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many medical devices is a result of bacterial

contamination.! Free-floating (planktonic)
bacteria change when they come into contact
with the surface of an alloplastic implant. Bacte-
ria are able to form a three-dimensional matrix by
excreting polymeric substances, which eventually
bind firmly to the underlying surface. Over time,
a biofilm, defined as bacteria encased within their
own polymeric matrix, reaches a critical mass on
the contaminated implant, induces a host inflam-
matory reaction, and can lead to ultimate failure
of the implant.? It has been shown that bacteria
within biofilms are significantly less susceptible to
antibiotics, host defenses, and antiseptics, a char-
acteristic making them difficult to treat.>* Once a
biofilm has led to implant failure, clinical options
are limited and involve lifelong suppressive anti-
biotic therapy or revision surgery, which carries
significant risk of morbidity and, in some cases,
death. It is estimated that the cost of revision sur-
gery from implant infection is approaching $1 bil-
lion a year in the United States alone.? The issue
of device-associated infection will continue to
grow as our Western population ages and demand
for medical prosthetics increases. It is therefore
imperative that strategies to reduce the risk of bio-
film contamination of medical devices be devel-
oped and tested.

There is increasing evidence that the failure of
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Summary: There is increasing evidence that bacterial biofilm is responsible for
the failure of medical devices, leading to device-associated infection. As plastic
surgeons, we are among the leading users of prostheses in surgery, and it is
important that we are kept informed of this growing problem. This article sum-
marizes the pathogenesis of device-associated infection, outlines the evidence
for such infection in a number of medical devices, and outlines operative strate-
gies aimed at reducing the risk of bacterial contamination at the time of device
deployment. It also outlines strategies under investigation to combat the devel-
opment of device-associated infection.

(Plast. Reconstr. Surg. 132: 1319, 2013.)

This article summarizes the pathogenesis of
device-associated infection, outlines the evidence
for device-associated infection, and outlines oper-
ative strategies for reducing the risk of biofilm
contamination at the time of device deployment.
It also outlines strategies under investigation for
reducing the risk of device-associated infection.

FORMATION OF BACTERIAL BIOFILM

Biofilm formation follows a developmental
progression involving four main stages (Fig. 1).
These are reversible attachment, irreversible
attachment, growth and differentiation, and dis-
semination.® Evidence from in vitro studies of
biofilms suggests that this development is geneti-
cally regulated.” Initial contact of bacteria with a
surface is mediated by van der Waals forces and
may be determined by surface charge.®? Once in
contact, the bacteria undergo phenotypic change
from a planktonic to a sessile (biofilm) state.
The production of extracellular polymeric slime
is then initiated. The combination of individual
cells encased in their own extracellular polymeric
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Fig. 1. Stages of biofilm growth: reversible attachment, irreversible attachment, growth and differentiation, and dissemination.

slime is defined as biofilm.? The biofilm becomes
irreversibly attached to the underlying surface.
During growth and differentiation, the biofilm
progressively spreads over the surface. Morphol-
ogy of this biofilm varies according to environ-
mental conditions. In a high-shear environment,
for example, the biofilm is compact and densely
cellular, with less extracellular polymeric slime. In
a low-shear environment, flourishing extracellular
polymeric slime “mushrooms” balloon out into the
surrounding environment.''? Within the matrix, a
number of survival advantages are conferred upon
the bacteria (Fig. 2). The extracellular polymeric
slime provides a relative buffer against diffusion of

Host immune

EPS charge
Diffusion

antibiotics and antiseptics.'”*" It also shields the
bacteria from host immune access and may trig-
ger a more intense inflammatory response.®!%!7
There is some evidence that this inflammation
may further provide advantage to the biofilm by
promoting host cell lysis and subsequent release
of nutrients for bacteria.'® There are other, more
subtle advantages, which include cooperative
metabolism based on complex intercellular signal-
ing' and the ability to use horizontal gene trans-
fer to protect against unexpected environmental
challenges.'** Bacterial persister cells, which are
metabolically inactive and highly resistant to anti-
infective agents, have been shown to exist within
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Fig. 2. Survival advantages of bacteria within biofilm include inactivation of antibiotics/anti-
septics, prevention of host immune cell penetration, diffusion block, quorum sensing, gene
exchange, variation in pH and oxygenation, and persister cells.
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mature biofilms.? The environment within the
biofilm is also heterogeneous, with significant vari-
ation in local pH and oxygenation.” Furthermore,
evidence is emerging that the majority of biofilm
is multispecies and in some cases can also harbor
other prokaryotic cells and viruses.’

In the dissemination phase, cells from bio-
film are released to colonize new surfaces. The
method of dissemination can vary depending on
whether the planktonic bacteria are motile or
nonmotile. %!

Surface biofilm has been visualized in the
oldest detected fossils on earth, aged 3 billion
years.®*?* The mechanisms and strategies for sur-
face attachment, proliferation, and dissemination
have developed over millennia and effectively
guarantee bacterial survival.

DETECTION OF BACTERIAL BIOFILM

Standard microbiological sampling is insuffi-
cient for detecting bacterial biofilm. Few bacteria
are present on the surface of biofilm, and their
release is prevented by their enclosed extracellu-
lar polymeric slime. In addition, their metabolic
rate is low, making them difficult to culture.” The
traditional approach to the detection of biofilm
involves two steps: the recovery of live bacteria
within the biofilm and subsequent identifica-
tion and imaging of biofilm on the surface of the
implant.®%’

For imaging biofilm, scanning electron micros-
copy offers the advantage of generating images
of bacteria cells and the extracellular polymeric
slime directly attached to the underlying surface
(Fig. 3). However, because of the small visual win-
dow, the technique is open to sampling error.

For bacterial recovery, sonication serves to
fracture the extracellular polymeric slime and
release bacteria into the sample.”®** These bacte-
ria are then cultured in enrichment media and are
identified by means of traditional microbiological
methods. This technique, while still remaining
the standard, has been recently supplanted by
more rapid and sensitive diagnostic techniques.

Bacterial DNA and RNA detection and
sequencing have been used to detect bacteria
within biofilm.*"** Polymerase chain reaction
has the ability to detect and amplify low levels of
bacterial nucleic acid for subsequent sequencing
and molecular diagnosis. A number of authors
have reported that polymerase chain reaction—
based detection has identified microorganisms in
samples when sonication culture techniques have
failed.”** However, polymerase chain reaction

Fig. 3. Scanning electron microscopic images of biofilm on
human breast implants. (Above) Staphylococcal biofilm on the
surface of a breast prosthesis. (Below) Staphylococcal biofilm on
the inner aspect of breast capsular contracture.

can detect only nucleic acid, not live organisms,
and is open to false-positive reporting.

More recently, fluorescent in situ hybridization
has been used. This technique utilizes a fluorescein-
labeled probe, specific for the 16S ribosomal RNA
of prokaryotic cells, to bind and detect biofilm on
surface samples. Once bound, the biofilm can be
detected with confocal laser scanning microscopy
or fluorescent microscopy.”* Confocal laser scan-
ning microscopy can also be used in conjunction
with live/dead DNA stains for nondestructive anal-
ysis and is used to characterize biofilm morphology
in vitro (Fig. 4). The technique can be performed
in real time to study the effect of treatment strate-
gies on biofilm morphology.

The combination of multiple diagnostic
techniques is the best strategy to detect biofilm
in device-associated infection. These methods
are not readily available commercially and are
currently performed only in reference biofilm
research laboratories. The quest continues for
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a rapid, sensitive, specific diagnostic test for the
presence of biofilm. A recent review has suggested
that improvements in targeted radionuclide scan-
ning may provide a novel approach for detection
of device-associated infection.*

SCOPE OF DEVICE-ASSOCIATED
INFECTION

Bacterial biofilm has been recovered from
an increasing number of device-associated infec-
tions, including joint prostheses,™ penile prosthe-
ses,® fracture fixation devices,’*?” intravenous®
and urinary catheters,” peritoneal dialysis cath-
eters,*” contact lenses,* breast prostheses,***
endoscopes,* cardiovascular® and biliary* stents,
pacemakers,*” and cochlear implants.*®

The evidence for biofilm as the leading
cause of implant failure will be outlined for pros-
thetic joints, cardiovascular implants, and breast
implants, as these have the most relevance to plas-
tic and reconstructive surgeons.

Catheter Infection

Hematogenous spread from colonized cen-
tral venous catheters is a long-recognized route
of infection.*** The traditional method for deter-
mining catheter colonization utilizes a semiquan-
titative culture technique in which a 5-cm segment
of catheter is rolled across blood agar.’! Sonica-
tion/enrichment culture has been shown to be
equally sensitive.”

Prosthetic Joints
Up to 10 percent of joint prostheses will
ultimately need revision surgery®*> With

Fig. 4. Confocal live/dead stain of biofilm on prosthetic surface,
with green representing live bacteria and red representing dead
bacteria.
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improvements in surgical technique and prosthe-
sis design and biomaterials, the complications of
heterotopic ossification, fracture, and dislocation
are relatively uncommon. The two most common
causes requiring revision surgery are aseptic or
mechanical loosening and infection, which are
estimated to occur in up to 25 percent of patients,”
although not all of these require surgical revision.
Although frank infection is uncommon, occurring
in fewer than 1 percent of all joint replacements,
there is increasing evidence that some proportion
of “aseptic” loosening is in fact due to underlying
biofilm infection.** Device-associated infection in
relation to prosthetic joints is a serious complica-
tion of joint replacement surgery and carries sig-
nificant morbidity, poor functional outcome, and
a not-insignificant mortality rates.”® This is more
relevant when one considers the increasing num-
ber of prosthetics being placed in an aging popu-
lation with higher prevalence of comorbidity and
an increase in multidrug-resistant bacteria.

Identification rates for bacteria in implants
removed for suspected infection range from 41
percent up to 86 percent with use of multiple
standard culture techniques.”” For implants not
suspected of infection (i.e., aseptic loosening), son-
ication and enrichment culture of operative sam-
ples have shown that 22 percent of these implants
grew bacteria.®® The most common pathogens
were Staphylococcus epidermidis and Propionibacterium
acnes. Analysis of implants thought to have “asep-
tic” loosening have yielded positivity rates of up to
63 percent with fluorescent in situ hybridization
and 72 percent with polymerase chain reaction to
detect bacterial nucleic acid.”®® These data sug-
gest that the role of biofilm in implant failure is
greater than previously suspected.

Indirect evidence from analysis of cytokine
profiles from periprosthetic fluid has also con-
firmed that inflammatory markers such as inter-
leukin 6, tumor necrosis factor-a,, tumor growth
factor-8, and interleukin 11 may be triggered
by the presence of bacterial biofilm.* Research-
ers are investigating the potential for measuring
serum antibody to staphylococcal slime polysac-
charide antigens as a screening test for underlying
device-associated infection.®!

A recent study has identified the use of
infection-specific radiotracers such as bacterio-
phages and thymidine kinase in conjunction with
single-photon emission computed tomography
and positron emission tomography scans to diag-
nose biofilm in orthopedic prostheses.* Further
investigation of these modalities is warranted.
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Cardiovascular Implantable Electronic Devices

Cardiovascular implantable electronic devices,
which include implantable cardioverter-defibril-
lators and cardiac resynchronization therapy
devices, are prone to develop biofilm infection.®
Both enrichment culture and sonication have
yielded skin commensals such as Staphylococcus
aureus, S. epidermidis, and P. acnes. The incidence
of clinical infection in these devices is increasing,
most likely because of the complexity of the proce-
dures involved and the associated comorbidities in
the patient population receiving these prostheses.

Breast Implants

The presence of subclinical infection as a cause
of capsular contracture around breast implants
was first proposed by Burkhardt et al., who subse-
quently recommended betadine pocket irrigation
to reduce the risk of bacterial contamination.*
Breast implants are unique in that they are placed
into a potentially contaminated pocket, with high
levels of bacteria present in breast ducts and tis-
sue.%% Furthermore, the effects of subclinical
infection are visibly and palpably evident as com-
pared with other prostheses.®

Evidence has been accumulating that biofilm
is the leading cause of contracture. Clinical stud-
ies have shown a higher rate of bacterial recovery
in patients with high-grade contracture.**%” Pajkos
et al. were the first to show a significant asso-
ciation with S. epidermidis biofilm in women with
Baker grade III/IV contracture, as compared with
Baker I/11.** Biofilm was identified with both soni-
cation and culture, as well as scanning electron
microscopy.

In vitro studies have shown that bacteria are
able to bind to the surface of breast implants,
regardless of surface texture.®®

Animal models have now confirmed that seed-
ing of bacteria onto breast implants can lead to
biofilm formation and subsequent contracture.
Shah et al., using a rat model, were the first to
show that the thickness of the capsule was propor-
tionate to the level of staphylococcal inoculation.*
Tamboto et al. have shown with a porcine model
that once biofilm is established on the surface of
a breast implant from either direct inoculation
or endogenous infection with porcine bacteria,
80 percent progress to high-grade capsular con-
tracture™ (Fig. 5). In the same study, the presence
of biofilm was common in both contracted and
noncontracted groups; however, the contracted
groups demonstrated a significantly higher num-
ber of colony-forming units, again suggesting that

critical bacterial mass is needed for progression
to clinical device-associated infection. Marques et
al. have shown with a rabbit model that the pres-
ence of coagulase-negative Staphylococcus species
organisms results in thicker capsule and polymor-
phonuclear infiltrates than in controls.” Recent
studies on the long-term effects of biofilm in
breast implants in the porcine model have shown
that Baker grade IV implant capsules had a sig-
nificantly higher number of bacteria on quantita-
tive analysis than did Baker I-II capsules.”” Recent
studies also have demonstrated a higher degree
of biofilm formation in textured implants, likely
due to an increase in surface area. Furthermore, a
chronic T-cell inflammatory infiltrate was present
in textured implants infected with biofilm.” This
finding might point to chronic immune activation
as a result of subclinical infection.

Strategies for Prevention of Device-Associated
Infection in Breast Prostheses

On the basis of increasing evidence that bac-
terial access at the time of breast implant inser-
tion is the leading cause of subsequent capsular
contracture, we propose a number of clinical
recommendations:

1. Use intravenous antibiotic prophylaxis at
the time of anesthetic induction.

2. Avoid periareolar incisions; these have been
shown in both laboratory and clinical studies
to lead to a higher rate of contracture as the
pocket dissection is contaminated directly
by bacteria within the breast tissue.**77

3. Use nipple shields to prevent spillage of
bacteria into the pocket (Fig. 6).5477

4. Perform careful atraumatic dissection to

minimize devascularized tissue.

Perform careful hemostasis.

Avoid dissection into the breast paren-

chyma. The use of a dual-plane, subfascial

pocket has anatomic advantages.

7. Perform pocket irrigation with triple antibi-
otic solution or betadine.”*

8. Use an introduction sleeve.” We have rec-
ommended the use of a cut-off surgical
glove to minimize skin contact (Fig. 6).

9. Use new instruments and drapes, and
change surgical gloves prior to handling
the implant.

10. Minimize the time of implant opening.

11. Minimize repositioning and replacement

of the implant.

12. Use a layered closure.

ISE
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Fig. 5. The subclinical infection hypothesis for breast implants, showing initial contamination, biofilm formation,
and subsequent inflammation and contracture. Chronic biofilm infection may lead to symptoms and potential
malignant transformation of chronically activated lymphocytes.

13. Avoid using a drainage tube, which can be
a potential site of entry for bacteria.

14. Use antibiotic prophylaxis to cover sub-
sequent procedures that breach skin or
mucosa.

PREVENTION

It is arguable that device-associated infections
are best prevented. Most device-associated infec-
tions are likely to originate from implant contami-
nation at the time of implantation. Perioperative
intravenous antibiotic prophylaxis is recommended
for all patients undergoing implant placement.
This has been shown to be effective in decreasing
the rate of infection of breast implants.*

Locally delivered antibiotics have also been uti-
lized in both orthopedic and plastic surgery. The
use of antibiotic-impregnated cement in primary
arthroplasty, although not universally practiced,
has been shown to result in the lowest rate of revi-
sion surgery.**? In breast surgery, the use of triple
antibiotic solution has been shown to significantly
reduce the number of bacteria in the placement
pocket.”™ A further clinical study has established
that the use of antibiotic irrigation results in a sig-
nificant reduction of capsular contracture.”™

A recent animal study of breast implant con-
tracture has shown that the concurrent use of
antibioticiimpregnated absorbable mesh pro-
duced significantly less biofilm and contracture in
a porcine model.*” A similar mesh was also utilized
in a clinical study of cardiovascular implantable
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electronic devices to produce a significantly lower
infection rate at a 2-month follow-up.**

Antibacterial coatings have been used on
catheters and drains to reduce the risk of device-
associated infection. In prospective, randomized,
controlled trials, the use of antibacterial coatings
such as minocycline/rifampin, silver, platinum,
and carbon has shown benefit in reducing the
rate of catheter colonization and subsequent cath-
eter-associated bloodstream infection.*** The
U.S. Food and Drug Administration has approved
antimicrobial-coated catheters impregnated with
minocycline and rifampin on their internal and
external surfaces, on the basis of data showing a
significant reduction in colonization and sepsis. In
this study, no antimicrobial resistance emerged.®

The role of subsequent hematogenous seed-
ing of prosthetics remains controversial.* Clinical
cases of implant infection have been reported to
occur after an invasive procedure.”** The Ameri-
can Academy of Orthopedic Surgeons has issued
a statement favoring the use of antimicrobial pro-
phylaxis for patients with prosthetic joints under-
going dental, gastrointestinal, genitourinary, and
other invasive procedures.” Further clinical study
of these phenomena is required.

FUTURE DEVELOPMENTS
A number of potential strategies to reduce
bacterial biofilm formation on prostheses are
currently under investigation. Modifying the
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Fig. 6. Surgical glove introduction sleeve to protect implant from contacting the skin and breast tissue during insertion. Note
nipple shield in place. The sleeve is inspected after removal to ensure that it is complete.

surface of implants with antibacterial coatings,
biologic membranes, and alterations of physi-
cal characteristics has had varying success.®*%
The use of any drug-related coatings, however,
would require regulatory scrutiny and approval,
as the implant becomes a potential drug-delivery
device. Anti-sense molecules and quorum sense
inhibitors are compounds that disrupt bacterial
communication. These have also been shown to
have some effect on early biofilm formation and
propagation.” Electric current and ultrasound as
physical modalities have also shown some prom-
ise for removing established biofilm attached
to prostheses.”” Negative pressure in an in vitro
model has also produced physical changes to
the extracellular polymeric slime, resulting in
increased susceptibility of biofilm bacteria to the
action of anti-infective compounds.”® Nanotech-
nology, especially the use of compounds such
as zinc oxide, titanium dioxide, polymers, and

carbon nanotubes, is currently being investigated
as potential surface disruptor to bacterial attach-
ment.” Crossed single- and multi-walled carbon
nanotubes arranged in a criss-cross pattern have
been shown to prevent Escherichia coli biofilm.'"
The mechanism of action is thought to relate to
direct toxicity and prevention of gene activation.
Titanium dioxide nanoparticles have also been
shown to produce antibiofilm activity when acti-
vated by ultraviolet light, leading to potential ther-
apeutic applications.'™

Itis likely that in the next few years, a combina-
tion of chemical, physical, and as yet novel surface
modifications may provide us with a truly intelli-
gent medical device, able to repel planktonic bac-
teria and prevent the activation and attachment
of biofilm bacteria. Furthermore, these devices
may have the ability to self-clean by periodically
examining their surface and actively shedding
any attached bacterial biofilm. The ultimate goal
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of providing a truly aseptic environment around
medical devices may well translate into a reduc-
tion in device-associated infection and ultimately
into better outcomes for our patients.
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Surgical Infection Research Group
Australian School of Advanced Medicine
Macquarie University

2 Technology Place, Suite 301
Macquarie Park

Sydney NSW 2109, Australia
anand.deva@mgq.edu.au

ACKNOWLEDGMENTS
The authors acknowledge Dr. Anita Jacombs and

the Macquarie University Microscopy Unit for perform-
ing scanning electron micrography (Fig. 3) and Ahmad
Almatroudi for performing the live/dead stain in Fig-
ure 4. The authors also thank Sister Margaret Nicholson
Jfor her suggestions in developing the glove sleeve tech-
nique as depicted in Figure 6.

10.

11.

12.

REFERENCES

. Bryers JD. Medical biofilms. Biotechnol Bioeng. 2008;100:1-18.
. Costerton JW. Biofilm theory can guide the treatment of

device-related orthopaedic infections. Clin Orthop Rel Res.
2005;437:7-11.

. Fux CA, Costerton JW, Stewart PS, Stoodley P. Survival strate-

gies of infectious biofilms. Trends Microbiol. 2005;13:34-40.

. McCann MT, Gilmore BF, Gorman SP. Staphylococcus epidermi-

dis device-related infections: Pathogenesis and clinical man-
agement. | Pharm Pharmacol. 2008;60:1551-1571.

. von Eiff C, Jansen B, Kohnen W, Becker K. Infections associ-

ated with medical devices: Pathogenesis, management and
prophylaxis. Drugs 2005;65:179-214.

. Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms:

From the natural environment to infectious diseases. Nat Rev
Microbiol. 2004;2:95—-108.

. Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG.

Pseudomonas aeruginosa displays multiple phenotypes during
development as a biofilm. J Bacteriol. 2002;184:1140-1154.

. Suchett-Kaye G, Morrier [J, Barsotti O. Unsticking bac-

teria: Strategies for biofilm control. Trends Microbiol.

1996;4:257-258.

. Costerton JW, Lewandowski Z, Caldwell DE, Korber DR,

Lappin-Scott HM. Microbial biofilms. Annu Rev Microbiol.
1995;49:711-745.

Fux CA, Wilson S, Stoodley P. Detachment characteris-
tics and oxacillin resistance of Staphyloccocus aureus biofilm
emboli in an in vitro catheter infection model. | Bacteriol.
2004;186:4486—4491.

Rupp (], Fux CA, Stoodley P. Viscoelasticity of Staphylococcus
aureus biofilms in response to fluid shear allows resistance
to detachment and facilitates rolling migration. Appl Environ
Microbiol. 2005;71:2175-2178.

Purevdorj B, Costerton JW, Stoodley P. Influence of hydro-
dynamics and cell signaling on the structure and behavior
of Pseudomonas aeruginosa biofilms. Appl Environ Microbiol.
2002;68:4457-4464.

1326

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

. Borriello G, Werner E, Roe F, Kim AM, Ehrlich GD, Stewart

PS. Oxygen limitation contributes to antibiotic tolerance
of Pseudomonas aeruginosa in biofilms. Antimicrob Agents
Chemother. 2004;48:2659-2664.

Mah TF, Pitts B, Pellock B, Walker GC, Stewart PS, O’Toole
GA. A genetic basis for Pseudomonas aeruginosa biofilm antibi-
otic resistance. Nature 2003;426:306-310.

Mah TF, O’Toole GA. Mechanisms of biofilm resistance to
antimicrobial agents. Trends Microbiol. 2001;9:34-39.

Jesaitis AJ, Franklin M]J, Berglund D, et al. Compromised
host defense on Pseudomonas aeruginosa biofilms:
Characterization of neutrophil and biofilm interactions.
J Immunol. 2003;171:4329-4339.

Leid JG, Shirdiff ME, Costerton JW, Stoodley P. Human leu-
kocytes adhere to, penetrate, and respond to Staphylococcus
aureus biofilms. Infect Immun. 2002;70:6339-6345.

Williams P, CAmara M. Quorum sensing and environmental
adaptation in Pseudomonas aeruginosa: A tale of regulatory
networks and multifunctional signal molecules. Curr Opin
Microbiol. 2009;12:182-191.

del Pozo JL, Patel R. The challenge of treating biofilm-
associated bacterial infections. Clin  Pharmacol —Ther.
2007;82:204-209.

Ehrlich GD, Ahmed A, Earl |, et al. The distributed genome
hypothesis as a rubric for understanding evolution in situ
during chronic bacterial biofilm infectious processes. FEMS
Immunol Med Microbiol. 2010;59:269-279.
Lewis K. Persister cells. Annu Rev
357-372.

von Ohle C, Gieseke A, Nistico L, Decker EM, DeBeer D,
Stoodley P. Real-time microsensor measurement of local
metabolic activities in ex vivo dental biofilms exposed
to sucrose and treated with chlorhexidine. Appl Environ
Microbiol. 2010;76:2326-2334.

Tice MM, Lowe DR. Photosynthetic microbial mats in the
3,416-Myr-old ocean. Nature 2004;431:549-552.

Heim C, Lausmaa J, Sjovall P, et al. Ancient microbial activity
recorded in fracture fillings from granitic rocks (Aspd Hard
Rock Laboratory, Sweden). Geobiology 2012;10:280-297.

Fux CA, Stoodley P, Hall-Stoodley L, Costerton JW. Bacterial
biofilms: A diagnostic and therapeutic challenge. Expert Rev
Anti Infect Ther. 2003;1:667-683.

Khardori N, Yassien M. Biofilms in device-related infections.
J Ind Microbiol. 1995;15:141-147.

Nickel JC, Costerton JW, McLean R]J, Olson M. Bacterial
biofilms: Influence on the pathogenesis, diagnosis and
treatment of urinary tract infections. | Antimicrob Chemother.
1994;33 (Suppl A):31-41.

Vergidis P, Greenwood-Quaintance KE, Sanchez-Sotelo
J, et al. Implant sonication for the diagnosis of prosthetic
elbow infection. J Shoulder Elbow Surg. 2011;20:1275-1281.
Tunney MM, Patrick S, Gorman SP, et al. Improved detec-
tion of infection in hip replacements: A currently underesti-
mated problem. J Bone Joint Surg Br. 1998;80:568-572.
Corvec S, Portillo ME, Pasticci BM, Borens O, Trampuz
A. Epidemiology and new developments in the diagnosis
of prosthetic joint infection. Int | Artificial Organs 2012;35:
923-934.

Microbiol. 2010;64:

. Gomez E, Cazanave C, Cunningham SA, et al. Prosthetic

joint infection diagnosis using broad-range PCR of biofilms
dislodged from knee and hip arthroplasty surfaces using
sonication. J Clin Microbiol. 2012;50:3501-3508.

Tunney MM, Patrick S, Curran MD, et al. Detection of pros-
thetic hip infection at revision arthroplasty by immunofluo-
rescence microscopy and PCR amplification of the bacterial
16S rRNA gene. J Clin Microbiol. 1999;37:3281-3290.


mailto:anand.deva@mq.edu.au

Volume 132, Number 5 e Biofilms in Device-Associated Infection

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Stoodley P, Kathju S, Hu FZ, et al. Molecular and imaging
techniques for bacterial biofilms in joint arthroplasty infec-
tions. Clin Orthop Rel Res. 2005;437:31-40.

Gemmel F, Van den Wyngaert H, Love C, Welling MM,
Gemmel P, Palestro CJ]. Prosthetic joint infections:
Radionuclide state-of-the-art imaging. Eur | Nucl Med Mol
Imaging 2012;39:892-909.

Parsons CL, Stein PC, Dobke MK, Virden CP, Frank DH.
Diagnosis and therapy of subclinically infected prostheses.
Surg Gynecol Obstet. 1993;177:504-506.

Moriarty TF, Schlegel U, Perren S, Richards RG. Infection in
fracture fixation: Can we influence infection rates through
implant design? | Mater Sci Mater Med. 2010;21:1031-1035.
Hargreaves DG, Pajkos A, Deva AK, Vickery K, Filan SL,
Tonkin MA. The role of biofilm formation in percutaneous
Kirschner-wire fixation of radial fractures. | Hand Surg Br.
2002;27:365-368.

Sandoe JA, Witherden IR, Cove JH, Heritage J, Wilcox MH.
Correlation between enterococcal biofilm formation in vitro
and medical-device-related infection potential in vivo. | Med
Microbiol. 2003;52 (Pt 7):547-550.

Rogers J, Norkett DI, Bracegirdle P, et al. Examination of
biofilm formation and risk of infection associated with
the use of urinary catheters with leg bags. | Hosp Infect.
1996;32:105-115.

Ward KH, Olson ME, Lam K, Costerton JW. Mechanism of
persistent infection associated with peritoneal implants.
J Med Microbiol. 1992;36:406—413.

Elder M], Stapleton F, Evans E, Dart JK. Biofilm-related infec-
tions in ophthalmology. Eye (Lond). 1995;9 (Pt 1):102-109.
Virden CP, Dobke MK, Stein P, Parsons CL, Frank DH.
Subclinical infection of the silicone breast implant surface as
a possible cause of capsular contracture. Aesthetic Plast Surg.
1992;16:173-179.

. Pajkos A, Deva AK, Vickery K, Cope C, Chang L, Cossart

YE. Detection of subclinical infection in significant breast
implant capsules. Plast Reconstr Surg. 2003;111:1605-1611.
Pajkos A, Vickery K, Cossart Y. Is biofilm accumulation on
endoscope tubing a contributor to the failure of cleaning
and decontamination? J Hosp Infect. 2004;58:224—-229.

Viola GM, Darouiche RO. Cardiovascular implantable device
infections. Curr Infect Dis Rep. 2011;13:333-342.

Sung JJ. Bacterial biofilm and clogging of biliary stents. J Ind
Microbiol. 1995;15:152-155.

Darouiche RO. Treatment of infections associated with surgi-
cal implants. N Engl | Med. 2004;350:1422-1429.

Ruellan K, Frijns JH, Bloemberg GV, et al. Detection of
bacterial biofilm on cochlear implants removed because of
device failure, without evidence of infection. Otol Neurotol.
2010;31:1320-1324.

O’Grady NP. Review: Paired quantitative blood cultures most
accurately detect intravascular device-related bloodstream
infection. ACP J Club 2005;143:77.

Pittet D, Hulliger S, Auckenthaler R. Intravascular device-
related infections in critically ill patients. | Chemother.
1995;7 (Suppl 3):55-66.

Safdar N, Fine JP, Maki DG. Meta-analysis: Methods for diag-
nosing intravascular device-related bloodstream infection.
Ann Intern Med. 2005;142:451-466.

Bouza E, Alvarado N, Alcald L, et al. A prospective, random-
ized, and comparative study of 3 different methods for the
diagnosis of intravascular catheter colonization. Clin Infect
Dis. 2005;40:1096-1100.

McMinn DJ, Snell KI, Daniel J, Treacy RB, Pynsent PB, Riley
RD. Mortality and implant revision rates of hip arthroplasty

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

in patients with osteoarthritis: Registry based cohort study.
BMJ2012;344:e3319.

Love B. Incidence and outcomes of knee and hip joint
replacements in veterans and civilians. ANZ | Swrg.
2006;76:1133-1134.

National Center for Health Statistics. National Hospital
Discharge Survey. Atlanta, Ga.: U.S. Department of Health
and Human Services, Centers for Disease Control and
Prevention; 1998-2005.

Love C, Marwin SE, Tomas MB, etal. Diagnosing infection in
the failed joint replacement: A comparison of coincidence
detection 18F-FDG and 1l1lIn-labeled leukocyte/99mTc-
sulfur colloid marrow imaging. | Nucl Med. 2004;45:
1864-1871.

Tunney MM, Ramage G, Patrick S, Nixon JR, Murphy PG,
Gorman SP. Antimicrobial susceptibility of bacteria isolated
from orthopedic implants following revision hip surgery.
Antimicrob Agents Chemother. 1998;42:3002-3005.

Tunney MM, Patrick S, Curran MD, et al. Detection of
prosthetic joint biofilm infection using immunological and
molecular techniques. Methods Enzymol. 1999;310:566-576.
Hggdall D, Hvolris JJ, Christensen L. Improved detec-
tion methods for infected hip joint prostheses. APMIS
2010;118:815-823.

Hoenders CS, Harmsen MC, van Luyn M]J. The local inflam-
matory environment and microorganisms in “aseptic” loos-
ening of hip prostheses. | Biomed Mater Res B Appl Biomater.
2008;86:291-301.

Artini M, Romano C, Manzoli L, et al. Staphylococcal IgM
enzyme-linked immunosorbent assay for diagnosis of peri-
prosthetic joint infections. J Clin Microbiol. 2011;49:423-425.
Burkhardt BR, Fried M, Schnur PL, Tofield JJ. Capsules,
infection, and intraluminal antibiotics. Plast Reconstr Surg.
1981;68:43-49.

Courtiss EH, Goldwyn RM, Anastasi GW. The fate of breast
implants with infections around them. Plast Reconstr Surg.
1979;63:812-816.

Bartsich S, Ascherman JA, Whittier S, Yao CA, Rohde C.
The breast: A clean-contaminated surgical site. Aesthet Surg J.
2011;31:802-806.

Thornton JW, Argenta LC, McClatchey KD, Marks MW.
Studies on the endogenous flora of the human breast. Ann
Plast Surg. 1988;20:39-42.

Baker JL, Spear SL. Classification of capsular contracture
after prosthetic breast reconstruction. Plast Reconstr Surg.
1995;96:1119-1124.

Ahn CY, Ko CY, Wagar EA, Wong RS, Shaw WW. Microbial
evaluation: 139 implants removed from symptomatic
patients. Plast Reconstr Surg. 1996;98:1225-1229.

Jennings DA, Morykwas M], Burns WW, Crook ME, Hudson

WP, Argenta LC. In vitro adhesion of endogenous skin
microorganisms to breast prostheses. Ann Plast Surg.
1991;27:216-220.

Shah Z, Lehman JA Jr, Tan J. Does infection play a role in
breast capsular contracture? Plast Reconstr Surg. 1981;68:34—42.
Tamboto H, Vickery K, Deva AK. Subclinical (biofilm)
infection causes capsular contracture in a porcine model
following augmentation mammaplasty. Plast Reconstr Surg.
2010;126:835-842.

Marques M, Brown SA, Cordeiro ND, et al. Effects of coagu-
lase-negative staphylococci and fibrin on breast capsule for-
mation in a rabbit model. Aesthet Surg J. 2011;31:420-428.
Deva AK. Bacterial biofilms and breast implants: Part 3. Hot top-
ics, Plastic Surgery 2012. New Orleans; 2012.

Wiener TC. Relationship of incision choice to capsular con-
tracture. Aesthetic Plast Surg. 2008;32:303-306.

1327



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Plastic and Reconstructive Surgery ® November 2013

Wiener TC. Minimizing capsular contracture in a “clean-contam-
inated site.” Aesthet Surg J. 2012;32:352-353; author reply, 354.
Wixtrom RN, Stutman RL, Burke RM, Mahoney AK, Codner
MA. Risk of breastimplantbacterial contamination from endog-
enous breast flora, prevention with nipple shields, and implica-
tions for biofilm formation. Aesthet Surg J. 2012;32:956-963.
Adams WP Jr, Conner WC, Barton FE Jr, Rohrich RJ.
Optimizing breast pocket irrigation: An in vitro study and
clinical implications. Plast Reconstr Surg. 2000;105:334-338;
discussion, 339.

Adams WP Jr, Conner WC, Barton FE Jr, Rohrich RJ.
Optimizing breast-pocket irrigation: The post-betadine era.
Plast Reconstr Surg. 2001;107:1596-1601.

Adams WP ]Jr, Rios JL, Smith S]. Enhancing patient out-
comes in aesthetic and reconstructive breast surgery using
triple antibiotic breast irrigation: Six-year prospective clini-
cal study. Plast Reconstr Surg. 2006;118(7 Suppl): 46S-52S.
Mladick RA. “No-touch” submuscular saline breast augmen-
tation technique. Aesthetic Plast Surg. 1993;17:183-192.

Khan UD. Breast augmentation, antibiotic prophylaxis,
and infection: Comparative analysis of 1,628 primary aug-
mentation mammoplasties assessing the role and efficacy
of antibiotics prophylaxis duration. Aesthetic Plast Surg.
2010;34:42-47.

Engesaeter LB, Lie SA, Espehaug B, Furnes O, Vollset SE,
Havelin LI. Antibiotic prophylaxis in total hip arthroplasty:
Effects of antibiotic prophylaxis systemically and in bone
cement on the revision rate of 22,170 primary hip replace-
ments followed 0-14 years in the Norwegian Arthroplasty
Register. Acta Orthop Scand. 2003;74:644—651.

Joseph TN, Chen AL, Di Cesare PE. Use of antibiotic-
impregnated cement in total joint arthroplasty. /| Am Acad
Orthop Surg. 2003;11:38-47.

Jacombs A, Allan J, Hu H, et al. Prevention of biofilm-
induced capsular contracture with antibiotic-impregnated
mesh in a porcine model. Aesthet Surg J. 2012;32:886-891.
Bloom HL, Constantin L, Dan D, etal.; Cooperative Multicenter
Study Monitoring a CIED Antimicrobial Device Investigators.
Implantation success and infection in cardiovascular implant-
able electronic device procedures utilizing an antibacterial
envelope. Pacing Clin Electrophysiol. 2011;34:133-142.

Ahearn DG, Grace DT, Jennings MJ, et al. Effects of hydro-
gel/silver coatings on in vitro adhesion to catheters of bac-
teria associated with urinary tract infections. Curr Microbiol.
2000;41:120-125.

86. Schumm K, Lam TB. Types of urethral catheters for man-

agement of short-term voiding problems in hospitalized
adults: A short version Cochrane review. Newrourol Urodyn.
2008;27:738-746.

1328

87.

88.

89.

90.

91.

92.

94.

95.

96.

97.

98.

99.

100.

101.

Davenport K, Keeley FX. Evidence for the use of silver-alloy-
coated urethral catheters. | Hosp Infect. 2005;60:298-303.
Hanna H, Benjamin R, Chatzinikolaou I, et al. Long-term
silicone central venous catheters impregnated with mino-
cycline and rifampin decrease rates of catheterrelated
bloodstream infection in cancer patients: A prospective
randomized clinical trial. J Clin Oncol. 2004;22:3163-3171.
Tong DC, Rothwell BR. Antibiotic prophylaxis in dentistry:
A review and practice recommendations. / Am Dent Assoc.
2000;131:366-374.

Rubin R, Salvati EA, Lewis R. Infected total hip replace-
ment after dental procedures. Oral Surg Oral Med Oral
Pathol. 1976;41:18-23.

Ching DW, Gibson PH, Gould IM, Rennie JA. Prevention
of haematogenous infection in prosthetic joints. Scott Med J.
1988;33:363-365.

Bartzokas CA, Johnson R, Jane M, Martin MV, Pearce PK,
Saw Y. Relation between mouth and haematogenous infec-
tion in total joint replacements. BMJ. 1994;309:506-508.

. American Association of Orthopaedic Surgeons. Antibiotic

Prophylaxis for Bacteremia in Patients with Joint Replacements.
2012. Available at: http://www.aaos.org/about/papers/
advistmt/1033.asp.

Furkert FH, Sorensen JH, Arnoldi J, Robioneck B, Steckel
H. Antimicrobial efficacy of surface-coated external fixa-
tion pins. Curr Microbiol. 2011;62:1743-1751.

Sonabend AM, Korenfeld Y, Crisman C, Badjatia N, Mayer
SA, Connolly ES Jr. Prevention of ventriculostomy-related
infections with prophylactic antibiotics and antibiotic-
coated external ventricular drains: A systematic review.
Neurosurgery 2011;68:996-1005.

Rasmussen TB, Givskov M. Quorum-sensing inhibitors
as anti-pathogenic drugs. Int | Med Microbiol. 2006;296:
149-161.

Qian Z, Sagers RD, Pitt WG. Investigation of the mecha-
nism of the bioacoustic effect. | Biomed Mater Res. 1999;44:
198-205.

Ngo QD, Vickery K, Deva AK. The effect of topical negative
pressure on wound biofilms using an in vitro wound model.
Wound Repair Regen. 2012;20:83-90.

Taylor E, Webster TJ. Reducing infections through nan-
otechnology and nanoparticles. Int | Nanomed. 2011;6:
1463-1473.

Kang S, Herzberg M, Rodrigues DF, Elimelech M.
Antibacterial effects of carbon nanotubes: Size does matter!
Langmuir 2008;24:6409-6413.

Sunada K, Kikuchi Y, Hashimoto K, Fujishima A.
Bacteriocidal and detoxification effects of TiO2 thin film
photocatalysts. Envir Sci Technol. 1998;32(5):726-728.


http://www.aaos.org/about/papers/advistmt/1033.asp
http://www.aaos.org/about/papers/advistmt/1033.asp

