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Abstract

The increasing incidence of hospital-acquired (nosocomial) infection is a disturbing phenomenon

resulting in significant patient mortality and putting considerable strain on healthcare budgets and

personnel. One particularly serious aspect of nosocomial infection is that of ventilator-associated

pneumonia (VAP). This arises in patients who receive mechanical ventilation within the intensive

care unit. The quoted incidence of VAP varies widely (5–67%) and the reported mortality of patients

with VAP is in the range of 24–71%. This review will examine the many factors that account for these

wide ranges reported, including the patient population under investigation, the causative organism,

the method of diagnosis, interventions employed and preventative strategies. The use of bioactive

and drug-impregnated biomaterials for endotracheal tube construction is discussed as novel

approaches to the prevention of VAP.

Introduction

A recent study (Plowman et al 2000), commissioned by the Department of Health,
estimated that hospital-acquired infection may cost the National Health Service in
England almost £1 billion (£1000 million) a year and on this basis the National Audit
Office (2000) estimated possible gross savings of £150 million a year, if preventative
measures are established. It is accepted that of all nosocomial infection in the intensive
care unit (ICU), pneumonia is the most commonly reported in mechanically ventilated
patients (George 1995). Ventilator-associated pneumonia (VAP) refers to a subset of
nosocomial pneumonia that arises in patients in whom the pneumonia was neither
present nor incubating at intubation and who have been receiving mechanical ventila-
tion via an endotracheal tube (Figure 1) for at least 48 h (Craven et al 1991; Mandell
et al 1993).

Epidemiology

To date, there is no universally accepted gold standard for diagnosis of VAP (Chastre
& Fagon 1994; Niedermann et al 1994), which hampers the understanding of the
epidemiology of VAP and hence the formulation of more effective preventative meas-
ures. According to data from the National Nosocomial Infection Surveillance (NNIS)
system (Horan et al 1986) and a UK prevalence study (Emmerson et al 1996), pneu-
monias are the second most common type of hospital-acquired infection after urinary
tract infections. Vincent et al (1995) performed the largest intensive care unit (ICU)
European prevalence study, which revealed that VAP caused almost half of ICU
infections. Although patients receiving mechanical ventilation do not represent a
major proportion of patients who have nosocomial pneumonia, they are at the greatest
risk of acquiring the infection. Patients receiving mechanical ventilation are 6±21 times
more likely to develop pneumonia than unventilated patients (Cross & Roup 1981;
Celis et al 1988; Horan et al 1993; Chastre et al 1995; Fagon et al 1996). Cook et al
(1998a) showed that the risk of developing VAP increased cumulatively with the
duration of mechanical ventilation, with an overall rate of 14.8 cases per 1000 venti-
lator days. Interestingly the daily hazard rate decreased after day 5. Jarvis et al (1991)
showed that the median rate of VAP ranged from 4.7 cases in paediatric ICUs to 34.4
cases in burn ICUs, per 1000 ventilator-days, whereas the median rate of non-VAP



cases ranged from 0 cases in paediatric and respiratory
ICUs to 3.2 cases in trauma ICUs per 1000 ICU-days.
Within the published liteature, the incidence quoted for
VAP varies widely, from 5±67% (Craven et al 1986;
Kerver et al 1988; Fagon et al 1993; Kollef 1993; Baker
et al 1996) due to several factors. These include: the popu-
lation under investigation (e.g. severity of illness, case
mix); causative microorganism (e.g. oropharyngeal flora,
aerobic Gram-negative bacteria); interventions that
change risk over time in the ICU (e.g. antibiotic exposure
and various preventative strategies).

Methods used to diagnose VAP

Mortality and morbidity
There is a two- to ten-fold increase in mortality among
ICU patients (Cross & Roup 1981; Craven et al 1986;
Torres et al 1990). Reported crude mortality of patients
with VAP ranges from 24% to 71%, depending on patho-
gen, type of ICU, diagnostic method utilised and extent of
underlying disease (Craven et al 1986; Fagon et al 1989,
1993; Jimenez et al 1989; Ferrer et al 1994; Baker et al
1996). Fagon et al (1993) demonstrated the mortality rate
attributable to VAP (at 27%) increased to 43% when the
causative organism was Pseudomonas aeruginosa or
Acinetobacter spp. Most studies report VAP as an inde-
pendent risk factor for hospital mortality (Fagon et al
1993; Kollef et al 1997a; Ibrahim et al 2000; Bercault &
Boulain 2001), although this is not universally accepted
(Bregeon et al 2001). Other factors may be more import-
ant for patient outcomes in those where VAP, as well as

other hospital-acquired infections, develop, as illustrated
in Figure 2 (Wunderink 1998). For example, multiresist-
ant microorganisms may explain the increased rate of
death associated with VAP (Bercault & Boulain 2001), in
which pneumonia due to drug-resistant bacteria was sig-
nificantly associated with mortality.

Although debate persists about the mortality of VAP
among other causes of death in critically ill patients, there
is little doubt that VAP causes considerable morbidity by
increasing the duration of mechanical ventilation, ICU stay
and hospital care costs (Jimenez et al 1989; Heyland et al
1999). Heyland et al (1999), on evaluating 177 patients with
VAP, demonstrated that such patients stayed in ICU 4.3
days longer than those matched patients who did not
develop VAP. The ICU stay was longer for medical patients
than surgical patients, and for patients infected with high-
risk microorganisms than with low-risk microorganisms. In
the largest case±control prevalence study to date of VAP
(9080 patients) (Ollendorf et al 2001), it was shown that the
incurred mean billed charges were US $40 000 higher than
those of control patients without the condition.

Aetiology
The reported distribution of pathogens causing VAP is
not uniform due to variability as summarised in Table 1.
However, the majority of studies have been consistent in
identifying Gram-negative bacteria, including P. aeruginosa
and Acinetobacter spp, as the predominant pathogens
causing 55±85% of VAP cases. Increasingly Gram-
positive cocci, especially Staphylococcus aureus, is impli-
cated in VAP, accounting for 20±40%, and 40±60% of

Figure 1 The endotracheal tube.
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cases are polymicrobial (Fagon etal 1989; Torres et al 1990;
Rello et al 1993; Baker et al 1996; Carver & Steger 1996;
Chastre et al 1998; George et al 1998; Ewig et al 1999;
Heyland et al 1999; Richards et al 1999). Although approxi-
mately 20% of all nosocomial pneumonia is attributable
to viruses, data regarding VAP is limited, as is data on
anaerobic infections. This may suggest an insignificant role
in the aetiology of VAP. However, reporting hospitals do
not routinely carry out anaerobic and viral cultures.

VAP can be divided into 2 groups (Pingleton et al
1992) ± early-onset pneumonia and late-onset pneumonia.
Early-onset pneumonia occurs during the 48±96 h after
tracheal intubation and is commonly caused by anti-
biotic-sensitive bacteria such as methicillin-sensitive
S. aureus (MSSA), Haemophilus influenzae, and Streptococcus
pneumoniae. Late-onset pneumonia usually occurs at
least four days after intubation and is often due to anti-
biotic-resistant pathogens such as methicillin-resistant
S. aureus (MRSA), P. aeruginosa, Acinetobacter spp and
Enterobacter spp.

In two studies, P. aeruginosa was not implicated in
early-onset pneumonia but was the causative agent in
28% and 29% of late-onset pneumonia cases. Prod’hom
et al (1994) demonstrated that in 54% of cases of early-
onset pneumonia, pathogens implicated included S. pneu-
moniae, H. influenzae, or S. aureus, while George et al
(1998) reported S. pneumoniae and H. influenzae as the
pathogens involved in 25% of early-onset cases, but found
them to be absent in late-onset cases.

Over the past 20 years antibiotic resistance has steadily
increased worldwide. The NNIS system in the USA,
operational since the 1970s, has revealed the emergence
of some opportunistic pathogens in ICUs (e.g.
Acinetobacter , MRSA, and Enterobacter). Overall, the
most frequently isolated organisms are S. aureus (18.1%)
and P. aeruginosa (17%). Results obtained from a
European multicentre (1417 ICUs) study (Vincent et al
1995) found Acinetobacter to be more prevalent in
Europe, while Enterobacter was more prevalent in the
USA. It also found small differences in incidence between
S. aureus (31.7%) and P. aeruginosa (29.8%) and con-
firmed an increasing number of Gram-positive infections,
particularly coagulase-negative staphylococci.

Pathogenesis
In mechanically ventilated patients, when a sufficient con-
centration of pathogen reaches the lung parenchyma and
overcomes the host defences, pneumonia results (Figure 3).
The majority of cases of VAP appear to result from the
aspiration of pathogens from potential colonised sources
such as the upper aero-digestive tract (oropharynx, sto-
mach, subglottal area and, possibly, infected maxillary
sinuses), respiratory therapy equipment and ICU personnel
(Craven & Steger 1995).
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Figure 2 Factors affecting the mortality of VAP.

Table 1 The causes of variation

in the aetiology of VAP.

Hospital

ICU

Patient population

Antimicrobial usage

Diagnostic method used

Onset of VAP ± early vs late

Length of hospital stay
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Invasive medical devices have been cited as an import-
ant factor in the pathogenesis of VAP (Gorman & Jones
2003). The likelihood of aspiration is increased when a
nasogastric tube is sited, predisposing the patient to gas-
tric reflux. Endotracheal tubes assist the entry of bacteria
into the tracheobronchial tree and aspiration into the
lower airway of contaminated secretions by weakening
the natural barrier between the oropharynx and trachea,
the pooling and leakage of contaminated secretions above
the endotracheal tube cuff, mucosal injury and the loss of
the cough reflex (Craven & Steger 1995). Biofilm formation
on the endotracheal tube (Figure 4) has also been impli-
cated in the pathogenesis of VAP (Adair et al 1999, 2002).

On the whole, it is assumed that the occurrence of VAP
is accompanied by increased mortality, longer duration of
mechanical ventilation and longer stay in ICU with an
increased use of antibiotics and higher associated health-
care costs (Craven & Steger 1995; Papazian et al 1996).
Thus, the prevention of such infection has the highest
priority, yet despite extensive scientific literature there is
still no consensus as to how this goal should be achieved.
Despite a wide range of preventative strategies for VAP
(Kollef 1999), this review will focus on the pharmacolo-
gical measures used to prevent VAP.

Stress-ulcer prophylaxis (SUP) regimen

Patients receiving mechanical ventilation are deemed to be
at high risk for stress ulceration (Cook et al 1994) with the

same authors reporting (Cook et al 1991a) a 4% incidence
of bleeding in this population. The efficiency of various
stress-ulcer prophylaxis (SUP) agents (Table 2) has been
assessed in many studies but has produced inconsistent
results. Thus, it is common practice for ICU patients to
undergo SUP.

Agents routinely used as SUP include H2-receptor
antagonists and antacids that increase gastric pH.
Neutralisation of the gastric juice encourages bacterial
colonisation of the stomach, a potential reservoir for aero-
bic Gram-negative bacteria (Atherton & White 1978; Apte
et al 1992; Prod’hom et al 1994) and may be an important
source of pathogens that contribute to VAP. Sucralfate, a
non-absorbable aluminium salt of sucrose octasulfate,
forms a protective layer over ulcers and binds pepsin and
bile acids and has little or no effect on gastric pH or
secretion. It is on this basis that sucralfate, by not elevat-
ing gastric pH, does not cause bacterial overgrowth
(Ephgrave et al 1998) and may help prevent VAP.
Sucralfate in-vitro demonstrates antibacterial action
against Escherichia coli and P. aeruginosa (Tryba &
Mantey-Stiers 1987). It also interacts with drugs, such as
phenytoin, fluoroquinolones, tetracycline and digoxin, to
reduce their oral bioavailability.

Many studies (Driks et al 1987; Laggner et al 1989;
Eddleston et al 1991; Maier et al 1994; Prod’hom et al
1994; Mustafa et al 1995) suggested that the use of sucral-
fate was associated with lower incidences of VAP.
However Prod’hom et al (1994) observed that sucralfate

Oropharyngeal/
gastric

colonisation

Ventilator circuit contamination:
water, medication solutions,

etc.

Aspiration Inhalation

Lower respiratory-tract colonisation

Host defences

Pneumonia

EXOGENOUS
(Intervention and infection
control related)

ENDOGENOUS
(Patient related)

Host factors
Previous antibiotic therapy
Invasive devices
Medications altering gastric pH
and motility

Figure 3 Schematic diagram of the pathogenesis of VAP.
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only reduced the risk for late-onset pneumonia, as the
incidence of early-onset pneumonia was not statistically
different. Driks et al (1987), in a study involving 130
patients, showed that using sucralfate as SUP could
reduce the risk of VAP, as it maintains the natural gastric
acid barrier. The authors studied the role of gastric colon-
isation and reported patients in the antacid or H2-recep-
tor antagonists group had a higher proportion of gastric
aspirates with a pH >4 and higher concentrations of

Gram-negative bacteria in gastric aspirates, pharyngeal
swabs and tracheal aspirates than those in the sucralfate
group. The rate of pneumonia was twice as high, and
Gram-negative bacteria were isolated more frequently
from tracheal aspirates of patients with nosocomial pneu-
monia in the antacid or H2-receptor antagonists group
than in the sucralfate-treated group. Conversely, this find-
ing does not enjoy universal acceptance and other groups
have observed no statistical difference in the rate of pneu-
monia in patients receiving acid-neutralising agents versus
sucralfate (Pickworth et al 1993; Thomason et al 1996;
Cook et al 1998b). Thomason et al (1996) reported a
trend toward decreased pneumonia in the sucralfate-
treated group after study day four. Furthermore, Cook
et al (1998b), in a large clinical trial with 1200 patients,
stated that there was no significant difference in the rates
of VAP between ranitidine- and sucralfate-treated patients,
although the relative risk (1.18) suggested a trend toward a
lower rate of pneumonia among patients receiving sucral-
fate, thus supporting the theory that sucralfate may have a
protective, although limited, effect against pneumonia.

In related studies, involving 114 surgical patients
(Hanisch et al 1998) and 167 patients with severe head
injury (Metz et al 1993), respectively, there was no signifi-
cant difference in VAP rates with those given ranitidine or
placebo. Conversely, Apte et al (1992) reported that pneu-
monia developed significantly earlier in the ranitidine
group, although fewer patients (32) were investigated
and the patients who received ranitidine may also have
received antacids. The administration of antacids, either

Figure 4 Biofilm present on the lumen of an endotracheal tube that had been retrieved from an ICU patient.

Table 2 The mechanism of action of the various pharmacological

agents used in SUPa.

Sucralfate Antacids H2-receptor

antagonists

Gastric pH 0±(") "" 0±""
Pepsin secretion # # 0±#
Bile acids # # 0

Prostaglandin (PG)

release

" " 0

Mucus secretion " ‡ PG independent " #
Bicarbonate secretion " ‡ PG independent " 0

Mucosal blood flow " " 0±#
Cell renewal " ‡ PG independent " 0

aAmended from Tryba & Cook (1997). PG, prostaglandin;

##, extensive decrease; #, decrease; "", extensive increase;

", increase; 0, no effect.
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alone or in combination with H2-blockers may lead to
increased pneumonia rates, compared with H2-blockers
alone. This is due to greater acid neutralisation with ant-
acids and a higher gastric volume with increased potential
for aspiration.

The relative effects of sucralfate versus placebo on the
incidence of VAP are unclear due to lack of data. Ben-
Menachem et al (1994) showed an increased incidence of
nosocomial pneumonia in those receiving sucralfate but
the difference was not significant from the control group.
A meta-analysis by Messori et al (2000), comparing the
incidence of pneumonia with ranitidine and sucralfate,
found a significantly increased risk of pneumonia with
ranitidine. An earlier meta-analysis performed by Cook
et al (1996) claimed that sucralfate is associated with lower
rates of pneumonia and mortality, compared with
H2-blockers. This would suggest an overall trend to a lower
incidence of VAP in comparison with agents that increase
gastric pH. However, simply surmising that any intervention
that increases gastric pH is inappropriate is not justified. The
wide range in the occurrence of VAP may be explained by
other factors that are not considered in many of the studies
highlighted. Patients with a baseline gastric pH > 4 may
benefit more if given sucralfate compared with a patient
with pH< 4, as commonly occurs in the critically ill.
Gastric volume, as well as pH, must be considered (antacids
increase gastric volume as well as pH, as does continuous
enteral feeding), as must the effects of the patient’s position.
However a recent trial (Cook et al 1998b) suggested that
sucralfate may provide less efficient SUP than H2-receptor
antagonists, despite the latter agents’ potential for increas-
ing the risk of VAP. Reports that patients receiving
ranitidine had a significantly lower risk of clinically
important gastrointestinal bleeding than those treated
with sucralfate (relative risk 0.44, 95% CI ˆ 0.21±0.92)
does not warrant the widespread use of sucralfate for SUP
in the hope of preventing VAP. This was in contrast to
results of a previous meta-analysis by Cook et al (1996)
whereby sucralfate was deemed equivalent to H2-receptor
antagonists despite sparse data (based on four trials).

Antibiotics

Systemic
A high incidence of nosocomial infections in ICU patients
is associated with high usage of antibiotics. Antibiotics
represent one of the most frequently prescribed classes of
drugs in hospitalised patients, with the total antibiotic
usage in ICUs generally being ten times greater than in
general hospital wards (Roder et al 1993). In a one-year
prospective study (Bergmans et al 1997) the antibiotic use
in a general ICU was recorded for 515 admissions by
categorising the indications for antibiotic use into three
groups ± prophylaxis, bacteriological proven infection
(BPI) therapy and therapy for non-BPI. This showed
that 99% of all ICU-acquired infections occurred in intu-
bated patients and as a result 90% and 95% of total
antibiotic use and cost, respectively, were attributed to
this group. The respiratory tract was the most significant

site of infection, accounting for 43% of BPI and 67% of
non-BPI. Thus, prevention of infection had the greatest
potential to reduce overall antibiotic use.

The systemic use of antibiotics in patients who are
postoperative, undergoing mechanical ventilation or are
critically ill is utilised to prevent nosocomial pneumonia
but the unreliable effectiveness of such regimens and sub-
sequent increase in antibiotic resistance to infections poses
problems. Yet there are situations where it is standard
clinical practice to prescribe broad-spectrum parenteral
antibiotics to aid the patient’s recovery, such as febrile
neutropenic patients undergoing mechanical ventilation
(Pizzo 1990). Nevertheless, the use of parenteral broad-
spectrum antibiotics to prevent nosocomial pneumonia is
not advocated because of the increasing threat of super-
infection (Louria et al 1962; Kollef 1993; Villers et al 1998).

Various measures to suppress the emergence of anti-
biotic resistance in nosocomial infections have been sug-
gested (Goldman et al 1996) as exemplified by Kollef et al
(1997b), who demonstrated that a scheduled change of the
antibiotic class used for treatment of suspected infection
reduced the incidence of nosocomial pneumonia caused
by antimicrobial-resistant Gram-negative bacteria. Sub-
sequently, Evans et al (1998) illustrated the benefit of a
computer-assisted management program in improving
the quality of patient care; which led to a significant
reduction in antimicrobial susceptibility mismatches (12
vs 206, P < 0.01). ICU patients with pulmonary infil-
trates, but not clinical infection, receiving empiric antibio-
tics, vary from 34 to 74% (Vincent et al 1995; Bergmans
et al 1997; Singh et al 1998). Singh et al (2000) carried out a
study in an attempt to resolve indiscriminate antibiotic
prescribing in ICUs, when faced with uncertainty in accu-
rately diagnosing pneumonia. Patients with a low likeli-
hood of pneumonia were randomised to receive either
standard therapy (choice and duration at the clinician’s
discretion) or a limited regimen of ciprofloxacin with
review after three days. Antibiotics were continued for
more than 3 days in the standard-therapy group ± 90%
(38/42) compared with 28% (11/39) in the limited-regimen
group. Antimicrobial resistance developed in 35% and
15% in the standard- and limited-therapy group respect-
ively. Mortality and length of ICU stay did not differ
despite the lower cost and shorter duration of therapy in
the limited-regimen group. Implications for this study are
that prolonged antibiotic use in the standard-therapy
group was unnecessary, inappropriate and may explain
the differences in resistance between the two groups.

A recent investigation suggested that the administra-
tion of prophylactic parenteral antimicrobials to patients
with coma might reduce the incidence of VAP. Sirvent
et al (1997), in a novel study, used short-term prophylactic
parenteral antibiotics in an attempt to prevent pulmonary
infections in coma patients with head injuries and stroke
that were undergoing mechanical ventilation. Fifty
patients received intravenous cefuroxime (1500 mg
12-hourly after intubation for two doses) and fifty patients,
not receiving cefuroxime, formed the control group. There
was a significant difference in the incidence of pneumonia
(24% of the treated patients and 50% of the controls) but
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in the control group 17 patients had previously received
prophylactic antibiotics. However, early-onset pneumonia
was responsible for 67% and 72% of pneumonia cases
in the treated and control group, respectively. This
study, like others, demonstrated that neurological trauma
patients (Korinek et al 1993) are susceptible to early-onset
pneumonia, which accounted for 70% of all cases. The
incidence of Gram-negative bacterial pneumonia did not
differ between groups although there was a significant
incidence of Gram-negative bacterial pneumonia in
patients in the control group who had received previous
antibiotic therapy. These patients may have received
longer courses, as compared with the two doses in the
treated group, but this information was not available.
This agrees with published literature indicating an
increase in VAP, caused by pathogens such as P. aerugi-
nosa and Actinobacter spp, associated with previous anti-
biotic usage (Rello et al 1993; George 1995). The authors
claimed that the use of cefuroxime or previous use of
antibiotics (or both) in the control group before the pneu-
monia episode had a protective effect against its develop-
ment and if the control group had not received any
antibiotics the results probably could have been more
significant. It seems a protective effect was observed in
controls that had previously received prophylactic anti-
biotics, protecting against early-onset pneumonia, making
them more susceptible to Gram-negative bacterial pneu-
monias than those control subjects who had not pre-
viously received antibiotics. The study suggested that
there was no reason to give long-term antibiotics as a
preventative measure against pneumonia, which may
increase the cost and the emergence of resistant strains.
No differences were found in mortality or morbidity
between the two groups. The strategy here was simpler
and more cost effective than selective decontamination of
the digestive tract, as discussed later, with the reduction of
nosocomial pneumonia due mainly to decrease in isolates
of staphylococci, Haemophilus , and streptococci and
therefore only useful for early-onset pneumonia.

A priority in preventing VAP, particularly antibiotic-
resistant pneumonia, is restricting the nonessential use of
antibiotics. The range of potential pathogens varies
between ICUs, thus surveillance is needed to ensure
robust antibiotic prescribing practices. Any resulting
recommendations are based on data from individual
centres and will have limited relevance to other sites, and
in the main should only be implemented in the individual
ICU. To date, in the absence of relevant data, the use of
broad-spectrum parenteral antibiotics in preventing the
occurrence of VAP is not advocated due to the increasing
frequency of pneumonia caused by P. aeruginosa and
Acinetobacter spp, which are associated with high mortal-
ity rates (Rello et al 1993; George 1995).

Selective decontamination of the digestive tract (SDD)
The use of SDD, a strategy to prevent nosocomial
infection, has been based on the concept of colonisation
resistance, first described in 1971 (Van der Waaij et al

1971), whereby intact, anaerobic intestinal flora has a
protective effect against excessive growth of facultative
aerobic bacteria. More specifically, SDD aims to eradicate
enteric Gram-negative bacteria, P. aeruginosa, S. aureus
and yeasts in the oropharynx, stomach and gut and to
prevent further acquisition and secondary colonisation of
such organisms while not affecting relatively harmless
bacteria such as enterococci, Staphylococcus epidermidis
and anaerobes. This method involves application of a
non-absorbable antibiotic paste to the oral cavity and
decontamination of the rest of the gastrointestinal tract
by local administration of the same antibiotics. In addi-
tion, systemic antimicrobials are administered to prevent
early endogenous infection, which may occur during the
first days of intubation with the regimen of SDD. Regular
cultures of throat swabs and faeces are taken to monitor
the effectiveness of SDD and optimal hygiene is main-
tained to prevent cross infection. SDD was first used in
1980 to prevent bacterial infection in patients with granu-
locytopenia (Sleyfer et al 1980). This regimen was sub-
sequently modified for use in preventing infection in
mechanically ventilated trauma patients (Stoutenbeek
et al 1984). A combination of non-absorbable antibiotics,
including polymixin, tobramycin and amphotericin B, was
applied in a paste (OrabaseTM) four times daily to the
oropharynx and administered as a suspension four times
daily, either orally or via nasogastric tube. Amphotericin
is used to prevent yeast overgrowth, while polymixin and
tobramycin cover for aerobic Gram-negative bacteria,
S. aureus and Ps. aeruginosa and are non-absorbable.
In adition, intravenous cefotaxime was administered for
systemic prophylaxis against endogenous sources of
infection, giving excellent cover against aerobic Gram-
negative bacteria, limited cover against S. aureus and
S. pneumoniae and minimal activity against anaerobes.
This study reported that the incidence of respiratory-
tract infections decreased from 59% (historical controls)
to 8% in patients receiving SDD. This was a non-random-
ised, unblinded study with little detail given on patient
characteristics. Regimens have since been altered to
reduce cost and complexity (e.g., by substituting genta-
micin or norfloxacin for tobramycin).

SDD has been studied extensively with approximately
50 randomised trials and six meta-analyses published
(Table 3). Despite this extensive body of literature, there
is continuing controversy over the rationale and use of
SDD based on uncertainty regarding effectiveness, cost
implications, appropriate antibiotic usage, patient selec-
tion and survival, and hospital settings where bacterial
colonisation may be endemic. This uncertainty may stem
from variation in the regimen used with different types of
decontamination, for example decontamination of the
oral cavity, intestine and systemic prophylaxis as opposed
to the oral cavity only, thus making correlation of the
studies difficult.

The majority of studies (Unertl et al 1987; Kerver et al
1988; Ulrich et al 1989; Rodriguez-Roldan et al 1990;
Aerdts et al 1991; Blair et al 1991; Pugin et al 1991;
Jacobs et al 1992; Rocha et al 1992; Winter et al 1992;
Korinek et al 1993; Quinio et al 1996; AbeleHorn et al
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1997; Palomar et al 1997; Sanchez-Garcia et al 1998) indi-
cate that SDD significantly reduced the incidence of VAP,
while only a few investigators have reported a reduction in
mortality (Rocha et al 1992). This has led to doubts about
the usefulness of SDD as a preventative strategy for VAP.

Several factors may be postulated as reasons for such
a discrepancy. The wide range in the incidence of VAP, in
both control and study group, may be attributed to differ-
ences in how pneumonia was diagnosed. Specificity of
diagnoses based on clinical, radiological and microbio-
logical criteria is believed to be poor, with failure to differ-
entiate between colonisation and infection. The use of
bronchoscopic techniques is recommended in studies and
when used, the incidence of VAP was reduced when com-
pared with clinical, radiological and microbiological cri-
teria (Pingleton et al 1992; Bonten et al 1997). Bergmans
et al (2001) confirmed VAP diagnosis on positive quanti-
tative cultures from bronchoscopic techniques with a
reported incidence of 23% in the control group. This
contrasts with the findings of Rodriguez-Roldan et al
(1990) and Pugin et al (1991), who reported an incidence
in the control group of 73% and 78%, respectively, when
using clinical and microbiological criteria.

The patient group selected will also affect outcomes. A
population of ICU trauma patients (Stoutenbeek et al
1984) will be different from a group of medical ICU
patients who may have had previous antibiotic treat-
ments, serious underlying disease and increased risk of
colonisation with multi-drug resistant (MDR) bacteria
(e.g. MRSA). Brun-Buisson et al (1989) and Gastinne
et al (1992) found SDD to have little benefit on the
incidence of VAP when they treated a medical ICU popu-
lation using intestinal decontamination, and oropharyn-

geal and intestinal decontamination, respectively, versus
controls.

Jacobs et al (1992) used low-dose dopamine for SUP in
all patients and sucralfate in patients not receiving enteral
nutrition or who had not been prescribed H2-receptor
antagonists. Of the control group, 53% and 16% received
enteral nutrition and sucralfate, respectively, in compar-
ison with the study group (31% received enteral nutrition
and 33% received sucralfate). Sucralfate may reduce the
incidence of VAP, whereas enteral nutrition is claimed to
be a risk factor for VAP. This needs to be considered when
looking at the results of a significantly reduced incidence
of VAP in those who received SDD. This is in contrast to
the work of Bergmans et al (2001), where more control
patients received sucralfate and the study patients received
more enteral feeds, favouring the control group (i.e. height-
ening beneficial effects of the oropharyngeal decontamin-
ation). Palomar et al (1997) administered H2-receptor
antagonists for SUP. As reported earlier, this may
increase the incidence of VAP. Rodriguez-Roldan et al
(1990) stated sucralfate or antacid plus ranitidine was
given for SUP according to a randomised open protocol,
but no further mention was made of who received which
regimen. Also, in this study chlorhexidine was applied to
the oral cavity in both groups every 6 h as a local disin-
fectant. This may have had an effect on the outcome of
this small study, with a relative risk reduction of 1 for
VAP. With regards to the severity of illness, Blair et al
(1991) noted the greatest reduction in nosocomial infec-
tion in patients with mid-range APACHE II scores.

It is evident that there are no studies to compare vary-
ing dosages of antibiotic agents and therefore it is not
possible, on the basis of the available studies, to determine

Table 3 Results of six meta-analyses on SDDa.

Reference No. of trials No. of patients Study selection requirements Outcome measure

(95% CI) VAP

Mortality

Vandenbrouke-Grauls &

Vandenbrouke (1991)

6 998 None Odds ratios

*0.21 (0.15±0.29)

Odds ratios

*0.91 (0.67±1.23)

6 491 #0.12 (0.08±0.19) #0.70 (0.45±1.09)

SDD Trialists Group (1993) 22 4142 Prospective randomised Odds ratio

0.37 (0.31±0.43)

Odds ratio

0.90 (0.79±1.04)

Heyland et al (1994) 25 3395 Prospective randomised Relative risk

0.46 (0.39±0.56)

Relative risk

0.87 (0.79±0.97)

Kollef et al (1994) 16 2270 Prospective randomised or

Double-blind cross-over

Risk difference

0.15 (0.12±0.17)

Risk difference

0.02 (¡0.02±0.05)

D’Amico et al (1998) 16 3361 Prospective randomised

with combined SDD

Odds ratio

0.35 (0.29±0.41)

Odds ratio

0.80 (0.69±0.93)

17 2366 Prospective randomised

with topical SDD

Odds ratio

0.56 (0.46±0.68)

Odds ratio

1.01 (0.84±1.22)

Nathans & Marshall (1999) 11 1207 Prospective randomised with

>75% postop. or trauma patients

Odds ratio

0.19 (0.15±0.26)

Odds ratio

0.7 (0.52±0.93)

10 1513 Prospective randomised with

<25% postop. or trauma patients

Odds ratio

0.45 (0.33±0.62)

Odds ratio

0.91(0.71±1.18)

aModified from Bonten et al (2000). SDD, selective decontamination of the digestive tract. *Historical control group; #randomised control

group.
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the optimal combination or concentration of antibiotics to
be used as part of an SDD regimen.

Studies using only oropharyngeal and intestinal decon-
tamination versus controls (Unertl et al 1987; Korinek
et al 1993; Quinio et al 1996) showed a significant reduc-
tion in the incidence of pneumonia but not in mortality.
Gastinne et al (1992) and Wiener et al (1995) demon-
strated that oropharyngeal and intestinal decontamina-
tion had no impact on the incidence of VAP, although
colonisation with MDR bacteria was endemic in these
sites, which may explain their results. This was also the
case in the ICUs, where authors of several studies
(Hammond et al 1992; Ferrer et al 1994; Lingnau et al
1997) concluded that SDD (oropharyngeal and intestinal
decontamination, with systemic antimicrobial prophy-
laxis), versus systemic antimicrobial prophylaxis alone,
had little positive effect on pneumonia rates, although,
in this situation, it may be argued that systemic prophy-
laxis alone had a protective effect against the development
of VAP, and not the topical application of antibiotics.
However, SDD should not be used in an ICU where
there is endemic colonisation with drug-resistant bacteria.
Brun-Buisson et al (1989) found that overgrowth of staphy-
lococci and enterococci occurred more often in SDD-
treated patients than in control patients, while Hammond
et al (1992) reported an increased emergence of infections
with Acinetobacter spp. following the use of SDD.

Chlorhexidine was shown to reduce the incidence of
respiratory nosocomial infections when used in a cardio-
vascular ICU (DeRiso et al 1996). Chlorhexidine gluco-
nate oral rinse was used twice daily in the double-blind
placebo-controlled trial involving 353 patients. This type
of oropharyngeal decontamination is clearly a less expen-
sive and labour-intensive regimen than those previously
described. However, further appraisal needs to be under-
taken before any recommendations for its use can be
made.

To date, the cost-benefit of SDD has not been accur-
ately assessed. While many studies calculate the acquisi-
tion cost of antibiotic regimens, few take into account the
cost of surveillance cultures. AbeleHorn et al (1997) calcu-
lated that the average daily antibiotic cost per patient was
significantly lower in the study group and total antibiotic
cost per treated patient was lower. This study used only
selected oropharyngeal decontamination and systemic
prophylaxis, whereas SDD is much more expensive. The
study of Quinio et al (1996) was the only other to show
that total antibiotic cost was lower in the treatment group
(oropharyngeal and intestinal decontamination). Many
investigators make no reference to overall antibiotic use
in the ICU (Brun-Buisson et al 1989; Rodriguez-Roldan
et al 1990; Pugin et al 1991; Jacobs et al 1992; Ferrer et al
1994). When van Nieuwenhoven et al (2001) investigated
the relationship between the effect of SDD on pneumonia
and mortality, and methodological trial quality, they high-
lighted an inverse relationship between the quality of the
studies and reported benefits (incidence of nosocomial
pneumonia) for those receiving SDD. They also found a
small but significant reduction in mortality when analy-
sing studies deemed to be high quality.

Earlier meta-analysis highlighted the discrepancy
between patient mortality and rates of pneumonia,
although one meta-analysis (Selective Decontamination
of the Digestive Tract Trialists Collaboration Group 1993)
showed a modest reduction in mortality when systemic
antibiotics were used. However, two recent meta-analyses
showed a significant reduction in mortality (20% and
30%) in a mixed population of surgical and medical
patients, and in surgical patients, respectively, where the
combination of topical and systemic prophylaxis had been
investigated (D’Amico et al 1998; Nathens & Marshall
1999). This led to claims (Van Saene & Baines 1999) that
SDD had positive results on patient care and was an
evidence-based intervention. However, when patients
receiving total decontamination (topical and systemic
antimicrobial prophylaxis) were compared with control
patients who received no prophylaxis, there was a reduc-
tion in mortality. This was in contrast to the outcome
when total decontamination was compared with systemic
prophylaxis, or when topical prophylaxis was compared
with no prophylaxis. The majority of patients with
improved survival (D’Amico et al 1998) were surgical
and trauma patients. It was argued (Van Saene & Baines
1999) that systemic antibiotic prophylaxis alone may be
responsible for the reduction in mortality and, in fact,
advocate the use of prophylactic parenteral antimicrobials
in such patient groups.

Concerns about the unpalatibility, administration dif-
ficulty, increased nursing time and costs and development
of antimicrobial resistance and infection with Gram-nega-
tive bacteria and other drug-resistant pathogens have not
encouraged the routine use of SDD in the critically ill. It is
clear that for SDD certain populations may benefit: sur-
gical rather than medical patients and those who are
immunosuppressed or are undergoing liver transplant
and oesophagectomy (Vincent 1999). Gorman et al
(1993) and Adair et al (1993) demonstrated that SDD
did not have any effect on reducing VAP-causing patho-
gens. Several investigators have shown an increase in the
rates of isolation of Gram-positive bacteria when SDD is
used (Gastinne et al 1992; Hammond et al 1992; Rocha
et al 1992). Cockerill et al (1992) demonstrated the
increased incidence of gentamicin-resistant enterococci
and Hammond et al (1992) showed an increase in MRSA
colonisation, while Blair et al (1991) reported tobramycin-
resistant aerobic Gram-negative bacteria in those treated
with SDD. Although overt infection with MDR bacteria
has not been reported, this does not mean that the use of
SDD, if applied on a larger scale, would not lead even-
tually to the emergence of resistance. Unfortunately, in
light of the short duration of SDD regimens, there is insuf-
ficient information about the long-term microbiological
effect, whereas early studies using long-term tracheal instil-
lation of antibiotics have reported the emergence of MDR
bacteria (Feeley et al 1975). To demonstrate a significant
reduction in mortality, larger number of patients would
have to be investigated than has been the case to date.

The routine use of SDD as a measure of infection
prevention in the ICU remains controversial and has not
found favour in North America (Kollef 1999). The lack of
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clarity regarding the effects on survival, duration of
mechanical ventilation, cost and possible selection of mul-
tiple drug resistant pathogens means that any advantages
of SDD may well be outweighed by potential disadvant-
ages. A sufficiently large prospective randomised double-
blind study may resolve the quandary of the positive
benefits of SDD in the ICU.

Aerosolised antibiotics
The administration of parenteral or oral antibiotic should
achieve a high drug concentration to maximise its killing
effect at the infection site. Yet commonly with such routes
of administration, sub-optimal levels of antimicrobials are
reached at the various infection sites compared with the
circulatory drug concentrations. In such cases, unaccept-
ably high doses of antibiotic would have to be pres-
cribed to achieve the necessary drug concentrations.
Antimicrobial distribution may be hampered due to the
patient’s anatomic composition and the agent’s physio-
chemical characteristics (Flume & Klepser 2002).
However, drug delivery directly to the lung by nebulisa-
tion allows higher concentrations into the lung and may
minimise systemic toxicity. Aerosol drug delivery has
evolved extensively in the last 50 years and is largely
based on antibiotics used in cystic fibrosis (CF). Figures
5 and 6 contrast the results from studies illustrating the
different routes of administration of the aminoglycoside
tobramycin.

With antibiotic nebulisation, sputum concentrations
were much higher than achieved by intravenous adminis-
tration, while there is negligible systemic absorption of the
drug. Compared with intravenous administration, nebul-
ised administration allows a greater amount of drug to be
delivered to the lung without the risk of nephrotoxicity
and ototoxicity (Morgan et al 1999). Mendelman et al
(1985) showed that ten times the minimum inhibitory
concentration (MIC) of tobramycin was needed to sup-

press the growth of Ps. aeruginosa in the sputum of CF
sufferers and a 25-fold excess is required for a bactericidal
effect. This is pertinent to VAP whereby infection with
Ps. aeruginosa is of concern, especially in late-onset pneu-
monia (Fagon et al 1993).

With regard to prevention of pneumonia, Klastersky
et al (1974) carried out a small clinical trial with endotra-
cheally administered gentamicin in tracheostomy patients.
This method showed initial promise but was hampered by
poor distribution throughout the lung. Klick et al (1975),
using aerosolised polymixin directly into the oropharynx,
decreased upper-airway Gram-negative colonisation in
ICU patients. When used continually, rather than inter-
mittently, oropharyngeal antibiotics were associated with
an increased incidence of pneumonia with resistant bac-
teria and this regimen was abandoned (Feeley et al 1975).
Palmer et al (1998) demonstrated that nebulised antibio-
tics can be effectively delivered to patients receiving
mechanical ventilation, with measurable changes in clinical
and airway inflammatory indicators (decreased levels of
inflammatory cells and mediators), significant reduction
in sputum volume, and eradication of P. aeruginosa and
other Gram-negative pathogens in most cases. The study
involved only six patients who received nine courses of
either nebulised gentamicin or amikacin for 14±21 days.
Serum aminoglycoside was undetectable in all patients,
except for one who was in renal failure. All patients were
ventilator dependent and all were medically stable. As
stated by the authors, this study was not a clinical trial
but a quantitative assessment.

A preliminary double-blind placebo-controlled study
with 38 mechanically ventilated patients with VAP was
carried out in France (Le Conte et al 2000), assessing renal
and respiratory tolerance of nebulised tobramycin. The
authors concluded that aerosolised tobramycin was well
tolerated in patients with documented nosocomial pneu-
monia. Extubation by day 10 was achieved in 35% of
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patients who received nebulised tobramycin and in 18.5%
of the placebo group but the difference was not statisti-
cally significant. Little information was given on patient
characteristics and both groups received intravenous
tobramycin with a beta-lactam antibiotic. Adair etal (2002),
in a study involving 36 patients (12 received nebulised
gentamicin 8 mg every 8 h, 12 received intravenous cefo-
taxime 1 g every 12 h and 12 received intravenous cefur-
oxime 750 mg every 8 h), demonstrated that nebulised
gentamicin was more effective in preventing the formation
of biofilm in the endotracheal lumen than either intrave-
nous cefotaxime or cefuroxime in high-risk ventilated
patients. Prophylaxis was continued for the duration of
intubation. The results suggest that the regimen has a
role in reducing the incidence of VAP although further
investigations are required. It was noted that over the
study duration there was no increase in the rate of
Gram-negative bacterial resistance. Previously, Gorman
et al (1993) showed that, unlike nebulised antibiotics,
SDD was not successful in preventing biofilm formation
or in eradicating established biofilm.

The use of nebulised antibiotics in VAP allows attain-
ment of higher pulmonary drug concentrations than par-
enteral administration of antimicrobials and, compared
with SDD, may be less expensive and easier to administer.
Other potential benefits may include reduced morbidity
and exposure to systemic antimicrobials and improved
survival rates.

Advances in biomaterial design and function

The increased resistance of bacterial biofilms to anti-
microbial agents and the inaccessibility of the bacterial bio-
film to antibiotics following conventional (oral or
parenteral) administration have ensured that the treat-
ment of VAP is an extremely difficult challenge (Gorman
et al 2001). The limited success of many of the current
regimes to treat this clinical condition has directed scien-

tific strategies that involve modification of the design and
function of biomaterials to ensure that a greater resistance
to microbial colonisation occurs. Central to this philo-
sophy is the use of biomaterials as a matrix for the con-
trolled delivery of antimicrobial agents and the use of
novel microbial anti-adherent coatings (Gorman & Jones
2003). The problem of medical-device-related infection is
common to all medical devices (Tunney et al 1996;
Gorman & Jones 2003) and, accordingly, the above stra-
tegies have been employed for the prevention of infection
of other classes of medical devices (e.g., ureteral stents,
urethral catheters, central venous catheters). However,
despite the emergence of a growing body of literature on
this topic, there has been a relatively limited application
of the above technologies to the resolution of ventilator-
associated pneumonia. Therefore, the following will serve
to illustrate some of the approaches that may be employed
in this clinical condition.

The incorporation of therapeutic agents within poly-
meric biomaterials has been employed to offer controlled
release of the chosen agent to the surrounding fluids or
tissues for several decades (Chien 1992). However, it is
only within the last decade that a conscientious effort has
been made to utilise this strategy for the prevention of
medical-device-related infection. In this approach, the
antimicrobial agent is released at a controlled rate directly
to the microbial biofilm and the fluid that surrounds the
implanted medical device. Importantly, bactericidal con-
centrations of the antimicrobial agent may be achieved
and maintained within the microbial biofilm for a pro-
longed period, preferably for the duration of implantation
of the device. The simplest method that has been
employed for the incorporation of antimicrobial agents
within medical devices involves immersion of the device
in a solution of the desired antimicrobial agent. However,
the clinical success of this approach has been varied due
primarily to the poor adsorption or absorption properties
of the drug onto or within the polymer, the inability of the
polymer to swell in the chosen solvent, the poor solubility
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of certain antimicrobial agents in aqueous solutions and,
finally, the rapid desorption characteristics of the anti-
microbial agent from the polymer following contact with a
biological fluid (Gorman & Jones 2003). Using an animal
model, GoeauBrissonniere et al (1999) described reduced
adherence of Gram-positive (S. aureus and S. epidermidis)
and Gram-negative (E. coli) bacteria following immersion
of different materials (silicone, silver-coated stents and
hydrogel-coated stents) in a rifampicin solution when
compared with systemic antibiotics. Similarly, Reid et al
(1994) described reduced adherence of P. aeruginosa to
silicone-based catheters that had previously been soaked
in solutions of ciprofloxacin. However, not all reports
have been positive in this regard, with Cormio et al
(1997) concluding that the pre-treatment of silicone and
other ureteral stent biomaterials with tobramycin did not
affect the subsequent bacterial adherence. Therefore, these
studies have served to highlight that careful consideration
of the chemistry of both the therapeutic agent and bio-
material is required to ensure that sufficient adsorption or
absorption of the therapeutic agent from solution onto the
biomaterial occurs. As endotracheal tubes are made pri-
marily of either polyvinylchloride or silicone, the adsorp-
tion or absorption of antimicrobial agents from aqueous
solution would be expected to be relatively low unless the
drug possesses surface-active properties, which would
facilitate drug adsorption. Under these circumstances,
one method that may be useful to enhance the uptake of
antimicrobial agent is to employ a biocompatible solvent
with a greater affinity for the biomaterial but that does
not facilitate dissolution of the polymer. Following eva-
poration of the solvent, a greater mass of antimicrobial
agent may be absorbed into the biomaterial. This strategy
has been employed by Becket et al (1997) and Kohnen et al
(1998). One point that should be considered concerning
the immersion method (independent of the choice of sol-
vent) is the relatively long period of immersion that may
be required to obtain maximum drug uptake, which may
in turn further limit the utility of this approach.

To enhance the performance of biomaterials, alternat-
ive strategies have involved coating medical devices with
antimicrobial agents, as this approach will allow greater
control over the subsequent release of antimicrobial
agents. Using this technology, several combinations of
antimicrobial agents have been shown to be effective.
For example, polyurethane vascular catheters have been
coated with minocycline and ethylenediaminetetra-acetate
and have been shown to reduce bacterial colonisation
both in-vitro and in-vivo (Raad et al 1997a). Similarly,
Raad et al (1997b) reported that catheters that had been
coated with minocycline and rifampicin reduced the inci-
dence of catheter-related infection. Other antimicrobial
agents that have been coated onto medical devices (and
have exhibited varying degrees of laboratory and clinical
success) include silver sulfadiazine±chlorhexidine
(Darouiche et al 1999), chlorhexidine (Maki et al 1997),
teicoplanin (Bach et al 1996) and silver (Gabriel et al
1996; Stickler et al 1996). Interestingly, there have been
some reports of the lack of clinical efficacy of antibiotic-
coated biomaterials. Pemberton et al (1996) reported that

the incidences of catheter-associated bacteraemia with an
uncoated catheter and a chlorhexidine±silver sulfadiazine
catheter were similar, whereas Sheretz et al (1997)
reported the incidence of catheter-related sepsis associated
with an uncoated polyurethane catheter and a catheter
coated with silver sulfadiazine±chlorhexidine differed.
This disparity raises a number of problems associated
with the use of an antibiotic-coated system that have not
been adequately addressed. These include the nature and
duration of the release of antibiotics, the initial mass of
antibiotics in the coating and the compatibility of the
antibiotics with the coating matrix. Unfortunately, the
choice of polymeric matrix and antibiotic for the coating
layer is performed independently and, as a result, the
performance of the medical device is compromised.
Nevertheless, the potential utility of this approach for
the prevention of medical-device-related infection should
not be overlooked and, indeed, this approach may be
useful for the prevention of VAP.

One method by which the mass of antimicrobial agent
within the medical device may be increased involves direct
incorporation into the polymeric matrix, the greater avail-
able mass of polymer facilitating this process. This step
may be accomplished by either polymerising the required
monomers in the presence of the antimicrobial agent (e.g.
hydrogels) or, alternatively, the antimicrobial agent may
be processed (e.g. by injection moulding, extrusion) with
the polymer during the manufacture of the medical device
(Gorman & Jones 2003). Increasing the mass of anti-
microbial agent incorporated within the medical device has
two direct advantages, namely greater control of both the
rate and duration of drug release that may be achieved
when compared with either antimicrobial-coated systems
or systems that have been produced by immersion of the
device within a solution of antimicrobial agent. There
have been several successful reports of the laboratory
and clinical performance of these systems and, of direct
importance to VAP, many of these reports have employed
silicone and polyvinylchloride (biomaterials from which
endotracheal tubes are manufactured). For example,
Whalen et al (1997) incorporated chlorhexidine into
silicone and reported that chlorhexidine was released in a
controlled fashion for four weeks and that the antimicro-
bial-impregnated biomaterial possessed significant inhibitory
activity against several microorganisms. Similarly,
Schierholz et al (1994) described the manufacture, con-
trolled-drug-release properties and biocidal activity of
rifampicin-impregnated silicone. Jones et al (1996)
described the reduced adherence of Pseudomones fluores-
cens to polyvinylchloride that had been impregnated with
antimicrobial agents and, in particular, illustrated that the
anti-adherent effect increased as a function of the concen-
tration of incorporated antimicrobial agent. More recently,
Jones et al (2002) examined the physicochemical and anti-
microbial properties of hexetidine-impregnated (heat-cured)
polyvinylchloride, designed as a novel endotracheal tube
biomaterial. The authors illustrated that the release rate of
drug may be manipulated by alteration of the mass of in-
corporated hexetidine and that there was a marked reduc-
tion in bacterial adherence (S. aureus and P. aeruginosa)
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to the drug-loaded materials. However, of direct concern
to the application of these biomaterials as endotracheal
tubes was the deleterious effect of incorporated drug on
the resultant mechanical properties. Remembering that
the endotracheal tube is designed to offer patency of air
flow, it is important that chemical (drug) additions to the
polymeric matrix do not unduly affect the process of
mechanical ventilation. Despite this, the authors
concluded that polyvinylchloride containing up to
5% w/w hexetidine exhibited promise as endotracheal-
tube biomaterial.

One final point that should be addressed concerning
the clinical performance of antibiotic-impregnated poly-
mers for use as endotracheal-tube biomaterials concerns
the subsequent release of antibiotic within the respiratory
environment. To date, all the clinical studies have been
performed using biomaterials that have been inserted
within aqueous environments (e.g., the circulatory system,
the urinary system). Under these circumstances, the flow
of a large volume of biological fluids adjacent to the sur-
face of the medical device will facilitate drug release,
allowing the drug at the surface of the device to partition
into the fluids. If the antimicrobial-impregnated medical
device is a granular matrix (i.e. the drug is dispersed
within the polymer matrix) and drug release occurs as a
result of pore formation within the polymer, aqueous fluid
is required to facilitate drug release (Chien 1992).
Unfortunately, the environment into which the endotra-
cheal tube is placed is primarily hydrophobic in nature
(due to the gaseous flow) and has limited access to aqu-
eous fluids. Thus, in this scenario, the release of drugs
from granular matrices will be severely compromised,
and this will have serious consequences for clinical effi-
cacy. This problem may be minimised by the selection of
antimicrobial agents that possess good solubility in the
parent polymer. Therefore, depending on the mass of
antimicrobial agent present, a saturated solution of ther-
apeutic agent within the polymer will be achieved and,
accordingly, there will be a uniform molecular distribu-
tion of drug throughout the polymer matrix. Following
bacterial attachment, the antimicrobial agent will be avail-
able to diffuse into the bacterial cell and produce a bacterio-
static or bactericidal effect. This approach requires careful
consideration of the physicochemical properties of both
the polymer matrix and the antimicrobial agent and has
been described by Jones et al (2002). In this study, hexe-
tidine was chosen as the antimicrobial agent due, in part, to
its lipophilic properties and hence good solubility in endo-
tracheal-tube polyvinylchloride. As described earlier, this
novel biomaterial exhibited good bacterial anti-adherent
properties and may therefore be a useful candidate for
clinical evaluation. One further strategy that was
described by the same authors, and which may be of
interest to the design of endotracheal tubes, involves the
use of novel surfactant bacterial anti-adherent coatings
(Jones et al 2003). In this, the authors described the pro-
longed antibacterial (anti-S. aureus and -P. aeruginosa)
properties of lecithin and lecithin±cholesterol coatings
that were dip-coated onto endotracheal-tube poly-
vinylchloride. Based on in-vitro studies, it was concluded

that these novel coatings may reduce the incidence of
ventilator-associated pneumonia when employed as
coatings on the lumen of endotracheal tubes. However,
as is the case for many of the newer biomaterials and coat-
ings, clinical evaluation is required to validate the initial
promise.

Conclusion

There is controversy regarding the part played by gastric
pH in the development of VAP but it is still widely
believed that bacterial colonisation of the stomach, facili-
tated by antacids and H2-blockers, is an important source
of pathogens for VAP. Debate continues about the effect-
iveness of sucralfate in reducing the incidence of VAP as
highlighted by several meta-analyses of the literature
(Cook et al 1991b, 1996; Tryba 1991; Messori et al 2000).
There is no definitive evidence that the risk of VAP is
lower or that sufficient SUP is provided with sucralfate
than H2-blockers (Cook et al 1998b), but, as demonstrated
by Prod’hom et al (1994) and Thomason et al (1996),
sucralfate exerts a possible protective effect, significantly
reducing the incidence of late-onset pneumonia. However,
the widespread use of sucralfate in the hope of preventing
VAP is not warranted.

Several studies have shown a protective effect of anti-
biotics among high-risk ICU patients (George et al 1998;
Rello et al 1999). Sirvent et al (1997) demonstrated that
short-term monotherapy prophylaxis might have a role
in preventing VAP in ICU neurological trauma patients.
Further investigation is required to determine the general
applicability and safety of broad-spectrum parenteral
antibiotic therapy for prevention of VAP. The use of
broad-spectrum parenteral antibiotics for the prevention
of VAP is not recommended, as widespread and pro-
longed use of prophylactic antibiotics may lead to the
attainment of potentially resistant pathogens such as
Ps. aeruginosa and Acinetobacter spp.

The routine use of SDD as a measure of infection pre-
vention in the ICU remains controversial. Unfortunately,
the short duration of SDD regimens means that there is
insufficient data regarding their long-term microbiological
effects, unlike early studies using long-term tracheal
instillation of antibiotics, which reported the emergence of
MDR bacteria (Feeley et al 1975). To demonstrate a
significant reduction in mortality, a larger number of
patients would have to be investigated than has been
the case to date. Beneficial effects on outcomes such as
duration of mechanical ventilation, ICU stay and amount
of antibiotic use remain unproven, whereas selection of
antibiotic-resistant pathogens remains a cause for concern.
Thus the potential disadvantages of SDD may outweigh
the advantages.

Earlier studies (Feeley et al 1975), due to lack of effi-
cacy and subsequent emergence of resistance, discredited
the use of aerosolised antibiotics. Despite this, the ratio-
nale for the use of nebulised antibiotics is that it may allow
earlier extubation, reduce length of stay in ICU and pos-
sibly reduce mortality in patients undergoing mechanical
ventilation. This area needs to be explored further, with
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more investigations to determine the role of prophylactic
nebulised antibiotics in the management of VAP.

The routine use of antibiotics in any form (oral,
parenteral, topical or aerosol) may lead to selection of
bacteria that are resistant to various antibiotics and
subsequent difficult-to-treat infections. It is therefore
vital that each ICU should have a local epidemiological
surveillance programme to improve the efficacy of such
regimens and positive mortality outcomes.

Finally, advances in biomaterial design and function
offer exciting potential options for reducing the incidence
of VAP. Of particular interest in this respect are bio-
materials that possess an antimicrobial coating or those in
which the antimicrobial agent is directly incorporated into
the polymer matrix. The efficiency of the delivery of the
antimicrobial agent to the microbial biofilm of these sys-
tems will be markedly greater than for conventional routes
of antibiotic administration. However, while there have
been several clinical evaluations of these systems following
insertion within a range of body fluids (e.g. the circulatory
system, the urinary tract), clinical evaluation of the efficacy
of these systems within the respiratory tract, a site in which
there is extremely limited contact of the device with
aqueous fluids, has not been performed. Therefore, the
suitability of these novel antimicrobial biomaterials for usage
as endotracheal-tube materials requires urgent attention.

In conclusion, no prophylactic antibiotic strategy
(including antimicrobial biomaterials) should be widely
used until the implications for patients undergoing
mechanical ventilation (colonisation with resistant bac-
teria, effects on morbidity and mortality, hospital costs)
have been fully explored. However, there are encouraging
strategies that offer preliminary promise for reducing
VAP. It is recommended that the efficacy of these systems
should be fully (and urgently) evaluated.

References

AbeleHorn, M., Dauber, A., Bauernfeind, A., Russwurm, M.,
Seyfarth-Metzger, I., Gleich, P., Ruckdeschel, G. (1997)
Decrease in nosocomial pneumonia in ventilated patients by
selective oropharyngeal decontamination. Intensive Care Med.
23: 187±195

Adair, C. G., Gorman, S. P., O’Neill, F. B., McClurg, B.,
Goldsmith, E. C., Webb, C. H. (1993) Selective decontamina-
tion of the digestive tract (SDD) does not prevent the for-
mation of microbial biofilms on endotracheal tubes. J.
Antimicrob. Chemother. 31: 689±697

Adair, C. G., Gorman, S. P., Feron, B. M., Byers, L. M., Jones, D.
S., Goldsmith, C. E., Moore, J. E., Kerr, J. R., Curran, M. D.,
Hogg, G., Webb, C. H., McCarthy, G. J., Milligan, K. R. (1999)
Implications of endotracheal tube biofilm for ventilator-asso-
ciated pneumonia. Intensive Care Med. 25: 1072±1076

Adair, C. G., Gorman, S. P., Byers, L. M., Jones, D. S., Feron, B.,
Crowe, M., Webb, H. C., McCarthy, G. J., Milligan, K. R.
(2002) Eradication of endotracheal tube biofilm by nebulised
gentamicin. Intensive Care Med. 28: 426±431

Aerdts, S. J., van Dalen, R., Clasener, H. A., Festen, J., van Lier,
H. J., Vollaard, E. J. (1991) Antibiotic prophylaxis of respira-
tory tract infection in mechanically ventilated patients: a pros-

pective, blinded, randomised trial of the effect of a novel
regimen. Chest 100: 783±791

Apte, N. M., Karnad, D. R., Medhekar, T. P., Tilve, G. H., Morye,
S., Bhave, G. G. (1992) Gastric colonisation and pneumonia in
intubated critically ill patients receiving stress ulcer prophylaxis:
a randomised, controlled trial. Crit. Care Med. 20: 590±594

Atherton, S., White, D. (1978) The stomach as a source of
bacteria colonising the respiratory tract during artificial venti-
lation. Lancet 2: 968

Bach, A., Darby, D., Bottiger, B., Bohrer, H., Motsch, J.,
Martin, E. (1996) Retention of the antibiotic teicoplanin on a
hydromer-coated central venous catheter to prevent bacterial
colonisation in postoperative surgical patients. Intensive Care
Med. 22: 1066±1069

Baker, A. M., Meredith, J. W., Haponik, E. F. (1996) Pneumonia
in intubated trauma patients: microbiology and outcomes.
Am. J. Respir. Crit. Care Med. 153: 343±349

Beckett, G., Schep, L. J., Crichton, D., Jones, D. S. (1997)
Chlorhexidine sorption into and release from dental prosthetic
biomaterials. J. Pharm. Pharmacol. 49 (Suppl. 4): 135

Ben-Menachem, T., Fogel, R., Patel, R. V., Touchette, M.,
Zarowitz, B. J., Hadzijahic, N., Divine, G., Verter, J., Bresalier,
R. S. (1994) Prophylaxis for stress-related gastric haemorrhage in
the medical intensive care unit. Ann. Intern. Med. 121: 568±575

Bercault, N., Boulain, T. (2001) Mortality associated with venti-
lator-associated pneumonia in an adult intensive care unit: a
prospective 135 matched-pairs cohort study. Crit. Care Med.
29: 2303±2309

Bergmans, D. C. J. J., Bonten, M. J. M., Gaillard, C. A., van Tiel,
F. H., van der Geest, S., de Leeuw, P. W., Stobberingh, E. E.
(1997) Indications for antibiotic use in ICU patients: a one-year
prospective surveillance. J. Antimicrob. Chemother. 39: 527±535

Bergmans, D. C. J. J., Bonten, M. J. M., Gaillard, C. A., Paling,
J. C., van der Geest, S., van Tiel, F. H., Beysens, A.J.,
de Leeuw, P. W., Stobberingh, E. E. (2001) Prevention of
ventilator-associated pneumonia by oral decontamination: A
prospective, randomised, double-blind, placebo-controlled
study. Am. J. Respir. Crit. Care Med. 164: 382±388

Blair, P., Rowlands, B. J., Lowry, K., Webb, H., Armstrong, P.,
Smilie, J. (1991) Selective decontamination of the digestive
tract: a stratified, randomised, prospective study in a mixed
intensive care unit. Surgery 110: 303±310

Bonten, M. J.M., Bergmans, D. C., Stobberingh, E. E., van der
Geest, S., de Leeuw, P. W., van Tiel, F. H., Gaillard, C. A.
(1997) Implementation of bronchoscopic techniques in the
diagnosis of ventilator-associated pneumonia to reduce anti-
biotic usage. Am. J. Respir. Crit. Care Med. 156: 1820±1824

Bregeon, F., Faucher, M., Roch, A., Gainnier, M., Michelet, P.,
Saux, P., Thirion,X., Auffray, J. P., Papazian, L. (2001) Influence
of prone position on the incidence of VAP and the outcome of
ARDS patients. Intensive Care Med. 27 (Suppl. 2): 175

Brun-Buisson, C., Legrand, P., Rauss, A., Richard, C.,
Montravers, F., Besbes, M., Meakins, J. L., Soussy, C. J.,
Lemaire, F. (1989) Intestinal decontamination for control of
nosocomial multiresistant Gram-negative bacilli: study of an out-
break in an intensive care unit. Ann. Intern. Med. 110: 873±881

Carver, D. E., Steger, K. (1996) Nosocomial pneumonia in
mechanically ventilated adult patients: Epidemiology and pre-
vention in 1996. Semin. Respir. Infect. 11: 32±53

Celis, R., Torres, A., Gatell, J. M., Almeda, M., Rodriguez-
Roisin, R., Agusti-vidal, A. (1988) Nosocomial pneumonia: A
multivariate analysis of risk and prognosis. Chest 93: 318±324

Chastre, J., Fagon, J. (1994) Invasive diagnostic testing should be
routinely used to manage ventilated patients with suspected
pneumonia. Am. J. Respir. Crit. Care Med. 15: 570±574

424 Roisin McCrory et al

http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2923L.187[aid=4855196]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2931L.689[aid=3424296]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2925L.1072[aid=3424297]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2928L.426[aid=3424298]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29100L.783[aid=4855197]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2920L.590[aid=4855198]
http://www.ingentaconnect.com/content/external-references?article=/0140-6736^28^292L.968[aid=4855199]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2922L.1066[aid=4855200]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29153L.343[aid=4855201]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29121L.568[aid=4855202]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2929L.2303[aid=4855203]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2939L.527[aid=4855204]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29164L.382[aid=4855205]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29110L.873[aid=4855207]
http://www.ingentaconnect.com/content/external-references?article=/0882-0546^28^2911L.32[aid=4855208]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^2993L.318[aid=4855209]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2923L.187[aid=4855196]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2931L.689[aid=3424296]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2922L.1066[aid=4855200]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2929L.2303[aid=4855203]


Chastre, J., Fagon, J. Y., Trouillet, J. L. (1995) Diagnosis and
treatment of nosocomial pneumonia in patients in intensive
care units. Clin. Infect. Dis. 21: 226S±237S

Chastre, J., Trouillet, J. L., Vaugnat, A., Joly-Guillou, M. L.,
Clavier, H., Dombret, M. C., Gibert, C. (1998) Nosocomial
pneumonia in patients with acute respiratory distress syn-
drome. Am. J. Respir. Crit. Care Med. 157: 1165±1172

Chien, Y. W. (1992) Novel drug delivery systems. 2nd Edition,
Marcel Dekker, New York

Cockerill, F. R., Muller, S. R., Anhalt, J. P., Marsh, H. M.,
Farnell, M. B., Mucha, P., Gillespie, D. J., Ilstrup, D. M.,
Larsonkeller, J. J., Thompson, R. L. (1992) Prevention of
infection in critically ill patients by selective decontamination
of the digestive tract. Ann. Intern. Med. 117: 545±553

Cook, D. J., Pearl, R. G., Cook, R. J., Guyatt, G. H. (1991a)
Incidence of clinically important bleeding in mechanically ven-
tilated patients. J. Intensive Care Med. 6: 167±174

Cook, D. J., Laine, L. A., Guyatt, G. H., Raffin, T. (1991b)
Nosocomial pneumonia: the role of gastric pH. Chest 100:
7±13

Cook, D. J., Fuller, H. D., Guyatt, G. H., Marshall, J. C., Leasa,
D., Hall, R., Winton, T. L., Rutledge, F., Todd, T. J. R., Roy,
P., Lacroix, J., Griffith, L., Willan, A., Noseworthy, T.,
Powles, P., Oppenheimer, L., Hewson, J., Lang, J., Lee, H.,
Guslits, B., Heule, M. (1994) Risk factors for gastrointestinal
bleeding in critically ill patients. N. Engl. J. Med. 330: 377±381

Cook, D. J., Reeve, B. K., Guyatt, G. H., Heyland, D. K.,
Griffith, L. E., Buckingham, L., Tryba, M. (1996) Stress
ulcer prophylaxis in critically ill patients. J. Am. Med. Assoc.
275: 308±314

Cook, D. J., Walter, S., Cook, R. J., Griffith, L. E., Guyatt,
G. H., Leasa, D., Jaeschke, R., Brun-Buisson, C. (1998a) The
incidence and risk factors for ventilator-associated pneumonia
in critically ill patients. Ann. Intern. Med. 129: 433±440

Cook, D. J., Guyatt, G., Marshall, J., Leasa, D., Fuller, H., Hall,
R., Peters, S., Rutledge, F., Griffith, L., McLellan, A., Wood,
G., Kirby, A. (1998b) A comparison of sucralfate and rani-
tidine for the prevention of upper gastrointestinal bleeding in
patients requiring mechanical ventilation. N. Engl. J. Med.
338: 791±797

Cormio, L., La Forgia, P., La. Forgia, D., Siitonen, A., Ruutu, M.
(1997) Is it possible to prevent bacterial adhesion onto ureteric
stents? Urol. Res. 25: 213±216

Craven, D. E., Steger, K. A. (1995) Epidemiology of nosocomial
pneumonia: new perspectives on an old disease. Chest 108:
1S±16S

Craven, D. E., Steger, K. A. (1998) Ventilator-associated bacter-
ial pneumonia: challenges in diagnosis, treatment, and preven-
tion. New Horiz. 6: S30±S45

Craven, D. E., Kunches, L. M., Kilinsky, V., Lichtenberg, D. A.,
Make, B. J., McCabe, W. R. (1986) Risk factors for pneumo-
nia and fatality in patients receiving continuous mechanical
ventilation. Am. Rev. Respir. Dis. 133: 792±796

Craven, D. E., Steger, K. A., Barber, T. W. (1991) Preventing
nosocomial pneumonia: state of the art and perspectives for
the 1990’s. Am. J. Med. 91: 44S±53S

Cross, A. S., Roup, B. (1981) Role of respiratory assistance
devices in endemic nosocomial pneumonia. Am. J. Med. 70:
681±685

D’Amico, R., Pifferi, S., Leonetti, C., Torri, V., Tinazzi, A.,
Liberati, A. (1998) Effectiveness of antibiotic prophylaxis in
critically ill adult patients: systemic review of randomised
controlled trials. Br. Med. J. 316: 1275±1285

Darouiche, R. O., Raad, I. I., Heard, S. O., Thornbury, J. I.,
Wenker, O. C., Gabrielli, A., Berg, J., Khardori, N., Hanna, H.,

Hachem, R., Haris, R. L., Mayhall, G. (1999) A comparison
of two antimicrobial-impregnated central venous catheters.
N. Engl. J. Med. 340: 1±8

DeRiso, A. J., Ladowski, J. S., Dillon, T. A., Justice, J. W.,
Peterson, A. C. (1996) Chlorhexidine Gluconate 0.12% oral
rinse reduces the incidence of total nosocomial respiratory
infection and nonprophylactic systemic antibiotic use in
patients undergoing heart surgery. Chest 109: 1556±1561

Driks, M. R., Craven, D. E., Celli, B. R., Manning, M., Burke,
R. A., Garvin, G. M., Kunches, L. M., Farber, H. W., Wedel,
S. A., McCabe, W. R. (1987) Nosocomial pneumonia in intu-
bated patients given sucralfate as compared with antacids or
histamine type 2 blockers. N. Engl. J. Med. 317: 1376±1382

Eddleston, J. M., Vohra, A., Scott, P., Tooth, J. A., Pearson,
R. C., McCloy, R. F., Morton, A. K., Doran, B.H. (1991) A
comparison of the frequency of stress ulceration and second-
ary pneumonia in sucralfate or ranitidine-treated intensive
care unit patients. Crit. Care Med. 19: 1491±1496

Eisenberg, J., Pepe, M., Williams-Warren, J., Vasiliev, M.,
Montgomery, A. B., Smith, A. L., Ramsey, B. W., Borowitz,
D., Eigen, H., Hiatt, P., Moss, R., Konstan, M., Schidlow, D.,
Wilmott, R., Yee, W., Crist, D., Joy, P., McNamara, S., Gray,
D., Pitlick, W. (1997) A comparison of peak sputum tobra-
mycin concentration in patients with cystic fibrosis using
jet and ultrasonic nebuliser systems. Aerosolised tobramycin
study group. Chest 111: 955±962

Emmerson, A. M., Enstone, J. E., Griffin, M., Kelsey, H. C.,
Smyth, E. T. M. (1996) The second national prevalence survey
of infection in hospitals ± overview of results. J. Hosp. Infect.
32: 175±190

Ephgrave, K. S., Kleiman-Wexler, R., Pfaller, M., Booth, B. M.,
Reed, D., Werkmeister, L., Young, S. (1998) Effects of sucral-
fate vs antacids on gastric pathogens: results of a double-blind
clinical trial. Arch. Surg. 133: 251±257

Evans, R. S., Pestotnik, S. L., Classen, D. C., Clemmer, T. P.,
Weaver, L. K., Orme, J. F., Lloyd, J. F., Burke, J. P. (1998) A
computer-assisted management program for antibiotics and
other antiinfective agents. N. Engl. J. Med. 338: 232±238

Ewig, S., Torres, A., El-Ebiary, M., Fabregas, N., Hernandez, C.,
Gonzalez, J., Nicolas, J. M., Soto, L. (1999) Bacterial
colonisation patterns in mechanically ventilated patients with
traumatic and medical head injury incidence, risk factors, and
association with ventilator-associated pneumonia. Am. J.
Respir. Crit. Care Med. 159: 188±198

Fagon, J. Y., Chastre, J., Domart, Y., Trouillet, J. L., Pierre, J.,
Darne, C., Gibert, C. (1989) Nosocomial pneumonia in
patients receiving continuous mechanical ventilation. Am.
Rev. Respir. Dis. 139: 877±884

Fagon, J. Y., Chastre, J., Hance, A., Montravers, P., Novara, A.,
Gibert, C. (1993) Nosocomial pneumonia in ventilated
patients: A cohort study evaluating attributable mortality
and hospital stay. Am. J. Med. 94: 281±288

Fagon, J. Y., Chastre, J., Vuagnat, A., Trouillet, J. L., Novara,
A., Gibert, C. (1996) Nosocomial pneumonia and mortality
among patients in intensive care units. J. Am. Med. Assoc. 275:
866±869

Feeley, T. W., DuMoulin, G. C., Hedley-Whyte, J., Bushnell, L. S.,
Gilbert, J. P., Feingold, D. S. (1975) Aerosol polymixin and
pneumonia in seriously ill patients. N. Engl. J. Med. 293: 471±475

Ferrer, M., Torres, A., Gonzalez, J., Puig, J., El-Ebiary, M.,
Roca, M., Gatell, J. M., Rodriguezroisin, R. (1994) Utility of
selective digestive decontamination in mechanically ventilated
patients. Ann. Intern. Med. 120: 389±395

Flume, P., Klepser, M. E. (2002) The rationale for aerosolised
antibiotics. Pharmacotherapy 22: 71S±79S

Pharmaceutical strategies to prevent VAP 425

http://www.ingentaconnect.com/content/external-references?article=/1058-4838^28^2921L.226[aid=4855211]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29157L.1165[aid=4855212]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29117L.545[aid=4855213]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29100L.7[aid=4855215]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29330L.377[aid=4855216]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.308[aid=4855217]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29129L.433[aid=4855218]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29338L.791[aid=4855219]
http://www.ingentaconnect.com/content/external-references?article=/0300-5623^28^2925L.213[aid=4855220]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29133L.792[aid=4855222]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2991L.44[aid=4855223]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2970L.681[aid=4855224]
http://www.ingentaconnect.com/content/external-references?article=/0959-8138^28^29316L.1275[aid=4855225]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29340L.1[aid=3424303]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29109L.1556[aid=4855226]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29317L.1376[aid=4855227]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2919L.1491[aid=4855228]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29111L.955[aid=202522]
http://www.ingentaconnect.com/content/external-references?article=/0195-6701^28^2932L.175[aid=2743251]
http://www.ingentaconnect.com/content/external-references?article=/0004-0010^28^29133L.251[aid=4855229]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29338L.232[aid=789864]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29159L.188[aid=4855230]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29139L.877[aid=4855231]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2994L.281[aid=4855232]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.866[aid=4855233]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29293L.471[aid=1197566]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29120L.389[aid=4855234]
http://www.ingentaconnect.com/content/external-references?article=/0277-0008^28^2922L.71[aid=4855235]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29100L.7[aid=4855215]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.308[aid=4855217]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29338L.791[aid=4855219]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2970L.681[aid=4855224]
http://www.ingentaconnect.com/content/external-references?article=/0195-6701^28^2932L.175[aid=2743251]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29159L.188[aid=4855230]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29139L.877[aid=4855231]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.866[aid=4855233]


Gabriel, M. M., Mayo, M. S., May, L. L., Simmons, R. B.,
Ahearn, D. G. (1996) In vitro evaluation of the efficacy of a
silver-coated catheter. Curr. Microbiol. 33: 1±5

Gastinne, H., Wolff, M., Delatour, F., Faurisson, F., Chevret, S.
(1992) A controlled trial in intensive care units of selective
decontamination of the digestive tract with nonabsorbable
antibiotics. N. Engl. J. Med. 326: 594±599

George, D. L. (1995) Epidemiology of nosocomial pneumonia in
intensive care unit patients. Clin. Chest Med. 16: 29±44

George, D. L., Falk, P. S., Wunderink, R. G., Leeper, K. V.,
Meduri, G. U., Steere, E. L., Corbett, C. E., Mayhall, C. G.
(1998) Epidemiology of ventilator-acquired pneumonia based
on protected bronchoscopic sampling. Am. J. Respir. Crit.
Care Med. 158: 1839±1847

GoeauBrissonniere, O., Leflon, V., Letort, M., Nicolas, M. H.
(1999) Resistance of antibiotic bonded gelatin coated polymer
meshes to Staphylococcus aureus in a rabbit subcutaneous
pouch model. Biomaterials 20: 229±232

Goldman, D. A., Weinstein, R. A., Wenzel, R. P., Tablan, O. C.,
Duma, R. J., Gaynes, R. P., Schlosser, J., Martone, W. J.
(1996) Strategies to prevent and control the emergence and
spread of antimicrobial-resistant microorganisms in hospitals:
a challenge to hospital leadership. J. Am. Med. Assoc. 275:
234±240

Gorman, S. P., Jones, D. S. (2003) Complications of urinary
devices. In: Wilson, M. (ed.) Medical implications of biofilms.
Cambridge University Press, UK. In press

Gorman, S. P., Adair, C. G., O’Neill,F., Goldsmith, C., Webb, H.
(1993) Influence of selective decontamination of the digestive
tract on microbial biofilm formation on endotracheal tubes
from artificially ventilated patients. Eur. J. Clin. Microbiol.
Infect. Dis. 12: 9±17

Gorman, S. P., McGovern, J. G., Woolfson, A. D., Adair, C. G.,
Jones, D. S. (2001) The concomitant development of poly
(vinyl chloride)-related biofilm and antimicrobial resistance
in relation to ventilator-associated pneumonia. Biomaterials
22: 2741±2747

Hammond, J., Potgieter, P. D., Saunders, G. L., Ford, A. (1992)
Double-blind study of selective decontamination of the digest-
ive tract in intensive care. Lancet 340: 5±9

Hanisch, E. W., Encke, A., Naujoks, F., Windolf, J. (1998) A
randomised, double-blind trial for stress ulcer prophylaxis
shows no evidence of increased pneumonia. Am. J. Surg. 176:
453±457

Heyland, D. K., Cook, D. J., Jaeschke, R., Griffith, L., Lee,
H. N., Guyatt, G. H. (1994) Selective decontamination of
the digestive tract: an overview. Chest 105: 1221±1229

Heyland, D. K., Cook, D. J., Griffith, L., Keenan, S. P., Brun-
Buisson, C. (for the Canadian Critical Care Trials Group)
(1999) The attributable morbidity and mortality of ven-
tilator-associated pneumonia in the critically ill patient.
Am. J. Respir. Crit. Care Med. 159: 1249±1256

Horan, T. C., White, J. W., Jarvis, W. R. (1986) Nosocomial
infection surveillance, 1984. MMWR 35: 17SS±29SS

Horan, T. C., Culver, D. H., Gaynes, R. P., Jarvis, W. R.,
Edwards, J. R., Reid, C. R. (1993) Nosocomial infections in
surgical patients in the United States, January1986±June 1992.
National Nosocomial Infections Surveillance (NNIS) System.
Infect. Control Hosp. Epidemiol. 14: 73±80

Ibrahim, E. H., Ward, S., Sherman, G., Kollef, M. H. (2000) A
comparative analysis of patients with early-onset versus late-
onset nosocomial pneumonia (NP) in the ICU setting. Chest
117: 1434±1442

Jacobs, S., Foweraker, J. E., Roberts, S. E. (1992) Effectiveness
of selective decontamination of the digestive tract in an ICU

with a policy encouraging a low gastric pH. Clin. Intensive
Care 3: 52±58

Jarvis, W. R., Edwards, J. R., Culver, D. H., Hughes, J. M.,
Horan, T., Emori, T. G., Banerjee, S., Tolson, J., Henderson,T.,
Gaynes, R. P., Martone, W. J. (1991) Nosocomial infection
rates in adult and paediatric intensive care units in the United
States: National Nosocomial Infections Surveillance System.
Am. J. Med. 91: 185S±191S

Jimenez, P., Torres, A., Rodriguez-Roisin, R., Delabelacasa,
J. P., Aznar, R., Gatell, J. M., Agustividal, A. (1989) Incidence
and aetiology of pneumonia acquired during mechanical ven-
tilation. Crit. Care Med. 17: 882±885

Jones, C. R., Handley, P. S., Robson, G. D., Eastwood, I. M.,
Greenhalgh, M. (1996) Biocides incorporated into plasticised
polyvinyl chloride reduce adhesion of Pseudomonas fluorescens
B1146 and substratum hydrophobicity. J. Appl. Bacteriol. 81:
553±560

Jones, D. S., McGovern, J. G., Woolfson, A. D., Adair, C. G.,
Gorman, S. P. (2002) Physicochemical characterisation of hex-
etidine impregnated endotracheal tube poly (vinylchloride)
and resistance to adherence of respiratory bacterial pathogens.
Pharm. Res. 19: 818±824

Jones, D. S., McMeel, S., Adair, C. G., Gorman, S. P. (2003)
Characterisation and evaluation of novel surfactant bacterial
anti-adherent coatings for endotracheal tubes designed for the
prevention of ventilator associated pneumonia. J. Pharm.
Pharmacol. 55: 43±52

Kerver, A. J. H, Rommes, J. H., Mevissen-Verhage, E. A.,
Hulstaert, P. F., Vos, A., Verhoef, J., Wittebol, P. (1988)
Prevention of colonisation and infection in critically ill patients:
a prospective randomised study. Crit. Care Med. 16: 1087±1093

Kohnen, W., Schaper, J., Klien, O., Tieke, B., Jansen, B. (1998)
A silicone ventricular catheter coated with a combination of
rifampin and trimethoprim for the prevention of catheter-
related infections. Zentralbl. Bakteriol. 287: 147±156

Klastersky, J., Huysman, E., Weertz, D. (1974) Endotracheally
administered gentamicin for prevention of infection of the
respiratory tract in patients with tracheostomy: a double-
blind study. Chest 65: 650±654

Klick, J. M., duMoulin, G. C., Hedley-Whyte, J. (1975)
Prevention of Gram-negative bacillary pneumonia using poly-
myxin aerosol as prophylaxis. J. Clin. Invest. 55: 514±519

Kollef, M. H. (1993) Ventilator-associated pneumonia: a multi-
variate analysis. J. Am. Med. Assoc. 270: 1965±1970

Kollef, M. H. (1994) The role of selective digestive tract decon-
tamination on mortality and respiratory tract infections: a
meta-analysis. Chest 105: 1101±1108

Kollef, M. H. (1999) The prevention of ventilator-associated
pneumonia. N. Engl. J. Med. 340: 627±634

Kollef, M. H., Sharpless, L., Vlasnik, J., Plasque, C., Murphy, D.,
Fraser, V. J. (1997a) The impact of nosocomial infections on
patient outcomes following cardiac surgery. Chest 112: 666±675

Kollef, M. H., Vlasnik, J., Sharpless, L., Pasque, C., Murphy, D.,
Fraser, V. (1997b) Scheduled change of antibiotic classes: a
strategy to decrease the incidence of ventilator-associated
pneumonia. Am. J. Respir. Crit. Care Med. 156: 1040±1048

Korinek, A. M., Laisne, M. J., Nicols, M. H., Raskine, L.,
Deroin, V., Sanson-Lepors, M. J. (1993) Selective decontamin-
ation of the digestive tract in neurosurgical intensive care unit
patients: a double-blind, randomised, placebo-controlled study.
Crit. Care Med. 21: 1466±1473

Laggner, A. N., Lenz, K. L., Base, W., Druml, W., Schneeweiss,B.,
Grimm, G. (1989) Prevention of upper gastro intestinal
bleeding in long term ventilated patients. Sucralfate versus
ranitidine. Am. J. Med. 86: 81±84

426 Roisin McCrory et al

http://www.ingentaconnect.com/content/external-references?article=/0343-8651^28^2933L.1[aid=3424306]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29326L.594[aid=4855236]
http://www.ingentaconnect.com/content/external-references?article=/0272-5231^28^2916L.29[aid=4855237]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29158L.1839[aid=4855238]
http://www.ingentaconnect.com/content/external-references?article=/0142-9612^28^2920L.229[aid=4855239]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.234[aid=4855240]
http://www.ingentaconnect.com/content/external-references?article=/0934-9723^28^2912L.9[aid=4855241]
http://www.ingentaconnect.com/content/external-references?article=/0142-9612^28^2922L.2741[aid=3424307]
http://www.ingentaconnect.com/content/external-references?article=/0140-6736^28^29340L.5[aid=4855242]
http://www.ingentaconnect.com/content/external-references?article=/0002-9610^28^29176L.453[aid=4855243]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29105L.1221[aid=4855244]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29159L.1249[aid=4855245]
http://www.ingentaconnect.com/content/external-references?article=/0899-823X^28^2914L.73[aid=4855247]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29117L.1434[aid=4855248]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2991L.185[aid=4855250]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2917L.882[aid=4855251]
http://www.ingentaconnect.com/content/external-references?article=/0021-8847^28^2981L.553[aid=4855252]
http://www.ingentaconnect.com/content/external-references?article=/0724-8741^28^2919L.818[aid=3424316]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2955L.43[aid=4855253]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2916L.1087[aid=4855254]
http://www.ingentaconnect.com/content/external-references?article=/0934-8840^28^29287L.147[aid=4855255]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^2965L.650[aid=4855256]
http://www.ingentaconnect.com/content/external-references?article=/0021-9738^28^2955L.514[aid=4855257]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29270L.1965[aid=4855258]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29105L.1101[aid=4855259]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29340L.627[aid=4855260]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29112L.666[aid=4855261]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29156L.1040[aid=4855262]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2921L.1466[aid=4855263]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29158L.1839[aid=4855238]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29275L.234[aid=4855240]
http://www.ingentaconnect.com/content/external-references?article=/0934-9723^28^2912L.9[aid=4855241]
http://www.ingentaconnect.com/content/external-references?article=/0142-9612^28^2922L.2741[aid=3424307]
http://www.ingentaconnect.com/content/external-references?article=/0002-9610^28^29176L.453[aid=4855243]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29117L.1434[aid=4855248]
http://www.ingentaconnect.com/content/external-references?article=/0021-8847^28^2981L.553[aid=4855252]
http://www.ingentaconnect.com/content/external-references?article=/0022-3573^28^2955L.43[aid=4855253]


Le Conte, P., Potel, G., Clementi, E., Legras, A., Villers, D.,
Bironneau, E., Cousson, J., Baron, D. (2000) Administration
d’aerosols de tobramycine chez des patients ayant une pneumo-
pathi nosocomiale: etude preliminaire. Presse Med. 29: 76±78

Lingnau, W., Berger, J., Javorsky, F., Lejeune, P., Mutz, N.,
Benzer, H. (1997) Selective intestinal decontamination in mul-
tiple trauma patients; prospective, controlled trial. J. Trauma
42: 687±694

Louria, D. B., Kanimski, T. (1962) The effects of four anti-
microbial drug regimens on sputum superinfection in hospital-
ised patients. Am. Rev. Respir. Dis. 85: 649±665

Maier, R. V., Mitchell, D., Gentilello, L. (1994) Optimal therapy
for stress gastritis. Ann. Surg. 220: 353±360

Maki, D. G., Stolz, S. M., Wheeler, S., Mermel, L. A. (1997)
Prevention of central venous catheter-related bloodstream
infection by use of an antiseptic-impregnated catheter. Ann.
Intern. Med. 127: 257±266

Mandell, L. A., Marrie, T. J., Niederman, M. S. and the
Canadian Hospital Acquired Pneumonia Consensus Con-
ference Group (1993) Initial antimicrobial treatment of hospital
acquired pneumonia in adults: a conference report. Can. J.
Infect. Dis. 4: 317±321

Mendelman, P. M., Smith, A. L., Levy, J., Weber, A., Ramsey, B.,
Davis, R. L. (1985) Aminoglycoside penetration, inactiva-
tion, and efficacy in cystic fibrosis sputum. Am. Rev. Respir.
Dis. 132: 761±767

Messori, A., Trippoli, S., Vaiani, M., Corrado, A. (2000)
Bleeding and pneumonia in intensive care patients given rani-
tidine and sucralfate for prevention of stress ulcer: meta-
analysis of randomised controlled trials. Br. Med. J. 321: 1±7

Metz, C. A., Livingston, D. H., Smith, J. S., Larson, G. M.,
Wilson, T. H. (1993) Impact of multiple risk factors and
ranitidine prophylaxis on the development of stress-related
upper gastrointestinal bleeding. Crit. Care Med. 21:
1844±1849

Morgan, W. J., Butler, S. M., Johnson, C. A., Colin, A. A.,
FitzSimmons, S. C., Geller, D. E., Konstan, M. W., Light,
M. J., Rabin, H. R., Regelmann, W. E., Schidlow, D. V.,
Stokes, D., C., Wohl, M. E. B., Kaplowitz, H., Wyatt, M. M.,
Stryker, S. (1999) Epidemiologic study of cystic fibrosis: design
and implementation of a prospective, multicenter, observa-
tional study of patients with cystic fibrosis in the U. S. and
Canada. Paediatr. Pulmonol. 138: 699±704

Mustafa, N. A., Akturk, G., Ozen, I., Koksal, I., Erciyes, N.,
Solak, M. (1995) Acute stress bleeding prophylaxis with
sucralfate versus ranitidine and increase of secondary pneu-
monia in intensive care unit patients. Intensive Care Med.
21: 287

Nathens, A. B., Marshall, J. C. (1999) Selective decontamination
of the digestive tract in surgical patients. A systemic review of
the evidence. Arch. Surg. 134: 170±176

National Audit Office (2000) The management and control of
hospital acquired infection in acute NHS trusts in England.
HMSO, London

Niedermann, M., Torres, A., Summer, W. (1994) Invasive diag-
nostic testing is not needed routinely to manage suspect ven-
tilator-associated pneumonia. Am. J. Respir. Crit. Care Med.
150: 565±569

Ollendorf, D., Rello, J., Kollef, M., Vera-llonch, M., Bellm, L.,
Redman, R., Oster, G. (2001) Epidemiology and outcomes of
ventilator-associated pneumonia (VAP) in a large US data-
base. Intensive Care Med. 27: S192

Palmer, L. B., Smaldone, G. C., Simon, S. R., O’Riordan, T. G.,
Cuccia, A. (1998) Aerosolized antibiotics in mechanically ven-
tilated patients: delivery and response.Crit. Care Med. 26: 31±39

Palomar, M., Alvarez-Lerma, F., Jorda, R., Bermejo, B. (1997)
Prevention of nosocomial infection in mechanically ventilated
patients: selective decontamination versus sucralfate. Clin.
Intensive Care 8: 228±235

Papazian, L., Bregeon, F., Thirion, X., Gregoire, R., Saux, P.,
Denis, J. P., Perin, G., Charrel, J., Dumon, J. F., Affray, J. P.,
Gouin, F. (1996) Effect of ventilator-associated pneumonia
on mortality and morbidity. Am. J. Respir. Crit. Care Med.
154: 91±97

Pemberton, L. B., Ross, V., Cuddy, P., Kremer, H., Fessler, T.,
McGurk, E. (1996) No difference in catheter sepsis between
standard and antiseptic central venous catheters. Arch. Surg.
131: 986±989

Pickworth, K. K., Falcone, R. E., Hoogeboom, J. E., Santanello,
S. A. (1993) Occurence of nosocomial pneumonia in mechan-
ically ventilated trauma patients: a comparison of sucralfate
and ranitidine. Crit. Care Med. 21: 1856±1862

Pingleton, S. K., Fagon, J. Y., Leeper, K. V. (1992) Patient
selection for clinical investigation of ventilator-associated
pneumonia: criteria for evaluating diagnostic techniques.
Chest 102: 553S±556S

Pizzo, P. A. (1990) Current issues in the antibiotic primary
management of the febrile neutropenic cancer patient. J.
Hosp. Infect. 15: 41±48

Plowman, R., Craves, N., Griffin, M., Roberts, J., Swan, A.,
Cookson, B., Taylor, L. (2000) The socio economic burden of
hospital acquired infection. Public Health Laboratory Service,
London

Prod’hom, G., Leuenberger, P., Koerfer, J., Blum, A., Chiolero,
R., Schaller, M. D., Perret, C., Spinnler, O., Blondel, J.,
Siegrist, H., Saghafi, L., Blanc, D., Francioli, P. (1994)
Nosocomial pneumonia in mechanically ventilated patients
receiving antacid, ranitidine, or sucralfate as prophylaxis for
stress ulcer: a randomised controlled trial. Ann. Intern. Med.
120: 653±662

Pugin, J., Auckenthaler, R., Lew, D. P., Suter, P. M. (1991)
Oropharyngeal decontamination decreases incidence of ventila-
tor-associated pneumonia: a randomised, placebo-controlled,
double-blind clinical trial. J. Am. Med. Assoc. 265: 2704±2710

Quinio, B., Albanese, J., Bues-Charbit,M., Viviand, X., Martin, C.
(1996) Selective decontamination of the digestive tract in
multiple trauma patients. A prospective double-blind, random-
ised, placebo-controlled study. Chest 109: 765±772

Raad, I., Buzaid, A., Rhyne, J., Hachem, R., Darouiche, R.,
Safar, H., Albitar, M., Sherertz, R. J. (1997a) Minocycline
and ethylenediaminetetraacetate for the prevention of recur-
rent vascular catheter infections. Clin. Infect. Dis. 25: 149±151

Raad, I., Darouiche, R., Dupuis, J., Abi-Said, D., Gabrielli, A.,
Hachem, R., Wall, M., Harris, R., Jones, J., Buzaid, A.,
Robertson, C., Sheaq, S., Curling, P., Burke, T., Ericsson, C.
(1997b) Central venous catheters coated with minocycline and
rifampin for the prevention of catheter-related colonisation
and bloodstream infections: a randomized, double-blind trial.
Ann. Intern. Med. 127: 267±274

Ramsey, B. W., Burns, J., Smith, A. (1997) Safety and efficacy of
tobramycin solution for inhalation in patients with cystic
fibrosis: the results of two phase placebo controlled clinical
trials. Paediatr. Pulmonol. 14: 137±138

Reid, G., Sharma, S., Advikolanu, K., Tieszer, C. (1994) Effects
of ciprofloxacin, norfloxacin and ofloxacin on in vitro adhe-
sion and survival of Pseudomonas aeruginosa AK1 on urinary
catheters. Antimicrob. Agents Chemother. 38: 1490±1495

Rello, J., Ausina, V., Ricart, M., Castella, J., Prats, G. (1993)
Impact of previous antimicrobial therapy on aetiology and out-
come of ventilator-associated pneumonia. Chest 104: 1230±1235

Pharmaceutical strategies to prevent VAP 427

http://www.ingentaconnect.com/content/external-references?article=/0755-4982^28^2929L.76[aid=4855265]
http://www.ingentaconnect.com/content/external-references?article=/0022-5282^28^2942L.687[aid=4855266]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^2985L.649[aid=4855267]
http://www.ingentaconnect.com/content/external-references?article=/0003-4932^28^29220L.353[aid=4855268]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29127L.257[aid=3424321]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29132L.761[aid=4855270]
http://www.ingentaconnect.com/content/external-references?article=/0959-8138^28^29321L.1[aid=893722]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2921L.1844[aid=4855271]
http://www.ingentaconnect.com/content/external-references?article=/0004-0010^28^29134L.170[aid=4855274]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29150L.565[aid=4855275]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2926L.31[aid=1197583]
http://www.ingentaconnect.com/content/external-references?article=/0956-3075^28^298L.228[aid=4855276]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29154L.91[aid=4855277]
http://www.ingentaconnect.com/content/external-references?article=/0004-0010^28^29131L.986[aid=4855278]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2921L.1856[aid=4855279]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29102L.553[aid=4855280]
http://www.ingentaconnect.com/content/external-references?article=/0195-6701^28^2915L.41[aid=4855281]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29120L.653[aid=4855282]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29265L.2704[aid=4855283]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29109L.765[aid=4855284]
http://www.ingentaconnect.com/content/external-references?article=/1058-4838^28^2925L.149[aid=4855285]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29127L.267[aid=4855286]
http://www.ingentaconnect.com/content/external-references?article=/0066-4804^28^2938L.1490[aid=4855288]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29104L.1230[aid=4855289]
http://www.ingentaconnect.com/content/external-references?article=/0022-5282^28^2942L.687[aid=4855266]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29127L.257[aid=3424321]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29132L.761[aid=4855270]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2921L.1844[aid=4855271]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29150L.565[aid=4855275]
http://www.ingentaconnect.com/content/external-references?article=/0956-3075^28^298L.228[aid=4855276]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29154L.91[aid=4855277]
http://www.ingentaconnect.com/content/external-references?article=/0004-0010^28^29131L.986[aid=4855278]
http://www.ingentaconnect.com/content/external-references?article=/0195-6701^28^2915L.41[aid=4855281]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29120L.653[aid=4855282]


Rello, J., Diaz, E., Roque, M., Valles, J. (1999) Risk factors for
developing pneumonia within 48 hours of intubation. Am. J.
Respir. Crit. Care Med. 159: 1742±1746

Richards, M. J., Edwards, J. R., Culver, D. H., Gaynes, R. P.
(1999) Nosocomial infections in medical intensive care units in
the United States. Crit. Care Med. 27: 887±892

Rocha, L. A., Martin, M. J., Pita, S., Paz, J., Seco, C., Margusino,
L., Villanueva, R., Duran, M. T. (1992) Prevention of noso-
comial infection in critically ill patients by selective decontam-
ination of the digestive tract: a randomised, double-blind,
placebo-controlled study. Intensive Care Med. 18: 398±404

Roder, B. L., Nielsen, S. L., Magnussen, P., Enquist, A.,
Frimodtmoller, N. (1993) Antibiotic usage in an intensive
care unit in a Danish university hospital. J. Antimicrob.
Chemother. 32: 633±642

Rodriguez-Roldan, J. M., Altuna-Cuesta, A., Lopez, A.,
Carrillo, A., Garcia, J., Leon, J., Martinezpellus, A. J. (1990)
Prevention of nosocomial lung infection in ventilated patients:
use of an antimicrobial pharyngeal nonabsorbable paste. Crit.
Care Med. 18: 1239±1242

Sanchez Garcia, M., Cambronero Galache, J. A., Lopez Diaz, J.,
Cerda Cerda, E., Rubio Blasco, J., Gomez Aguinaga, M. A.
(1998) Effectiveness and cost of selective decontamination of
the digestive tract in critically ill intubated patients: a random-
ised, double-blind, placebo-controlled, multicenter trial.
Am. J. Respir. Crit. Care 158: 908±916

Schierholz, J. M., Jansen, B., Jaenicke, L., Pulverer, G. (1994)
In vitro efficacy of an antibiotic-releasing silicone ventricle
catheter to prevent shunt infection. Biomaterials 15: 996±1000

Sherertz, R. J. (1997) Selected thoughts on the development of
new medical devices. Curr. Opin. Infect. Dis. 10: 330±334

Selective Decontamination of the Digestive Tract Trialists
Collaboration Group (1993) Meta-analysis of randomised
controlled trials of selective decontamination of the digestive
tract. Br. Med. J. 307: 525±532

Singh, N., Falestiny, M. N., Rogers, P., Reed, M. J., Pularski, J.,
Norris, R., Yu, V. L. (1998) Pulmonary infiltrates in the
surgical ICU. Chest 114: 1129±1136

Singh, N., Rogers, P., Atwood, C. W., Wagener, M. M., Yu,
V. L. (2000) Short-course empiric antibiotic therapy for patients
with pulmonary infiltrates in the intensive care unit. Am. J.
Respir. Crit. Care Med. 162: 505±511

Sirvent, J. M., Torres, A., El-Ebiary, M., Castro, P., de Batlle, J.,
Bonet, A. (1997) Protective effect of intravenously adminis-
tered cefuroxime against nosocomial pneumonia in patients
with structural coma. Am. J. Respir. Crit Care Med. 155:
1729±1734

Sleyfer, D. T., Mulder, N. H., de Vries-Hospers,H. G., Fidler, V.
(1980) Infection prevention in granulocytopenic patients
by selective decontamination of the digestive tract. Eur. J.
Cancer 16: 859±869

Stickler, D. J. (1996) Bacterial biofilms and the encrustation of
urethral catheters. Biofouling 9: 293±305

Stoutenbeek, C. P., van Saene, H. K. F., Miranda, D. R.,
Zandstra, D. F. (1984) The effect of selective decontamination
of the digestive tract on colonisation and infection rate in
multiple trauma patients. Intensive Care Med. 10: 185±192

Thomason, M. H., Payseur, E. S., Hakenewerth, A. M., Norton,
J. H., Mehta, B., Reeves, R., MooreSwartz, M. W., Robbins,
P. I. (1996) Nosocomial pneumonia in ventilated trauma
patients during stress ulcer prophylaxis with sucralfate, anta-
cid and ranitidine. J. Trauma 41: 503±508

Torres, A., Aznar, R., Gatell, J., Jimenez, P., Gonzalez, J., Ferrer,
A., Celis, R., Rodriguezroisin, R. (1990) Incidence, risk, and
prognosis factors of nosocomial pneumonia in mechanically
ventilated patients. Am. Rev. Respir. Dis. 142: 523±528

Tryba, M. (1991) Sucralfate versus antacids or H2-antagonists
for stress ulcer prophylaxis: a meta-analysis on efficacy and
pneumonia rate. Crit. Care Med. 19: 942±949

Tryba, M., Cook, D. (1997) Current guidelines on stress ulcer
prophylaxis. Drugs 54: 581±596

Tryba, M., Mantey-Stiers, F. (1987) Antibacterial action of
sucralfate in human gastric juice. Am. J. Med. 83: 3S±11S

Tunney, M. M., Gorman, S. P., Patrick, S. (1996) Infection asso-
ciated with medical devices. Rev. Med. Microbiol. 74: 195±205

Ulrich, C., Harinck-de Weerd, J. E., Bakker, N. C., Jacz, K.,
Doornbos, L., de Ridder, V. A. (1989) Selective decontamina-
tion of the digestive tract with norfloxacin in the prevention of
ICU-acquired infections: a prospective randomised study.
Intensive Care Med. 15: 424±431

Unertl, K., Ruckdeschel, G., Selbmann, H. K., Jensen, U., Forst,
H., Lenhart, F. P., Peter, K. (1987) Prevention of colonisation
and respiratory infections in long-term ventilated patients by
local antimicrobial prophylaxis. Intensive Care Med. 13: 106±113

van der Waaij, D., Berghuis-de Vries, J. M. and Lekkerkerk-vander
Wees, J. E. (1971) Colonisation resistance of the digestive tract
in conventional and antibiotic-treated mice. J. Hyg. 69: 405±411

van Nieuwenhoven, C. A., Buskens, E., van Tiel, F. H., Bonten,
M. J. M. (2001) Relationship between methodological trial
quality and the effects of selective digestive decontamination
on pneumonia and mortality in critically ill patients. J. Am.
Med. Assoc. 286: 335±340

Van Saene, H. K. F., Baines, P. B. (1999) The prevention
of ventilator-associated pneumonia. N. Engl. J. Med. 341:
293±294

Vandenbroucke-Grauls, C. M., Vandenbrouke, J. P. (1991)
Effect of selective decontamination of the digestive tract on
respiratory tract infections and mortality in the intensive care
unit. Lancet 338: 859±862

Villers, B., Espaze, E., Coste-Burel, M., Giauffret, F., Ninin, E.,
Nicolas, F., Richet, H. (1998) Nosocomial Acinetobacter
baumannii infections: microbiological and clinical epidemiol-
ogy. Ann. Intern. Med. 129: 182±189

Vincent, J. L. (1999) Prevention of nosocomial bacterial pneu-
monia. Thorax 54: 544±549

Vincent, J. L., Bihari, D. J., Suter, P. M., Bruining, H. A., White, J.,
Nicolas-Chanoin, M. H., Wolff, M., Spencer, R. C., Hemmer,
M. (1995) The prevalence of nosocomial infection in intensive
care units in Europe. Results of the European prevalence of
infection in intensive care (EPIC) study. J. Am. Med. Assoc.
274: 639±644

Whalen, R. L., Cai, C., Thompson, L. M., Sarrasin, M. J.,
Dempsey, D. J., Bowen, M. A. (1997) An infection inhibiting
urinary catheter material. ASAOI J. 43: M843±M847

Wiener, J., Itokazu, G., Nathan, C., Kabins, S. A., Weinstein,
R. A. (1995) A randomised, double-blind, placebo-controlled
trial of selective decontamination in a medical-surgical inten-
sive care unit. Clin. Infect. Dis. 20: 861±867

Winter, R., Humphreys, H., Pick, A., Macgowan, A. P., Willatts, S.
M., Speller, D. C. E. (1992) A controlled trial of selective decon-
tamination of the digestive tract in intensive care and its effect on
nosocomial infection. J. Antimicrob. Chemother. 30: 73±87

Wunderink, R. G. (1998) Attributable mortality of ventilator-
associated pneumonia. Sepsis 1: 211±221

428 Roisin McCrory et al

http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29159L.1742[aid=4855290]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2927L.887[aid=1975034]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2918L.398[aid=4855291]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2932L.633[aid=4855292]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2918L.1239[aid=4855293]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29158L.908[aid=4855294]
http://www.ingentaconnect.com/content/external-references?article=/0142-9612^28^2915L.996[aid=4855295]
http://www.ingentaconnect.com/content/external-references?article=/0951-7375^28^2910L.330[aid=4855296]
http://www.ingentaconnect.com/content/external-references?article=/0959-8138^28^29307L.525[aid=4855297]
http://www.ingentaconnect.com/content/external-references?article=/0012-3692^28^29114L.1129[aid=4855298]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29162L.505[aid=4855299]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29155L.1729[aid=4855300]
http://www.ingentaconnect.com/content/external-references?article=/0892-7014^28^299L.293[aid=4855302]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2910L.185[aid=4855303]
http://www.ingentaconnect.com/content/external-references?article=/0022-5282^28^2941L.503[aid=4855304]
http://www.ingentaconnect.com/content/external-references?article=/0003-0805^28^29142L.523[aid=4855305]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2919L.942[aid=4855306]
http://www.ingentaconnect.com/content/external-references?article=/0012-6667^28^2954L.581[aid=4855307]
http://www.ingentaconnect.com/content/external-references?article=/0002-9343^28^2983L.3[aid=4855308]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2915L.424[aid=4855310]
http://www.ingentaconnect.com/content/external-references?article=/0342-4642^28^2913L.106[aid=4855311]
http://www.ingentaconnect.com/content/external-references?article=/0022-1724^28^2969L.405[aid=4855312]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29286L.335[aid=4855313]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29341L.293[aid=4855314]
http://www.ingentaconnect.com/content/external-references?article=/0140-6736^28^29338L.859[aid=4855315]
http://www.ingentaconnect.com/content/external-references?article=/0003-4819^28^29129L.182[aid=4855316]
http://www.ingentaconnect.com/content/external-references?article=/0040-6376^28^2954L.544[aid=4855317]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29274L.639[aid=4855318]
http://www.ingentaconnect.com/content/external-references?article=/1058-4838^28^2920L.861[aid=4855319]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2930L.73[aid=4855320]
http://www.ingentaconnect.com/content/external-references?article=/1385-0229^28^291L.211[aid=4855321]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29159L.1742[aid=4855290]
http://www.ingentaconnect.com/content/external-references?article=/0305-7453^28^2932L.633[aid=4855292]
http://www.ingentaconnect.com/content/external-references?article=/0090-3493^28^2918L.1239[aid=4855293]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29162L.505[aid=4855299]
http://www.ingentaconnect.com/content/external-references?article=/1073-449X^28^29155L.1729[aid=4855300]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29286L.335[aid=4855313]
http://www.ingentaconnect.com/content/external-references?article=/0028-4793^28^29341L.293[aid=4855314]
http://www.ingentaconnect.com/content/external-references?article=/0098-7484^28^29274L.639[aid=4855318]

