik Jin
plant-based breast reconstruction. No previous studies have evaluated the effects of sterility Department of Plastic and
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Methods Eighteen male Balb/C mice were assigned to the control group with no irradiation Seoul 03080, Korea
(group 1) or one of two other groups with a radiation intensity of 10 Gy (group 2) or 20 Gy 122_1852'_22'_230572:76;:2
(group 3). Both sterile and aseptic ADMs were inserted into the back of each mouse. The re- E-mail: usj1011 @snu.ackr
sidual volume of the ADM (measured using three-dimensional photography), cell incorpora-
tion, a-smooth muscle actin expression, and connective tissue growth factor expression were
evaluated. The thickness and CD3 expression of the skin were measured 4 and 8 weeks after
radiation.
Results In groups 2 and 3, irradiated ADMs had a significantly larger residual volume than
the non-irradiated ADMs after 8 weeks (P<0.05). No significant differences were found in
cell incorporation and the amount of fibrosis between irradiated and non-irradiated ADMs.
The skin was significantly thicker in the non-irradiated ADMs than in the irradiated ADMs in
group 3 (P<0.05). CD3 staining showed significantly fewer inflammatory cells in the skin of
irradiated ADMs than in non-irradiated ADMs in all three groups after 4 and 8 weeks
(P<0.05).
Conclusions Under radiation exposure, irradiated ADMs were more durable, with less volume
decrease and less deposition of collagen fibers and inflammatory reactions in the skin than in
non-irradiated ADMs.
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INTRODUCTION tion due to their numerous benefits [1-3]. Even after preopera-

tive or postoperative radiotherapy, ADMs do not appear to be
Acellular dermal matrices (ADMs) have become an essential associated with adverse effects or increased complications, such
component in expander- and implant-based breast reconstruc- as capsular contracture, infection, and implant loss beyond what
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would be expected with radiotherapy alone [4-6].

The human ADMs currently available for breast reconstruc-
tion are either sterile or aseptic. The production of aseptic
ADM s involves proprietary semi-contained processes such as
using detergents and antibiotics to wash the allograft, as well as
mechanical processing steps that lead to near-complete decellu-
larization and decontamination [7]. However, to make a sterile
ADM, it is mandatory to perform additional validated terminal
sterilization processes following initial cleansing and decellular-
ization. Gamma radiation, electron beam radiation, or chemical
solutions are used for terminal sterilization. The different ADM
processing techniques may cause disparities in structural and
biomechanical properties, further affecting the surgical out-
comes.

Theoretically, using a sterile ADM would be expected to re-
duce the risk of infection in breast reconstruction. However,
limited studies in the literature have compared sterile ADMs to
aseptic ADMs in breast reconstruction, with mixed results [8,9].
Moreover, no published studies have investigated the effects of
diverse ADMs in patients undergoing radiotherapy. Radiothera-
py has become integral for breast cancer treatment in patients
with both early and late-stage disease. While radiotherapy in-
creases the risk of complications in implant-based breast recon-
struction [10], ADM may reduce the adverse effects of radio-
therapy on reconstructed breasts [4]. The aim of this study was
to predict the possible impacts of ADM sterility on implant-
based breast reconstruction with radiation exposure. In this ex-
periment, we compared ADMs with different processing tech-

niques to determine the optimal method for enabling ADMs to

Fig. 1. Schematic diagram of the experiment
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endure the adverse effects of radiotherapy. The authors hypoth-
esized that irradiated, sterile ADMs would show less structural
changes and inflammatory response under radiation than non-
irradiated, aseptic ADMs.

METHODS

Pilot experiment for setting the radiation dose

The Animal Care and Utilization Committee of the Korea Insti-
tute of Radiological and Medical Sciences approved all proce-
dures (approval No. KIRAMS 2018-0078). The preliminary ex-
periment was designed to evaluate the amount of skin damage
in response to increasing doses of radiation and to determine
the maximal dose of radiation that would not induce structural
changes in the skin (Fig. 1).

Five male Balb/C mice (average weight, 20 g) were randomly
selected (day 0). The mice had 1 week of acclimatization follow-
ing transportation to restore homeostasis. On day 7, all mice
were anesthetized through intraperitoneal injections of 100 mg/
kg of ketamine and 10 mg/kg of xylazine solution. After confirm-
ing that an adequate depth of anesthesia had been achieved, a
lead shield was placed on each animal to cover the vertebral area.
The mouse was placed 80 cm from the gamma radiation source,
which was operated using settings of 225 kV and 13 mA with a
0.2-mm copper filter and a 136.21 cGy/min dose rate (Gamma-
beam 100-80; Best Theratronics Ltd., Seoul, Korea). The radia-
tion dose was 0 (sham), 10 Gy, 20 Gy, 30 Gy, and 40 Gy, respec-
tively, for each of the five mice. On day 21, skin from the back of

each mouse was harvested using scissors and fixed for a 48-hour

A pilot experiment was done with five male Balo/C mice to establish a radiation dose that does not disrupt the structures of the skin. Based on
the results, radiation intensities of 20 Gy and less were used for the main experiment. ADM, acellular dermal matrix.
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period in a 10% formalin solution. After fixation, the skin was
embedded in paraffin, and 5-um sections were cut and stained
with hematoxylin and eosin (H&E). Using x 400 magnification
under an Olympus BX43 microscope (Olympus, Center Valley,
PA, USA), normal skin structure was observed. Structural
changes involving the disruption of layered collagen were found

in the dermis of mice with radiation intensities over 20 Gy.

Main experiment

Eighteen male Balb/C mice (average weight, 21 g) were ran-
domly assigned to one of three groups of six animals on day 0.
The ADMs were inserted on day 7. One week after insertion
(day 14), group 2 (10 Gy) and group 3 (20 Gy) were irradiated
with an intensity of 10 Gy. Group 1 (0 Gy) was not irradiated
and served as a control group. Five days later (day 19), group 3
(20 Gy) was irradiated with an additional 10-Gy dose of radia-
tion, adding up to a total dose of 20 Gy.

All ADMs (L&C Bio, Seongnam, Korea) were from donated
human skin manufactured using different sterilization methods.
Non-irradiated, aseptic ADMs were manufactured by washing
them with 70% alcohol and cleansing with sterile saline. Irradi-
ated, sterile ADMs (MegaDerm; L&C Bio) went through gam-
ma radiation treatment to eliminate viruses, bacteria, and spores,
achieving a 107 sterility level.

Aseptic ADM and sterile ADM were cut to dimensions of
0.5% 0.5 cm and a 0.2-cm thickness and kept moist in normal
saline solution. The experimental animals were anesthetized us-
ing intraperitoneal injections of a mixture of 100 mg/kg of ket-
amine and 10 mg/kg of xylazine solution. After confirming that
anesthesia was adequate, four 1 x 1 cm patches, one on each of
the four quadrants of the back, were shaved, and the area was
cleaned with povidone-iodine solution. On each shaved site, an
incision of 0.5-1 cm was made with a no. 15 scalpel blade. Dis-
section at the subcutaneous level was performed to make a sub-
dermal pouch for insertion of the ADM. Two sterile and two
aseptic ADMs were inserted in four pouches in every mouse.
The wound was closed with interrupted 4-0 polyglyconate su-
tures. Aseptic dressing with antibiotic ointment and gauze fol-
lowed.

On day 14, the animals were anesthetized, and the backs of
each of the animals in group 2 (10 Gy) and group 3 (20 Gy)
were irradiated with a single dose of 10 Gy, using a gamma beam
operated at 225 kV and 13 mA with a 0.2-mm copper filter. The
mice were kept inside an acrylic box filtered to outside air and
were restrained with limbs extended with tape. The grafted area
was covered with a 0.5-cm bolus, and the collimator was posi-
tioned over the ADM area. On day 19, an additional 10-Gy ra-
diation dose was administered to the mice in group 3 (20 Gy)
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using the same procedure as described above.

Three mice were sacrificed 4 weeks after irradiation from each
group, while the other three were sacrificed 8 weeks after irradia-
tion. From each mouse, two sterile and two aseptic ADMs were

harvested with four 1-cm incisions on four pouches at the back.

Volume changes under the 3D camera

A three-dimensional (3D) digital camera system (Antera 3D
Camera; Miravex, Dublin, Ireland) was used for volumetric
measurements. Since the harvested ADMs had curvy margins
and were not uniformly square, the 3D camera made it possible
to obtain accurate and objective quantifications of the samples’
volumes. For all three groups, pictures of the ADM were taken
with the 3D camera before insertion and after 4 and 8 weeks.
The volume was measured as a percentage relative to the vol-
ume immediately before insertion, which was represented as
100% (day 7).

Histologic evaluation

(1) H&E staining

Samples of ADMs were harvested and fixed in 10% formalin so-
lution for 24 hours. After fixation, samples were embedded in
paraffin, and S-ym sections were cut and stained with H&E to
examine their histopathological characteristics. With the Olym-
pus BX43 microscope, the structure of the ADMs and cell in-
corporation were evaluated under x 12.5 and x 400 magnifica-
tion. The sections stained with H&E were used to determine
the fibroblast count under x 400 magnification. Four areas were
analyzed for each specimen (two at the center of the sample and
two at the periphery), and none of the areas overlapped with the
other in order to provide a true nucleus count. The nuclei of the

cells were quantified as the total number per high-power field.

(2) Masson trichrome staining of collagen fibers

Another set of skin samples were stained with Masson tri-
chrome after fixation in a 10% formalin solution for 24 hours.
Samples were sectioned into 5-pm sections. The collagen fibers
were stained in blue, the nuclei in black, and the background in
red. The thickness of the skin from the MT-stained samples was

obtained from photos under x 100 magnification.

(3) Immunohistochemistry of alpha-smooth muscle actin and
CD3

Human dermal myofibroblasts, characterized by the expression

of alpha-smooth muscle actin (a-SMA), are considered to be in-

volved in contractile force generation during normal wound

healing and pathological contracture. a-SMA is an actin isoform

that plays an important role in fibrogenesis and can be found in

35



Woo SJetal.  Sterile and aseptic ADMs under radiation

smooth muscle cells, myofibroblasts, and blood vessels. CD3 is
aprotein complex and T cell co-receptor that activates cytotoxic
T cells and T helper cells. It is bound to the membranes of all
mature T cells, but in essentially no other cell type; therefore,
CD3 is a useful immunohistochemical marker of T cells in tis-
sue sections.

For immunohistochemical analyses of a-SMA and CD3, par-
affin-embedded tissues were used with the a-SMA antibody
(ab5694; Abcam, Cambridge, MA, USA) and the CD3 anti-
body (ab5690; Abcam). The S-pm paraffin sections were placed
on poly-L-lysine-coated slides. After deparaffinization, endoge-
nous peroxidase was reduced by incubating sections with 3%
hydrogen peroxidase in phosphate-buffered saline for S minutes.
The secondary antibodies used were the Dako REAL EnVision
Detection System, peroxidase/DAB+, rabbit/mouse (k5007;
Dako, Santa Clara, CA, USA). Diaminobenzidine was used as a
chromogen. Hematoxylin was used for counterstaining.

Images were captured using x 40 magnification for a-SMA by
light microscopy. After being uploaded to a computer, all photos
were opened with Image], a Java program for image processing.
The ruler at the base of the image included in the frame was
used to calibrate the measurements of each image. The outline
of the stained area was defined from the photographic image us-
ing a digital pad. After tracing, the Image] software calculated
the stained area of a-SMA and reported it as the percent area.
The percentage of CD3-positive cells was calculated based on a
manual count under x 400 magnification by light microscopy.

(4) Quantitative real-time RT-PCR of CTGF

Connective tissue growth factor (CTGF) is a member of the
CCN (CTGF/CYR61/NOV) family of novel cysteine-rich, se-
creted proteins. CTGF stimulates the proliferation, chemotaxis,
and adhesion of connective tissue cells. Transforming growth
factor-beta (TGF-B) rapidly induces CTGF expression in skin
fibroblasts, and recent studies have found evidence that CTGF
mediates the inductive effects of TGF-p on procollagen produc-
tion [11]. Therefore, CTGF is thought to be an essential media-
tor of fibrosis. Total RNA was extracted using TRizol from trans-
planted ADMs, and cDNA was synthesized by Maxime RT Pre-
Mix (oligo dT primer) (iNtRON Biotechnology, Inc., Seong-
nam, Korea). Reverse-transcription polymerase chain reaction
(RT-PCR) reactions were performed using EvaGreen Q Master
Kit (Cosmogenetech, Seoul, Korea). The RT-PCR assay was
performed to detect the CTGF gene expression using CTGF re-
ceptor primers: forward, 5"-TGCGAAGCTGACCTGGAG-
GAAA-3" and reverse, 5'-CCGCAGAACTTAGCCCTGTAT-
GTATG-3".
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Statistical analysis

Experimental values were presented as the median and inter-
quartile range. Statistical significance was determined via the
Mann-Whitney U test for comparisons between the two groups.
Statistical analyses were performed using PASW statistics 18
(SPSS; IBM Corp., Armonk, NY, USA). P-values < 0.0S were

considered to indicate statistical significance.

RESULTS

Volume change of ADM

A volumetric evaluation was performed to confirm the durabili-
ty of ADM under radiation. In group 1 (0 Gy), there was no sig-
nificant difference in residual volume between the non-irradiat-
ed ADM and the irradiated ADM. In both groups 2 (10 Gy)
and 3 (20 Gy), the residual volume was significantly larger in
the irradiated ADM than in the non-irradiated ADM after 8
weeks (P <0.05) (Fig.2).

Fibrosis of ADM

A comparison of the nucleus count of cells in ADMs after 4
weeks and 8 weeks revealed no significant differences in the
amount of incorporation in the irradiated and non-irradiated
ADMs in any group (Fig. 3). Regarding myofibroblasts, which
play a central role in tissue fibrosis, there were no significant dif-
ferences in the expression of a-SMA between the irradiated and
non-irradiated ADMs in any group (Fig. 4). The RT-PCR re-
sults also indicated that the level of mRNA of CTGEF, an impor-
tant mediator of fibrosis, was similar in the irradiated and non-
irradiated ADMs and showed no significant differences (Fig. ).

Fibrosis and inflammation of the skin

There was no visible change in the skin of all mice in the three
groups. The collagen structure was observed done under Mas-
son trichrome staining. The thickness of the skin of the non-ir-
radiated ADMs was significantly greater than that of irradiated
ADMs in group 3 (20 Gy) after 4 and 8 weeks (P <0.05). No
significant differences were found in group 1 (0 Gy) or group 2
(10 Gy) (Fig. 6). CD3 staining showed a significant difference
in inflammatory cells in irradiated ADMs compared to non-irra-
diated ADMs in all three groups after 4 and 8 weeks (P <0.05).
There was a significantly smaller quantity of biomarkers of in-
flammation in irradiated ADMs than in non-irradiated ADMs

(Fig.7).

DISCUSSION

In recent years, ADMs have been used in more than 60% of
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Fig. 2. Residual volume of ADM
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Volumetric measurements with the aid of a three-dimensional (3D) camera showed that the residual volume was significantly larger in irradiated
acellular dermal matrix (ADM) than in non-irradiated ADM in groups 2 and 3 after 8 weeks. (A) 3D camera images of ADMs. (B) Quantification of

residual volume of ADM. PP <0.05.
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prosthetic-based reconstructions, and it seems that the use of
ADMs to support postmastectomy breast reconstruction is in-
evitable [11]. The main advantage of ADM use is having greater
control over the mastectomy space and the prosthetic device,
which facilitates immediate one- and two-stage breast recon-
structions. ADM use has been reported to decrease inferior pole
rippling and contour abnormalities, improve inferolateral pole
coverage, avoid musculature elevation, and improve aesthetic
outcomes [2,12]. Furthermore, many animal studies and in vivo
studies have suggested that ADM may even slow the progres-
sion of capsule formation due to its ability to attenuate the in-
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flammatory response to a foreign body [13]. Kim et al. [14] re-
ported that the use of ADMs reduced myofibroblasts, vasculari-
ty, fibroblasts, and the endothelial-mesenchymal transition in
capsule tissues and decreased the quantity of macrophages pres-
ent, as well as TGF-B1 and platelet-derived growth factor sub-
unit B expression. Sbitany et al. [3] compared the results of 50
patients who underwent ADM reconstruction to those of 50 pa-
tients who underwent treatment with a complete submuscular
tissue expander or implant placement. No statistically significant
difference in complications was found between the two groups.
However, reviews have shown that the use of ADMs increased
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Fig. 3. Cell incorporation of ADM
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A comparison of the nucleus counts of cells in acellular dermal matrices (ADMs) showed no significant difference in the number of incorporated
cells between irradiated and non-irradiated ADMs. (A) H&E staining of the ADMs. (B) Quantification of cell incorporation.
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the baseline complication rate for breast reconstruction, which
is around 2.5% [15]. ADM use was found to be associated with
higher rates of seroma, infection, and flap necrosis than were
found in similar implant reconstructions without ADM [16].
Since ADMs in breast reconstruction have become an essential
option, it is natural that efforts are now being made to improve
postoperative outcomes and to reduce complications. Multiple
studies have sought to clarify individual variables that may lead
to increased complication rates when ADM is used, such as
overweight/obesity, older age, and axillary dissection [17,18]. A
possible explanation for the finding of a higher risk of infection
with ADM use in breast reconstruction is that ADM may pro-
vide a space for bacteria to reproduce [7]. Thus, it is not surpris-
ing that researchers’ and clinicians’ interest has been drawn to
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the method of ADM processing (sterile versus aseptic).

Aseptic processing involves refining cells or tissue using tech-
niques to minimize or prevent contamination with microorgan-
isms from the environment, equipment, or processing person-
nel, according to the definition of the American Association of
Tissue Banks [7]. No sterility assurance level is associated with
aseptic processing because it does not involve a validated termi-
nal sterilization process. The US Food and Drug Administration
defines sterile tissue as tissue that has undergone a terminal ster-
ilization process validated to a sterility assurance level of 10°.
Thus, to be sterile, an ADM must undergo a validated terminal
sterilization process following initial cleansing and decellulariza-
tion, such as treatment with gamma radiation, electron beam ra-
diation, or chemical sterilization solutions.
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Fig. 4. Expression of a-SMA in ADM
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Myofibroblasts, which play a central role in tissue fibrosis, were not significantly different between irradiated and non-irradiated acellular dermal
matrices (ADMs). (A) a-Smooth muscle actin (a-SMA) immunostained myofibroblasts (brown staining) of ADMs. (B) Quantification of a-SMA
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It would be logical to assume that aseptic ADM would be as-
sociated with higher rates of complications, especially infection.
However, limited studies have compared sterile ADMs to asep-
tic ADMs in breast reconstruction, with mixed results. Buseman
et al. [19] reported significantly higher seroma rates in the ster-
ile AlloDerm ready-to-use (RT'U; LifeCell Corporation, Branch-
burg, NJ, USA) group (P=0.003) than in the aseptic AlloDerm
freeze-dried (FD; LifeCell Corporation) group, but no differ-
ences in infection rates. In a similar context, in a prospective
study by Klein et al. [20], ADM samples from the first stage of
tissue expander-based immediate breast reconstruction were
cultured. No growth was found in any cultures, leading the au-
thors to question the need for terminal sterilization of ADM.

However Weichman et al. [2] reported that when comparing
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(5]

reconstructions with sterile ADMs (AlloDerm RTU) to those
with aseptic ADMs (AlloDerm FD), the patients who received
sterile ADMs had a lower risk of overall infection (P=0.069)
and need for explantation (P =0.147). Venturi et al. [21] also
reported that sterile human ADM could provide reliable matrix
incorporation with a low complication rate. Sterilization was
not found to have a negative impact on graft integration. In their
prospective study, the infection and seroma rates were favorable
and comparable to those in previous studies of aseptic ADMs.
In light of the above findings, the impact of ADM processing
techniques on postoperative morbidity in patients who undergo
implant-based breast reconstruction remains unclear.
Furthermore, no studies have compared ADMs made with
different processing techniques in patients undergoing radio-
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Fig. 5. CTGF gene expression level in ADM

Reverse-transcription polymerase chain reaction results also indicated that the level of mRNA of connective tissue growth factor (CTGF), an es-
sential mediator of fibrosis, was not significantly different between irradiated and non-irradiated acellular dermal matrices (ADMs).
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The dermal thickness covering the acellular dermal matrix (ADM) was significantly greater in the non-irradiated ADMs than in the irradiated
ADMs in group 3 (20 Gy) after 4 and 8 weeks. (A) Masson trichome staining of the dermis covering the ADM. The intensity of Masson trichrome
staining (in blue) depends on the content of collagen fibers in the tissue. Yellow arrows indicate bundles of collagen that were stained with deep-
er blue. (B) Quantification of the thickness of the dermis. ?P < 0.05.
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Fig. 7. CD3 staining of the dermis
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Immunohistochemical analyses of inflammation using CD3 as a biomarker showed that there was a significantly smaller extent of inflammation
in irradiated acellular dermal matrices (ADMs) than in non-irradiated ADMs. (A) CD3 positive cells in irradiated and non-irradiated ADMs. (B)

Quantification of CD3. ?P < 0.05.
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therapy. As far as we know, recent studies have only investigated
the effects of radiation on ADM without considering its sterility.
Irradiation is well known to have a negative impact, especially
for patients who undergo tissue expander or implant-based
breast reconstruction [22]. Whether the addition of ADM is
protective or harmful in the setting of radiotherapy is equivocal.
Moyer et al. [23] examined the clinical impact of radiotherapy
on ADM integration to determine whether ADM plays a pro-
tective role against increased fibrosis and capsular formation.
They concluded that ADM limits the elastosis and chronic in-
flammation observed in implant-based breast reconstruction
with radiotherapy. Similarly, in a review article of 13 journal arti-
cles, Clemens and Kronowitz [24] concluded that the use of
ADM in implant-based breast reconstruction in patients under-
going radiation therapy did not result in higher infection or

overall complication rates, or prevent bioprosthetic mesh incor-
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poration. However, Salzberg et al. [22] found a four-fold higher
complication rate in irradiated than in non-irradiated breasts,
even with the use of ADMs. The use of ADMs in the context of
radiotherapy remains controversial.

The results of 3D photography showed less volume change in
irradiated ADMs than in non-irradiated ADMs. A possible rea-
son may be the cross-linking of collagen biomaterials. The cross-
linking process increases interfibrillar and intrafibrillar bonds,
resulting in increased durability, strength, and stabilization of
the graft. When creating irradiated ADM, gamma radiation in-
duces collagen cross-linking, making the ADM more durable.
An evaluation of cell incorporation, based on the expression of
a-SMA and CD3 to assess fibrosis in grafted ADM, showed no
noticeable differences in fibrosis between irradiated ADMs and
non-irradiated ADMs under radiation. Based on this result, ap-
plying additional radiation to ADMs that have already under-
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gone sterilization with gamma radiation did not affect fibrosis.

Numerous studies previously reported that the presence of
ADM seems to attenuate fibrosis in humans [13]. In this study,
dermal thickness was measured to quantify the amount of fibro-
sis in the host dermis, and significantly less thickness was found
in the irradiated ADMs. Since an inflammatory reaction is one
of the critical causes of fibrosis, CD3, an inflammatory marker,
was analyzed. Lower percentages of stained CD3 were found in
irradiated ADMs in all groups under different external radiation
intensities. However, the results for group 2 (10 Gy) show that
the amount of CD3 staining does not directly reflect the dermal
thickness. Other histological changes than the inflammatory re-
sponse that are involved in the process of fibrosis should be con-
sidered. Additionally, various inflammation markers other than
CD3 should also be tested to reach a more solid conclusion.

This study’s limitations include its small sample size and single
endpoint, which precluded an experimental comparison of
changes in a dynamic biological environment. Furthermore, al-
though ADM processing with gamma radiation is of great con-
cern in terms of sterility and infection problems, this study only
dealt with the volume and shape of the ADM and dermis. Last-
ly, further clinical research is required to discover more about
the durability of irradiated ADMs and their function in humans.

This is the first experimental study to compare irradiated and
non-irradiated ADMs with radiation exposure in animals. It is
well known that postmastectomy radiation therapy can have ad-
verse effects on the aesthetic outcomes of immediate breast re-
construction. However, the effect of the sterility of ADM on the
final results after radiation therapy is not known. In this mouse
model, the irradiated ADM was more durable, with a smaller
volume decrease, than the non-irradiated ADM. The irradiated
ADM also showed less fibrosis, with the deposition of fewer col-
lagen fibers in the dermis, and less inflammation under radiation
exposure. This study will provide a basis for future studies to
determine a more effective way of manufacturing durable ADM
more capable of preserving its shape and volume after radio-
therapy.
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