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Pneumonia Due to Pseudomonas aeruginosa
Part II: Antimicrobial Resistance, Pharmacodynamic
Concepts, and Antibiotic Therapy
Hsin-Yun Sun, MD; Shigeki Fujitani, MD, PhD; Richard Quintiliani, MD;
and Victor L. Yu, MD

Pseudomonas aeruginosa carries a notably higher mortality rate than other pneumonia pathogens.
Because of its multiple mechanisms of antibiotic resistance, therapy has always been challenging.
This problem has been magnified in recent years with the emergence of multidrug-resistant
(MDR) pathogens often unharmed by almost all classes of antimicrobials. The objective of this
article is to assess optimal antimicrobial therapy based on in vitro activity, animal studies, and
pharmacokinetic/pharmacodynamic (PK/PD) observations so that evidence-based recommendations
can be developed to maximize favorable clinical outcomes. Mechanisms of antimicrobial resistance of P aeruginosa are reviewed. A selective literature review of laboratory studies, PK/PD
concepts, and controlled clinical trials of antibiotic therapy directed at P aeruginosa pneumonia
was performed. P aeruginosa possesses multiple mechanisms for inducing antibiotic resistance to
antimicrobial agents. Continuous infusion of antipseudomonal b-lactam antibiotics enhances bacterial killing. Although the advantages of combination therapy remain contentious, in vitro and
animal model studies plus selected meta-analyses of clinical trials support its use, especially in the
era of MDR. Colistin use and the role of antibiotic aerosolization are reviewed. An evidencebased algorithmic approach based on severity of illness, Clinical Pulmonary Infection Score, and
combination antibiotic therapy is presented; clinical outcomes may be improved, and the emergence
of MDR pathogens should be minimized with this approach.
CHEST 2011; 139(5):1172–1185
Abbreviations: ESBL 5 extended-spectrum b-lactamase; HAP 5 hospital-acquired pneumonia; MDR 5 multidrug
resistant; MIC 5 minimal inhibitory concentration; OprD 5 outer membrane protein; PDR 5 pan-drug resistant;
PK/PD 5 pharmacokinetic/pharmacodynamic; VAP 5 ventilator-associated pneumonia

aeruginosa is notorious for its ability
Pseudomonas
to acquire antibiotic resistance, and the mechanisms for resistance are many. Mortality is high for
pneumonia due to P aeruginosa, so therapy is partic-
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ularly challenging. We review the epidemiology of
antibiotic resistance, the multiple mechanisms of
resistance found in P aeruginosa, the antibacterial
agents most active against P aeruginosa, and the
pharmacokinetic/pharmacodynamics (PK/PD) of
antipseudomonal b-lactam agents. We also review
the issue of advantages of combination antibiotic
therapy as well as indications for use of colistin and
aerosolized antibiotics.

Antimicrobial Therapy
In national surveillance studies, those antibiotics
that exhibited activity of ⱖ 70% against P aeruginosa
included aminoglycosides, antipseudomonal penicillins, antipseudomonal cephalosporins, and carbapenems (Table 1). Aztreonam, a monobactam, has activity
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similar to the antipseudomonal cephalosporins, but
it has not been a favored choice mainly because of
relative lack of activity against gram-positive bacteria and anaerobes, organisms that are often isolated
with P aeruginosa. The two quinolones considered as
antipseudomonal agents are ciprofloxacin and levofloxacin (Table 1). Although ciprofloxacin has a lower
minimal inhibitory concentration (MIC) (0.5 mg/mL)
compared with levofloxacin (1.0 mg/mL) against
P aeruginosa, the superiority of the slightly lower
MIC of ciprofloxacin is offset by its lower serum and
tissue concentrations as compared with levofloxacin,
resulting in similar potency of these two antibiotics
against P aeruginosa.
Epidemiology of Resistance
Emergence of antimicrobial resistance in
P aeruginosa is growing (Table 2).1-8 Three large-scale
US surveillance databases5-7 have demonstrated increasing resistance rates for P aeruginosa for fluoroquinolones (from 15% to 40%), third-generation cephalosporins (from 15% to 32%), and carbapenems (from
13% to 23%) in the past 9 to 13 years. P aeruginosa
isolated from the respiratory tract contributed 57%
to 67% of the isolates.5,6
Intubated patients in the ICU can acquire multidrug-resistant (MDR) P aeruginosa within 10 days
after initiation of antipseudomonal antibiotics.9,10
Cross-resistance is common. For example, piperacillinresistant and ciprofloxacin-resistant P aeruginosa
exhibited higher prevalence of resistance to other
antibiotic classes compared with piperacillinsusceptible and ciprofloxacin-susceptible P aeruginosa,
respectively11,12
Antimicrobial Resistance
P aeruginosa has emerged as the epitome of MDR
gram-negative bacilli causing hospital-acquired pneumonia (HAP).13-15 It possesses at least five distinct
mechanisms for inducing antibiotic resistance (innate
resistance). Moreover, it has the capability of acquiring genes encoding antibiotic resistance (acquired
resistance). Three mechanisms of resistance predominate: production of b-lactamases, loss of outer
membrane proteins, and upregulation of efflux
pumps (Table 2). Mutational gyrases and inactivating
enzymes are specific for quinolones and aminoglycosides, respectively. These mechanisms can be present
simultaneously, thereby conferring MDR.16
Numerous b-lactamases are elaborated by
P aeruginosa leading to widespread and unpredictable resistance patterns. The AmpC gene produces a
b-lactamase that is the most common b-lactamase
found in P aeruginosa. This b-lactamase has the characteristic of being “inducible” by various antipwww.chestpubs.org

seudomonal antibiotics, thus accelerating appearance
of resistance. Repression of the AmpC b-lactamase is
controlled within the organism itself. Mutants produce excessive amounts of the AmpC b-lactamase
when exposed to some antibiotics. Third-generation
cephalosporins and ticarcillin-clavulanate select for
these “derepressed” mutants. Extended-spectrum
b-lactamases (ESBLs) hydrolyze third-generation
cephalosporins, in addition to antipseudomonal penicillins and the first- and second-generation cephalosporins (Table 1). The genetic mechanisms for acquisition of ESBLs are related to insertion sequences,
transposons, and integrons.17
Carbapenems are the drugs of choice for
P aeruginosa that produce ESBLs, because carbapenems are not inactivated by most ESBLs. Transferable b-lactamases, including the metalloenzymes,
require zinc ions for activity (also called class B
b-lactamases). They are not affected by b-lactamase
inhibitors, such as clavulanate and sulbactam. They
can also hydrolyze cephalosporins and carbapenems.18 With the appearance of these metalloenzymes,
the proportion of P aeruginosa that is resistant to
carbapenems is increasing; VIM-2 is the dominant
carbapenemase in P aeruginosa.19 Some endogenous
cephalosporinases of P aeruginosa may also confer
resistance to imipenem.20 The abbreviations of these
b-lactamases are not in any standard or logical format, rendering nomenclature interpretable only to
researchers in the field.
Efflux pump mechanisms actually remove the antibiotic before it can attach to its target site (Table 2).16
The most relevant pump is Mex AB-OprM, which
conveys resistance to quinolones, antipseudomonal
penicillins, and third-generation cephalosporins.21
Aminoglycoside resistance in P aeruginosa is often
due to aminoglycoside-modifying enzymes, the most
common of which is acetyltransferase.22 Enzymatic
modification of the aminoglycoside structure results
in decreased ability of the aminoglycoside to bind to
the ribosome of the P aeruginosa. Amikacin is the
least vulnerable to such mechanisms, because multiple
enzymes are necessary for inactivation. Reduced
uptake of the aminoglycoside mediates resistance
to all aminoglycosides, including amikacin. Novel
aminoglycoside resistance gene cassettes are being
elucidated—in the worst case scenario, these are
being discovered within integrons that also encode
metalloenzymes.23
Bacterial DNA gyrases maintain the bacterial chromosome in a supercoiled state and repair breaks in
DNA that occur during replication. The quinolones
act by inhibiting the activity of DNA gyrase enzymes;
this leads to interference with DNA replication and
cell death. Quinolone resistance is attributable to
mutations in the DNA gyrases. The relative in vitro
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Table 1—Drugs of Choice for Pseudomonas aeruginosa
Aminoglycosides (amikacin, tobramycin, gentamicin)
b-Lactam congeners
Cephalosporins, third-generation (cefoperazone, cefsulodin,
ceftazidime)
Cephalosporins, fourth-generation (cefepime, cefpirome,
cefclidin)
Monobactam (aztreonam)
Extended-spectrum penicillins (ticarcillin and/or ticarcillinclavulanate, piperacillin and/or piperacillin–tazobactam, azlocillin)
Carbapenems (imipenem, meropenem, doripenem)
Fluoroquinolones (ciprofloxacin, levofloxacin)
Colistin/polymyxin B

activity of antipseudomonal quinolones, ciprofloxacin and levofloxacin, is lower than that of b-lactam
agents.24 P aeruginosa requires greater time of exposure to quinolones25 as compared with Streptococcus
pneumoniae, which is rapidly killed by quinolones.
Outer membrane impermeability is a mechanism
of resistance for several different classes of antibiotics (Table 2). The most common mechanism by which
P aeruginosa becomes carbapenem resistant is via
mutational loss of outer membrane protein (OprD).
Mutational loss of OprD is a frequent occurrence
during imipenem therapy; imipenem resistance has
emerged during treatment of P aeruginosa infections
treated with the drug.21,26 Fortunately, loss of OprD
does not confer resistance to b-lactams other than
the carbapenems.
Resistance of P aeruginosa to colistin is rare and
occurs most commonly in patients with cystic fibrosis who have received aerosolized colistin therapy.27
Structural modifications of the outer membrane
protein are responsible for high-level resistance of
P aeruginosa to colistin.28 Within the ICU, MDR
P aeruginosa is often isolated from patients with
pneumonia; these isolates are susceptible in vitro only
to colistin. Pan-drug-resistant (PDR) P aeruginosa
are resistant to all commercially available antibiotics,
Table 2—Mechanisms of Antibiotic Resistance
to P aeruginosa
Mechanism
b-Lactamase
AmpC
ESBLs
Metallo-b-lactamases

Resistance for

Penicillins, cephalosporins
Penicillins, cephalosporins
Penicillins, cephalosporins,
carbapenems
Efflux pumps
Cephalosporins, ureidopenicillins,
carbapenems, aminoglycosides,
quinolones
Mutational gyrases
Quinolones
Inactivating enzymes
Aminoglycosides
Outer membrane impermeability Carbapenems, aminoglycosides,
quinolones
ESBL 5 Extended-spectrum b-lactamases.
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including colistin. Acquisition of resistance in pathogenic bacteria usually leads to decreased virulence
(the fitness hypothesis). However, laboratory studies
of MDR P aeruginosa have shown evidence for both
decreased virulence29-31 and maintenance of virulence.32
PK/PD Considerations
Aminoglycosides are concentration-dependent
antibiotics. Such antibiotics effectively eradicate the
target bacteria when concentrations are ⱖ 10 times
above their MIC. In animal models of infection, animals are more likely to survive a potentially lethal
challenge of bacteria if the aminoglycoside is given
as a single daily dose rather than when given in
divided doses every 8 h. In contrast, b-lactam agents
are classified as time-dependent antibiotics; for these
agents, constant infusion maximizes the pharmacodynamic concept of time above the MIC. Pharmacy
preparation costs are decreased for once-daily dosing
and constant infusion administration.33,34
At least seven studies have compared the clinical
efficacy of continuous and intermittent b-lactam
administration (Table 3).34-40 In five studies, patients
with P aeruginosa pneumonia were included, ranging from 13% (4/31) to 53.1% (103/194) of the
study population.34,36,37,39,40 These five studies used
piperacillin/tazobactam, imipenem/cilastatin, meropenem, and ceftazidime for treatment. Clinical efficacy was assessed by mortality and treatment outcome
(cure, improved, failure). Two studies demonstrated
the superior efficacy of continuous infusion,36,39 and
the other three found no difference in the two infusion strategies.34,37,40 The remaining two studies did
not explicitly name the causative pathogen or infection
site of the study population, but continuous infusion
produced improved outcome.35,38 Constant infusion
has been shown to be superior to intermittent administration in achieving pharmacodynamic targets.41,42
Thus, strong consideration should be given for the
use of constant infusion of antipseudomonal b-lactam
antibiotics for P aeruginosa pneumonia.
Merely slowing the rate of IV infusion from 1 to 4 h
has also been applied for antipseudomonal antibiotics, particularly meropenem and doripenem. This
increases the target time above the MIC during any
one dosing interval, allowing for treatment of pathogens requiring higher MICs for their eradication.
Doripenem is the most active carbapenem in vitro
against P aeruginosa.43,44 In a prospective randomized
trial of doripenem vs imipenem in 531 patients with
ventilator-associated pneumonia (VAP), the clinical and
microbiologic cure rate in patients with P aeruginosa
pneumonia was higher in patients receiving doripenem compared with those receiving imipenem,
although the results were not statistically significant.45
Recent Advances in Chest Medicine

Table 3—Comparison Between Patients Receiving Continuous Infusion and Intermittent Infusion for Pneumonia
Patient
No.

% of P aeruginosa
Pneumonia

Antibiotics

Evaluation Parameter

Lorente et al /2007
Lodise et al36/2007
Sakka et al37/2007
Rafati et al38/2006

121
194
20
40

NA
53.1
20.0
NA

Ceftazidime
Piperacillin/tazobactam
Imipenem/cilastatin
Piperacillin

Lorent et al39/2006
Nicolau et al34/2001
Hanes et al40/2000

89
35
31

31.0
26.0
13.0

Meropenem
Ceftazidime
Ceftazidime

Cure rate
Mortalityb
Mortality
Change in APACHE II
scoresc
Cure ratea
Cure ratea
Successful rated

Study/Year
35

a

Continuous
Infusion, %

Intermittent
Infusion, %

P Value

89.3
12.2
10.0
5.2 ⫾ 2.6

52.3
31.6
20.0
2.8 ⫾ 4.3

, 0.001
0.04
NS
0.04

84.6
33
56

40
41
71

0.02
NS
NS

APACHE 5 Acute Physiology and Chronic Health Evaluation; NA 5 not available; NS 5 not significant.
Cure, defined as complete resolution of all clinical signs and symptoms of pneumonia.
bMortality, 14-d mortality.
cChange in APACHE II scores from baseline to the end of the fourth day (mean ⫾ SD).
dSuccessful, cure and improvement.
a

The polymyxins also exhibit concentrationdependent antibacterial activity, with area under the
concentration-vs-time curve as the best predictor of
their activity in nonclinical models of infection.41
A rapid bacterial kill in a concentration-dependent
fashion was observed using time-kill methods with
a substantial inoculum effect. Polymyxin exhibits an
unusual phenomenon of a negative postantibiotic
effect, which means that the growth of P aeruginosa
markedly increases within 2 to 6 h once polymyxin
concentrations drop below the MIC for P aeruginosa.46
Heteroresistance may account for the rapid regrowth
as susceptible strains are replaced by resistant subpopulations. Greatest suppression of resistance was
seen for a tid dosing regimen of colistin in a pharma-

codynamic model.47 Thus, colistin dosing every 6 to 8 h
may be ideal.
Antibiotic Therapy
Initiation of appropriate empiric antibiotic treatment in a timely manner may decrease mortality in
hospitalized patients with pneumonia. We reviewed
17 studies (Table 4)48-64: 14 studies conducted in ICUs
in patients with VAP,48-53,55-57,59-62,64 one study in patients
with generalized infection,58 and two studies in
patients with bacteremia.54,63 In the latter three studies, pneumonia contributed to 16.0% to 62.7% of the
study population.54,58,63 The proportion of P aeruginosa
as causative pathogen for pneumonia ranged from

Table 4—Comparison of Mortality in Patients Receiving Empirical Appropriate and Inappropriate
Therapy for Pneumonia
Mortality (%)
Study/Year
Garnacho-Montero et al48/2007
Kollef et al49/2006
Mueller et al50/2005
Clec’h et al51/2004
Dupont et al52/2003
Leroy et al53/2003
Chamot et al54/2003c
Iregui et al55/2002
Dupont et al56/2001
Bercault and Boulain57/2001
Kollef et al58/1999d
Kollef and Ward59/1998
Sanchez-Nieto et al60/1998
Luna et al61/1997
Rello et al62/1997
Leibovici et al63/1997c
Alvarez-Lerma et al64/1996

Patient No.

% of P aeruginosaa

Appropriate Therapyb

Inappropriate Therapyb

P Value

183
396
82
142
322
132
115
107
111
135
655
60
38
65
100
2165
430

100.0
14.4
67.1
38.0
17.4
43.2
100
36.4
35.1
NA
16.8
33.3
42.1
38.5
55.0
16.0
40.5

33.6
22.7
3.6
36.5
17.0
39.6
13.3
10.8
38.2
40.2
17.7
NA
25.0
37.5
15.4
18.4
16.2

72.5
30.9
22.2
45.6
22.8
61.5
17.6
39.4
48.2
52.9
42.0
NA
42.9
81.6
37.0
34.0
24.7

, .001
NS (.092)
.048
NS
NS (.18)
.04
NS
.001
NS
NS
, .001
, .05
NS
, .01
, .05
, .001
.034

See Table 3 legend for expansion of abbreviations.
aPercentage of Pseudomonas aeruginosa is the number of isolates divided by number of the patients.
bAppropriate therapy was defined as the regimen containing at least one antibiotic agent to which isolated isolate(s) was (were) susceptible.
cStudy population was patients with bacteremia; the proportion of pneumonia was 16.0% and 20.9% in Leibovici et al63 and Chamot et al.54
dStudy population was infected patients requiring ICU admission; the proportion of pneumonia was 62.7%.
www.chestpubs.org
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14.4% to 100% in these studies (Table 4). Ten studies
found that initiation of appropriate empirical antibiotic treatment in a timely manner significantly
decreased mortality in hospitalized patients with pneumonia, whereas seven studies did not.
In one study of P aeruginosa bacteremia54 and two
studies of VAP,51,57 the authors noted that the infection
could be so severe that death was imminent despite
initiation of appropriate empirical antimicrobial agent
therapy. In the remaining studies, three attributed
the insignificant results to the insufficient statistical
power and one provided no explanation.49,52,56,60
Nevertheless, mortality was 3.6% to 40.2% in patients
with appropriate empirical therapy and increased to
17.6% to 81.6% in those receiving inappropriate
empirical antibiotic therapy. Furthermore, modification of initial inappropriate treatment after a delay of
48 to 72 h failed to improve mortality.36,55,61 Isolated
pathogens resistant to the empirically prescribed
antimicrobial agents were a common reason for initial
treatment classified as inappropriate, with contributions of 18% to 75.0%.55,58,59,62 P aeruginosa was the most
common drug-resistant gram-negative bacterium.55,62,64
Combination Antibiotic Therapy vs Monotherapy
In Vitro Studies: For combination therapy, the greatest likelihood of synergy is an aminoglycoside with an
antipseudomonal penicillin (~ 90%), and then, in
decreasing order, with a cephalosporin (~ 80%) or a
carbapenem (~ 50%). The interaction of fluoroquinolones combined with b-lactams or aminoglycosides
was usually autonomous (additive) or indifferent.65,66
For quinolone combinations plus antipseudomonal
b-lactams, the b-lactam drug accomplished most of
the bacterial killing.65,66 In a pharmacodynamic model,
levofloxacin combined with meropenem were synergistic (3-log cell kill) and had higher resistance suppression.67 Monotherapy with any quinolone for the
management of confirmed P aeruginosa pneumonia
is not recommended, given the high likelihood of the
development of bacterial resistance (38%) and the
failure to achieve bacteriologic eradication during
therapy (67%).68 This is not surprising owing to the
low likelihood for either levofloxacin or ciprofloxacin
to attain the target 24-h area under the concentrationvs-time curve ratio of . 100.69
Combination Antibiotics in Animal Models
Several animal studies have assessed the impact of
combination therapy for P aeruginosa pneumonia.70-76
Guinea pigs were used in four studies and mice in two
studies.70,75 In two studies, neutropenia was induced
by cyclophosphamide.72,74 Mucoid P aeruginosa was
used in three of the studies.70,74,75 Pneumonia was
induced by inoculation of P aeruginosa via the intra1176

nasal route in four studies70,72,74,75 or the intratracheal
route in two studies.71,73,74 The end points were mortality in five studies.70-73,75 In addition, clearance of
P aeruginosa from lung was addressed in three
studies.71,73,74 Combination therapy led to significantly
lower mortality in two studies71,75 and a favorable trend
in two other studies.70,73 Ceftazidime plus clarithromycin was superior to both ceftazidime monotherapy
and clarithromycin monotherapy.75 The combination
of cefsulodin plus tobramycin led to lower mortality
as compared with b-lactam agent monotherapy71 but
not to tobramycin monotherapy. The combination of
ceftazidime plus tobramycin was superior to monotherapy of either drug in one study, but statistical significance was not attained.73 In the Rusnak et al72
study, in vitro synergy was present for four combinations (ticarcillin plus tobramycin, ceftazidime plus
tobramycin, azlocillin plus tobramycin, ceftazidime
plus methicillin); however, none of these combinations significantly improved mortality compared with
the monotherapy regimens (azlocillin, ceftazidime,
tobramycin, methicillin). Clearance of bacteria from
lung tissue was also evaluated in three studies.71,73,74
No significant improvement was seen in one study
using cefsulodin plus tobramycin.71 Increased clearance was seen for ceftazidime plus tobramycin.73
Increased clearance was seen for mezlocillin plus
tobramycin in neutropenic animals but not in nonneutropenic animals.
Combination vs Monotherapy for P aeruginosa
Pneumonia in Patients
Combination therapy can broaden the antimicrobial
spectrum, provide synergistic interaction, decrease
emergence of antimicrobial resistance, and minimize
superinfection. However, demonstrated improvement in outcome for combination therapy has been
elusive. Early studies that documented decreased
mortality in patients receiving combination therapy
used antibiotics that are no longer used in the current
era.77,78 Moreover, most of the earlier studies involved
neutropenic patients with bacteremia. With the advent
of broad-spectrum and bactericidal antibiotics, such
as third- or fourth-generation cephalosporins or carbapenems, it has been suggested that an additional
aminoglycoside antibiotic might be unnecessary.79
In a prospective study of P aeruginosa bacteremia,80 combination therapy was assessed in vitro in
123 patients. Checkerboard assays and time-kill curve
studies were performed using the antibiotics that the
patients received. No improvement in mortality was
seen for administration of synergistic combinations
assessed by checkerboard methodology. However,
improvements in mortality were seen for administration of synergistic combinations as defined by results
Recent Advances in Chest Medicine

from time-kill curves: 46% (56/123) survived who
received a synergistic combination as compared with
28% (34/123) who received a nonsynergistic (indifferent or autonomous) combination. Although a clearcut trend was observed, statistical significance was
not attained, (Fisher exact test, two-tailed, P 5 .10).
Several meta-analyses have concluded that combination therapy did not offer a survival benefit in
patients with febrile neutropenia, gram-negative
bacteremia, and sepsis; it is important to note that
these meta-analyses were not directed specifically at
P aeruginosa.81-84 Somewhat surprisingly, prevention
of antimicrobial resistance and superinfection also
was not seen with combination therapy,81,85 although
nephrotoxicity occurred in patients receiving combination therapy.81 In one meta-analysis of five studies
in which P aeruginosa was specifically evaluated,
mortality decreased significantly in patients receiving
combination therapy.82 However, in four of the five
studies in this meta-analysis, a single aminoglycoside
was used as monotherapy, which might be considered
inadequate treatment of P aeruginosa bacteremia.83,86
Because few studies compared the efficacy of
monotherapy with that of combination therapy in
patients with P aeruginosa pneumonia,48 studies regarding comparison of the two treatment strategies for
pneumonia were pooled for this discussion. In nine
pneumonia studies, P aeruginosa was the causative pathogen in 6.0% to 100%; two of these studies
showed significantly improved survival by combination therapy.80,87 In addition, one review88 combined
and summarized the results of treatment of pneumonia from two other reviews.79,81 The first review
included six studies in patients with HAP and one
study in patients with HAP or severe communityacquired pneumonia.79 The second review comprised
at least 1,200 patients with HAP.81 Success rates
were similar in studies with monotherapy and in
those with combination therapy except for two studies89,90 in which monotherapy was significantly better.
A meta-analysis for 11 trials with 1,805 patients
compared the efficacy of monotherapy with that of
combination therapy for suspected VAP.91 A total of
85.1% of the study patients underwent mechanical
ventilation and P aeruginosa was the causative
pathogen in 13.8% of the patients. The rates of mortality and treatment failure for monotherapy were
similar to those for combination therapy. In a prospective study of 84 patients in a trauma ICU with
P aeruginosa VAP diagnosed by quantitative BAL, all
patients received empiric monotherapy.92 A total
of 94.1% achieved microbiological resolution; however, 5.9% required combination antibiotic therapy
consisting of cefepime and aminoglycoside to achieve
resolution.92 In two studies of VAP, combination therapy did not improve mortality.48,93 However, the prowww.chestpubs.org

portion of patients receiving initial appropriate antibiotics was significantly higher in those receiving
combination therapy than in those receiving monotherapy48,93; microbiologic eradication of P aeruginosa
was also significantly higher.93 In a prospective study
of 28 ICUs in patients with VAP due to Pseudomonas
and Acinetobacter species, no significant differences
were found for combination antibiotic therapy vs
monotherapy. However, the appropriateness of antibiotic therapy as defined by in vitro susceptibility and
microbiologic eradication was significantly higher for
those patients receiving combination therapy.93
In a meta-analytic/meta-regression study of randomized and observational studies of serious bacterial
infection, combination antibiotic therapy was found
to improve outcome for those patients who were
severely ill as defined by sepsis and septic shock.94
This meta-analysis included studies of P aeruginosa
bacteremia and two studies of P aeruginosa VAP.
In their Cochrane review, Paul et al84 concluded
that no clinical benefit is accrued, whereas nephrotoxicity with an aminoglycoside was a disadvantage
for combination therapy. We point out that duration
of aminoglycoside use correlates with nephrotoxicity.
Duration in the early studies of neutropenic patients
was . 10 to 14 days. In a study of 21 patients with
AIDS with P aeruginosa bacteremia,95 the median
duration was 12 days (maximum 32 days). (In this
study, mortality was significantly lower for those
who received combination antibiotic therapy with an
aminoglycoside.) In another study of 604 patients with
febrile neutropenia, amikacin or tobramycin were
given for 16.6 days (range 15.5-122 days).96 Aminoglycoside toxicity would thus be minimal if duration was
limited to 5 days or fewer.97 Chamot et al54 found that
empirical combination therapy significantly increased
survival even if the aminoglycoside was given only
for 3 to 5 days, followed by monotherapy.
The emergence of MDR makes monotherapy a
tenuous strategy in severely ill patients with the likelihood of P aeruginosa pneumonia. Because initial
appropriate antimicrobial treatment is critical to
decreasing mortality rate in patients with pneumonia,
prescription of combination therapy for patients with
P aeruginosa pneumonia would increase the probability of therapy that is active in vitro. Toxicity of
the aminoglycoside component can be mitigated by
shortening the duration of aminoglycoside therapy
or substituting a quinolone for the aminoglycoside.
We would thus recommend combination therapy for
patients suspected of having P aeruginosa pneumonia, especially in a hospital with endemic MDR
P aeruginosa. Although randomized controlled trials
are ideal, logistic considerations for such a study are
almost insurmountable. The obstacles include the
large number of patients required to attain statistical
CHEST / 139 / 5 / MAY, 2011
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power and the difficulty in establishing a definitive
diagnosis of P aeruginosa pneumonia.
We recommend an antipseudomonal b-lactam as
the primary antibiotic for presumed P aeruginosa
pneumonia (Table 1) (Keep in mind our caveats on
colonization in non-severely ill patients as discussed
in the “Diagnosis” section of our previously published
article98 in this two-part series.) Given the possibility
of autonomous (additive) or even synergistic interaction in this era of MDR, we would add an aminoglycoside for 3 to 5 days.99 Once culture of respiratory
secretions has confirmed the presence of P aeruginosa,
treatment could be adjusted based on in vitro susceptibility and the aminoglycoside could be discontinued.
Antibiotic therapy could also be simplified if respiratory tract cultures failed to yield P aeruginosa.
Although no randomized studies have compared
the efficacy of a quinolone vs an aminoglycoside as
the second component of combination therapy, many
ICU physicians have elected to use quinolones in
combination with an antipseudomonal b-lactam agent
to avoid the nephrotoxicity of the aminoglycoside. In
a retrospective study of bacteremias caused by gramnegative bacilli, including P aeruginosa, mortality was
lower for non-critically ill patients who received combination therapy with b-lactam agents plus quinolones
as compared with b-lactam monotherapy.100
We do not recommend combinations of two b-lactam
agents. Double b-lactam therapy has proven inferior
to the b-lactam-aminoglycoside combination in animal models.101 Emergence of resistance occurred in
40% (2/5) of patients with P aeruginosa infection
treated with double b-lactams.102
Rifampin has been shown to be synergistic in vitro
with antipseudomonal penicillin and aminoglycosides
against P aeruginosa103,104 and to improve survival in a
neutropenic mouse model of Pseudomonas bacteremia.104,105 This combination has also been used as successful therapy in a limited number of patients with
P aeruginosa infections refractory to standard combination therapy.106 A prospective randomized trial
of an antipseudomonal b-lactam plus an aminoglycoside with or without rifampin was conducted in
121 patients with P aeruginosa bacteremia.107 Although
bacteriologic cure was demonstrated significantly
more frequently in patients randomized to the
rifampin-containing regimen, survival was not significantly different. Fosomycin was used successfully in combination with a carbapenem for six out of
eight patients with MDR P aeruginosa pneumoniae.108
Algorithm for ICU Pneumonia
An evidence-based algorithm for P aeruginosa pneumonia in the ICU is provided for the reader’s consideration (Figs 1, 2 ).109,110 It is derived, in part, from the
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approaches described by Singh et al110 and Torres.111
It should be noted that as many as 50% to 70% of
patients with pulmonary infiltrates who are treated for
ICU pneumonia do not actually have an infection but
have other conditions, including ARDS, congestive
heart failure, atelectasis, and so forth. Thus, establishing that the patient has a true respiratory infection is
important, because increased mortality occurs if antibiotics are given indiscriminately to ICU patients who
are not infected110,112,113 or not severely ill.94 Severity of
illness should be assessed (Fig 1): The various Acute
Physiology and Chronic Health Evaluation (APACHE)
scores or the Pitt Bacteremia Score109 are useful quantitative scores. If the patient is severely ill, then empirical
therapy is a necessity. Factors consistently predisposing
to multidrug resistance include evidence of prior colonization or infection by MDR P aeruginosa as well as
receipt of prior antibiotics during the ICU stay.114-116 An
antipseudomonal b-lactam that is not a carbapenem
is generally preferred (Fig 1, Table 1). Local susceptibility patterns should guide initial empiric antibiotic
therapy. If an antipseudomonal b-lactam has already
been administered within the past 30 days, selecting another antipseudomonal antibiotic of a different
class is indicated. If an aminoglycoside is selected as
the second component of the combination, the aminoglycoside component might be limited to 3 to 5 days
if a clinical or a bacteriological response is seen.
The CPIS score is used as a screening tool to identify
patients who can receive short-course monotherapy
safely (Fig 1). Given that colonization is a distinct possibility in a stable patient, as discussed previously, the
use of CPIS score will minimize the possibility of overtreatment of P aeruginosa found in an innocent
bystander. At the end of 3 days, the patient should be
clinically re-evaluated (Fig 2). Respiratory tract culture
results should be available (Fig 2). For patients who
were not critically ill at outset and received monotherapy,
the antibiotic can be discontinued if the CPIS remains
low following 3 days of monotherapy.110 Vigilant monitoring for subsequent signs of infection is then indicated.
Colistin Therapy
Given the emergence of MDR P aeruginosa, colistin has been resurrected (Fig 2). Its efficacy has been
reported in several uncontrolled series of ICU pneumonia.117-124 In a case control study of VAP caused by
MDR P aeruginosa or Acinetobacter, a favorable clinical response was seen in 75% of those treated with IV
colistin vs 72% treated with imipenem.125 As mentioned
previously, PK/PD studies suggest that divided doses
every 6 to 8 h may be preferred over every 12 h dosing.
In vitro and animal model studies show synergy
between colistin plus rifampin and colistin plus carbapenems against P aeruginosa,126,127 although clinical
Recent Advances in Chest Medicine

Figure 1. Approach to antipseudomonal antibiotic therapy for ICU pneumonia: empirical therapy.
*Extended spectrum penicillin or antipseudomonal cephalosporins (Table 1); †antipseudomonal carbapenems are imipenem, meropenem, doripenem; §local antibiotic susceptibility patterns should be
considered; ‡monotherapy should not be an aminoglycoside. CPIS 5 Clinical Pulmonary Infection
Score110; MDR 5 Multidrug resistant (resistant to antipseudomonal penicillins, cephalosporins, carbapenems, quinolones); PBS 5 Pitt Bacteremia Score109; Severe Sepsis 5 sepsis with organ dysfunction
(hypotension, hypoperfusion).

studies in humans have not supported the use of
colistin-containing combinations. PDR P aeruginosa,
resistant in vitro to all commercially available antibiotics, including colistin, has been implicated in VAP;
the primary risk factor was combined use of colistin
plus carbapenems for . 13 days.128
Colistin has been reported to cause both reversible nephrotoxicity and reversible neurotoxicity129-131;
however, these adverse effects are difficult to discern
in critically ill patients given the multiplicity of confounding factors. Colistin nephrotoxicity has been
shown to be a manageable problem.121,122,125,132,133
Interestingly, colistin is one of the few nephrotoxic
drugs that has no ototoxicity.
Duration of Antibiotic Therapy
A prospective, randomized, double-blind trial in
51 ICU patients with VAP assessed optimal duration
www.chestpubs.org

of antibiotic therapy: 8 days vs 15 days.134 Forty-two
patients were infected by P aeruginosa as defined
by quantitative bronchoscopy cultures.134 The recurrence rate was significantly higher in those who
received 8 days vs 15 days of antibiotic therapy
(40.6% vs 25.4%), although length of ICU stay and
mortality were similar. In contrast, emergence of
MDR pathogens was significantly higher in those who
received 15 days of therapy, an important finding that
has been overlooked by many. The risk of recurrence
must therefore be balanced against the emergence of
an MDR or PDR P aeruginosa within that same
patient. Thus, we propose to use 8 days of therapy if
the diagnosis of P aeruginosa is presumptive and clinical stability has been achieved within 3 days. On the
other hand, if the P aeruginosa being treated is resistant to the empirical antibiotic initiated or if the ICU
course has been complicated, then 15 days may be
preferred (Fig 2).
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Figure 2. Day 3 evaluation for antipseudomonal antibiotic therapy for ICU pneumonia. *Extended
spectrum penicillin or antipseudomonal cephalosporin (Table 1); †antipseudomonal carbapenems are
imipenem, meropenem, doripenem; §add colistin as inhalation or parenteral therapy to the most active
combination therapy; ‡local antibiotic susceptibility patterns within that institution should be considered; **duration of b-lactam therapy should be 8-15 days. The aminoglycoside/quinolone can be discontinued at 3-5 days based on results from in vitro susceptibility testing and clinical response. Note: The
three antibiotic regimens displayed are intended for confirmed P aeruginosa pneumonia in patients who
have a CPIS . 6 and are critically ill. Deescalation is recommended if these conditions are not fulfilled.
See Figure 1 legend for expansion of the abbreviations.

Aerosolized Antibiotics for P aeruginosa ICU
Pneumonia: Aerosolized antibiotics consisting of
aminoglycosides or colistin have been evaluated in
patients with pneumonia with the underlying illnesses
of cystic fibrosis or lung transplantation. Inhaled
aminoglycosides lead to high drug concentrations in lung
tissue, whereas serum concentrations are negligible.
In patients with cystic fibrosis, inhaled tobramycin
achieved 25 times the MIC for P aeruginosa in sputum, whereas serum concentrations were negligible.135
Aerosolized colistin has been used successfully in
anecdotal reports of pneumonia therapy and a retrospective case-control study,136 usually as a supplement to IV therapy.137-141 In a prospective randomized
trial of aerosolized colistin in 100 patients with VAP,
favorable outcome was essentially the same as control
patients receiving aerosolized saline (about 50%).142
With respect to combinations of aerosolized antibiotics, aerosolized colistin and tobramycin have been used
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for recalcitrant pneumonia with MDR P aeruginosa
in patients with cystic fibrosis. Aztreonam inhalation
solution has been approved for patients with cystic
fibrosis infected with P aeruginosa.

Conclusions
MDR P aeruginosa represents an emerging problem in ICUs owing to multiple bacterial resistance
mechanisms. Based on assessment of in vitro studies,
animal models, PK/PD data, and extensive clinical literature, we recommend an antipseudomonal b-lactam
antibiotic in combination with an aminoglycoside
or an antipseudomonal quinolone. The increasing
resistance of P aeruginosa to quinolones may be a
limiting factor. If possible, constant infusion of the
b-lactam antibiotic should be used, for it provides
more intense activity against this bacterium for a
Recent Advances in Chest Medicine

longer period of time and decreases labor costs
(nursing and pharmacy time). Once-daily aminoglycoside dosing is superior pharmacodynamically and
also more convenient. The duration of the aminoglycoside therapy should be limited to , 5 days if possible.
Polymyxins (colistin) are used in some ICUs because
these agents often remain the only antibiotics that
exhibit activity against MDR P aeruginosa. A pragmatic algorithmic treatment approach of empirical
antibiotic therapy for ICU pneumonia is presented.
Acknowledgments
Financial/nonfinancial disclosures: The authors have reported
to CHEST that no potential conflicts of interest exist with any
companies/organizations whose products or services may be discussed in this article.
Other contributions: We thank Robert E. Siegel, MD;
Jean Chastre, MD; Antoni Torres, MD; Vincent Tam, PharmD;
David Livermore, PhD; Carlos Luna, MD; David Lye, MD; and
Yoonsuck Koh, MD, for their critique. We acknowledge the capable contribution of Linda Sadej in preparation of this manuscript.

References
1. Mathai D, Lewis MT, Kugler KC, Pfaller MA, Jones RN;
SENTRY Participants Group (North America). Antibacterial
activity of 41 antimicrobials tested against over 2773 bacterial isolates from hospitalized patients with pneumonia:
I—results from the SENTRY Antimicrobial Surveillance
Program (North America, 1998). Diagn Microbiol Infect Dis.
2001;39(2):105-116.
2. Hoban DJ, Biedenbach DJ, Mutnick AH, Jones RN.
Pathogen of occurrence and susceptibility patterns associated
with pneumonia in hospitalized patients in North America:
results of the SENTRY Antimicrobial Surveillance Study
(2000). Diagn Microbiol Infect Dis. 2003;45(4):279-285.
3. National Nosocomial Infections Surveillance System. National
Nosocomial Infections Surveillance (NNIS) System Report,
data summary from January 1992 through June 2004, issued
October 2004. Am J Infect Control. 2004;32(8):470-485.
4. D’Agata EM. Rapidly rising prevalence of nosocomial
multidrug-resistant, gram-negative bacilli: a 9-year surveillance study. Infect Control Hosp Epidemiol. 2004;25(10):
842-846.
5. Flamm RK, Weaver MK, Thornsberry C, Jones ME,
Karlowsky JA, Sahm DF. Factors associated with relative
rates of antibiotic resistance in Pseudomonas aeruginosa
isolates tested in clinical laboratories in the United
States from 1999 to 2002. Antimicrob Agents Chemother.
2004;48(7):2431-2436.
6. Obritsch MD, Fish DN, MacLaren R, Jung R. National
surveillance of antimicrobial resistance in Pseudomonas
aeruginosa isolates obtained from intensive care unit
patients from 1993 to 2002. Antimicrob Agents Chemother.
2004;48(12):4606-4610.
7. Karlowsky JA, Jones ME, Thornsberry C, Evangelista AT,
Yee YC, Sahm DF. Stable antimicrobial susceptibility rates
for clinical isolates of Pseudomonas aeruginosa from the
2001-2003 tracking resistance in the United States today surveillance studies. Clin Infect Dis. 2005;40(suppl 2):S89-S98.
8. Landman D, Bratu S, Kochar S, et al. Evolution of antimicrobial resistance among Pseudomonas aeruginosa,
Acinetobacter baumannii and Klebsiella pneumoniae in
Brooklyn, NY. J Antimicrob Chemother. 2007;60(1):78-82.
www.chestpubs.org

9. Reinhardt A, Köhler T, Wood P, et al. Development and
persistence of antimicrobial resistance in Pseudomonas
aeruginosa: a longitudinal observation in mechanically ventilated patients. Antimicrob Agents Chemother. 2007;51(4):
1341-1350.
10. Riou M, Carbonnelle S, Avrain L, et al. In vivo development of antimicrobial resistance in Pseudomonas aeruginosa
strains isolated from the lower respiratory tract of intensive
care unit patients with nosocomial pneumonia and receiving
antipseudomonal therapy. Int J Antimicrob Agents. 2010;
36(6):513-522.
11. Trouillet JL, Vuagnat A, Combes A, Kassis N, Chastre J,
Gibert C. Pseudomonas aeruginosa ventilator-associated
pneumonia: comparison of episodes due to piperacillinresistant versus piperacillin-susceptible organisms. Clin Infect
Dis. 2002;34(8):1047-1054.
12. Neuhauser MM, Weinstein RA, Rydman R, Danziger LH,
Karam G, Quinn JP. Antibiotic resistance among gramnegative bacilli in US intensive care units: implications for
fluoroquinolone use. JAMA. 2003;289(7):885-888.
13. Goossens H. Susceptibility of multi-drug-resistant Pseudomonas
aeruginosa in intensive care units: results from the
European MYSTIC study group. Clin Microbiol Infect. 2003;
9(9):980-983.
14. Parker CM, Kutsogiannis J, Muscedere J, et al; Canadian
Critical Care Trials Group. Ventilator-associated pneumonia
caused by multidrug-resistant organisms or Pseudomonas
aeruginosa: prevalence, incidence, risk factors, and outcomes.
J Crit Care. 2008;23(1):18-26.
15. El Solh AA, Alhajhusain A. Update on the treatment of
Pseudomonas aeruginosa pneumonia. J Antimicrob
Chemother. 2009;64(2):229-238.
16. Mesaros N, Nordmann P, Plésiat P, et al. Pseudomonas aeruginosa: resistance and therapeutic options at the turn of the
new millennium. Clin Microbiol Infect. 2007;13(6):560-578.
17. Poirel L, Naas T, Nordmann P. Genetic support of
extended-spectrum beta-lactamases. Clin Microbiol Infect.
2008;14(suppl 1):75-81.
18. Queenan AM, Bush K. Carbapenemases: the versatile betalactamases. Clin Microbiol Rev. 2007;20(3):440-458.
19. Walsh TR. Clinically significant carbapenemases: an update.
Curr Opin Infect Dis. 2008;21(4):367-371.
20. Rodríguez-Martínez JM, Poirel L, Nordmann P. Extendedspectrum cephalosporinases in Pseudomonas aeruginosa.
Antimicrob Agents Chemother. 2009;53(5):1766-1771.
21. Eguchi K, Ueda Y, Kanazawa K, Sunagawa M, Gotoh N. The
mode of action of 2-(thiazol-2-ylthio)-1beta-methylcarbapenems against Pseudomonas aeruginosa: the impact of outer
membrane permeability and the contribution of MexABOprM efflux system. J Antibiot (Tokyo). 2007;60(2):129-135.
22. Poole K. Aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2005;49(2):479-487.
23. Mendes RE, Toleman MA, Ribeiro J, Sader HS, Jones RN,
Walsh TR. Integron carrying a novel metallo-beta-lactamase
gene, blaIMP-16, and a fused form of aminoglycoside-resistant
gene aac(69)-30/aac(69)-Ib’: report from the SENTRY
Antimicrobial Surveillance Program. Antimicrob Agents
Chemother. 2004;48(12):4693-4702.
24. Karlowsky JA, Kelly LJ, Thornsberry C, et al; The Surveillance Network. Susceptibility to fluoroquinolones among
commonly isolated gram-negative bacilli in 2000: TRUST
and TSN data for the United States. Tracking Resistance
in the United States Today. Int J Antimicrob Agents. 2002;
19(1):21-31.
25. Dudley MN. Pharmacodynamics and pharmacokinetics of
antibiotics with special reference to the fluoroquinolones.
Am J Med. 1991;91(6A):45S-50S.
CHEST / 139 / 5 / MAY, 2011

1181

26. Zanetti G, Bally F, Greub G, et al; Cefepime Study Group.
Cefepime versus imipenem-cilastatin for treatment of
nosocomial pneumonia in intensive care unit patients: a
multicenter, evaluator-blind, prospective, randomized study.
Antimicrob Agents Chemother. 2003;47(11):3442-3447.
27. Denton M, Kerr K, Mooney L, et al. Transmission of
colistin-resistant Pseudomonas aeruginosa between patients
attending a pediatric cystic fibrosis center. Pediatr Pulmonol.
2002;34(4):257-261.
28. Falagas ME, Michalopoulos A, Choulis N. Polymyxins.
In: Yu V, Edwards G, McKinnon PS, Peloquin C, Morse G,
eds. Antimicrobial Therapy and Vaccines, Volume II:
Antimicrobial Agents. 2nd ed. Pittsburgh, PA: ESun Technologies; 2009. http://www.antimicrobe.org/d05.asp. Accessed
December 30, 2010.
29. Deptula A, Gospodarek E. Reduced expression of virulence
factors in multidrug-resistant Pseudomonas aeruginosa
strains. Arch Microbiol. 2010;192(1):79-84.
30. Hirakata Y, Srikumar R, Poole K, et al. Multidrug efflux
systems play an important role in the invasiveness of
Pseudomonas aeruginosa. J Exp Med. 2002;196(1):109-118.
31. Sánchez P, Linares JF, Ruiz-Díez B, et al. Fitness of in vitro
selected Pseudomonas aeruginosa nalB and nfxB multidrug
resistant mutants. J Antimicrob Chemother. 2002;50(5):
657-664.
32. Hocquet D , Berthelot P, Roussel-Delvallez M, et al.
Pseudomonas aeruginosa may accumulate drug resistance
mechanisms without losing its ability to cause bloodstream
infections. Antimicrob Agents Chemother. 2007;51(10):
3531-3536.
33. Kuti JL, Nightingale CH, Quintiliani R, Nicolau DP. Pharmacodynamic profiling of continuously infused piperacillin/
tazobactam against Pseudomonas aeruginosa using Monte
Carlo analysis. Diagn Microbiol Infect Dis. 2002;44(1):51-57.
34. Nicolau DP, McNabb J, Lacy MK, Quintiliani R, Nightingale
CH. Continuous versus intermittent administration of ceftazidime in intensive care unit patients with nosocomial
pneumonia. Int J Antimicrob Agents. 2001;17(6):497-504.
35. Lorente L, Jiménez A, Palmero S, et al. Comparison of clinical cure rates in adults with ventilator-associated pneumonia treated with intravenous ceftazidime administered by
continuous or intermittent infusion: a retrospective, nonrandomized, open-label, historical chart review. Clin Ther.
2007;29(11):2433-2439.
36. Lodise TP Jr, Lomaestro B, Drusano GL. Piperacillintazobactam for Pseudomonas aeruginosa infection: clinical
implications of an extended-infusion dosing strategy. Clin
Infect Dis. 2007;44(3):357-363.
37. Sakka SG, Glauner AK, Bulitta JB, et al. Population pharmacokinetics and pharmacodynamics of continuous versus
short-term infusion of imipenem-cilastatin in critically ill
patients in a randomized, controlled trial. Antimicrob Agents
Chemother. 2007;51(9):3304-3310.
38. Rafati MR, Rouini MR, Mojtahedzadeh M, et al. Clinical
efficacy of continuous infusion of piperacillin compared
with intermittent dosing in septic critically ill patients. Int J
Antimicrob Agents. 2006;28(2):122-127.
39. Lorente L, Lorenzo L, Martín MM, Jiménez A, Mora ML.
Meropenem by continuous versus intermittent infusion
in ventilator-associated pneumonia due to gram-negative
bacilli. Ann Pharmacother. 2006;40(2):219-223.
40. Hanes SD, Wood GC, Herring V, et al. Intermittent and
continuous ceftazidime infusion for critically ill trauma
patients. Am J Surg. 2000;179(6):436-440.
41. Tam VH, Schilling AN, Vo G, et al. Pharmacodynamics of
polymyxin B against Pseudomonas aeruginosa. Antimicrob
Agents Chemother. 2005;49(9):3624-3630.
1182

42. Kim A, Kuti JL, Nicolau DP. Probability of pharmacodynamic
target attainment with standard and prolonged-infusion antibiotic regimens for empiric therapy in adults with hospitalacquired pneumonia. Clin Ther. 2009;31(11):2765-2778.
43. Psathas PA, Kuzmission A, Ikeda K, Yasuo S. Stability of
doripenem in vitro in representative infusion solutions and
infusion bags. Clin Ther. 2008;30(11):2075-2087.
44. Castanheira M, Jones RN, Livermore DM. Antimicrobial
activities of doripenem and other carbapenems against
Pseudomonas aeruginosa, other nonfermentative bacilli,
and Aeromonas spp. Diagn Microbiol Infect Dis. 2009;63(4):
426-433.
45. Chastre J, Wunderink R, Prokocimer P, Lee M, Kaniga K,
Friedland I. Efficacy and safety of intravenous infusion of
doripenem versus imipenem in ventilator-associated pneumonia: a multicenter, randomized study. Crit Care Med.
2008;36(4):1089-1096.
46. Owen RJ, Li J, Nation RL, Spelman D. In vitro pharmacodynamics of colistin against Acinetobacter baumannii clinical isolates. J Antimicrob Chemother. 2007;59(3):473-477.
47. Bergen PJ, Li J, Nation RL, Turnidge JD, Coulthard K,
Milne RW. Comparison of once-, twice- and thrice-daily
dosing of colistin on antibacterial effect and emergence of
resistance: studies with Pseudomonas aeruginosa in an
in vitro pharmacodynamic model. J Antimicrob Chemother.
2008;61(3):636-642.
48. Garnacho-Montero J, Sa-Borges M, Sole-Violan J, et al.
Optimal management therapy for Pseudomonas aeruginosa
ventilator-associated pneumonia: an observational, multicenter study comparing monotherapy with combination
antibiotic therapy. Crit Care Med. 2007;35(8):1888-1895.
49. Kollef MH, Morrow LE, Niederman MS, et al. Clinical
characteristics and treatment patterns among patients with
ventilator-associated pneumonia. Chest. 2006;129(5):1210-1218.
50. Mueller EW, Hanes SD, Croce MA, Wood GC, Boucher BA,
Fabian TC. Effect from multiple episodes of inadequate
empiric antibiotic therapy for ventilator-associated pneumonia on morbidity and mortality among critically ill trauma
patients. J Trauma. 2005;58(1):94-101.
51. Clec’h C, Timsit JF, De Lassence A, et al. Efficacy of adequate early antibiotic therapy in ventilator-associated pneumonia: influence of disease severity. Intensive Care Med.
2004;30(7):1327-1333.
52. Dupont H, Montravers P, Gauzit R, Veber B, Pouriat JL,
Martin C; Club d’Infectiologie en Anesthésie-Réanimation.
Outcome of postoperative pneumonia in the Eole study.
Intensive Care Med. 2003;29(2):179-188.
53. Leroy O, Meybeck A, d’Escrivan T, Devos P, Kipnis E,
Georges H. Impact of adequacy of initial antimicrobial therapy on the prognosis of patients with ventilator-associated
pneumonia. Intensive Care Med. 2003;29(12):2170-2173.
54. Chamot E, Boffi El Amari E, Rohner P, Van Delden C.
Effectiveness of combination antimicrobial therapy for
Pseudomonas aeruginosa bacteremia. Antimicrob Agents
Chemother. 2003;47(9):2756-2764.
55. Iregui M, Ward S, Sherman G, Fraser VJ, Kollef MH.
Clinical importance of delays in the initiation of appropriate
antibiotic treatment for ventilator-associated pneumonia.
Chest. 2002;122(1):262-268.
56. Dupont H, Mentec H, Sollet JP, Bleichner G. Impact of
appropriateness of initial antibiotic therapy on the outcome
of ventilator-associated pneumonia. Intensive Care Med.
2001;27(2):355-362.
57. Bercault N, Boulain T. Mortality rate attributable to
ventilator-associated nosocomial pneumonia in an adult intensive care unit: a prospective case-control study. Crit Care Med.
2001;29(12):2303-2309.
Recent Advances in Chest Medicine

58. Kollef MH, Sherman G, Ward S, Fraser VJ. Inadequate antimicrobial treatment of infections: a risk factor for hospital mortality among critically ill patients. Chest. 1999;115(2):462-474.
59. Kollef MH, Ward S. The influence of mini-BAL cultures
on patient outcomes: implications for the antibiotic management of ventilator-associated pneumonia. Chest. 1998;
113(2):412-420.
60. Sanchez-Nieto JM, Torres A, Garcia-Cordoba F, et al.
Impact of invasive and noninvasive quantitative culture
sampling on outcome of ventilator-associated pneumonia: a
pilot study. Am J Respir Crit Care Med. 1998;157(2):371-376.
61. Luna CM, Vujacich P, Niederman MS, et al. Impact of BAL
data on the therapy and outcome of ventilator-associated
pneumonia. Chest. 1997;111(3):676-685.
62. Rello J, Gallego M, Mariscal D, Soñora R, Valles J. The
value of routine microbial investigation in ventilatorassociated pneumonia. Am J Respir Crit Care Med. 1997;
156(1):196-200.
63. Leibovici L, Paul M, Poznanski O, et al. Monotherapy
versus beta-lactam-aminoglycoside combination treatment for gram-negative bacteremia: a prospective, observational study. Antimicrob Agents Chemother. 1997;41(5):
1127-1133.
64. Alvarez-Lerma F; ICU-Acquired Pneumonia Study Group.
Modification of empiric antibiotic treatment in patients with
pneumonia acquired in the intensive care unit. Intensive
Care Med. 1996;22(5):387-394.
65. McNabb J, Quintiliani R, Nightingale CH, Nicolau DP.
Comparison of the bactericidal activity of trovafloxacin and
ciprofloxacin, alone and in combination with cefepime,
against Pseudomonas aeruginosa. Chemotherapy. 2000;46(6):
383-389.
66. Klepser ME, Patel KB, Nicolau DP, Quintiliani R,
Nightingale CH. Comparison of the bactericidal activities
of ofloxacin and ciprofloxacin alone and in combination
with ceftazidime and piperacillin against clinical strains of
Pseudomonas aeruginosa. Antimicrob Agents Chemother.
1995;39(11):2503-2510.
67. Louie A, Grasso C, Bahniuk N, Van Scoy B, Brown DL,
Kulawy R, et al. The combination of meropenem and levofloxacin is synergistic with respect to both Pseudomonas
aeruginosa kill rate and resistance suppression. Antimicrob
Agents Chemother. 2010;54(6):2646-2654.
68. Fink MP, Snydman DR, Niederman MS, et al; The Severe
Pneumonia Study Group. Treatment of severe pneumonia
in hospitalized patients: results of a multicenter, randomized, double-blind trial comparing intravenous ciprofloxacin
with imipenem-cilastatin. Antimicrob Agents Chemother.
1994;38(3):547-557.
69. Jumbe N, Louie A, Leary R, et al. Application of a mathematical model to prevent in vivo amplification of antibioticresistant bacterial populations during therapy. J Clin Invest.
2003;112(2):275-285.
70. Bui KQ, Banevicius MA, Nightingale CH, Quintiliani R,
Nicolau DP. In vitro and in vivo influence of adjunct
clarithromycin on the treatment of mucoid Pseudomonas
aeruginosa. J Antimicrob Chemother. 2000;45(1):57-62.
71. Pennington JE, Johnson CE, Platt R. Third-generation
cephalosporins in the treatment of pneumonia due to
Pseudomonas aeruginosa in guinea pigs. J Infect Dis. 1982;
146(4):567.
72. Rusnak MG, Drake TA, Hackbarth CJ, Sande MA. Single
versus combination antibiotic therapy for pneumonia due
to Pseudomonas aeruginosa in neutropenic guinea pigs.
J Infect Dis. 1984;149(6):980-985.
73. Gordin FM, Rusnak MG, Sande MA. Evaluation of combination chemotherapy in a lightly anesthetized animal model
www.chestpubs.org

74.

75.

76.
77.
78.
79.
80.

81.

82.

83.
84.

85.

86.
87.

88.
89.

90.

of Pseudomonas pneumonia. Antimicrob Agents Chemother.
1987;31(3):398-403.
Kapusnik JE, Hackbarth CJ, Chambers HF, Carpenter T,
Sande MA. Single, large, daily dosing versus intermittent
dosing of tobramycin for treating experimental pseudomonas pneumonia. J Infect Dis. 1988;158(1):7-12.
Nicolau DP, Banevicius MA, Nightingale CH, Quintiliani R.
Beneficial effect of adjunctive azithromycin in treatment of
mucoid Pseudomonas aeruginosa pneumonia in the murine
model. Antimicrob Agents Chemother. 1999;43(12):3033-3035.
Craig RG. Evaluation of an automatic mixing system for
an addition silicone impression material. J Am Dent Assoc.
1985;110(2):213-215.
Anderson ET, Young LS, Hewitt WL. Antimicrobial synergism in the therapy of gram-negative rod bacteremia.
Chemotherapy. 1978;24(1):45-54.
Kreger BE, Craven DE, McCabe WR. Gram-negative bacteremia. IV. Re-evaluation of clinical features and treatment
in 612 patients. Am J Med. 1980;68(3):344-355.
Bochud PY, Glauser MP, Calandra T; International Sepsis
Forum. Antibiotics in sepsis. Intensive Care Med. 2001;
27(Suppl 1):S33-S48.
Hilf M, Yu VL, Sharp J, Zuravleff JJ, Korvick JA, Muder RR.
Antibiotic therapy for Pseudomonas aeruginosa bacteremia:
outcome correlations in a prospective study of 200 patients.
Am J Med. 1989;87(5):540-546.
Paul M, Benuri-Silbiger I, Soares-Weiser K, Leibovici L.
Beta lactam monotherapy versus beta lactam-aminoglycoside
combination therapy for sepsis in immunocompetent patients:
systematic review and meta-analysis of randomised trials.
BMJ. 2004;328(7441):668-681.
Safdar N, Handelsman J, Maki DG. Does combination
antimicrobial therapy reduce mortality in gram-negative
bacteraemia? A meta-analysis. Lancet Infect Dis. 2004;4(8):
519-527.
Paul M, Leibovici L. Combination antibiotic therapy for
Pseudomonas aeruginosa bacteraemia. Lancet Infect Dis.
2005;5(4):192-193194.
Paul M, Silbiger I, Grozinsky S, Soares-Weiser K, Leibovici L.
Beta lactam antibiotic monotherapy versus beta-lactam
aminoglycoside antibiotic combination therapy for sepsis.
Cochrane Database of Syst Rev. 2006;25(1):CD003344.
doi: 10.1002/14651858.CD003344.pub2.
Bliziotis IA, Samonis G, Vardakas KZ, Chrysanthopoulou S,
Falagas ME. Effect of aminoglycoside and beta-lactam
combination therapy versus beta-lactam monotherapy on
the emergence of antimicrobial resistance: a meta-analysis
of randomized, controlled trials. Clin Infect Dis. 2005;41(2):
149-158.
Bodey GP, Jadeja L, Elting L. Pseudomonas bacteremia.
Retrospective analysis of 410 episodes. Arch Intern Med.
1985;145(9):1621-1629.
Crabtree TD, Pelletier SJ, Gleason TG, Pruett TL, Sawyer
RG. Analysis of aminoglycosides in the treatment of gramnegative infections in surgical patients. Arch Surg. 1999;
134(12):1293-1298; discussion 1298-1299.
Eggimann P, Revelly JP. Should antibiotic combinations
be used to treat ventilator-associated pneumonia? Semin
Respir Crit Care Med. 2006;27(1):68-81.
Fernández-Guerrero M, Gudiol F, Rodriguez-Torres A,
Arnau C, Valdés L, Vallvé C. Nosocomial pneumonia:
comparative multicentre trial between monotherapy with
cefotaxime and treatment with antibiotic combinations.
Infection. 1991;19(suppl 6):S320-S325.
Croce MA, Fabian TC, Stewart RM, et al. Empiric monotherapy versus combination therapy of nosocomial pneumonia in trauma patients. J Trauma. 1993;35(2):303-311.
CHEST / 139 / 5 / MAY, 2011

1183

91. Aarts MA, Hancock JN, Heyland D, McLeod RS, Marshall JC.
Empiric antibiotic therapy for suspected ventilatorassociated pneumonia: a systematic review and meta-analysis
of randomized trials. Crit Care Med. 2008;36(1):108-117.
92. Magnotti LJ, Schroeppel TJ, Clement LP, et al. Efficacy of
monotherapy in the treatment of Pseudomonas ventilatorassociated pneumonia in patients with trauma. J Trauma.
2009;66(4):1052-1059.
93. Heyland DK, Dodek P, Muscedere J, Day A, Cook D;
Canadian Critical Care Trials Group. Randomized trial of
combination versus monotherapy for the empiric treatment
of suspected ventilator-associated pneumonia. Crit Care Med.
2008;36(3):737-744.
94. Kumar A, Safdar N, Kethireddy S, Chateau D. A survival
benefit of combination antibiotic therapy for serious infections associated with sepsis and septic shock is contingent
only on the risk of death: a meta-analytic/meta-regression
study. Crit Care Med. 2010;38(8):1651-1664.
95. Mendelson MH, Gurtman A, Szabo S, et al. Pseudomonas
aeruginosa bacteremia in patients with AIDS. Clin Infect Dis.
1994;18(6):886-895.
96. De Pauw BE, Deresinski SC, Feld R, Lane-Allman EF,
Donnelly JP; The Intercontinental Antimicrobial Study Group.
Ceftazidime compared with piperacillin and tobramycin for
the empiric treatment of fever in neutropenic patients with
cancer. A multicenter randomized trial. Ann Intern Med.
1994;120(10):834-844.
97. Paterson DL, Robson JM, Wagener MM. Risk factors for
toxicity in elderly patients given aminoglycosides once daily.
J Gen Intern Med. 1998;13(11):735-739.
98. Fujitani S, Sun H-Y, Yu VL, Weingarten JA. Pneumonia due
to Pseudomonas aeruginosa: part I: epidemiology, clinical
diagnosis, and source. Chest. 2011;139(4):909-919.
99. Chow JW, Yu VL. Combination antibiotic therapy versus
monotherapy for gram-negative bacteraemia: a commentary.
Int J Antimicrob Agents. 1999;11(1):7-12.
100. Al-Hasan MN, Wilson JW, Lahr BD, et al. Beta-lactam
and fluoroquinolone combination antibiotic therapy for
bacteremia caused by gram-negative bacilli. Antimicrob
Agents Chemother. 2009;53(4):1386-1394.
101. Johnson DE, Thompson B. Efficacy of single-agent therapy
with azlocillin, ticarcillin, and amikacin and beta-lactam/
amikacin combinations for treatment of Pseudomonas
aeruginosa bacteremia in granulocytopenic rats. Am J Med.
1986;80(5C)(5C):53-58.
102. Winston DJ, Barnes RC, Ho WG, Young LS, Champlin RE,
Gale RP. Moxalactam plus piperacillin versus moxalactam
plus amikacin in febrile granulocytopenic patients. Am J Med.
1984;77(3):442-450.
103. Garey KW, Martorell MV, Vo QP, Tam VH. Killing activity
of rifampin with piperacillin therapy against adherent cells of
Pseumodomas aeruginosa. J Chemother. 2008;20(5):652-654.
104. Zuravleff JJ, Chervenick P, Yu VL, Muder RR, Diven WF.
Addition of rifampin to ticarcillin-tobramycin combination
for the treatment of Pseudomonas aeruginosa infections:
assessment in a neutropenic mouse model. J Lab Clin Med.
1984;103(6):878-885.
105. Valdes JM, Baltch AL, Smith RP, et al. Comparative therapy with cefpirome alone and in combination with rifampin
and/or gentamicin against a disseminated Pseudomonas
aeruginosa infection in leukopenic mice. J Infect Dis. 1990;
162(5):1112-1117.
106. Yu VL, Zuravleff JJ, Peacock JE, DeHertogh D, Tashjian L.
Addition of rifampin to carboxypenicillin-aminoglycoside
combination for the treatment of Pseudomonas aeruginosa
infection: clinical experience with four patients. Antimicrob
Agents Chemother. 1984;26(4):575-577.
1184

107. Korvick JA, Peacock JE Jr, Muder RR, Wheeler RR, Yu VL.
Addition of rifampin to combination antibiotic therapy
for Pseudomonas aeruginosa bacteremia: prospective trial
using the Zelen protocol. Antimicrob Agents Chemother.
1992;36(3):620-625.
108. Apisarnthanarok A, Mundy L. Use of high dose 4-hour infusion of doripenem in combination with fosfomycin for treatment of carbapenems-resistant Pseudomonas aeruginosa
pneumonia. Clin Infect Dis. 2010; 51( 11):1352-1354.
109. Feldman C, Alanee S, Yu VL, et al; International Pneumococcal Study Group. Severity of illness scoring systems in
patients with bacteraemic pneumococcal pneumonia: implications for the intensive care unit care. Clin Microbiol Infect.
2009;15(9):850-857.
110. Singh N, Rogers P, Atwood CW, Wagener MM, Yu VL.
Short-course empiric antibiotic therapy for patients with
pulmonary infiltrates in the intensive care unit. A proposed
solution for indiscriminate antibiotic prescription. Am J
Respir Crit Care Med. 2000;162(2 Pt 1):505-511.
111. Torres A. Pulmonary Infiltrates in the ICU-Management
(Method of Antoni Torres MD). http://www.antimicrobe.org/
printout/e47printout/e47manage.htm. Accessed December
30, 2010.
112. Fagon JY, Chastre J. Management of suspected ventilatorassociated pneumonia. Ann Intern Med. 2000;133(12):1009.
113. Aarts MA, Brun-Buisson C, Cook DJ, et al. Antibiotic
management of suspected nosocomial ICU-acquired infection: does prolonged empiric therapy improve outcome?
Intensive Care Med. 2007;33(8):1369-1378.
114. Harris AD, Samore MH, Lipsitch M, Kaye KS, Perencevich E,
Carmeli Y. Control-group selection importance in studies of antimicrobial resistance: examples applied to
Pseudomonas aeruginosa, Enterococci, and Escherichia coli.
Clin Infect Dis. 2002;34(12):1558-1563.
115. Montero M, Sala M, Riu M, et al. Risk factors for multidrug-resistant Pseudomonas aeruginosa acquisition. Impact
of antibiotic use in a double case-control study. Eur J Clin
Microbiol Infect Dis. 2010;29(3):335-339.
116. Paramythiotou E, Lucet JC, Timsit JF, et al. Acquisition of
multidrug-resistant Pseudomonas aeruginosa in patients in
intensive care units: role of antibiotics with antipseudomonal
activity. Clin Infect Dis. 2004;38(5):670-677.
117. Mastoraki A, Douka E, Kriaras I, Stravopodis G, Manoli H,
Geroulanos S. Pseudomonas aeruginosa susceptible only to
colistin in intensive care unit patients. Surg Infect (Larchmt).
2008;9(2):153-160.
118. Levin AS, Barone AA, Penço J, et al. Intravenous colistin
as therapy for nosocomial infections caused by multidrugresistant Pseudomonas aeruginosa and Acinetobacter
baumannii. Clin Infect Dis. 1999;28(5):1008-1011.
119. Linden PK, Kusne S, Coley K, Fontes P, Kramer DJ,
Paterson D. Use of parenteral colistin for the treatment of
serious infection due to antimicrobial-resistant Pseudomonas
aeruginosa. Clin Infect Dis. 2003;37(11):e154-e160.
120. Kasiakou SK, Michalopoulos A, Soteriades ES, Samonis G,
Sermaides GJ, Falagas ME. Combination therapy with
intravenous colistin for management of infections due
to multidrug-resistant gram-negative bacteria in patients
without cystic fibrosis. Antimicrob Agents Chemother.
2005;49(8):3136-3146.
121. Rios FG, Luna CM, Maskin B, et al. Ventilator-associated
pneumonia due to colistin susceptible-only microorganisms.
Eur Respir J. 2007;30(2):307-313.
122. Reina R, Estenssoro E, Sáenz G, et al. Safety and efficacy
of colistin in Acinetobacter and Pseudomonas infections: a
prospective cohort study. Intensive Care Med. 2005;31(8):
1058-1065.
Recent Advances in Chest Medicine

123. Ioannides K, Myrianthefs P, Baltopoulos G. Colistin as a
first choice antibiotic for the initial empiric antimicrobial
therapy of ventilator-associated pneumonia. Eur Respir J.
2007;30(6):1234-1235.
124. Falagas ME, Kasiakou SK, Tsiodras S, Michalopoulos A.
The use of intravenous and aerosolized polymyxins for the
treatment of infections in critically ill patients: a review of
the recent literature. Clin Med Res. 2006;4(2):138-146.
125. Kallel H, Hergafi L, Bahloul M, et al. Safety and efficacy
of colistin compared with imipenem in the treatment of
ventilator-associated pneumonia: a matched case-control
study. Intensive Care Med. 2007;33(7):1162-1167.
126. Petrosillo N, Ioannidou E, Falagas ME. Colistin monotherapy
vs. combination therapy: evidence from microbiological,
animal and clinical studies. Clin Microbiol Infect. 2008;
14(9):816-827.
127. Aoki N, Tateda K, Kikuchi Y, et al. Efficacy of colistin combination therapy in a mouse model of pneumonia caused by
multidrug-resistant Pseudomonas aeruginosa. J Antimicrob
Chemother. 2009;63(3):534-542.
128. Mentzelopoulos SD, Pratikaki M, Platsouka E, et al.
Prolonged use of carbapenems and colistin predisposes to
ventilator-associated pneumonia by pandrug-resistant
Pseudomonas aeruginosa. Intensive Care Med. 2007;33(9):
1524-1532.
129. Evans ME, Feola DJ, Rapp RP. Polymyxin B sulfate and
colistin: old antibiotics for emerging multiresistant gramnegative bacteria. Ann Pharmacother. 1999;33(9):960-967.
130. Hartzell JD, Neff R, Ake J, et al. Nephrotoxicity associated
with intravenous colistin (colistimethate sodium) treatment
at a tertiary care medical center. Clin Infect Dis. 2009;
48(12):1724-1728.
131. Sabuda DM, Laupland K, Pitout J, et al. Utilization of colistin
for treatment of multidrug-resistant Pseudomonas aeruginosa. Can J Infect Dis Med Microbiol. 2008;19(6):413-418.
132. Koomanachai P, Tiengrim S, Kiratisin P, Thamlikitkul V.
Efficacy and safety of colistin (colistimethate sodium)
for therapy of infections caused by multidrug-resistant
Pseudomonas aeruginosa and Acinetobacter baumannii
in Siriraj Hospital, Bangkok, Thailand. Int J Infect Dis.
2007;11(5):402-406.

www.chestpubs.org

133. Markou N, Markantonis SL, Dimitrakis E, et al. Colistin
serum concentrations after intravenous administration in
critically ill patients with serious multidrug-resistant, gramnegative bacilli infections: a prospective, open-label, uncontrolled study. Clin Ther. 2008;30(1):143-151.
134. Chastre J, Wolff M, Fagon JY, et al; PneumA Trial Group.
Comparison of 8 vs 15 days of antibiotic therapy for
ventilator-associated pneumonia in adults: a randomized
trial. JAMA. 2003;290(19):2588-2598.
135. Geller DE, Pitlick WH, Nardella PA, Tracewell WG,
Ramsey BW. Pharmacokinetics and bioavailability of aerosolized tobramycin in cystic fibrosis. Chest. 2002;122(1):
219-226.
136. Ghannam DE, Rodriguez GH, Raad II, Safdar A. Inhaled
aminoglycosides in cancer patients with ventilator-associated
Gram-negative bacterial pneumonia: safety and feasibility in
the era of escalating drug resistance. Eur J Clin Microbiol
Infect Dis. 2009;28(3):253-259.
137. Hamer DH. Treatment of nosocomial pneumonia and tracheobronchitis caused by multidrug-resistant Pseudomonas
aeruginosa with aerosolized colistin. Am J Respir Crit Care
Med. 2000;162(1):328-330.
138. Michalopoulos A, Papadakis E. Inhaled anti-infective agents:
emphasis on colistin. Infection. 2010;38(2):81-88.
139. Michalopoulos A, Fotakis D, Virtzili S, et al. Aerosolized
colistin as adjunctive treatment of ventilator-associated pneumonia due to multidrug-resistant gram-negative bacteria: a
prospective study. Respir Med. 2008;102(3):407-412.
140. Linden PK, Paterson DL. Parenteral and inhaled colistin for
treatment of ventilator-associated pneumonia. Clin Infect
Dis. 2006;43(suppl 2):S89-S94.
141. Kwa AL, Loh C, Low JG, Kurup A, Tam VH. Nebulized
colistin in the treatment of pneumonia due to multidrugresistant Acinetobacter baumannii and Pseudomonas
aeruginosa. Clin Infect Dis. 2005;41(5):754-757.
142. Rattanaumpawan P, Lorsutthitham J, Ungprasert P,
Angkasekwinai N, Thamlikitkul V. Randomized controlled
trial of nebulized colistimethate sodium as adjunctive therapy of ventilator-associated pneumonia caused by gramnegative bacteria. J Antimicrob Chemother. 2010;65(12):
2645-2649.

CHEST / 139 / 5 / MAY, 2011

1185

