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Abstract
Background: Subclinical infections, manifest as biofilms, are considered an important cause of capsular contracture. Acellular dermal matrices (ADMs)
are frequently used in revision surgery to prevent recurrent capsular contractures.
Objective: We sought to identify an association between capsular contracture and biofilm formation on breast prostheses, capsules, and ADMs in a
tissue expander/implant (TE/I) exchange clinical paradigm.
Methods: Biopsies of the prosthesis, capsule, and ADM from patients (N = 26) undergoing TE/I exchange for permanent breast implant were evaluated
for subclinical infection. Capsular contracture was quantified with Baker Grade and intramammary pressure. Biofilm formation was evaluated with special-
ized cultures, rtPCR, bacterial taxonomy, live:dead staining, and scanning electron microscopy (SEM). Collagen distribution, capsular histology, and ADM
remodeling were quantified following fluorescent and light microscopy.
Results: Prosthetic devices were implanted from 91 to 1115 days. Intramammary pressure increased with Baker Grade. Of 26 patients evaluated, one
patient had a positive culture and one patient demonstrated convincing evidence of biofilm morphology on SEM. Following PCR amplification 5 samples
randomly selected for 16S rRNA gene sequencing demonstrated an abundance of suborder Micrococcineae, consistent with contamination.
Conclusions: Our data suggest that bacterial biofilms likely contribute to a proportion, but not all diagnosed capsular contractures. Biofilm formation
does not appear to differ significantly between ADMs or capsules. While capsular contracture remains an incompletely understood but common problem
in breast implant surgery, advances in imaging, diagnostic, and molecular techniques can now provide more sophisticated insights into the pathophysiology
of capsular contracture.
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Capsular contracture (CC) is the most common cause of
implant failure in cosmetic and reconstructive breast
surgery.1 Proposed mechanisms for CC continue to evolve,
usually implicating an upstream inflammatory event leading
to abnormal downstream collagen or myofibroblast deposi-
tion.2-10While several CC studies investigated signaling path-
ways mediated by transforming growth factor-ß (TGF-ß),3

tumor necrosis factor-stimulated gene-6 (TSG-6),5 or leukotri-
ene antagonist-mediated immunomodulation,8,11,12 others
focused on the impact of subclinical infection or biofilms.13-21

An association between bacteria and CC is supported by
studies implementing increasingly sophisticated culture
techniques,19 recently accompanied by electron and confo-
cal microcopy, and molecular biology.13,14,16,18 Techniques
mitigating periprosthetic bacterial contamination that
reduce the rate of CC support this association.14,22,23

Retrospective reviews and technique papers have sug-
gested that acellular dermal matrices (ADMs) reduce CC
in revision breast augmentation.24-26 In primates, ADMs
contain less smooth muscle actin compared to capsule, sug-
gesting that ADMs may provide a barrier to the host inflam-
matory response.27 In humans, ADMs are characterized by
less granulation tissue, vascular proliferation, fibrosis,
chronic inflammation, and fewer giant cells.28 The primary
purpose of this prospective cross-sectional study was to iden-
tify biofilms on the surface of textured tissue expanders
(TEs), ADMs, and the submuscular capsule at the time of
implant exchange during prosthetic breast reconstruction.
We hypothesized that patients with Baker Grade III or
greater CC would be more likely to have a biofilm present
than patients with lower Baker Grades. The secondary
purpose of this study was to describe the cellular popula-
tions and collagen type in patients with various levels of CC.
We hypothesized that patients with CC will demonstrate an
increased cellularity, and an altered ratio of type I to type III
collagen in both capsular tissue and incorporated ADM.2,29

METHODS

Patient Selection

Of 147 women undergoing exchange of a TE for a breast
implant (TE/I) with authors (TMM, MMT) at the Washington
University School of Medicine from Jan 2013 to June 2014, 63
were randomly selected for participation.30 Randomization
was performed with software available online through
www.randomizer.org30 (Wesleyan University, Middletown,
Connecticut, USA).

Twenty-six patients who received radiation, chemotherapy,
endocrine therapy, or who had a previous flap or soft tissue
envelope so thin that a biopsy would cause contour
deformity, were excluded. Twelve patients meeting inclu-
sion criteria declined to participate. Twenty-five women
meeting inclusion criteria who received their last expander

fill 4 to 8 weeks prior to exchangewere enrolled in this cross-
sectional study. A patient with a frank Grade IV CC following
breast augmentation with a textured implant was included
as a positive control (n=1). After randomization and exclu-
sions,30 power analysis demonstrated that our sample size
was sufficient based on the low risk of biofilm formation
(1 in 26 patients), or effect size, for the cohort of patients
evaluated. At the time of enrollment, clinical history, dura-
tion of implantation, device size, style, fill volume, and man-
ufacturer were prospectively recorded. This study meets
ethical guidelines for human research conduct and is ap-
proved by the Human Research Protection Office at the
Washington University in St. Louis School of Medicine
(Institutional Review Board # 201101959) and is also regis-
tered with clinicaltrials.gov (identification # NCT01060046).

Evaluation of Capsular Contracture

We chose to evaluate CC with both Baker Grade and appla-
nation tonometry as clinically, Baker Grade is widely used
to measure capsular contracture while applanation tonome-
try is used less frequently but may be a more sensitive and
reproducible measure.31,32 On enrollment, these metrics
were prospectively recorded for every patient.

Specimen Collection

Biopsies (�2.5 cm2) were obtained from the submuscular
capsule, TE shell, and ADM. A �1.5× 0.5 cm segment was
collected immediately in an anaerobic transport pack for
culture and a 1.0× 0.5 cm piece was placed in RNAlater
(Sigma Co., St. Louis, MO) to evaluate the transcriptome.
Remaining portions of the biopsy were aseptically main-
tained for live:dead stain, or stored per protocol for H&E
staining, quantitative assessment of Type I and III collagen,
scanning electron microscopy (SEM), and immunohisto-
chemistry (IHC).33,34

EVALUATION FOR BIOFILM

Specimen Culture

Samples of the implant were coated in saline and vortexed
for 30 s, while ADM and autologous capsules were minced.
The resulting materials were plated on sheep’s blood agar,
chocolate agar, and pre-reduced Brucella blood agar. The
blood and chocolate agar plates were incubated at 35°C in
5% carbon dioxide for 3 days and the Brucella plates incu-
bated for 5 days at 35°C in anaerobic conditions.

PCR Amplification and Sequencing
of Bacterial 16S rRNA Genes

Specimens from capsule, breast prosthesis, and ADM stored
in RNAlater were evaluated with real-time quantitative
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polymerase chain reactions (qPCR) in all patients (n=26).
Further classification was limited to five randomly selected
patients as a result of scant findings with qPCR.30 Fourteen
PCR amplicons, representing all nine 16S variable regions,
were constructed using the Fluidigm Access Array System
(San Francisco, CA). Five ng/µl of cDNA were input into
each reaction. The sample inlets consisted of 1× High
Fidelity FastStart Reaction Buffer without MgCl2, 4.5 nM
MgCl2, 5% DMSO (Roche), 200 µM PCR Grade Nucleotide
Mix (Roche), 0.05 U/μL FastStart High Fidelity Enzyme
Blend (Roche Diagnostics Corporation, Indianapolis, IN) 1×
Access Array Loading Reagent (Fluidigm), 1 µL DNA, and
water. The primers were added to the assay inlets at 200 nM
forward and reverse primers with 1× Access Array Loading
Reagent. Following PCR amplification, the samples were
harvested on the BioMark HD system (Fluidigm). Each
sample was harvested and indexed using unique 10 base
pair sequences with 14 rounds of PCR to incorporate each
index sequence. All samples were pooled into 48 sample
libraries and cleaned using bead purification. The samples
were loaded on a MiSeq instrument for sequencing (Illumina,
San Diego, CA).

Sequencing Data Analysis

Of the 14 PCR amplicons sequenced, only reads from one
amplicon that covers the 16S V1 and V2 variable regions
were used for downstream analyses. Analysis of the V1-V2
region reads was performed using the QIIME pipeline.35

Open-reference operational taxonomic units (OTUs) were
classified using a custom-built reference database created
from 16S sequences contained in the NCBI set of full micro-
bial genomes.36 Reads were clustered into OTUs by the
open source software package Quantitative Insights into
Microbial Ecology (QIIME) using the UCLUST clustering
algorithm at a threshold of 97% similarity.37 Representative
sequences for each OTU were classified taxonomically
using the Ribosomal Database Project (RDP) classifier,38

using minimum confidence of 80% against the NCBI taxon-
omy for the custom database. Taxonomy was called to the
suborder level. If a given order did not have an annotated
suborder then the suborder was set to the order.

CHARACTERIZATION OF CELLULARITY
AND COLLAGEN DISTRIBUTION

Several semi-quantitative methods of assessing capsular con-
tracture histologically on the basis of cellularity,4,9,23,29,39

vascularity,39,40fibrosis,39 or collagen distribution or orienta-
tion are reported.4,9,23,29 However, in the absence of a
widely-recognized histologic grading system, we chose to
study capsule cellularity and collagen distribution, which
have previously been linked to capsular contracture, and
about which we have recently reported.41

Histopathology: Remodeling
Characteristics

Histological preparations from ADM specimens were evaluat-
ed based on six remodeling characteristics: cellular infiltra-
tion, cell type, host extracellular matrix (ECM) deposition,
scaffold degradation, fibrous encapsulation, and neovascula-
rization. The evaluating pathologist, independent of this
study, was blinded as to the source and nature of the speci-
men. A single slide of each specimen was evaluated under
light microscopy at 100× magnification using a previously-
reported semi-quantitative scoring system.42-44 Scores ranged
from 0 to 3, with higher scores representing more robust re-
modeling characteristics. A mean composite remodeling
score was calculated from the six component remodeling
scores for ADM remodeling. Specimens from the submuscu-
lar breast capsule of each patient were evaluated for cellulari-
ty, cell type, and vascularity using the same scoring system.

Histopathology: Immunohistochemistry
and Fluorescent Imaging

Prior to dehydration, prosthetic ADM and TE specimens from
five randomly selected patients were placed in phosphate
buffered solution (PBS) and immediately evaluated for viable
bacteria using a live:dead stain (Abcam, Cambridge, MA).30

Samples (0.5 cm2) were rinsed in 4% PBS, and stained with
cell permeable (Ex/Em 488/515 nm) and nonpermeable dyes
(Ex/Em 488/615 nm) per manufacturer protocol. When ready
for IHC analysis, specimens stored at −80°C were sectioned
(�5-10 µm), blocked with 5% normal goat serum and diluted
with 0.3% Triton-X in PBS for 1 h. Nuclei were labeled with
DAPI and anti-human smooth muscle actin monoclonal anti-
body using a TRITC-conjugated goat anti-rabbit IgG as the
secondary antibody (Life Technologies, Grand Island, NY).
Sections were evaluated with an Olympus BX-51 fluorescent
microscope and an Olympus FV1000 spectral scanning confo-
cal microscope with a multi-line 458, 488, and 515 nm laser
as well as 405 nm, 561 nm, and 633 nm lasers. (Olympus
Corporation, Melville, NY).

Histopathology: Collagen Distribution

Sirius Red/Fast Green (SR/FG) stained specimens were pre-
pared and evaluated as we have previously reported to dif-
ferentiate Type I (red) from Type III (green) collagen.34,43-45

Slides were photographed under cross-polarized light using
an Axioskop 40® microscope and Axiocam® camera (Carl
Zeiss®, Thornwood, NY) at 400× magnification (n=10
photographs per specimen). Axiovision 4.7® (Zeiss®) soft-
ware was used to determine the areas (µm2) occupied by
Type I and III collagen and calculate the collagen I:III ratio.
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Scanning Electron Microscopy (SEM)

Specimens oriented with methylene blue and a microsuture
at the time of biopsy were received in 4% paraformalde-
hyde and 0.01% glutaraldehyde in Sorensen’s buffer.
Specimen processing consisted of a rinse in buffer, DDI
water, followed by post-fixing in 1% osmium tetroxide for
1 h and dehydration in graded concentrations of ethanol.
Specimens were processed in a Tousimis Samdri-780a criti-
cal point dryer, and sputter coated with gold-palladium
alloy using a Tousimis Samsputter 2a (Rockville, MD).
SEM was performed with a Hitachi S2600 (Schaumburg,
IL) with 15-20 kV accelerating voltage. Specimens were
initially scanned for irregularities at low magnification
and then at least five separate locations (all four corners
and center) of each specimen were systematically
imaged. Areas with heterogeneous morphology were also
analyzed.

Statistical Analysis

Mean and standard deviation or median and interquartile
range (IQR) were calculated when appropriate based on
nature and normality. A two-tailed Wilcoxon signed-rank test
or Mann-Whitney U test compared ordinal or non-normally
distributed variables between groups. The Chi-square test an-
alyzed differences of race and a two-tailed independent
samples t-test was used to analyze age differences between
the two types of ADM. Alpha was set a-priori at 0.05.
Statistics were performed using IBM SPSS Statistics version
22 software (Armonk, NY, USA) and were reviewed by an in-
dependent biostatistician.

RESULTS

Patient Characteristics

Patients ranging in age from 40 to 64 (49.6± 5.5) under-
went mastectomy for either cancer prophylaxis or to treat
ductal carcinoma in situ or a stage Ia invasive ductal car-
cinoma. Their demographics are summarized in Table 1.
All breast prostheses were textured, and the ADM used
was Alloderm - Ready to Use (RTU), or Regenerative
Tissue Matrix (RTM; LifeCell Corporation, Branchburg,
New Jersey). In one case, Seri Scaffold (Allergan; Irvine,
CA) biological mesh was used instead of an ADM.
Duration of implantation ranged from 91 to 1115 days
(Figure 1, Table 2) thus providing sufficient time for
biofilm formation.16,46,47 Baker Grade, applanation to-
nometry, and duration of implantation by type of ADM
are reported in Table 2. Median alloimplant duration was
significantly greater for Alloderm RTM than RTU
(P<0.001), attributable to the more longstanding avail-
ability of the RTM product. Age, race, applanation

tonometry score, and Baker Grade did not differ signifi-
cantly based on alloimplant type.

EVALUATION FOR BIOFILM

Molecular and Microbiology

While 77 of 78 cultures from minced and vortexed implant
shell, ADM, and capsule biopsies demonstrated no growth,
a single tissue expander shell rendered a positive culture for
Staphylococcus luadunensis.48 Using bacterial 16S sequencing,
the predominant taxa identified was suborder Micrococcineae
of class Actinobacteria (Figure 2). Micrococcineae strains
are aerobic gram-positive bacteria generally found in soil,
sediment, and water environments. The low complexity of
the samples and the fact that Micrococcineae is naturally
found on the human skin suggests that the MiSeq reads
were from contaminates.

Scanning Electron Microscopy

No evidence of biofilm formation was noted in 25 of 26
patients evaluated with SEM (Figure 3). Textured TEs
demonstrate morphology consistent with Biocell® technology
(Figure 3A). While regions of the textured surface were
covered with an amorphous, lobulated substance, their size
was not consistent with bacteria (Figure 3B). Submuscular
biopsies were devoid of biofilms (Figure 3C), but it is feasi-
ble that some of these spheres are consistent with sporadic
cocci (Figure 3D). ADMs were characterized by strands of
collagen with variable thickness and orientation (Figure 3E),

Table 1. Summary of Patient Characteristics*

Age in years 49.6 ± 5.5 (40-64)

BMI (kg/m2) 27.0 ± 3.0 (21.9-33.8)

Race

White n = 18 (69%)

Black n = 6 (23%)

Asian n = 2 (8%)

Duration implanted (days) 172 [141.75, 574.5]

Tissue expander type

Allergan 133MV n = 20 (80%)

Allergan 133MX n = 5 (20%)

Culture results n = 1 (4%) Staphylococcus lugdunensis

n = 25 (96%) No growth

*Data are reported as Median ± SD (range), Median [Interquartile Range], or n (%) as appropriate.

656 Aesthetic Surgery Journal 35(6)



Figure 1. (A) Baker Grade (1 to 4) was assessed utilizing the modification published by Spear for breast reconstruction,31 and was
correlated with applanation tonometry used to calculate intramammary pressure (N/m2).32 Intramammary pressure (green “x”) is
plotted against clinical Baker Grade. (B) Pooled mean Type I and III collagen values and I:III collagen ratio. Type I collagen is blue,
Type III collagen is red, and “x” represents the I:III collagen ratio. (C) Capsular Type I and III collagen as a function of intramam-
mary pressure. (D) ADM Type I and III collagen as a function of intramammary pressure. (E) Capsular Type I and III collagen area
versus duration of implantation. (F) ADM Type I and III collagen area versus duration of implantation. Each data point is derived
from a mean of values from 10 sample fields taken from the same biopsy specimen. Type I collagen in capsule (filled blue circle),
Type I collagen in ADM (blue “+”), Type III collagen in capsule (empty red circle), Type III collagen in ADM (red “+”), I:III colla-
gen ratio (black “x”). Straight lines represent best-fit linear regression plots for variables including Type I collagen (blue line), Type
III collagen (red line), and ratio (black line).
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and infrequently, with sparse spheres that may represent
persistent bacteria (Figure 3F).

Morphologic evidence suggestive of biofilm formation
was noted in specimens derived from a single patient with
Baker Grade III capsule, an intramammary pressure of 777
N/m2, and negative cultures (Figure 4). Spheres whose size
and morphology were consistent with cocci appeared to
congregate on both the capsule (Figure 4C and D) and
ADM (Figure 4E and F) of this specimen. We did not identify
any structures consistent with bacteria on the surface of
this TE. A patient with a severe, Baker Grade 4 CC, 13 years
following primary aesthetic breast augmentation, presented
with an intramammary pressure of 945 N/m2 and negative
cultures. SEM demonstrated collagen fibers of variable
orientation, thickness, and density as well as both lympho-
cytes and macrophages, but no obvious biofilm in this posi-
tive control (Figure 5).

CHARACTERIZATION OF CELLULARITY
AND COLLAGEN DISTRIBUTION

Light, Fluorescent, and Confocal
Microscopy

Cell type, cellularity, and vascularity scores of capsular and
ADM samples are reported in Table 3. Cellular infiltration
scores were significantly greater in capsules (P<0.05), but
there were no differences in cell type or vascularity.

Intramammary pressure increased significantly (P=0.026)
with Baker Grade (Figure 1A).

Type I collagen and the I:III ratio decreased with an
increase in intramammary pressure in capsular tissue
(Figure 1C) but not within the ADM (Figure 1D). Type I
and III collagen content remained relatively stable in speci-
mens biopsied at both early and late time points
(Figures 1E and F, 3C and D), and the mean ratio of type I:
III collagen remained the same (4.3:1) in biopsies harvested
from the submuscular capsule and the ADM (Figures 1B,
and 6C and D). Mean collagen content was higher overall
in biopsied ADM than capsular specimens.

Live:dead stain failed to identify any viable cells in
the processed prosthetic specimens (n=5). Immunohist-
ochemistry confirmed the presence of myofibroblasts
within all evaluated capsules (n=10). Qualitatively,
DAPI-stained nuclei were densely distributed in capsular
tissue, and less densely distributed in ADMs, with no
staining on the breast implant surface. Semi-quantitative
evaluation of H&E-stained biopsies from the capsule

Table 2. Patient Characteristics by Alloimplant Typea

Alloderm (RTU) Alloderm (RTM) Seri Surgical
Scaffold

P-value

Number of
patients

16 (64%) 8 (32%) 1 (4%) _

Age 49.13 ± 5.22 51.88 ± 6.27 46 0.23

Race 0.441

White 10 (63%) 6 (75%) 1 (100%)

Black 4 (25%) 2 (25%)

Other 2 (12%)

Implant
duration
(days)

154 [121, 208] 663 [545, 791] 153 <0.001

Applanation
tonometry
(N/m2)

567 [510, 780] 733.5 [721, 774] 775 0.130

Baker grade 3 [2, 3] 3 [2, 3] 3 0.336

aData are reported as Median [Interquartile Range], or n (%) as appropriate. P < 0.05 statistically
significant.

Figure 2. The relative abundance of each bacterial taxa in all
sequenced samples color-coded by cluster (A). In all samples
the majority taxa was suborder Micrococcineae of class
Actinobacteria colored green (B). Samples from five patients
are shown. Patients 1 through 4 contributed samples of ADM
(a1-a4), capsule (c1-c4), and prosthesis (p1-p4). A frank CC
specimen contains prosthesis and capsule together and serves
as positive control (+). A fifth piece of nonimplanted
Alloderm RTU served as a negative control piece of ADM (−).
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(Figure 6A) and ADM (Figure 6B) revealed collagen dis-
tributed in an organized fashion (Figure 6C and D) with
100 to 150 cells and 6 to 10 blood vessels per high-
powered field (Table 3).

DISCUSSION

Our results show no correlation between biofilm formation
and CC. This discrepancy may relate to how CC is defined,

Figure 3. Representative scanning electron micrographs. (A) Textured surface (Biocell®) of an Allergan 133MV tissue expander
(50×magnification). Panel B magnifies the contents of the white box. (B) Magnified view of amorphous material over surface of
prosthesis. There is no evidence of structures whose size or morphology resemble bacteria (500×magnification).
(C) Submuscular capsule devoid of biofilms (5000x magnification). (D) A�2 µm sphere appears to be adherent to submuscular
capsule. This structure is smaller than a blood cell but larger than a typical bacteria (10,10,000×magnification). (E) ADM
(Alloderm RTM) with numerous bundles of collagen. Panel F magnifies the contents of the white box (1000×mag). (F) with a few
spheres <1 µm, but no discrete biofilm (5000×magnification).
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Figure 4. Scanning electron microscopy strongly suggested biofilm formation in capsular, ADM, and prosthetic biopsies obtained
from one patient. This patient had a Baker Grade III capsule, intramammary pressure of 777 N/m2, and negative cultures. (A)
Submuscular capsule specimen demonstrates several macrophages (M) and crenated erythrocytes (cRBC) (1000×magnification).
Panel B magnifies the contents of the white inset box. (B) Magnified inset shows lymphocytes (L) (5000×magnification). (C)
Submuscular capsule with macrophages (M) and crenated erythrocytes (cRBC). Panel D magnifies the contents of the white inset
box (1000×magnification). (D) At increased magnification, several spheres whose sizes (<1 µm) are consistent with cocci are
apparent as well as a larger lymphocyte (L). These are interconnected by strands of material whose appearance may represent ex-
tracellular biofilm matrix (15,000×magnification). (E) ADM (Alloderm RTU) demonstrates a more uniform morphology disrupted
by focal areas of heterogeneity including a macrophage (M). Panel F magnifies the contents of the white inset box (1000×magnifi-
cation). (F) Magnified inset demonstrates focal areas where cocci appear to congregate. Early biofilm formation is feasible in this
region. No bacteria where identified on the surface of the prosthesis in this subject. PCR demonstrated scant Micrococcineae in this
specimen (5000×magnification).
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which in most studies, involves Baker Grade, applanation
tonometry, or the breast augmentation classification.49-53

These metrics, however, are influenced not only by CC, but
also the unique density and volume of the prosthesis, and
the elasticity and surface area of the surrounding soft tissue
envelope. For example, in two patients with histologically
identical capsules, the one with pre-existing glandular
ptosis who receives only a breast augmentation with a
moderate profile saline implant will have a lower intra-
mammary pressure compared to a patient with dense
breasts who receives a high projecting cohesive gel implant
with concomitant mastopexy. In this case, with the same
capsule histologically, one may be a Baker 1 and the other a
Baker 3. Baker Grade and applanation tonometry are still
extremely useful, particularly when repeat measures of
intramammary pressure are serially applied to the same
breast in a longitudinal study design. However, in a cross-
sectional study design when different breasts are compared
to each other, additional variables are introduced that

impact breast “firmness” that may or may not be the result
of changes to the capsule itself. While Baker Grade in par-
ticular was not originally intended to evaluate the peripros-
thetic capsule around tissue expanders, we utilized this
scale along with applanation tonometry in the absence of a
more specific clinical grading system and also supplemented
this recognized deficiency with a robust histologic analysis.
The unintended widespread use of Baker Grade as a ubiqui-
tous, subjective method to analyze capsular contracture is
recognized, and its adaptation for classifying prosthetic
breast reconstruction has been reported.31 More robust
techniques for evaluating capsular contracture including
clinical assessment with ultrasound elastography,54 com-
puted tomography,55 or histologically have been de-
scribed,2,9,29,39,56-58 but have yet to be widely adopted.

In our study, the presence of isolated cocci on SEM and
the identification of the bacterial subclass Micrococcineae
on bacterial taxonomy (Figure 2) suggest either sample
contamination or the presence of persister cells. A dense

Figure 5. Scanning electron microscopy of a patient with clinically frank (Baker Grade IV) CC 13 years following breast augmenta-
tion. (A) Randomly distributed collagen bundles of variable thickness are identified (1000×magnification). Panel B magnifies the
contents of the white inset box. (B) No biofilm, bacterial remnant, or individual bacteria noted at 5000×magnification. (C)
Thickened capsular specimen devoid of obvious bacteria, notable for structures whose morphology and size are consistent with
macrophages (M) (1000×magnification) and (D) with magnification, lymphocytes (L) (5000×magnification).
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population of bacteria in a biofilm will use quorum sensing
to regulate gene expression and modulate virulence and anti-
biotic expression.59,60 Persister cells existing in or out of a
biofilm are nonreplicating, possess intracellular mechanisms
immune to antibiotic corruption,61 and require complex strat-
egies to eradicate.62-64 The concentration and distribution of
both persister cells and biofilms is dynamic.65 It is possible
that biofilms escaped detection in our study because at the
time of biopsy, causative organisms existed as antibiotic-
tolerant persister cells with the capacity to form latent bio-
films. Persister cells may also provide a mechanism by which
biofilms can ultimately migrate to involve more widespread
areas of the prosthesis surface and its adjacent capsule.

We studied the TE/I exchange paradigm to obtain a
large number of human specimens from the submuscular
capsule, ADM, and prosthesis at multiple time points
post-implantation. Based on previous work, we anticipated

Table 3. Histologic Grading of Submuscular Capsule and ADM
Remodeling

Histologic Criteria Submuscular
Capsule Median

[IQR]

ADM Remodeling
Median [IQR]

P-value

Cell type 2.00 [2.00, 3.00] 2.25 [2.00, 3.00] 0.314

Cellular infiltration 3.00 [3.00, 3.00] 3.00 [2.00, 3.00] <0.02

ECM deposition 2.92 [2.00, 3.00]

Scaffold degradation 2.19 [1.00, 3.00]

Fibrous encapsulation 2.88 ± [2.00, 3.00]

Neovascularization 3.00 [3.00, 3.00] 3.00 [2.88, 3.00] 0.286

Mean composite 2.64 ± [2.00, 3.00]

P < 0.05 statistically significant.

Figure 6. Representative samples stained with H&E biopsied from (A). Submuscular capsule and (B) ADM. To assess collagen,
samples from the (C) submuscular capsule and (D) ADMwere labeled with Sirius Red (Type I collagen) and Fast Green (Type III
collagen).
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identifying more biofilms than we found,66 particularly noting
our use of textured expanders.18,66 Low bacterial yield result-
ing from our chosen methodologies or sampling bias may
explain missing biofilms by SEM since <0.1% of the surface
was imaged in this study. Previous evaluation of craniofacial
miniplates,67 or breast implants in swine,16 assessed surface

areas that were several orders of magnitude smaller, signifi-
cantly reducing the impact of sampling bias. If biofilms were
present in these capsules and they were simply missed due to
sampling bias, it would suggest that bacteria may only require
a sporadic or heterogeneous interaction with the capsule
either physically or temporally to elicit a contracture.16,67

Table 4. Focused Review of Methods Studies Have Used to Examine an Association Between Subclinical Infection and Capsular Contracture

Study Implant Host Sample Size Duration of Implantation Clinical
Method for
Evaluating
Capsule

Histologic
Method for
Evaluating
Capsule

Culture
Method

IHCa/Light
Microscopy

SEMb Molecular
Biology

Pajkos et al15 Human 27 breasts, 19 Baker III/
IV

0.4 to 26 years (mean
9.2 years)

Baker Grade No Sonication,
broth

No Yes No

Jacombs
et al14

Swine 121 breasts 19 wks Baker Grade No Sonication,
broth

Live:Dead
stain

Yes rtPCR,
genomic DNA

Rieger et al19 Human 121 breasts Augmentation: Mean 4.0
years (0.1 to 32);
Reconstruction:

Mean 3.0 months (1 to 6)

Baker Grade No Sonication,
broth

No No No

Tamboto
et al16

Swine 51 breasts 13 weeks Baker Grade No Sonication,
broth

No Yes No

Allan et al13 Swine/Human 6 swine implants; 1
human implant

20 weeks (swine);
rapidly developing Grade

III (human)

Baker Grade No Sonication,
broth

No Yes Ica gene
evaluation

Jacombs
et al14

Swine 28 breasts 16 weeks Applanation
Tonometry +
Baker Grade

Contracted
capsule had
greater

volume and
mass and
reduced

surface area

Sonication,
broth &

PCR-based
bacterial
viability

No Yes Yes

Adams
et al22

Human 330 breasts aesthetic
augmentation; 44

breasts augmentation-
mastopexy; 99 breasts

reconstructions

6 to 75 months Baker Grade No Impact of
antibiotic
pocket
irrigation
study

No No No

Giordano
et al20

Human 660 breasts (aesthetic
augmentation through

IMF incision)

24 ± 13 months (no
pocket irrigation);

22 ± 3 months (pocket
irrigation)

“Modified”
Baker Grade

No Impact of
antibiotic
pocket
irrigation
study

No No No

Marques
et al29

Rabbit 31 rabbits 4 weeks Intracapsular
Pressure of
Implant +
Baker Grade

Yes Incubation in
broth

No bacterial
assessment.
Capsule
assessed.

No No

Rieger et al75 Human 13 patients; 22 breasts 10.4 years (0.25 to 30) Baker Grade No Sonication,
agar plates

No No No

Bergmann
et al58

Rat 80 breasts 60 days No Yes Sonication,
broth

No bacterial
assessment.
Capsule
assessed.

No No

Del Pozo77 Human 45 breasts (+)Cap Con 16.4
(0.65-33.87) years
(−)Cap Con 14.8
(0.46-24.49) years

Baker Grade No Sonication,
agar plates

No No No

aIHC: immunohistochemistry. bSEM: scanning electron microscopy.
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Some evidence has suggested that bacterial biofilms are
a component of “the principal pathogenic pathway to devel-
opment of CC”.13-15,17-19,21,58,66,68-77 Indirect evidence dem-
onstrated lower CC rates with periprosthetic delivery of
antibiotics via irrigation20,22 or an impregnated mesh.14

Deliberate inoculation of the periprosthetic pocket with bac-
teria leads to CC in animal models.14,16,18 In this study,
however, specimens from only one of 26 patients demon-
strated evidence of a microbial biofilm.

Confirming the presence of a biofilm—“a structured com-
munity of bacterial cells enclosed in a self-produced poly-
meric matrix and adherent to an inert or living surface”78—
is challenging and cost-prohibitive for routine clinical prac-
tice. A multimodality or “full circle” approach originally de-
scribed by Amann et al79 represents a more complete
approach that includes imaging with electron or confocal mi-
croscopy to demonstrate “growth in place”80 of a biofilm
morphologically,67,80-84 and verification of the presence, via-
bility, and species of bacteria with techniques like PCR,
coupled PCR-mass spectrometric (PCR-MS) assay,83,85 or
fluorescent-in situ hybridization (FISH).83,85,86 Bacterial
genomic DNA amplification techniques are extremely sensi-
tive, but not specific for a biofilm since individual and even
nonviable bacteria render a positive result. Sophisticated
imaging techniques to identify bacterial biofilms have been
reported in other clinical implantable device para-
digms,67,87,88 but are limited (Table 4) in the human
CC literature.13,15,17 Moreover, studies reporting the use of
PCR or a live:dead stain to identify bacterial biofilms on
breast implants are currently limited to studies in animal
models.13,14,18 Sonication has been effectively utilized by
many investigators to dislodge bacteria from a biofilm to
increase the sensitivity of bacterial culture.19,75 By its very
mechanism of action, however, sonication disrupts and
converts biofilm-derived bacteria to a planktonic form and
precludes confirmation of their biofilm origin with subse-
quent direct imaging techniques. Under optimized experi-
mental conditions,89 sonication is an important adjunct
to bacterial culture with widespread utility.19,75 However,
PCR—as we have employed—is a more sensitive diagnostic
modality,81,90,91 and reports that sonication can damage or
alter bacterial growth remain.89,92 Since biofilms are not
visually confirmed, the source of bacteria cultured following
sonication, or evaluated with PCR, may include a biofilm or
planktonic bacteria derived from the prosthesis or an envi-
ronmental contaminate.81,92,93 In our study, it is feasible that
relative to sonication, vortexing less effectively dislodged
bacteria from the prosthesis, ADM, or capsule and reduced
the sensitivity of our cultures. For this reason, we also used
real-time PCR to increase the sensitivity of our detection,
classify bacteria (Figure 2), and with the aid of live:dead
stain, confirm viability. However, even if all of these other
assays were positive, including implementation of sonica-
tion, in the absence of their direct visualization in a colony

(Figures 3-5) the presence of biofilms still could not have
been confirmed.

A causative relationship between biofilm formation and
CC is difficult to prove.20 Bacteria can initiate an upstream
inflammatory reaction by elaborating toxins or inciting an
immune response, which may lead to fibrosis and CC.3

Whether biofilms impact the capsule locally or can influ-
ence remote capsular tissue with which they are not in
contact is unknown. The species, concentration, and envi-
ronmental triggers that cause a bacterial biofilm to trigger a
CC rather than an unrelated immune response have not
been described.1 Bacteria may form biofilms as a survival
mechanism to ensure viability when exposed to hostile
proinflammatory environments. It is therefore possible that
stressful stimuli independently lead to both a biofilm and
inflammation, rather than the biofilm causing the inflam-
mation. Strong evidence shows that antimicrobial therapy
induces biofilm formation in some clinical paradigms to
confer resistance.94-96 Contrary to evidence favoring antibi-
otic pocket irrigation to attenuate CC rates,20,22 recent cohort
studies comparing triple antibiotic to saline irrigation dem-
onstrate no difference in CC rates.94,97,98 Elucidating a rela-
tionship between biofilm formation and CC merits further
study.

ADMs may be more prone to biofilm formation as they
are associated with more bacterial adhesion than proline
or vicryl mesh.99 Still, ADMs remain a reported strategy
to reduce the contractile properties of the periprosthetic
pocket,26 and our study identified too few biofilms to reliably
identify a relationship between biofilms, ADMs, and CC.

CONCLUSION

Our study does not refute an association between biofilms
and CC. Rather, it shows that in a clinical setting, identify-
ing a biofilm with multimodality methodology that includes
direct imaging is challenging where sampling of a relatively
large surface area may be prohibitive. Identification of a
molecular mechanism by which potentially proinflamma-
tory etiologies such as bacteria actually trigger contracture
histopathologically is also required. Finally, it underscores
the need for more specific clinical and histologic methodol-
ogies to differentiate capsular pathology from characteris-
tics of the prosthesis or noncapsular soft tissue envelope
that may also be influencing breast compliance. Modern ad-
vances in molecular biology and imaging continue to
provide better tools to develop a more sophisticated under-
standing and characterization of CC.
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