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Abstract

The biomaterials used in the manufacture of im-
planted prosthetic devices profoundly impair the host’s
ability to opsonise and phagocytose invading microbes.
As a result, while these devices generally provide effec-
tive relief from painful, crippling and life-threatening
disorders, they can also induce vulnerability to infection
in the recipients. The surfaces of the implants are sus-
ceptible to colonisation by microbial biofilms. The cells
in the biofilms are further protected against opsono-
phagocytosis and are also resistant to antibacterials.
Device associated infections thus tend to be refractile to
antibiotic therapy and in many cases the device has to be
removed before the infection will respond to treatment.
Infection rates per implantation operation in totally
implanted devices, such as, artificial hips and knees,
have fallen over the years to 1-2%. Devices that are
partly implanted into body cavities or pass transcutane-
ously into tissues are particularly susceptible to infec-
tion. For example, infection rates of 2.3-4 5% have
been reported for central line vascular catheters. The
incidence of infection is related to the length of time the
device is in place. Infection rates for urethral catheters
indwelling for more than 28 days approach 100%.

While several ingenious approaches are currently
being taken to modify the surfaces of biomaterials, it has
not yet proved possible to reduce the deleterious effects
on the host or frustrate the surface colonisation mecha-
nisms that microbes have evolved as a basic survival
strategy in natural aquatic habitats.
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Introduction

The prosthetic devices available to modern medicine
provide effective relief from a range of painful, crip-
pling and life-threatening disorders. Some, such as, ar-
tificial heart valves and haemodialysis shunts, have be-
come essential for the survival of many patients, others,
such as, prosthetic joints, enable patients to regain the
ability to perform important physical activities. Artifi-
cial devices have been successfully developed and incor-
porated into nearly all of the body systems and the num-
bers of patients receiving implants continues to increase.
In Wales, for example, a small country with a popula-
tion of 2 million, from 1989-1994 some 22,000 artificial
joints, 4,000 cardiac pacemakers, and 1,500 prosthetic
heart valves have been implanted (Fig. 1). Many more
patients of course, have undergone vascular or bladder
catheterisation. There is no doubt that prostheses have
both prolonged and improved the quality of life for
millions of individuals.

In the wake of this progress has come the problem
of device associated infection, which now accounts for
a substantial proportion of the infections acquired in hos-
pitals and other health care facilities. Unfortunately, the
biomaterials used in the manufacture of the devices, syn-
thetic polymers, metals and ceramics are vulnerable to
colonisation by microorganisms. Contamination can oc-
cur during the implantation of the device or later on dur-
ing its working life and the resulting infections are capa-
ble of inducing chronic inflammation, tissue necrosis or
even life-threatening septicaemia. Infection of a device
can thus transform a substantial health gain into a catas-
trophe. In addition to the devastating effect of these
complications on the individual patients, the costs of the
medical care of patients with infected devices are enor-
mous. Sugarman and Young (1989) for example, calcu-
lated that the hospital care costs for the treatment of
infected joint prostheses in the USA in 1988 was well
over $100 million. The scale of the morbidity and mor-
tality together with the costs of treatment, thus provide
a strong incentive to prevent these infections.

In the normal healthy individual, the host defences
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Figure 1. The number of prosthetic devices implanted
in patients in Wales over the period 1989-1994; data
from the Welsh Health Common Services Authority.

against infection usually ensure that microbial contam-
ination of tissues and body fluids is rapidly eliminated.
The presence of an implanted device, however, seems to
reduce the effectiveness of host defence systems so that
the numbers of organisms of pathogenic species required
to initiate infection is reduced and "non-pathogenic”
species such as coagulase negative staphylococci are able
to establish infections (Christensen et al., 1989). The
colonisation of the devices has profound effects on the
phenotypes of the invading microbes, enhancing both
their virulence and their ability to resist antibacterial
agents. As a result, chronic infections develop and
persist despite antibiotic therapy. In many cases, the
device has to be removed before infection will respond
to therapy (Gristina et al., 1993).

The Effect of Biomaterials
on the Host Defence Mechanisms

It is a general observation that implanted devices
can provoke chronic localized inflammation which crip-
ples the ability of the host to opsonise and phagocytose
contaminating bacteria (Christensen ez al., 1989). Short-
ly after implantation, prosthetic devices attract popula-
tions of neutrophils and macrophages. Tang and Eaton
(1994) observed that discs of polyester terephthalate pre-
incubated with plasma, attracted phagocytes when im-
planted intraperitoneally in mice. Precoating the discs
with the predominant plasma protein albumin, however,
inhibited phagocyte recruitment. The active factor in
plasma proved to be fibrinogen. Discs implanted into

—{— Knee joints
g s Hip joints
----&--- Pace makers

---f--- Heart valves

--4F-- Tenckoff Catheters

--@ - Breast Implants

hypofibrinogenemic mice failed to attract the inflamma-
tory cells unless they were precoated with fibrinogen.

Polymorphonuclear leukocytes (PMNs), that have
been in contact with implants, have significantly lower
bactericidal activity than PMNs from inflammatory
exudates and peripheral blood (Zimmerli ez al., 1982).
Gristina et al. (1993) investigated the effects of poly-
methylmethacrylate (PMMA) on the antimicrobial oxida-
tive responses of rabbit alveolar macrophages. Contact
of the macrophages with PMMA spheres for three hours
induced a slow burst of oxidative activity. When these
macrophages were subsequently challenged, they were
unable to mount a response. Studies using perforated
cylinders of PMMA or Teflon implanted subcutaneously
into guinea pigs have revealed that contact with the
foreign body rapidly (within 6 hours) impairs the PMN
oxygen-dependent killing mechanism and causes prema-
ture degranulation (Vaudaux ez al., 1994). In these ear-
ly stages, the complement mediated opsonic activity of
fluid from the cylinders was adequate, but, after 6 hours
contact, it became substantially reduced. It seems there-
fore that the sequential impairment of the phagocytes,
followed by the inhibition of bacterial opsonisation, en-
sures that opsonophagocytic activity cannot be performed
in full in the vicinity of the device at any time after
implantation (Vaudaux ez al., 1994).

The accumulation of phagocytic cells around devices
and their subsequent premature activation and degranula-
tion as they attempt to digest the implant, causes the re-
lease of oxidants and degradative enzymes which can
damage the biomaterial (Sutherland ez al., 1993) and ad-
versely effect the tissue surrounding the device, particu-
larly, in large implants, such as, mammary prostheses
(Nelson, 1981).
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Figure 2. A transmission electron micrograph of a sec-
tion through a Pseudomonas aeruginosa biofilm growing
on a urethral catheter. X indicates the edge of the bio-
film adjacent to the internal surface of the silicone cathe-
ter. Y is the boundary of the biofilm facing the central
lumen of the catheter.

The Microbial Colonisation of Biomaterials

The biomaterials used in prosthetic devices have
been chosen because their mechanical properties allow
them to perform the required function without causing
trauma to the surrounding tissues. They are not inert,
however, and their surfaces are capable of physical,
chemical and biological interactions that facilitate their
colonisation by microbes. The geometry of the surface
can also induce attachment and cells can become trapped
in any surface irregularities (Cheesborough et al., 1985).

Soon after implantation, all biomaterials become
coated with glycoproteins from body fluids (Costerton et
al., 1987). These conditioning films are formed by pro-
teins such as fibronectin, fibrinogen, vitronectin, laminin
and collagen (Vaudaux er al., 1984; Herrman et al.,
1988). They then provide receptor sites for the attach-
ment of bacteria. Ohkawa et al. (1990), for example,
examined the surfaces of Foley urethral catheters and
observed the presence of fibrous material which reacted
specifically with antihuman fibrinogen fluorescent conju-
gate. They concluded that the material originated from
host tissues injured by the catheterisation process and
suggested that it acted as a "glueing substance" trapping
bacteria and crystalline material from the urine. Bus-
scher et al. (1991) showed that fibronectin formed
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discontinuous films on biomaterials and speculated that
the uncoated surfaces can also provide attractive sites for
microbial attachment. Gristina et al. (1993) exposed
PMMA and teflon to physiological concentrations of
human serum albumin and fibronectin. Immunostaining
with protein A-gold conjugate revealed that both these
proteins had pooled and formed irregular deposits on the
polymer surfaces. Observations on titanium implants,
however, suggest that host proteoglycans form continu-
ous surface conditioning films (Albrektsson, 1985).

Microbial cells arriving near the implanted surface
by direct contamination, transcutaneous spread, or by
seeding from infected fluids flowing over the device, are
drawn near to the surfaces by forces such as hydropho-
bic interaction and electrostatic attraction. Attachment
to the surface is then consolidated through specific inter-
actions between receptors in the conditioning film and
structures, such as, fimbriae and the extracellular poly-
saccharides of the cell capsule or glycocalyx that pro-
trude on the cell surface (Gristina, 1987).

Staphylococci are particularly important causes of
device associated infections, they have surface adhesins
which specifically recognize and bind to receptors on
serum and tissue fluid proteins. Fibronectin, a large
soluble glycoprotein, known to rapidly coat foreign bod-
ies, is a particularly good receptor for Staphylococcus
aureus (Vaudaux et al., 1984, 1985a) and possibly coag-
ulase negative staphylococci (Christensen et al., 1989).
S. aureus will also attach itself to surfaces coated with
fibrinogen, laminin, vitronectin°' and fibrinogen
(Christensen et al., 1989; Espersen et al., 1990).

Once anchored on the surface of the biomaterial and
bathed in tissue fluids, microbes are capable of multipli-
cation and microcolonies of cells develop. Many species
are capable of synthesizing extracellular polysaccharides
which enclose the clumps of cells in slime. It is signifi-
cant that Pseudomonas aeruginosa and coagulase nega-
tive staphylococci, two of the organisms most commonly
associated with device associated infections, are noted
for their ability to produce these slimes (Christensen et
al., 1989; Sutherland, 1995). Scanning electron micros-
copy has been particularly useful in detecting the coloni-
sation of devices. Direct examination of various pros-
theses removed from patients have revealed that the ex-
tent of microbial contamination ranges from patchy colo-
nisation by microcolonies of cells one or a few cells
deep (Elliott, 1988), to confluent layers or "biofilms" up
to 1 mm in thickness, and 400-500 cells deep (Gander-
ton et al., 1992; Stickler ef al., 1993a). In some situa-
tions, large populations of host cells also become asso-
ciated with the microbial communities (Ward et al.,
1992). Figure 2 shows a transmission electron micro-
graph of a section through a Ps. aeruginosa biofilm
colonising the luminal surface of a urethral catheter.
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Christensen er al. (1994) reviewed the sequential
process by which coagulase negative staphylococci colo-
nise medical devices. They concluded that after the cells
have been brought into contact with the device by non-
specific physicochemical forces, the attachment is
promoted by the unavoidable presence of what they call
"unique sites" on the surface of the biomaterial. These
unique sites may be local variations in surface hydropho-
bicity, surface irregularities, or the presence of host
proteins adsorbed onto the surface of the device. The
rare staphylococci that attach to the surface at these sites
then proceed to produce extracellular slime. This poly-
saccharide slime stabilizes cell to surface and cell to cell
associations, spreads over the surface, and facilitates the
progressive colonisation of the device.

The Properties of Bacterial Biofilms on Biomaterials

The clinical manifestations of biomaterial-associated
infection can vary from fulminant sepsis to low grade re-
current fevers and chronic local inflammation. The clin-
ical experience with these device-related infections has
been that while antibiotic therapy may control the exa-
cerbations, the chronic infections will generally not re-
solve until the device is removed. Another common fea-
ture, even in immunocompetent individuals, is the fail-
ure of the host defence mechanisms to clear the infec-
tion. These characteristics stem in part from the inher-
ent properties of bacteria growing as surface colonising
biofilms (Finch, 1994).

There is evidence that bacteria in biofilms on the
surfaces of implanted devices are protected from host
defence mechanisms (Jansen and Peters, 1993). Attach-
ment of S. aureus cells to PMMA, for example, has
been shown to reduce their susceptibility to killing by
fully effective PMNs (Vaudaux ez al., 1985b). Johnson
et al. (1986) demonstrated that the ability of PMNs to
phagocytose and kill Staphylococcus epidermidis colonis-
ing a plastic surface was impaired by the copious extra-
cellular slime produced by this organism. Jensen et al.
(1990) used a chemiluminescence assay to examine the
oxidative burst response of human PMNs against bio-
films of Ps. aeruginosa that had been grown on silicone
discs for 24 hours. They found that the response was
slow and only 25% of that produced against planktonic
cells of the same test organism.

Ward ez al. (1992) examined the ability of rabbits to
clear intraperitoneal Ps. aeruginosa in the presence and
absence of a surgically implanted device consisting of
Silastic discs on a Teflon rod. In the absence of the
implant, an inoculum of 5 x 10° organisms was elimi-
nated from the peritoneal fluid and tissues within 96
hours. The same inoculum in the presence of the im-
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plant, however, induced peritonitis. Electron micros-
copy revealed the presence of bacterial biofilms on the
implanted discs and, at 96 hours, more than 10° per cm?
bacteria were recovered from the discs. Bacteria were
also recovered from peritoneal fluid after 96 hours. Ex-
amination of discs pre-colonised by 10* cells/cm? after
implantation for up to 42 days showed that the adhered
organisms had successfully colonised the discs and es-
tablished biofilms containing 10 viable cells/cm?. The
same extent of biofilm development occurred on discs
implanted into animals that had been pre-immunised
against the test strain of Ps. aeruginosa and were shown
to have developed high titres of IgG, specific to the test
organism. The defences of the peritoneal cavity were
clearly undermined by the presence of the implant.
Ward et al. (1992) suggested that the specific antibodies
might not be able to reach the bacterial cells buried
within the matrix of the biofilm or that phagocytosis of
cells opsonised by the specific IgG by PMNs and macro-
phages is impaired.

In vitro studies and observations made on colonised
devices removed from patients, point to the remarkable
resistance of cells in biofilms to antibacterial agents.
For example, Gristina et al. (1988) found viable biofilm
cells colonising a total artificial heart from a patient who
had been treated with the maximum tolerable doses of
modern antibiotics for extended periods of time (Kunin
et al., 1988). Ganderton et al. (1992) observed that the
luminal surfaces at an indwelling urethral catheter re-
moved from a patient who was being treated with genta-
micin was covered in a substantial biofilm some 180 ym
thick composed of a viable community (10® cfu/cm?) of
Ps. aeruginosa, Providencia stuartii and Proteus mira-
bilis. Conventional antibiotic sensitivity tests revealed
that all the strains were gentamicin sensitive.

Nickel et al. (1985a) examined the sensitivity of a
strain of Ps. aeruginosa growing on discs of latex cathe-
ter material to tobramycin. They found that whereas the
antibiotic at 50 mg/l completely killed the population of
planktonic cells taken from the test system, biofilm
populations of 2 x 108 cfu/cm? were only reduced to 6
x 10% cfu/cm? on 12 hours exposure to 1,000 mg/l.
Anwar et al. (1989) showed that Ps. aeruginosa grown
on acrylic tiles for seven days in a chemostat, survived
for up to 6 hours in tobramycin at 50 mg/l whereas 5
mg/l was markedly bactericidal to plankton suspensions
of the same strain within 2 hours. Pascual ez al. (1993)
reported that attachment of Ps. aeruginosa to segments
of siliconised latex urinary catheters increased the mini-
mal bactericidal concentrations (MBCs) of amikacin 8-
fold, ceftazidime 64-fold, ciprofloxacin 64-fold, and
meropenen 2048-fold. They also presented evidence that
the catheter material itself reduced the activity of
amikacin and meropenem.
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Figure 3. A summary of the effects of an implanted prosthetic device on host defence systems and of the consequences

of prosthesis colonisation by biofilm.

Nafcillin-sensitive coagulase negative staphylococci
that had colonised polyvinylchloride catheters for up to
24 hours, were able to survive exposure to bactericidal
concentrations of the drug (Sheth et al., 1985). This
effect was particularly marked with slime producing
strains. Evans and Holmes (1987) developed biofilms of
S. epidermidis on discs of silicone elastomer. The test
strain had an MBC for vancomycin of 6.25 mg/l but
cells that had grown on the discs for 72 hours survived
continuous exposure to 25 mg/l for up to 10 days. Gris-
tina et al. (1989) examined the sensitivity of coagulase
negative staphylococci adherent to stainless steel, poly-
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ethylene, and PMMA. They found that the MBC of ad-
herent cells were 4-fold greater for vancomycin and up
to 32-fold greater for gentamicin. Naylor ez al. (1990)
reported that the adherence of strains of both coagulase
positive and negative staphylococci to various biomate-
rials enhanced their resistance to nafcillin, daptomycin,
vancomycin and gentamicin. The effect was not depend-
ent on slime production but was related to the type of
material, being more pronounced on PMMA than on
stainless steel. Figure 3 is a diagram summarizing the
effects of an implanted device on host defence systems
and the consequences of biofilm formation on protheses.
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Specific Prosthetic Device Infections

Device associated infections may be severe or silent
depending on factors, such as, the location and depth of
implantation, nature of the surrounding tissue, the viru-
lence of the infecting organism, and the immuno-compe-
tence of the individual. Infection is a relatively rare
complication of the totally implanted devices, it is how-
ever, much more prevalent in those devices that are only
partially inserted into tissues or body cavities.

Joint implants

The replacement of joints destroyed by arthritis or
injury is now performed routinely worldwide. Hip,
knee, shoulder, and elbow joints are regularly recon-
structed with artificial devices. In the surgical proce-
dure for hip joints, the acetabulum is enlarged and a
high density polyethylene cup, sometimes with a metal
backing is fitted into the new cavity. The femoral head
is replaced by a smaller metal or ceramic sphere
attached to a stern which is then located in the medullary
canal of the femur. The devices are cemented to the
skeleton using methylmethacrylate or by a layer of
hydroxyapatite. Prosthetic knee joints are constructed
from the same materials.

Infection has been the major cause of failure of
these devices. Infection rates per hip implantation oper-
ation have reduced from about 6.8% in the 1960s to
about 1% by the 1990s (Kaplan and Wilson, 1994).
Knee and elbow replacement has slightly higher risks of
infection, reported rates being 2% and 6-9 %, respective-
ly (Fitzgerald, 1989; Huo and Sculco, 1990). Contami-
nation of the artificial joints usually takes place during
surgery or from superficial perioperative wound infec-
tion that progresses to the device. Some infections pre-
sent longer than 24 months after surgery with the onset
of acute joint pain. These are believed to be subsequent
to episodes of bacteraemia from other sources such as
dental, genito-urinary procedures, or abdominal surgery
(Dickinson and Bisno, 1993).

Sanderson (1991) and Karchmer (1992) have
reviewed the microbiology of infected hip, knee and
elbow infections. S. aureus and coagulase-negative
staphylococci were by far the most commonly isolated
organisms, followed by streptococci, Pseudomonas
species, Escherichia coli, Proteus sp., and obligate
anaerobes, such as, Bacteroides and peptococci.

The clinical manifestations of artificial joint infec-
tions range from pain and loosening of the prosthesis, to
acute inflammation, swelling and fever (Kaplan and
Wilson, 1994). Treatment of these infections is difficult
and costly. Antibiotic suppression is used for patients
who are poor risks for surgery. The results are disap-
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pointing, being successful in only a quarter of ‘he cases
(Rand, 1993). The removal of the device leaves the pa-
tient with physical disability often more severe than the
original. The most popular method of treatment of in-
fected prosthesis is a two stage reimplantation. The in-
fected prosthesis is removed, the joint is stabilized with
a cement spacer and intravenous antibiotics given for 5-6
weeks. The new prosthesis is then implanted in a sec-
ond operation (Wilde, 1994). In 1989, 62,91¢ total hip
replacements and 80,647 total knee replacements were
performed in the "Medicare population" in the USA. In
the same year, 1,395 procedures were performed for
removal of infected total hip implants and 1,795 for
infected knee implants. The cost of the treatment for an
infected total hip in New York City averaged $50,000 to
$60,000 (Wilde, 1994).

Bengtson (1993) reported that in Sweden, patients
with infected knee prostheses had ten times more days
in hospital, three times as many operations, five times as
many outpatient visits, and four times more radiographic
examinations than non-infected patients. The total direct
costs at 1991 prices averaged US$ 62,100 for an infect-
ed patient and US$ 8,600 for a non-infected patient.

Prosthetic heart valves

About 40 different types of prosthetic heart valves
are available for use, some are entirely mechanical,
manufactured from metal alloys, carbons, and durable
plastics, others are made up of tissue but do include
metallic struts or rings for structural support (Wellford
and Wellford, 1994). Sugarman and Young (1989) esti-
mated that some 120,000 of these devices were inserted
worldwide in 1986. Actuarial analysis shows that the
cumulative rate of prosthetic valve endocarditis is 1.5-
3.0% one year after surgery, increasing to a cumulative
rate of 3.2-5.7 % after four to five years. The infections
induce valve disfunction, regurgitant blood flow, persis-
tent bacteraemia, and fever. They are highly invasive
conditions and can progress to myocardial abscess and
annulus infection. The infections are refractile to treat-
ment with prolonged bactericidal agents and valve 1e-
placement surgery is required to eliminate infection and
restore effective valve function in 50-65% of cases. A
recent prospective multi-centre study of prosthetic valve
endocarditis in 74 patients revealed 46 % mortality at six
months.  Surgical replacement of the infected valve
reduced mortality rates to 23% compared to 56% in
patients who received medical therapy alone (Yu ef al.,
1994). Karchmer (1992) reported that while a wide
range of microbes from fungi to mycobacteria, Legion-
ella, Listeria and mycoplasmas have been isolated from
the artificial heart valves, staphylococci, particularly
coagulase negative strains, were predominantly respons-
ible for the infections.
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Cardiac pacemakers

It has been estimated that more than a million peo-
ple have implanted cardiac pacemakers. Infectious com-
plications have been reported to occur in up to 15% of
patients (Coppola and Yealy, 1994). The infections can
involve various sites along the device including the
pocket containing the generator, the subcutaneous re-
gions along the wiring, and the cardiac tissue alongside
the electrode. Generator pocket infections usually result
from wound contamination at surgery. Patients experi-
ence pain, erythema and swelling at the generator site.
S. aureus is responsible for about 70% of the infections
presenting within 2 weeks of surgery, while S. epider-
midis causes most of the later infections. Infection of
the pacemaker wires and electrodes can be caused by
contiguous spread from an infected generator pocket,
from the skin, or from bacteraemia with a distant
source. Endocarditis and septicaemia can develop from
these infections. As conservative antibiotic treatment is
highly likely to fail and exposes the patient to the risk of
life threatening septicaemia, the recommended approach
is replacement of the entire apparatus (Karchmer, 1992).

Total artificial hearts

The initial experience with total artificial hearts as
permanent cardiac replacements was an infection rate of
100% (Kunin et al., 1988). Since then, the incidence of
infection has declined, particularly in short-term recipi-
ents. Burns (1993) reported that infection rates are now
around 33 %. Infection is the greatest threat to these pa-
tients and is one of the most important factors limiting
the further exploitation of these devices. The surgical
trauma associated with the implantation, the contact with
blood and other body fluids, and the transcutaneous pen-
etration of vascular conduits or power transmission sys-
tems all contribute to the likelihood of infection. Kunin
et al. (1988) reported on the infectious complications in
four long-term recipients of the Jarvik-7 artificial heart.
They found that infections spread along the drive lines
to the periprosthetic surfaces. S. epidermidis, Ps.
aeruginosa, S. aureus and Candida were the common
organisms. Once the drive lines became contaminated
and bacteraemia was established, it was not possible to
eradicate the infections even by intensive therapy with
powerful antibiotics. Continued use of the antibiotics
was associated with the emergence of resistant organ-
isms. In two cases, intensive therapy temporarily sup-
pressed the infection but eventually all four died of their
infections. Post-mortem microbiological examination
revealed extensive polymicrobial colonisation of the
device and drive lines (Dobbins et al., 1988; Gristina et
al., 1988).
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Vascular catheters

One of the most common invasive procedures
performed in modern medicine is the insertion of cathe-
ters into peripheral and central veins and arteries. The
catheters are made of synthetic polymers, such as, poly-
vinylchloride, polyethylene, polyurethane, or silicone.
They are used to deliver fluids, medications and nutri-
ents, to perform haemodialysis, plasmaphoresis, and to
monitor medications. The majority of medical and sur-
gical in-patients in acute care hospitals will have at least
one intravenous line. To try and reduce the risk of in-
fection, these catheters are usually tunnelled partially
beneath the skin before they enter the vascular system.
Unfortunately, these devices are commonly associated
with infections which may be systemic or localized at
the site of entry. A multi-national European study of
over 10,000 patients reported that bacteraemia developed
in 0.4 % of patients with peripheral catheters but in 4.5%
of patients with central catheters (Nystrom ez al., 1983).
Estimates of the scale of the problem in the USA range
from 50,000-200,000 patients developing systemic sepsis
from this source per annum (Maki, 1991; Raad and
Sabbagh, 1992). A comprehensive prospective study
from Australia (Collignon, 1994) recently revealed that
of 4,957 separate episodes of bacteriaemia or fungaemia
occurring in 15 hospitals, 809 were identified as intra-
vascular catheter related. The problem was greater with
central line catheters, systemic sepsis with peripheral
vein catheters occurred with 0.36 of every 1,000 cathe-
ters, the equivalent figure for central vein devices was
23 episodes per 1,000 catheters. It was calculated that
at least 3,000 cases of intravascular sepsis occurred per
year in Australia. In two of the hospitals with well doc-
umented follow-up of patients, the associated case fatali-
ty rate was 24%. This figure compares with estimates
of 20-40% from the USA.

Microbiological and direct microscopic studies have
indicated that microbes from the patient’s skin flora at
the site of insertion can migrate along the outer surface
of the catheter (Elliott, 1988; Bjornson, 1993). An
important route of contamination is the inside surface of
the catheter hub resulting in colonisation of the catheter
lumen and tip (Maki et al., 1977; Cooper and Hopkins,
1985; Fan et al., 1988). Organisms can also contami-
nate the catheter tip at the time of insertion. Haemato-
genous contamination of the intra-vascular part of the
catheter can also occur during bouts of transient bacte-
raemia secondary to a distant focus of infection
(Bjornson, 1993). Contamination of infusion fluids can
also occasionally produce infection (Elliott, 1988).

Using scanning electron microscopy, Passeroni et
al. (1992) observed that extensive bacterial biofilm for-
mation was common even on catheters that had been in
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place for only 24 hours. A variety of microbial species
are involved in catheter related sepsis. Collignon
(1994), for example, reported that the most commonly
isolated organisms were S. aureus (38%), coagulase
negative staphylococci (27.5 %), Klebsiella spp. (4.8%),
Candida albicans (4.8%), and Pseudomonas spp.
(3.6%). Elliot and Faroqui (1992) examined 156 infect-
ed catheters and found that the organisms most common-
ly colonising catheters were coagulase negative staphylo-
cocei (60%), S. aureus (14%), Ps. aeruginosa, Entero-
coccus faecalis, coliforms and Candida being amongst
the other organisms isolated. The incidence of infec-
tious complications is related to the length of time the
catheter is in situ (Elliott, 1988). The clinical conse-
quences of vascular catheter associated infections range
in severity from local inflammation and discomfort at the
skin site of entry to septicaemia. Eighty-two percent of
2,073 cases of bacteraemia occurring in the Center for
Disease Control’s National Nosocomial Infection Sur-
veillance study, were found to be associated with intra-
venous catheters (Dickinson and Bisno, 1993).

The treatment recommended for catheter associated
infections depends on a number of important considera-
tions, including the nature of the organism recovered
from the catheter or blood, the status of the patient’s
host defence mechanisms, the presence of other pros-
thetic devices, and other conditions such as valvular
heart disease or diabetes that would increase the risk of
metastatic spread of the infection (Bjornson, 1993;
Howell, 1994). S. aureus infection of catheters is asso-
ciated with a high rate of metastatic complications and
should be managed by intravenous antistaphylococcal an-
tibiotics for a minimum of 14 days and catheter removal
(Raad and Sabbagh, 1992). Bjornson (1993) has pointed
out that there is little information about optimal
management of catheter infections caused by S. epider-
midis, Gram-negative bacilli or fungi, his recommenda-
tion, however, was, in most cases, to remove the cathe-
ter and treat with appropriate antibiotics. In the case of
S. epidermidis infections in the immuno-competent
patient, removal of the catheter was generally effective.

Breast implants

It has been estimated that since the development of
silicone gel-filled implants in 1963, one to two million
women in America have received breast implants. Some
65 % for cosmetic augmentation and 35 % for reconstruc-
tion after mastectomy for breast cancer (Payne, 1994).
Early studies of patients receiving breast implants indi-
cated infection rates in the region of 1-4% (Sugarman
and Young, 1989). While a recent study of 54,000 im-
plants performed by 73 plastic surgeons reported infec-
tion rate of 0.1% (Brand, 1993), evidence has been pre-
sented that about 5% of mammary prostheses are "sub-
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clinically" infected with S. epidermidis causing chronic
pain and movement of the device (Parsons ez al., 1993).
The most common organisms cultured from "clinically"
infected breast implants are S. aureus (75%) and S. epi-
dermidis (10%). The silicone implant becomes encapsu-
lated by a collagen sheath and infection is believed to
contribute to a process of capsular contraction which
produces distortion of the implant and disfigurement of
the breast (Payne, 1994).

Cerebrospinal shunts

In patients with hydrocephalus, the equilibrium be-
tween the production and reabsorption of cerebrospinal
fluid (CSF) is disturbed, increasing intracranial pressure
and dilating of the ventricles of the brain. The main
form of treatment involves the mechanical shunting of
the fluid. A silastic catheter is implanted into a surgical-
ly created conduit from the ventricle of the brain. There
is usually a reservoir and valve in the drainage system
to facilitate sampling of the fluid or drainage and
pumping. Drainage continues either into the peritoneal
cavity or into the central circulation via the jugular vein
(Jordan, 1994). It has been estimated that 180,000 CSF
shunts are implanted each year worldwide (Sugarman
and Young, 1989). The rate of CSF infection ranges
from 1-10% (Bisno and Sternau, 1994). Most of the in-
fections present within six weeks of surgery. Staphylo-
coccl, particularly coagulase negative strains, are the
main problem, but infections can also be produced by
Gram-negative bacilli and obligate anaerobes. The clini-
cal manifestations vary from rigorous fever, malaise,
and lethargy to meningitis, peritonitis, and endocarditis.
The overall mortality associated with these infections is
as high as 60%. Antibiotic therapy alone is not as effec-
tive as the combination of shunt removal and antibiotics
(Jordan, 1994).

Peritoneal dialysis devices

Many patients with end-stage renal disease are treat-
ed by continuous ambulatory peritoneal dialysis (CAPD)
as an alternative to haemodialysis. The technique in-
volves the surgical implantation of a Tenckoff catheter
through the lower abdominal wall. From the cutaneous
entry site, the catheter is tunnelled for about 10 cm
through the subcutaneous tissues before it enters the per-
itoneal cavity. Itis secured in position by a Dacron cuff
placed sub-cutaneously at the entry site and another at
the portal of entry in the peritoneal wall. The intraperi-
toneal end of the catheter lies in the pelvic gutter and its
multiple perforations allows the drainage of peritoneal
fluid. The instillation and subsequent drainage of dialy-
sis fluid is usually repeated four times a day, seven days
a week. CAPD, thus, involves the use of a catheter
which traverses the skin and is repeatedly manipulated,
putting the patient at risk of infection. Peritonitis is the
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most common complication of CAPD. Refinements in
the technique have reduced the incidence of infection,
even so, the peritonitis rate in CAPD patients is around
one episode per 16 patient months (Ludlam, 1991).
Symptoms may vary from mild non-specific complaints
to severe abdominal pain, nausea, vomiting and fever.
Infection of the peritoneum usually occurs by organisms
migrating along the transcutaneous catheter track, or
through the catheter lumen after a break in sterile tech-
nique contaminates the delivery system (Vas, 1994). A
variety of bacterial and fungal species have been report-
ed to have caused sporadic cases of CAPD peritonitis,
it is clear, however, that 40% of the episodes are caused
by coagulase negative staphylococci. S. aureus accounts
for a further 10-20% of cases. Streptococci, Pseudomo-
nas, E. coli and other Gram-negative enterobacteria are
the other main organisms (Ludlam, 1991; Karchmer,
1992). Scanning electron microscopy (Marrie et al.,
1983; Dasgupta et al., 1987) and confocal laser scanning
microscopy (Gorman et al., 1993) have confirmed the
presence of adherent bacteria embedded in a mucoid ma-
trix on the surfaces of Tenckoff catheters removed from
patients. It has been suggested that biofilm contamina-
tion of the lumen or surface of the catheters is common
and that spread of the biofilm along the catheter can re-
sult in peritonitis (Dasgupta et al., 1993). The role of
the biofilm in initiating peritonitis has been questioned,
however, some workers consider that its presence on the
catheter does not necessarily lead to symptomatic infec-
tion and that other factors are involved (Vas, 1994).
The progression of peritoneal contamination to peritoni-
tis is probably facilitated by the repetitive large volume
dilution of immunoglobulins, complement and macro-
phages that takes place in the peritoneal fluid (Vas,
1994). In light of the difficulties usually associated with
the treatment of infected prostheses, antibiotic treatment
of CAPD peritonitis is surprisingly successful (Niezgoda
and Wolfson, 1994). Ludlam (1991), for example, re-
ported that only 5% of patients treated at the St.
Thomas’s Hospital CAPD unit were refractory to antibi-
otics. The conventional management of cases resistant
to treatment is to remove the catheter and replace it 1-3
weeks later during which time antibiotics are given to
eradicate the infecting organisms before the new catheter

is implanted.
Urinary drainage devices

Indwelling urethral catheters, generally made from
silicone or silicone coated latex, are used worldwide on
an enormous scale to relieve anatomical or neurophysio-
logical obstruction of the urethra, to provide an accurate
measure of urinary output from unconscious patients in
intensive care units, to promote repair to the urethra
after prostatic or gynaecological surgery, and to manage
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long-term urinary incontinence in the elderly and pa-
tients with spinal cord injuries. The prevalence study of
Jepsen et al. (1982), carried out in eight European coun-
tries, reported that 11% of hospital patients were under-
going indwelling bladder catheterisation. Warren et al.
(1989) reported that in Maryland, 9 4% of women and
6.4 % of men in nursing homes were undergoing indwel-
ling urethral catheterisation and a prevalence study in
Denmark found that 4.9 % of patients in nursing homes
and 3.9% of those in home care had indwelling urinary
catheters (Zimakoff e al., 1993). These catheters pass
from the periurethral skin site, which commonly has a
rich microbial flora, into the bladder, and it is inevitable
that organisms will gain access via the catheter or its
connected tube and bag drainage system to the reservoir
of urine maintained in the bladder by the positioning of
the catheter. In this excellent growth medium, bacteria
contaminating the unine will multiply rapidly. The risk
of acquiring an infection increases with time, during the
first week of catheterisation, the risk being about 5% per
day. Patients undergoing long-term catheterisation
(more than 28 days), even with modern closed drainage
systems and careful management, will inevitably develop
bacteriuria (Kunin, 1987). The numbers of patients un-
dergoing this form of bladder management is so large
that catheter associated urinary tract infection is the most
common of the hospital acquired infections (Haley et al.,
1985).

In early stages of catheterisation, infection is gener-
ally by pure cultures of S. epidermidis, Enterococcus
faecalis, E. coli, or Pr. mirabilis (Bultitude and Eykyn,
1973; Gillespie et al., 1983). The longer the catheter
remains in situ, the greater the variety of organisms that
will appear and the long-term patients become infected
with complex mixed communities of mainly Gram-nega-
tive nosocomial species. Organisms, such as, Pv. stuar-
tii, Ps. aeruginosa, Pr. mirabilis, and Klebsiella pneu-
moniae are particularly common and persistent (Clayton
et al., 1982). These polymicrobial infections are ex-
tremely difficult to eliminate with antibiotic therapy
while the catheter remains in place (Clayton er al.,
1982). It is common practice not to treat these infec-
tions until clinical symptoms indicate that the infection
has reached the kidneys or the blood stream (Warren,
1994).

Scanning electron microscopy of catheters taken
from patients has revealed that they are commonly colo-
nised, particularly on the luminal surfaces, by bacterial
biofilms (Nickel ez al., 1985b; Ramsay et al., 1989;
Ohkawa er al., 1990; Ganderton et al., 1992). Gander-
ton et al. (1992), for example, observed biofilms on 44
of 50 catheters that had been indwelling from 3-83 days.
Using a simple freeze-fracturing technique to produce
cross-sections of the catheters, it was shown that the
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Figure 4. Scanning electron micrographs of a urethral
catheter that had been indwelling in the bladder of a
patient for six weeks. (A) A freeze dried preparation of
a freeze-fractured cross-section of the catheter. (B) A
fixed, critical point dried preparation of the same cathe-
ter showing the layers of small bacilli in a fibrous ma-
trix. (From Stickler and Winters, 1994, with permission
of the editors).

biofilms varied in thickness from patchy monolayers of
cells to extensive films some 400 cells deep. Scanning
electron micrographs of such a biofilm are shown in
Figure 4. Even though the sample preparation has pro-
duced some shrinkage, it is still 500 ym thick. The bio-
film extended along the whole length of the catheter and
bacteriological analysis showed it to be a pure culture of
Ps. aeruginosa (5 x 10° cfu/cm? of luminal surface
area).

There is evidence that the adherent biofilm can
creep along the luminal and external surfaces of the
catheters and initiate bladder infections (Nickel et al.,
1994). The innate resistance of the bacteria in biofilms
contributes to the refractility of these infections to both
systemic antibiotics and antiseptic bladder instillations
(Nickel et al., 1985a; Stickler et al., 1987). Biofilms
that contain Pr. mirabilis become encrusted with calcium
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and magnesium salts (Stickler et al., 1993b). This
precipitates one of the major complications of long-term
catheterisation, blockage of the catheters (Hukins et al.,
1983; Getliffe and Mulhall, 1991). These blockages, if
not dealt with promptly, can induce painful urinary re-
tention and can lead to pyelonephritis and septicaemia
(Kunin, 1987).

Although patients with indwelling bladder catheters
are generally asymptomatic, they are at risk from a
range of complications which make them more vulnera-
ble than non-catheterised patients. The recent prospec-
tive survey by Kunin et al. (1992) of 1540 patients in
nursing homes in Ohio, clearly demonstrated the signifi-
cantly higher morbidity and mortality rates in catheter-
ised patients than in matched non-catheterised patients.
It was found that in comparison with non-catheterised
patients, catheterised patients in nursing homes, what-
ever their status in relation to age, their ability to
perform the activities of daily living, cancer, heart
disease, diabetes or skin condition, were three times
more likely to receive antibiotics, three times more
likely to be hospitalized, and three times more likely to
be dead at the end of a year. The specific complications
that can afflict these patients include pyelonephritis,
bacteraemia, bladder cancer, and kidney and bladder
stone formation (Stickler and Zimakoff, 1994).

Bladder drainage via a small catheter introduced
through the anterior abdominal wall has been used as an
alternative to urethral catheterisation in patients with
urethral stricture or fistula (Slade and Gillespie, 1985).
It has also been argued that the lower density of bacteria
on the abdominal skin will result in a lower incidence of
bacteriuria than is associated with urethral catheters
(Warren, 1990). Although it has its advocates, suprapu-
bic catheterisation is not as popular as other methods of
bladder management. Warren et al. (1989) for example,
reported that 0.5% of 4,259 elderly patients in nursing
homes in Maryland had suprapubic catheters compared
to 8.3% of patients with indwelling urethral catheters.
The evidence suggests that prolonged drainage by
suprapubic catheter is inevitably associated with bacteri-
uria (Newman and Price, 1977).

Other devices

There are, of course, many other types of prosthetic
devices that are subject to bacterial colonisation and in-
fection. The intraocular lenses for example, that are
normally inserted at the time of cataract operation can
become infected (Scribbick and Scribbick, 1994). While
these infections are rare, they can produce serious
pathologies and can result in loss of vision (Sugarman
and Young, 1989). Silicone rubber voice prostheses are
used for voice rehabilitation after laryngectomy. They
are implanted into an environment with a rich microbial
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flora and rapidly become colonised by microbial bio-
films. Leakage of food or liquid and an increase in air
flow -esistance caused by the biofilm necessitates the
replaczment of the devices at about four month intervals
(Neu 2 al., 1994). Biliary stents (Sung er al., 1993),
extenced wear contact lenses (Slusher er al., 1987), a
range of genitourinary implants (Shandera and Thomp-
son, 1994) and dental implants (Saadoun er al., 1993)
are similarly infected.

Prevention of Biomaterial-Associated Infections

Itis clear that the skin organisms S. aureus and the
coaguase negative staphylococci are by far the most
common causes of prosthesis associated infection. Me-
ticulous attention to skin preparation, hand-washing, and
use of sterile technique during the insertion and manipu-
lation of devices will reduce the infection rates (Ludlam,
1991; Bjornson, 1993; Maki, 1994). The provision of
ultra-clean air in operating theaters has been shown to
produce a tenfold reduction of airborne bacterial counts
and reduce sepsis rates by half (Lidwell et al., 1987).
While the evidence from controlled trials on its efficacy
is not conclusive, the use of short term perioperative
antibiotic prophylaxis is standard practice for the implan-
tation of prosthetic material (Learmouth 1993; Haas and
Kaiser, 1994). Despite all these precautions, infections
still occur, and it is clear that the development of a
biomaterial which did not compromise host defences and
resisted microbial contamination would be a major
advance.

Surface modification is the key to improving the
biomaterials available for the manufacture of prosthetic
devices (Gristina er al. 1993). Irradiation techniques
have been used to introduce new functional groups at the
surfaces of polymeric materials. These modifications
have generated altered physicochemical surface proper-
ties and altered interactions with proteins and cells.
Polyurethanes with more hydrophilic surfaces have been
produced, for example, which seem to reduce S. epider-
midis adherence and preferentially adsorb albumin rather
than fibrinogen from plasma (Jansen and Peters, 1991).
These sort of modifications might also encourage rapid
host cell colonisation and tissue integration which would
then provide protection against bacterial contamination
for some types of implant (Gristina, 1987).

A second approach has been to incorporate antimi-
crobial agents into biomaterials. Flucloxacillin for ex-
ample, has been incorporated into polyurethane and io-
dine into polyvinyl fluoride (Jansen and Peters, 1991).
Surface coatings, such as, benzalkonium chloride on pol-
yurethane (Tebbs and Elliott, 1993) or thin multi-metal
films on butyl and silicone rubber (McLean ez al., 1993)
have also been developed. This general strategy could
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be neutralised by the shielding effect of the conditioning
films that rapidly coat biomaterials in vivo. It is also
possible that while antibacterial surfaces might kill the
pioneering bacterial colonisers, these dead cells and re-
sulting cell debris could provide a foundation for subse-
quent colonisation shielded from the antimicrobial agent
(Stickler et al., 1994).

The recent work of Bayston (1995) suggests that a
method for incorporating antibiotics into silicone elasto-
mers (Bayston et al., 1989) has produced an antibacteri-
al biomaterial which is not easily inactivated. Silicone
catheters were immersed in a chloroform solution of the
antibacterial agent. The chloroform causes the elastomer
to expand to 2.5 times its volume, carrying the antibiotic
into the matrix of the polymer. Under in-use conditions,
the antibacterial is released steadily and slowly over long
periods with no deleterious effects: on the mechanical
properties of the polymer. The ability of these catheters
to resist multiple discrete challenges with contaminating
bacteria was tested under conditions of constant perfu-
sion. The combination of clinadamycin and rifampicin
gave total protection against colonisation by some 24
strains of both coagulase positive and negative staphylo-
coccl and corynebacteria over a six week period. This
activity remained even when the impregnated catheters
had been coated with conditioning film proteins from
blood. Clinical trials of these catheters are currently
underway. The use of antibiotics in this way, of course,
provokes concern about the possible selection of antibiot-
ic resistant strains. Bayston (1995) claims, however,
that the release kinetics from these polymers are such
that the antibiotics are not detectable in blood or urine
on animal implantation, so that selection of resistance is
not likely to be a problem. Experience with these mate-
rials will no doubt show whether reservations about their
use are justified.

Elliott et al. (1990) devised a novel means of pro-
tecting devices against colonisation using low amperage
electric currents. They were able to show that a nega-
tive electric current repelled organisms from the surface
of a vascular catheter. It was also demonstrated that
catheters acting as cathodes, prevented the migration of
organisms along both the internal and external surfaces
(Crocker et al., 1992). In further experiments, it was
established that the electrical currents not only repelled
microorganisms but were also bactericidal against S. epi-
dermidis already colonising vascular catheters (Liu ez
al., 1993). This in vitro experimentation has of course
to be confirmed in vivo but it does open up the prospect
of a simple physical method for preventing and control-
ling infection of some types of devices. Another appli-
cation for electrical energy has been suggested by
Costerton et al. (1993) who reported that the inherent
resistance of biofilm bacteria to antibacterial agents can
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be entirely overcome in the presence of a weak electrical
field. It is possible that this "bioelectric effect” could
also be exploited in the control of device related bacte-
rial infections.

While some of the recent developments in the fight
to control prostheses associated infections are encourag-
ing, it is clear that microbes are formidable and highly
adaptive opponents. It will take considerable ingenuity
to develop biomaterials that do no harm the body’s
defences against infection and are also capable of frus-
trating the surface colonisation mechanisms that
microbes have evolved as a basic survival strategy in
natural aquatic habitats (Costerton ez al., 1987).

References

Albrektsson T (1985) The response of bone to
titanium implants. CRC Crit Revs Biocompat 1, 53-84.

Anwar H, van Biesen T, Dasgupta M, Lam K,
Costerton JW (1989) Interaction of biofilm bacteria with
antibiotics in a novel in vitro chemostat system.
Antimicrob Agents Chernother 33, 1824-1826.

Bayston R (1995) A process for prevention of
device related infection. In: The Life and Death of
Biofilm. Wimpenny J, Handley P, Gilbert P, Lappin-
Scott H (eds.). Bioline, Cardiff, Wales. pp. 149-152.

Bayston R, Grove N, Siegel J, Lawellin D,
Barsham S (1989) Prevention of hydrocephalus shunt
catheter colonisation in vitro by impregnation with anti-
microbials. J Neurol Neurosurg Psychiatr 52, 605-609.

Bengtson S (1993) Prosthetic osteomyelitis with spe-
cial reference to the knee: Risks, treatment and costs.
Ann Med 25, 523-529.

Bisno AL, Sternau L (1994) Infections of central
nervous system shunts. In: Infections Associated with
Indwelling Medical Devices, 2nd ed. Bisno AL, Wald-
vogel FA (eds.). American Society for Microbiology,
Washington, DC. pp. 91-109.

Bjornson HS (1993) Pathogenesis, prevention and
management of catheter-associated infections. New
Horizons 1, 271-278.

Brand KG (1993) Infection of mammary prostheses:
A survey and the question of prevention. Ann Plast Surg
30, 289-295.

Bultitude MJ, Eykyn S (1973) The relationship
between the urethral flora and urinary infection in the
catheterised male. Br J Urol 45, 678-683.

Burns GL (1993) Infections associated with im-
planted blood pumps. Int J Artif Organs 16, 771-776.

Busscher HJ, Van Der Mei HC, Schakenraad JM
(1991) Analogies in the two-dimensional spacial arrange-
ments of adsorbed proteins and adhering bacteria: bovine
serum albumin and Streptococcus sanguis. J Biomat Sci
Polymer EDN 3, 85-94.

178

Cheesborough JS, Elliott TSJ, Finch RG (1985) A
morphological study of bacterial colonisation of intra-
venous cannulae. J Med Micro 39, 149-157.

Christensen GD, Baddour LM, Hasty DL, Low-
rance JEI, Simpson WA (1989) Microbial and foreign
body factors in the pathogenesis of medical device
infections. In: Infections Associated with Indwelling
Medical Devices. Bisno AL, Waldvogel FA (eds.).
Amer. Soc. Microbiology. pp. 27-59.

Christensen GD, Baldassarri L, Simpson WA (1994)
Colonization of medical devices by coagulase-negative
staphylococci. In: Infections Associated with Indwelling
Medical Devices, 2nd ed. Bisno AL, Waldvogel FA
(eds.). Amer. Soc. for Microbiology. pp. 45-78.

Clayton CL, Chawla JC, Stickler DJ (1982) Some
observations on urinary tract infections in patients
undergoing long-term bladder catheterisation. J Hosp
Infect 3, 39-47.

CollignonPJ (1994) Intravascular catheter associated
sepsis: a common problem. Med J Aust 161, 374-378.

Cooper GI, Hopkins CC (1985) Rapid diagnosis of
intravascular catheter-associated infection by direct
Gram staining of catheter segments. N Engl J Med 312,
1142-1147.

Coppola M, Yealy DM (1994) Transvenous pace-
makers. Emerg Med Clin North Am 12, 633-644.

Costerton JW, Cheng KJ, Geesey GG, Ladd TI,
Nickel JC, Dasgupta M, Marrie TJ (1987) Bacterial bio-
films in nature and disease. Ann Rev Microbiol 41, 435-
464.

Costerton JW, Khoury AE, Ward KH, Anwar H
(1993) Practical measures to control device-related
bacterial infections. Int J Artif Organs 16, 765-770.

Crocker IC, Liu WK, Byme PO, Elliott TSJ (1992)
A novel method for the prevention of microbial coloni-
zation of intravascular cannulae. J Hosp Infect 22, 7-17.

Dasgupta MK, Bettcher KB, Ulan RA, Burmns V,
Lam K, Dossetor JB, Costerton JW (1987) Relationship
of adherent bacterial biofilms to peritonitis in chronic
ambulatory peritoneal dialysis. Perit Dial Bull 7, 168-
173.

Dasgupta MK, Kowalewaska-Grochowska K,
Costerton JW (1993) Biofilm and peritonitis in peritoneal
dialysis. Perit Dial Int 13, suppl 2, S322-S325.

Dickinson GM, Bisno AL (1993) Infections associ-
ated with prosthetic devices: clinical considerations. Int
J Artif Organs 16, 749-754.

Dobbins JJ, Johnson GS, Kunin CM, DeVries WC
(1988) Postmortem microbiological findings of two total
artificial heart recipients. JAMA 259, 865-869.

Elliot TSJ (1988) Intravascular device infections. J
Med Microbiol 27, 161-167.

Elliott TSJ, Faroqui MH (1992) Infections and intra-
vascular devices. Brit J Hosp Med 48, 496-503.




Biomaterials associated infections

Elliott TSJ, Holford J, Sisson P, Byrne P (1990) A
novel method to prevent catheter-associated infections.
J Med Microbiol 33, 2.

Espersen F, Wilkinson BJ, Gahrn-Hansen B,
Rosdahl VT, Clemmensen I (1990) Attachment of staph-
ylococci to silicone catheters in vitro. Acta Path
Microbiol Immunol Scand 98, 471-478.

Evans RC, Holmes CJ (1987) Effect of vancomycin
hydrochloride on Staphylococcus epidermidis biofilm
associated with silicone elastomer. Antimicrob Agents
Chemother 31, 889-894.

Fan ST, Teoh-Chan CH, Lau KF, Chu KW, Kwan
AKB, Wong KK (1988) Predictive value of surveillance
of skin and hub cultures in central venous catheter
sepsis. J Hosp Infect 12, 191-198.

Finch RG (1994) Medical problems associated with
biofilms. In: Bacterial Biofilms and their Control in
Medicine and Industry. Wimpenny J, Nichols W,
Stickler D, Lappin-Scott H (eds.). BioLine, Cardiff,
Wales. pp. 89-92.

Fitzgerald R (1989) Infections of hip prostheses and
artificial joints. Infect Dis Clin North Am 3, 329-338.

Ganderton L, Chawla J, Winters C, Wimpenny J,
Stickler D (1992) Scanning electron microscopy of bac-
terial biofilms on indwelling bladder catheters. Eur J
Clin Microbiol Infect Dis 11, 789-796.

Getliffe KA, Mulhall AB (1991) The encrustation of
indwelling catheters. Br J Urol 67, 337-341.

Gillespie WA, Jones JE, Teasdale C, Simpson RA,
Nashef L, Speller DCE (1983) Does the addition of dis-
infectant to urine drainage bags prevent infection in
catheterised patients? Lancet 1, 1037-1039.

Gorman SP, Mawhinney WM, Adair CG, Issouckis
M (1993) Confocal laser scanning microscopy of perito-
neal catheter surfaces. J Med Microbiol 38, 411-417.

Gristina AG (1987) Biomaterial-centered infection:
Microbial adhesion versus tissue integration. Science
237, 1588-1595.

Gristina AG, Dobbins JJ, Giammara B, Lewis JC,
DeVries WC (1988) Biomaterial-centered sepsis and the
total artificial heart. JAMA 259, 870-874.

Gristina AG, Jennings RA, Naylor PT, Myrvik QN,
Webb LX (1989) Comparative in vitro antibiotic resist-
ance of surface-colonizing coagulase-negative staphylo-
cocci. Antimicrob Agents Chemother 33, 813-816.

Gristina AG, Giridhar G, Gabriel BL, Naylor PT,
Myrvik QN (1993) Cell biology and molecular mecha-
nisms in artificial device infections. Int J Artif Organs
16, 755-764.

Haas DW, Kaiser AB (1994) Antimicrobial prophy-
laxis of infections associated with foreign bodies. In:
Infections Associated with Indwelling Medical Devices,
2nd ed. Bisno AL, Waldvogel FA (eds.). Amer. Soc.
Microbiology. pp. 375-388.

179

Haley RW, Culver DH, White JW, Morgan WM,
Emori TG (1985) The nationwide nosocomial infection
rate. Am J Epidemiol 121, 159-167.

Herrman M, Vaudaux PE, Pittet D, Auckenthaler
R, Lew PD, Schumacher-Perdreau F, Peters G, Wald-
vogel FA (1988) Fibronectin, fibrinogen and laminin act
as mediators of adherence of clinical staphylococcal iso-
lates to foreign material. J Infect Dis 158, 693-701.

Howell JM (1994) Obtaining access in patients with
indwelling vascular access devices. Emerg Med Clin
North Am 12, 679-690.

Hukins DWL, Hickey DS, Kennedy AP (1983)
Catheter encrustation by struvite. Br J Urol 55, 304-305.

Huo M, Sculco T (1990) Complications in primary
total knee arthroplasty. Orthop Rev 19, 781-788.

Jansen B, Peters G (1991) Modern strategies in the
prevention of polymer-associated infections. J Hosp
Infect 19, 83-88.

Jansen B, Peters G (1993) Foreign body associated
infection. J Antimicrob Chemother 32, Suppl A 69-75.

Jensen ET, Kharazmi A, Lam K, Costerton JW,
Hoiby N (1990) Human polymorphonuclear leucocyte
response to Pseudomonas aeruginosa grown in biofilms.
Infect Immun 58, 2383-2385.

Jepsen OB, Larsen SO, Dankert J, Daschner F,
Gronroos P, Meers PD, Nystrom B, Rotter M, Sander
J (1982) Urinary-tract infection and bacteraemia in hos-
pitalized medical patients: A European multicentre pre-
valence survey on nosocomial infection. J Hosp Infect 3,
241-252.

Johnson GM, Lee DA, Regelmann WE, Gray ED,
Peters G, Quie PG (1986) Interference with granulocyte
function by Staphylococcus epidermidis slime. Infect
Immun 54, 13-20.

Jordan KT (1994) Cerebrospinal fluid shunts. Emerg
Med Clin North Am 12, 779-786.

Kaplan J, Wilson RW (1994) Orthopedic prostheses.
Emerg Med Clin North Am 12, 849-862.

Karchmer AW (1992) Approach to the patient with
infection in a prosthetic device. In: Infectious Diseases.
Gorbach SL, Bartlett JG, Blacklow NR (eds.). W.B.
Saunders, Philadelphia. pp. 1374-1384.

Kunin CM (1987) Detection, Prevention and Man-
agement of Urinary Tract Infections, 4th edn. Lea and
Febiger, Philadelphia. pp. 265-266.

Kunin CM, Dobbins JJ, Melo JC, Levinson MM,
Love K, Joyce LD, DeVries W (1988) Infectious com-
plications in four long-term recipients of the Jarvik-7
artificial heart. JAMA 259, 860-864.

Kunin CM, Douthitt S, Dancing J, Anderson J,
Moeschberger M (1992) The association between the use
of urinary catheters and morbidity and mortality among
elderly patients in nursing homes. Am J Epidemiol 135,
291-301.



D.J. Stickler and R.J.C. McLean

Learmouth ID (1993) Prevention of infection in the
1990s. Orth Clin North Am 24, 735-741.

Lidwell OM, Elson RA, Lowbury EJL, Whyte W,
Blowers R, Stanley SJ, Lowe D (1987) Ultraclean air
and antibiotics for prevention of postoperative infection.
Acta Orth Scand 58, 4-13.

Liu WK, Tebbs SE, Byme PO, Elliott TSJ (1993)
The effects of electric currents on bacteria colonising
intravenous catheters. J Hosp Infect 27, 261-269.

Ludlam HA (1991) Infectious consequences of con-
tinuous ambulatory peritoneal dialysis. J Hosp Infect 18,
suppl A, 341-354.

Maki DG (1991) Pathogenesis, prevention and man-
agement of infections due to intravascular devices used
for infusion therapy. In: Infections Associated with In-
dwelling Medical Devices. Bisno AL, Waldvogel FA
(eds.). Amer. Soc. Microbiology. pp. 181-187.

Maki DG (1994) Infections caused by intravascular
devices used for infusion therapy: pathogenesis, preven-
tion and management. In: Infections Associated with In-
dwelling Medical Devices, 2nd ed. Bisno AL, Wald-
vogel FA (eds.). Amer. Soc. Microbiology. pp. 155-
212.

Maki DG, Weise CE, Sarfin HW (1977) A semi-
quantitative culture method for identifying intravenous
catheter-related infection. N Eng J Med 296, 1305-1309.

Marrie TJ, Noble MA, Costerton JW (1983)
Examination of the morphology of bacteria adhering to
peritoneal dialysis catheters by scanning and transmis-
sion electron microscopy. J Clin Microbiol 18, 1388-
1398.

McLean RJC, Hussain AA, Sayer M, Vincent PJ,
Hughes DJ, Smith TIN (1993) Antibacterial activity of
multilayer silver-copper surface films on catheter
material. Can J Microbiol 39, 895-899.

Naylor PT, Myrvik QN, Gristina A (1990)
Antibiotic resistance of biomaterial-adherent coagulase-
negative and coagulase-positive staphylococci. Clin Orth
Rel Res 261, 126-133.

Nelson GD (1981) Complications from the treatment
of fibrous capsular contracture of the breast. Plastic
Reconstr Surg 68, 969-970.

Neu TR, Verkerke GJ, Herrmann IF, Schutte HK,
Van Der Mei HC, Busscher HJ (1994) Microflora on
explanted silicone rubber voice prostheses: taxonomy,
hydrophobicity and electrophoretic mobility. J Appl Bact
76, 521-528.

Newman E, Price M (1977) Bacteriuria in patients
with spinal cord lesions: its relationship to urinary drain-
age appliances. Arch Phys Med Rehab 58, 427-430.

Nickel JC, Ruseska I, Wright JB, Costerton JW
(1985a) Tobramycin resistance of Pseudomonas aerugi-
nosa cells growing as a biofilm on urinary catheter
material. Antimicrob Agents Chemother 27, 619-624.

180

Nickel JC, Gristina AG, Costerton JW (1985b)
Electron microscopic study of an infected Foley catheter.
Can J Surg 28, 50-52.

Nickel JC, Costerton JW, McLean RJC, Olsen M
(1994) Bacterial biofilms: influence on the pathogenesis,
diagnosis and treatment of urinary tract infections. J
Antimicrob Chemother 33, suppl A, 31-41.

Niezgoda JA, Wolfson AB (1994) Continuous am-
bulatory peritoneal dialysis. Emerg Med Clin North Am
12, 759-770.

Nystrom B, Larsen SO, Dankert J, Daschner F,
Greco D, Gronroos P, Jepsen OB, Lystad A, Meers PD,
Rotter M (1983) Bacteraemia in surgical patients with
intravenous devices: A European multicentre incidence
study. J Hosp Infect 4, 338-349.

Ohkawa M, Sugata T, Sawaki M, Nakashima T,
Fuse H, Hisazumi H (1990) Bacterial and crystal
adherence to the surfaces of indwelling urethral
catheters. J Urol 143, 717-721.

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

Pascual A, Martinez-Martinez L, Ramirez de
Arellano E, Perea EJ (1993) Susceptibility to antimicro-
bial agents of Pseudomonas aeruginosa attached to sili-
conized latex urinary catheters. Eur J Clin Microbiol
Infect Dis 12, 761-766.

Passeroni L, Lam K, Costerton JW, King EG
(1992) Biofilms on indwelling vascular catheters. Crit
Care Med 20, 665-673.

Payne LE (1994) Breast implants. Emerg Med Clin
North Am 12, 801-814.

Raad II, Sabbagh MF (1992) Optimal duration of
therapy for catheter related Staphylococcus aureus bac-
teremia: a study of 55 cases and review. Clin Infect Dis
14, 75-82.

Ramsay JWA, Garnham AJ, Mulhall AB, Crow
RA, Bryan JM, Eardley I, Vale JA, Whitfield HN
(1989) Biofilms, bacteria and bladder catheters. Br J
Urol 64, 395-398.

Rand JA (1993) Alternative to reimplantation for
salvage of the total knee arthroplasty complicated by
infection. J Bone Joint Surg Am 75, 282-289.

Saadoun AP, Le Gall M, Kricheck M (1993)
Microbial infections and occlusal overload: causes of
failure in osseointegrated implants. Prac Peridont and
Aesth Dent 5, 11-20.

Sanderson PJ (1991) Infection in orthopaedic
implants. J Hosp Infect 18, suppl A, 367-375.

Scribbick FW, Scribbick AT (1994) Ophthalmic im-
plants and explants. Emerg Med Clin North Am 12,
793-800.

Shandera KC, Thompson IM (1994) Urologic pros-
theses. Emerg Med Clin North Am 12, 729-748.



Biomaterials associated infections

Sheth NK, Franson TR, Sohnle PG (1985) Influence
of bacterial adherence to intravascular catheters on in
vitro antibacterial susceptibility. Lancet ii, 1266-1268.

Slade N, Gillespie WA (1985) The Urinary Tract
and the Catheter: Infection and other problems. John
Wiley and Sons, Chichester, U.K.

Slusher MM, Myrvik QN, Lewis JC, Gristina AG
(1987) Extended-wear lenses, biofilm and bacterial
adhesion. Arch Opthalmol 105, 110-115.

Stickler DJ, Zimakoff J (1994) Complications of
urinary tract infections associated with devices used for
long-term bladder management. J Hosp Infect 28, 177-
194.

Stickler DJ, Clayton CL, Chawla JC (1987) The
resistance of urinary tract pathogens to chlohexidine
bladder washouts. J Hosp Infect 10, 219-228.

Stickler DJ, King JB, Winters C, Morris SL
(1993a) Blockage of urethral catheters by bacterial
biofilms. J Infect 27, 133-135.

Stickler DJ, Ganderton L, King JB, Nettleton J,
Winters C (1993b) Proteus mirabilis biofilms and the
encrustation of urethral catheters. Urol Res 21, 407-412.

Sugarman B, Young EJ (1989) Infections associated
with prosthetic devices: magnitude of the problem.
Infect Dis Clin North Am 3, 187-198.

Sung JY, Leung JWC, Shaffer EA, Lam K,
Costerton JW (1993) Bacterial biofilm, brown pigment
stone and blockage of biliary stents. J Gastroent Hepatol
8, 28-34.

Sutherland IW (1995) Biofilm-specific polysaccha-
rides: Do they exist? In: The Life and Death of Biofilm.
Wimpenny J, Handley P, Gilbert P, Lappin-Scott H
(eds.). Bioline, Cardiff, Wales. pp. 103-106.

Sutherland K, Mahoney JR II, Coury AJ, Eaton JW
(1993) Degradation of biomaterials by phagocyte-derived
oxidants. J Clin Invest 92, 2360-2367

Tang L, Eaton JW (1994) Mechanism of acute in-
flammatory response to biomaterials. Cells Mater 4,
429-436.

Tebbs SE, Elliott TSJ (1993) A novel antimicrobial
central venous catheter impregnated with benzalkonium
chloride. J Antimicrob Chemother 31, 261-271.

Vas SI (1994) Infections associated with the perito-
neum and haemodialysis. In: Infections Associated with
Indwelling Medical Devices. 2nd ed. Bisno AL, Wald-
vogel FA (eds.). Amer. Soc. Microbiology. pp. 309-
346.

Vaudaux PE, Waldvogel FA, Morganthaler J1J,
Nydegger UE (1984) Foreign body infection: Role of
fibronectin as a ligand for the adherence of Staphy-
lococcus aureus. J Infect Dis 150, 546-552.

Vaudaux PE, Waldvogel FA, Morganthaler JJ,
Nydegger UE (1985a) Adsorption of fibronectin onto
polymethacrylate and promotion of Staphylococcus

181

aureus adherence. Infect Immun 45, 768-774.

Vaudaux PE, Zulian G, Huggler E, Waldvogel FA
(1985b) Attachment of Staphylococcus aureus to poly-
methacrylate increases its resistance to phagocytosis in
foreign body infection. Infect Immun 50, 472-477.

Vaudaux PE, Lew DP, Waldvogel FA (1994) Host
factors predisposing to and influencing therapy of for-
eign body infections. In: Infections Associated with
Indwelling Medical Devices, 2nd ed. Bisno AL, Wald-
vogel FA (eds.). Amer. Soc. Microbiology. pp. 1-29.

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

Warren JW (1990) Urine-collection devices for use
in adults with urinary incontinence. J Am Geriatr Soc
38, 364-367.

Warren JW (1994) Catheter-associated bacteriuria in
long-term care facilities. Infect Control Hosp Epidemiol
15, 557-562.

Warren JW, Steinberg L, Hebel R, Tenney JH
(1989) The prevalence of urethral catheterization in
Maryland nursing homes. Arch Intern Med 149, 1535-
1537.

Wellford AL, Wellford LA (1994) Prosthetic heart
valve. Emerg Med Clin North Am 12, 597-632.

Wilde AH (1994) Management of infected knee and
hip prostheses. Curr Opin Rheumatol 6, 172-176.

Yu VL, Fang GD, Keys TF, Harris AA, Gentry
LO, Fuchs PC, Wagener MM, Wong ES (1994) Pros-
thetic valve endocarditis: superiority of surgical valve
replacement versus medical therapy only. Ann Thoracic
Surg 58, 1073-1077.

Zimakoff J, Pontoppidan B, Larsen SO, Stickler DJ
(1993) Management of urinary bladder function in Dan-
ish hospitals, nursing homes and home care. J Hosp
Infect 24, 183-199.

Zimmerli W, Waldvogel FA, Vaudaux P, Nydegger
UE (1982) Pathogenesis of foreign body infection:
description and characteristics of an animal model. J
Infect Dis 146, 487-497.

Discussion with Reviewers

W.W. Nichols: What is the estimated annual cost of
device-associated infections world-wide in 1994, or
estimated for 1995?

Authors: We know of no estimates of the costs of de-
vice associated infections worldwide in 1994 or 1995.

W.W. Nichols: Are there any well-controlled (prefera-
bly blind) clinical trials that compare ordinary devices
with devices possessing modified surfaces (e.g., in an
attempt to prevent bacterial binding) or that have been
pre-treated with antibacterial agents?
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Authors: There have been controlled trials of silver
coated urethral catheters but the results are rather con-
tradictory. Liedberg and Lundeberg (1990) reported a
randomized trial in a population of patients undergoing
short-term catheterisation (six days) after surgery. They
recorded a significantly (p < 0.01) lower rate of bacte-
riuria in patients with silver-coated latex catheters (10 %)
than in patients with control teflonised latex catheters
(37%). In contrast, Johnson ez al. (1990), in a study of
482 patients in a general hospital, found that the overall
rate of bacteriuria in recipients of silver-oxide coated
catheters (9.0%) was not significantly different from
those receiving standard all-silicone catheters (10.0%).
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