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Background: Acellular dermal matrices (ADMs) have been commonly used in expander-based breast recon-
struction to provide inferolateral prosthesis coverage. Although the clinical performance of these biologic
scaffold materials varies depending on a number of factors, an in-depth systematic characterization of the host
response is yet to be performed. The present study evaluates the biochemical composition and structure of two
ADMs, AlloDerm� Regenerative Tissue Matrix and AlloMax� Surgical Graft, and provides a comprehensive
spatiotemporal characterization in a porcine model of tissue expander breast reconstruction.
Methods: Each ADM was characterized with regard to thickness, permeability, donor nucleic acid content,
(residual double-stranded DNA [dsDNA]), and growth factors (basic fibroblast growth factor [bFGF], vascular
endothelial growth factor [VEGF], and transforming growth factor-beta 1 [TGF-b1]). Cytocompatibility was
evaluated by in vitro cell culture on the ADMs. The host response was evaluated at 4 and 12 weeks at various
locations within the ADMs using established metrics of the inflammatory and tissue remodeling response: cell
infiltration, multinucleate giant cell formation, extent of ADM remodeling, and neovascularization.
Results: AlloMax incorporated more readily with surrounding host tissue as measured by earlier and greater cell
infiltration, fewer foreign body giant cells, and faster remodeling of ADM. These findings correlated with the in vitro
composition and cytocompatibility analysis, which showed AlloMax to more readily support in vitro cell growth.
Conclusions: AlloMax and AlloDerm demonstrated distinct remodeling characteristics in a porcine model of tissue
expander breast reconstruction.

Introduction

Of the more than 91,000 breast reconstruction pro-
cedures in 2012, 70% involved a two-stage approach,

in which an expander is placed below the pectoralis major
and subsequently replaced with a permanent implant after
the desired expansion is obtained.1 The lower pole of the
breast between the inferior edge of the pectoralis major and
chest wall at the level of the inframammary fold is com-
monly bridged with an acellular dermal matrix (ADM).2–6

The use of an ADM helps to shape the breast pocket and
restore anatomic boundaries that may have been violated
during the mastectomy, aids in preventing superior migra-
tion of the pectoralis major or tissue expander during ex-
pansion, allows for more intraoperative expansion and thus

typically requires fewer office visits for postoperative ex-
pansion, provides an extra layer of coverage over the lower
pole of the tissue expander, facilitates the use of single-stage
breast reconstruction, and protects the expander in the lower
pole from exposure in complicated mastectomies (e.g., de-
hiscence).7

ADMs are derived from the extracellular matrix (ECM)
of dermal tissue. The ECM represents the secreted products
of resident cells and has been shown to provide cues that
affect cell migration, proliferation, and differentiation.8–13

Thus, ECM scaffolds have the potential to act as an in-
ductive template for the in situ formation of site-specific
functional host tissue.14,15 ECM scaffolds have been har-
vested from a variety of tissues and organs16–26 and have
been used in a broad range of clinical applications,27–35
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including breast reconstruction.2–6 The source tissue from
which ECM scaffolds are manufactured has been shown to
contain specific biologic cues that can affect the host re-
modeling response.21–25,36–39 Preservation of the complex
composition and three-dimensional ultrastructure of the ECM
during manufacturing of these grafts is highly desirable, but it
is recognized that all methods of tissue decellularization re-
sult in some degree of disruption of the architecture with
potential loss of surface structure and composition.14 For
example, when the processing methods do not effectively
decellularize the source tissue or when chemicals are in-
volved that create nondegradable molecular crosslinks, the
in vivo soft tissue remodeling response has been associated
with chronic inflammation, fibrotic encapsulation, and scar
tissue formation.13,40,41 With the expanding list of available
biologic scaffold materials for soft tissue reconstruction, all of
which differ in source tissue and/or method of processing, a
thorough understanding of the factors that affect the host
response is necessary to select the most appropriate biologic
scaffold for each clinical application. The aim of the present
study was to compare the composition, structure, and in vivo
host tissue response of two commercially available human
ADMs, AlloDerm� Regenerative Tissue Matrix and Allo-
Max� Surgical Graft, in a porcine model of tissue expander
breast reconstruction. Evaluation criteria included biochemi-
cal composition and cytocompatibility in vitro, and estab-
lished quantitative histomorphologic metrics that include
recognizable aspects of the inflammatory and tissue re-
modeling responses in vivo.42,43

Materials and Methods

In vitro material properties

The thickness of each nonimplanted ADM was measured
at 10 evenly spaced locations along each sample (3 different
lots of each material and 10 samples per lot for a total of 300
measurements per ADM). Measurements were performed
using a digital micrometer before and after hydration.

The hydrostatic permeability index (i.e., porosity index;
defined as mL/cm2/min under 120 mmHg pressure) of each
material was measured, as previously described.44 In brief, a
hydrostatic pressure head of 120 mmHg was applied using
water over a specified area and time frame, and the volume
of water that passed through the specimen was measured.
The test was performed on material from 3 different lots of
production, with 10 samples per lot for a total of 30 tests for
each ADM.

In vitro composition analysis

The degree of decellularization was assessed for three lots
of AlloDerm Regenerative Tissue Matrix (AlloDerm; Life-
Cell Corp., Branchburg, NJ) and three lots of AlloMax
Surgical Graft [AlloMax; C. R. Bard, Inc. (Davol), War-
wick, RI] by three previously established criteria14: (i) the
presence or absence of intact cells and nuclei on hematoxy-
lin and eosin (H&E)-stained sections and 4¢,6-diamidino-2-
phenylindole (DAPI)-stained sections, respectively; (ii) the
Quant-iT PicoGreen assay (Invitrogen, Carlsbad, CA) for
quantification of double-stranded DNA (dsDNA); and (iii)
evaluation of samples by agarose gel (2%) electrophoresis to
determine the size of remaining DNA fragments.

Growth factors and total protein content were measured
for three lots of AlloDerm and three lots of AlloMax. Con-
centrations of basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), and transforming growth
factor-beta 1 (TGF-b1) in urea–heparin extracts of dermis
samples (see Reing et al.45 for further detail of urea–heparin
extract preparation) were determined using the Quantikine
Human FGF basic Immunoassay, Human VEGF Immuno-
assay, and Mouse/Rat/Porcine/Canine TGF-b1 Immunoassay
(all R&D Systems, Minneapolis, MN) according to the man-
ufacturer’s protocols. bFGF and VEGF assays were performed
in duplicate; TGF-b1 assay was performed in triplicate. Growth
factor assays measured the growth factor concentration and did
not measure the growth factor activity. The concentration of
total protein in the urea–heparin extracts was determined by the
bicinchoninic acid (BCA) Protein Assay (Pierce, Rockford, IL)
following the manufacturer’s protocol.

In vitro cytocompatibility analysis

NIH 3T3 mouse fibroblast cells (American Type Culture
Collection [ATCC] #CRL-1658, Manassas, VA) were
grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin; human microvascular endo-
thelial cells (HMECs) (a gift from Francisco Candal, Center
for Disease Control and Prevention, Atlanta, GA) were
cultivated in the MCDB-131 medium containing 10% fetal
bovine serum, 2 mM l-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin. The MCDB-131 medium was
from Invitrogen; all other reagents for cell growth were from
Thermo Fisher Hyclone (Logan, UT). Cells were grown at
37�C in 5% CO2/95% air and harvested for seeding when
they were *90–95% confluent. Grafts were cut to 2.5 cm2

pieces, placed in six-well cell culture dishes, hydrated as per
manufacturer’s instruction for use protocol, and then incu-
bated in the appropriate cell growth media at 37�C and 5%
CO2 for 15 min before cell seeding. The media were re-
moved from the wells, stainless steel rings with inner di-
ameters of 1.5 cm2 were placed on the grafts, and cells were
seeded on the grafts within the rings at 106 cells/1.5 cm2.
Each cell type was seeded on two lots of AlloDerm and two
lots of AlloMax. For each lot of material, each cell type was
seeded on each side of the graft in triplicate resulting in a
total of six samples per lot seeded with each cell type. After
a 7-day incubation, the cell culture media were removed,
and the grafts with attached cells were immediately fixed in
10% neutral buffered formalin for 18 h. Following fixation,
the samples were paraffin embedded, sectioned, and mounted
on glass slides. Slides were stained with H&E, representative
microscopic images captured, and images scored for cell
confluence on the dermis substrate, cell phenotype, and cell
infiltration into the dermis substrate using a standardized
quantitative scaling system.45,46 Descriptions of these met-
rics can be found in Table 1. Images were scored on a scale
of 0–100 for each metric by five individuals who were
blinded with respect to the identity of the samples, and an
average score for each image was determined.

Surgical procedure

A recently described porcine model of bilateral breast re-
construction was used to evaluate ADM materials in vivo.47
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The surgical procedures were conducted at DaVINCI Bio-
medical Research Products, Inc. (South Lancaster, MA) after
protocol approval by the Institutional Animal Care and Use
Committee. Twenty-one female Yorkshire Pigs (Sus scrofa
domesticus, 46.2 – 4.4 kg) were randomized into groups re-
ceiving bilaterally implanted tissue expanders (6 · 16 cm)
consisting of either AlloDerm or AlloMax. The implants were
explanted at 4 or 12 weeks (n = 9–10 implants per group per
time point). One AlloDerm implant and two AlloMax im-
plants had to be excluded due to host-inflicted damage to the
implant site unrelated to graft performance. Animal care and
surgical procedures followed the previously described pro-
tocol47 exactly except for an important clinically relevant
modification. In the present study, the tissue expanders were
filled immediately upon implant and again at 2 weeks post-
surgery rather than upon implant only.

In brief, the procedure consisted of intravenous admin-
istration of prophylactic antibiotic (ceftiofur, 5 mg/kg), in-
tramuscular sedation [ketamine (20 mg/kg), xylazine (2 mg/
kg), and atropine (0.04 mg/kg)], intubation, and surgical site
preparation of the ventral and lateral thoracic regions, fol-
lowed by induction of surgical plane anesthesia (isoflurane).
A subcutaneous subpectoral pocket simulating a postmastec-
tomy defect was created on one side of the thoracic region
using a diagonal skin incision rostral to the mammary glands
followed by diagonal dissection of the pectoralis major near
its origin. All diagonal dissections were rostromedial to cau-
dolateral. An ADM was rehydrated as per the manufacturer’s
instructions and sutured along the defect’s caudomedial as-
pect to define simulated lateral mammary and inframammary
folds. A deflated tissue expander (Siltex� Contour Profile�

CPX3� Low Height 250 mL; Mentor Worldwide LLC, Santa
Barbara, CA) soaked in a triple antibiotic solution ( > 5 min in
saline with cefazolin, gentamicin, and bacitracin) was then
placed within the submuscular pocket and anchored through
its suture tabs. The tissue expander was partially filled
(*175 mL saline), and the ADM was trimmed and sutured to

the pectoralis in a bridging position to fully cover the exposed
portion of the expander. Anesthetic and antibiotic (bupiva-
caine and either cefotaxime or cefazolin) were applied to the
wound interior and the skin flap was reapproximated and
closed subcutaneously with subcuticular reinforcement. A
symmetrical procedure was performed on the animals’ op-
posite side using the same ADM type. The expanders were
promptly filled transcutaneously to place mild tension on the
skin flaps as assessed by palpation. Upon skin closure, the
thoracic portion of each animal was wrapped to protect im-
plant sites. Following recovery, animals were provided food
and water ad libitum throughout the implant duration. At 2
weeks postsurgery, animals were anesthetized and expanders
received an additional volume of saline without occluding
blood flow to the overlying skin flaps. This procedure mimics
the initial steps of breast reconstruction following mastec-
tomy. Euthanasia at either 4 or 12 weeks postimplantation
was achieved by intravenous sodium pentobarbital in ac-
cordance with the American Veterinary Medical Associa-
tion (AVMA) Guidelines on euthanasia.

Explant histomorphometry

Following explantation of the tissue expander and ad-
jacent tissues, histologic sections were prepared from three
distinct anatomic locations that included the (i) midsub-
stance of the ADM material, the (ii) ADM-pectoralis
muscle interface, and the (iii) ADM-chest wall interface.
Each of these histologic sections traversed the dermis,
ADM, and tissue expander interface. Sections were stained
with H&E to assess cell infiltration, multinucleate giant
cell formation, amount of remodeled ADM material, and
the thickness of the interface tissue layer between the
ADM and tissue expander. Von Willebrand Factor (vWF)
immunolabeling was used to quantify neovascularization
within the ADM. All of these characteristics were evalu-
ated quantitatively by blinded scorers using detailed in-
structions42,43 both within the ADM and at the ADM-tissue
expander interface for each of the three anatomic locations.
The morphologic appearance of the ADM material was
readily distinguishable from newly deposited connective tis-
sue accumulated as a consequence of host remodeling. A
subjective estimate of the amount of remodeled ADM ma-
terial could be made, thus providing a qualitative assess-
ment of the amount of remaining scaffold material at each
time point. With two time points, three animals per time
point, two ADM materials, bilateral implants, three explant
locations (e.g., ADM midsubstance, ADM-pectoralis mus-
cle interface, and ADM-chest wall interface), and three
images per interface, the number of images per stain gen-
erated was 216.

Statistics

Histologic analysis was performed with a two-way
ANOVA with independent variables of time and ADM,
location and ADM, or interface and ADM, followed by a
post hoc Tukey test. A bivariate correlation was performed
to compute Pearson’s correlation coefficient across all de-
pendent variables to quantitatively identify significant rela-
tionships between scaffold composition and host remodeling
response.

Table 1. Descriptions of the Metrics Used

for Semiquantitative Scoring of 3T3 Fibroblasts

and Human Microvascular Endothelial Cells
46

Metric Description

Confluence (%) The confluence score is defined as the
percentage of the surface covered
with cells. A score of 100 would
indicate a fully coated surface with
adjoining cells and no gaps.

Infiltration (%) The infiltration score is defined as the
percentage of the total depth, in
which cells have migrated within the
tissue. For example, if cells are
found halfway into the tissue, this
would correspond to an infiltration
score of 50.

Phenotype (%) They phenotype score is defined as the
percentage of healthy appearing
cells. A healthy cell is flat and fully
adhered to surrounding tissue and
other cells. An unhealthy is round
and not adhered to the surrounding
tissue or other cells.
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Results

ADM biochemical and physical properties

The biochemical and physical properties of AlloDerm and
AlloMax were quantified. The porosity index of AlloDerm
and AlloMax was found to be strikingly different with
values of 0.03 and 1.30, respectively (Table 2). AlloDerm
was found to be thicker, both dry and when rehydrated, than
AlloMax (Table 2). AlloMax contained more soluble protein
than AlloDerm (Table 2). Growth factor analysis shows that
AlloDerm contained more bFGF and VEGF than AlloMax
(Table 2).

Decellularization evaluation

The extent of decellularization for both AlloDerm and
AlloMax was evaluated by established metrics.14 H&E- and
DAPI-stained sections show that AlloDerm contains intact
cells, whereas only cell remnants were found within Allo-
Max (Fig. 1A, B). Furthermore, both ADMs contain large
DNA ( > 1500 bp) fragments as evaluated by agarose gel
electrophoresis (Fig. 1C). dsDNA quantification of the

ADMs showed that while both materials contained mea-
surable amounts of dsDNA, AlloMax (200 – 12 ng dsDNA/
mg dry weight) contained lower amounts compared to
AlloDerm (1671 – 251 ng dsDNA/mg dry weight) (Fig. 1D).
Overall, AlloMax was found to be more thoroughly decel-
lularized than AlloDerm.

Cytocompatibility

The ability of the ADMs to support cell growth in vitro
was assessed by established quantitative metrics of cell
confluence, cell phenotype, and cell infiltration using two
distinct cell lines—NIH 3T3 mouse fibroblast cells and
HMECs.45,46 Fibroblasts showed 30% higher scores for
growth on AlloDerm compared to AlloMax (Fig. 2A, B).
HMECs showed a 92% higher cytocompatibility score on
AlloMax compared to AlloDerm, primarily as a result of
superior confluence and phenotype scores (Fig. 2C, D). The
stark contrast in the ability of each ADM to support HMEC
growth is clearly evident in Figure 2C.

Characterization of the in vivo host
remodeling response

A porcine model of bilateral breast reconstruction was
used to evaluate each ADM material in vivo. The in vivo
host remodeling response was characterized by established
quantitative histomorphologic metrics as a function of time
and location within the explant.

Cellularity within the ADM increased as a function of
time for both materials (Fig. 3C). At 12 weeks, AlloMax had
25% greater cellularity than AlloDerm (Fig. 3B, C) partic-
ularly at both the ADM pectoralis interface and ADM-chest
wall interface (Fig. 3D). Cells were found to be uniformly
distributed along the length of each graft (e.g., at the ADM-
pectoralis interface, ADM-chest wall interface, and through-
out the ADM between the two interfaces; see Fig. 3D).
Multinucleate giant cell formation within the AlloDerm
material increased as a function of time and was greater

FIG. 1. Decellularization assessment before implantation. (A) Hematoxylin and eosin (H&E) staining to probe for intact
cells (scale bar represents 100mm), where the nuclei of cells stain blue if present and tissue and acellular dermal matrix
(ADM) stain pink. (B) 4¢,6-Diamidino-2-phenylindole (DAPI) staining to probe for intact nuclei (scale bar represents
50 mm). (C) Ethidium bromide gel to inspect base-pair size of remnant double-stranded DNA (dsDNA). (D) PicoGreen
assay to quantify dsDNA. Both ADMs contained remnants of cells with AlloDerm� Regenerative Tissue Matrix and
significantly greater amounts of DNA than AlloMax� Surgical Graft. Significant difference ( p < 0.05) is denoted by (*).
Color images available online at www.liebertpub.com/tea

Table 2. In Vitro Analysis of Extracellular

Matrix Scaffolds

Metric AlloDerm� AlloMax�

Porosity (mL/cm2/min)a 0.03 – 0.16 1.30 – 2.90
Dry thickness (mm)a 1.99 – 0.29 1.30 – 0.17
Wet thickness (mm)a 2.10 – 0.26 1.82 – 0.26
Protein (mg/g dry weight)a 9.90 – 2.74 28.64 – 7.74
bFGF (pg/g dry weight)a 8545 – 1135 0.00 – 30
VEGF (pg/g dry weight)a 4068 – 2181 392 – 449
TGF-b1 (pg/g dry weight) 392 – 434 0.00 – 93

Mean – standard deviation.
ap < 0.05.
bFGF, basic fibroblast growth factor; TGF-b1, transforming

growth factor-beta 1; VEGF, vascular endothelial growth factor.
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compared to AlloMax at both 4 and 12 weeks (Fig. 4B);
particularly at the ADM-pectoralis interface (Fig. 4C). Cells
staining positive for vWF, a marker expressed by endothe-
lial cells and relevant to neovascularization, increased from
4 to 12 weeks and were similar in magnitude for both ADMs

(Fig. 5B). At 12 weeks, there was a twofold greater amount
of vWF-positive staining cells for AlloMax at the ADM-
chest wall interface compared to the ADM-pectoralis in-
terface and throughout the ADM (Fig. 5C). For AlloDerm,
cells were found to be uniformly distributed within the graft
(Fig. 5C).

The extent of ADM remodeling increased for both ma-
terials over time; however, AlloMax was significantly more
remodeled than AlloDerm at both time points (Fig. 6B).
Specifically, AlloDerm was found to be *30% and 50%
remodeled following 4 and 12 weeks, respectively, whereas
AlloMax was found to be *50% and 80% remodeled at the
same time points (Fig. 6B). When examined as a function of
location at 12 weeks, AlloMax was found to be more re-
modeled along the length of the entire graft compared to
AlloDerm (Fig. 6C), with the highest remodeling score oc-
curring at the ADM-chest wall interface (Fig. 6C).

Greater ADM remodeling of AlloMax was consistent
with increased cellular infiltration, with a Pearson’s corre-
lation coefficient of r = 0.933 ( p = 0.007). Strong correla-
tions were also observed between remodeling and residual
DNA (Pearson’s correlation coefficient of r = - 0.921;
p = 0.009) and between cell infiltration and residual DNA
(Pearson’s correlation coefficient of r = - 0.842; p = 0.036).

Discussion

ECM scaffold materials, including ADMs, are harvested
by decellularization of a variety of allogeneic or xenogeneic
tissues and organs. The resultant acellular ECM scaffolds
are composed of a tissue-specific 3D architecture and com-
position of structural and functional molecules produced by
the resident cells. ECM scaffolds have been shown to contain
biologic cues that can affect the host remodeling response,
including cell migration, proliferation, and differentiation and
thus have the potential to act as an inductive template for the
in situ formation of site-specific functional host tissue.24,25,36–39

Indeed, various ECM scaffolds have been used in a broad
range of preclinical and clinical applications, including
breast reconstruction.2–6,15,31–35,48–55

Of the nearly 100,000 mastectomy-related breast recon-
struction procedures conducted each year, *70% involve an
immediate, staged breast reconstruction procedure, in which
an initial tissue expander is subsequently replaced by a
permanent implant. A major challenge associated with this
procedure is achieving sufficient coverage of the lower pole
of the breast to bridge the gap between the inferior edge of
the pectoralis major and chest wall and thus prevent infe-
rior migration of the expander/implant. To address this need,
ADMs have been used during staged breast reconstruc-
tion procedures as a supporting bioscaffold. The ADMs also
improve cosmetic outcomes by allowing surgeons to define
the shape/contour of the breast pocket; preventing migration
of the pectoralis major or tissue expander during expansion;
and providing an extra layer of coverage over the lower pole
of the tissue expander.

Despite the increasing use of ADMs in breast recon-
struction procedures, limited information is available re-
garding the tissue and scaffold remodeling events that occur
following implantation. The present study provides a quan-
titative and comprehensive spatiotemporal characterization
of two commercially available human ADMs, AlloDerm

FIG. 2. In vitro cytocompatibility assessment. (A, B) NIH
3T3 fibroblasts and (C, D) human microvascular endothelial
cells (HMECs) were seeded in triplicate on each side of the
grafts for two lots of AlloDerm and two lots of AlloMax and
cultured for 7 days. H&E images (A, C) were subsequently
scored for confluence, phenotype, and infiltration (B, D).
AlloDerm was more cytocompatible than AlloMax for
fibroblasts, and AlloMax was more cytocompatible than
AlloDerm for endothelial cells. Significant differences
( p < 0.05) are denoted by (*). Scale bar represents 50 mm.
Color images available online at www.liebertpub.com/tea

EVALUATION OF ADMS FOR BREAST RECONSTRUCTION 39



FIG. 3. Cell infiltration. (A) Depiction
of ADM implants connecting pectoralis
muscle (pec.) to the chest wall. (B) Re-
presentative H&E images of AlloDerm
and AlloMax at 12 weeks postimplanta-
tion. Cell count as a function of (C) time,
and at 12 weeks as a function of (D)
location. Higher cellular infiltration was
seen in AlloMax compared to AlloDerm.
Significant differences ( p < 0.05) are de-
noted by (*) AlloMax greater than Allo-
Derm; (^) different within AlloDerm or
AlloMax. Scale bar represents 50mm.
Color images available online at www
.liebertpub.com/tea

FIG. 4. Multinucleated giant cell
formation. (A) Representative
H&E images of AlloDerm and
AlloMax at 12 weeks post-
implantation. Multinucleated giant
cell count as a function of (B) time,
and at 12 weeks as a function of
(C) location. AlloMax had fewer
multinucleated giant cells present
compared to AlloDerm. Significant
differences ( p < 0.05) are denoted
by (*) less than AlloDerm (^), dif-
ferent within AlloDerm or Allo-
Max. Scale bar represents 50 mm.
Color images available online at
www.liebertpub.com/tea
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FIG. 5. Neovascularization. (A)
Representative von Willebrand
Factor (vWF) images of AlloDerm
and AlloMax at 12 weeks within
the center of the ADM. vWF-
positive cells as a function of (B)
time, and at 12 weeks as a function
of (C) location. Both ADMs had an
increase in vascularization with
time as indicated by vWF staining
of endothelial cells. Significant
differences ( p < 0.05) are denoted
by (*) greater than AlloDerm (^),
different within AlloDerm or
AlloMax. Scale bar represents
100 mm. Color images available
online at www.liebertpub.com/tea

FIG. 6. ADM remodeling. (A)
Representative H&E images of
AlloDerm and AlloMax at 12
weeks postimplantation within the
ADM. ADM remodeling as a
function of (B) time, and at 12
weeks as a function of (C) location.
AlloMax had more extensive graft
remodeling compared to AlloDerm.
Significant differences ( p < 0.05)
are denoted by (*) greater than
AlloDerm (^), different within
AlloDerm or AlloMax. Scale bar
represents 50 mm. Color images
available online at www.liebertpub
.com/tea
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Regenerative Tissue Matrix and AlloMax Surgical Graft,
both in vitro and in a preclinical large animal model of
tissue expander breast reconstruction. A recently described
porcine model of breast reconstruction47 was used to pro-
vide a histomorphologic analysis platform and characterize
key elements of the in vivo host remodeling response by
quantitative metrics in a controlled spatiotemporal manner.
Two time points, 4 and 12 weeks postimplantation, were
chosen to evaluate both the acute and chronic host tissue
remodeling responses, respectively. Additionally, the host
response was evaluated at various locations within the ex-
planted tissue [i.e. (i) midsubstance of the ADM material,
(ii) the ADM-pectoralis muscle interface, and (iii) the
ADM-chest wall interface], which provided a comprehen-
sive assessment of histomorphologic changes.

Although both AlloDerm and AlloMax are derived from
the same starting material, human dermis, the biochemical
composition, ability to support cell growth in vitro, and
in vivo remodeling response of each material were distinct.
For example, the in vitro composition and cytocompatibility
analysis found AlloMax to be more thoroughly decellularized
and to support the growth of HMECs in vitro than AlloDerm.
In vivo, AlloMax incorporated more readily with surrounding
host tissue as measured by the earlier and greater cell in-
filtration, fewer foreign body giant cells, and faster re-
modeling kinetics. Key differences in composition and
cytocompatibility were found to be strongly correlated with
the in vivo host response to these ADMs. While the cause of
these divergent results is likely multifactorial, variations in
the processing methods used during the manufacturing of
ADMs are known to be critically important to both the
material properties and resultant host response.45,46

A wide array of protocols have been described for the
manufacturing (i.e., decellularization, terminal sterilization)
of ECM scaffold materials derived from numerous tissues
and organs. The main goals of all of these manufacturing
protocols are the same: removal of as much of the cellular
components of the source tissue as possible while simulta-
neously preserving the native composition and 3D ultra-
structure of the ECM. Whereas it is recognized that all
manufacturing protocols have limitations and result in some
degree of deleterious change in the matrix composition and
ultrastructure, the extent to which they affect the material
properties and host response varies. For example, the type
and sequence of detergents used can cause marked changes
in growth factor and glycosaminoglycan content, mechani-
cal strength, remodeling rate, and/or cytocompatibility of
the biologic scaffold materials.45,56–58 It is known that in-
sufficient removal of cells or cell remnants from the source
tissue or the introduction of chemicals that create nondegrad-
able molecular crosslinks elicits a chronic proinflammatory
host response, fibrotic encapsulation, and scar tissue forma-
tion.13,40,41 Thus, it is plausible and logical that the disparate
host response to AlloDerm and AlloMax could be due, at least
in part, to differences in decellularization (i.e., the amount of
cellular debris remaining) and/or changes in the composition
and structure. However, the manufacturing processes of both
materials tested herein are proprietary and identification of
the key variables that drive this response is not possible.

There are two limitations to the current study that should
be considered when interpreting the results. First, this study
did not identify the specific cell types that infiltrate the

ADMs over time due to the lack of antibodies available for
porcine tissue. However, previous studies have extensively
characterized the recruitment/accumulation, proliferation,
and differentiation of various stem/progenitor cells (e.g.,
perivascular stem cells, skeletal muscle myoblasts, Sox2 +

cells, and CD133 + progenitor cells) to ECM scaffolds both
in vitro and in vivo.12,15,59–65 It is also known that host
immune cells, especially macrophages, rapidly infiltrate and
subsequently facilitate the degradation of ECM scaffolds.66

Interestingly, ECM scaffold materials have been shown to
modulate the macrophage phenotype toward regulatory M2
macrophages and that this directed macrophage polarization
is a necessary and determinant factor of ECM scaffold-
mediated constructive remodeling.13,43 It is likely that some
or all of the aforementioned cell populations are participating
in the observed in vivo remodeling responses reported in this
study, and future studies are needed to more fully characterize
the cellular response to each material in this application.
Second, this study did not attempt to characterize the me-
chanical properties of the ADMs/remodeled tissues over time.
Rather, ADM degradation/remodeling was assessed using a
commonly used qualitative histomorphologic scoring system,
which enabled quantitative comparison of materials both over
time and as a function of location within the explant. Further
work is needed to more fully characterize the mechanical
properties of each material for this clinical application.

Conclusion

The present study provides a quantitative spatial and tem-
poral comparison of the in vivo responses to two commonly
used ADMs in a large animal model of tissue expander breast
reconstruction. Although both products are derived from ca-
daveric dermis, they were found to have different biochemical
compositions and elicit distinct host tissue responses. This
study provides an experimental platform for evaluating the
host response to various types of biologic grafts such as ADMs
that might be used in tissue expander breast reconstruction.
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