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BACKGROUND

The global crisis in antimicrobial resistance continues to escalate. Infections caused
by multidrug-resistant (MDR) gram-negative bacilli (GNB) are particularly challenging,
with little immediate help forthcoming in the antimicrobial pipeline.1–3 The crisis of
MDR infections is especially vexing in the intensive care unit (ICU), where the highest
rates of MDR GNB are found.4 In the ICU, early effective antimicrobial therapy im-
proves survival of patients with septic shock and other life-threatening infections,
but selective pressures from intense antimicrobial exposure contribute to the emer-
gence of MDR bacteria, including extensively drug-resistant (XDR) and even pan–
drug-resistant (PDR) organisms.5 MDR pathogens colonizing patients in ICUs can
“leak” into the long-term patient population and even into the community setting,
when former ICU patients cycle through the acute and chronic health care system.
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KEY POINTS

� Worldwide increased incidence of multidrug-resistant gram-negative bacilli (GNB) has
been associated with worse outcomes.

� Strategies including combination therapy and extended antimicrobial infusion are increas-
ingly being used in attempts to treat these infections.

� Source control remains an important part of managing septic shock as clinicians are faced
with increasing incidence of multidrug-resistant GNB, a paucity of new agents, and inef-
fectiveness of older agents.
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This article reviews the major classes of resistant and MDR GNB and their current
prevalence in ICUs worldwide. The authors discuss the older and new drugs of poten-
tial use in treating these infections, and current strategies to maximize their effective-
ness, including rational combination therapy and dosing schemes optimizing the
pharmacodynamics of these agents. Treatment options are presented for specific
classes of resistant GNB encountered in the ICU, including extended b-lactamase
(ESBL)-producing, AmpC-producing, and carbapenem-resistant Enterobacteriaceae
(CRE), MDR and carbapenem-resistant Acinetobacter baumannii (ACCB), and MDR
Pseudomonas aeruginosa (PA).

EPIDEMIOLOGY

Antimicrobial resistance is a major public health catastrophe. Following the introduc-
tion of each new antimicrobial, reports of resistance rapidly appear. In the late 1970s,
reports described mechanisms of resistance of GNB to aminoglycoside and the newly
introduced cefamandole.6 More recently, the lag from introduction of new agents to
reports of resistance has markedly decreased, with resistance often identified even
before release of the drug. A wide variety of resistance mechanisms are described
in GNB. Some mechanisms, such as ESBL production, are found in many species.
Others are highly specific, such as overexpression of the MexAB-OprM efflux pump
in PA.7 GNB resistance mechanisms are reviewed elsewhere.8,9 Important classes
of resistance are summarized in Table 1.
The trend toward increased resistance among GNB is reported in numerous local,

regional and international studies. Recent data from a few of these studies are shown
in Table 2. In the United States, 10-year surveillance from the Tracking Resistance in
the United States Today (TRUST) study describes the steady increase in resistant and
MDR GNB isolated in 26 institutions.10 For example, imipenem-resistant PA increased
from 5% in 2003 to 15% in 2009. The prevalence of ESBL-producing Escherichia coli
increased from 20.8% to 65 % over 7 years among intra-abdominal infection isolates
in China.11 This trend toward increased resistance has been especially significant in
ICUs in both tertiary care centers and community hospitals worldwide.12,13 ACCB
are particularly problematic, with resistance rates of up to 60% to 70% in international
studies.11,14 Studies also demonstrate that colonization with MDR GNB is a risk for
subsequent infections and bacteremia with same organism.15 The US Centers for Dis-
ease Control and Prevention (CDC) is currently performing population-based surveil-
lance of infection caused by CRE and MDR ACCB through the Multi-Site Resistant
Gram-Negative Bacilli Surveillance Initiative (MuGSI), with data expected in 2013.16

The goals of this project are to determine the extent of CRE andMDR ACCB infections
in the United States, identify those most at risk for infection, and measure trends of
disease over time.

DEFINITIONS AND DIAGNOSIS OF INFECTIONS CAUSED BY RESISTANT AND MDR GNB

Until recently there was little consensus on the definitions of MDR, XDR, and PDR.17–22

To remedy the issue, an expert panel sponsored by CDC and the European Center for
Disease Prevention and Control (ECDC) met in 2008 to establish interim standard defi-
nitions forMDR,XDR, andPDR for epidemiologically significantmicroorganisms, aswell
as to begin to establish consistency in categorization of “susceptible” and “nonsuscep-
tible” for different organisms and antimicrobial classes.23 These definitions were devel-
oped specifically for public health and epidemiology purposes and not for clinical
management. An organism was designated as nonsusceptible to an antibiotic when it
tested intermediate or resistant when using clinical breakpoints as interpretive criteria.
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Only acquired resistancewas considered, thus intrinsic species-wide resistance to spe-
cific antimicrobial agents was not considered in defining classes of resistance. MDR is
defined as nonsusceptible tomore than 1 agent from 3 ormore antimicrobial categories,
XDR is definedas nonsusceptible tomore than 1 agent in all but 2 categories, andPDR is
defined as resistant to all categories. The antimicrobial categories and breakpoints for
determining nonsusceptibility are individually defined for each clinically significant class
of GNB (ie, Enterobacteriaceae, PA, and ACCB) (Table 3).
Epidemiologic definitions used for nonsusceptibility are not always concordant with

outcome data from treating infections attributable to nonsusceptible organisms. For
some drug-organism combinations, minimum inhibitory concentration (MIC) values
are shown to be more predictive of clinical outcome than characterization as suscep-
tible, intermediate, or resistant by MIC. For most GNB, the Clinical Laboratory and
Standards Institute (CLSI) have recently reduced the MIC breakpoint for susceptibility
to most cephalosporins and carbapenems to 1 mg/mL or less, based on clinical
outcome data (see Table 3).24 However, patients with GNB bloodstream infections
nonsusceptible to a carbapenems with a MIC of 2 mg/mL or less were more likely to
have a good outcome than those with a MIC of 4 mg/mL or greater.25 Conversely, for

Table 1
Definitions of multidrug resistance and predominant mechanisms of resistance to traditional
gram-negative antibiotics

Common Resistance Phenotypes Major Mechanisms of Resistance

Enterobacteriaceae Third- � fourth-generation
cephalosporins

Carbapenem resistance
Fluoroquinolones

Aminoglycosides

ESBL, AmpC b-lactamases

Carbapenemases
DNA gyrase and topoisomerase

mutations
Aminoglycoside-modifying

enzymes

Pseudomonas
aeruginosa

Carbapenem resistance and
other b-lactam resistance

Metallo-b-lactamases
AmpC and other b-lactamases
Multidrug efflux pumps
Deletion of membrane porins

Fluoroquinolones DNA gyrase and topoisomerase
mutations

Aminoglycosides Aminoglycoside-modifying
enzymes

Acinetobacter spp Cephalosporin and carbapenem
resistance

Cephalosporinases
Carbapenemases
Multidrug efflux pumps
Porin mutations
Penicillin-binding protein changes

Aminoglycoside resistance Aminoglycoside-modifying
enzymes

Fluoroquinolone resistance DNA gyrase and topoisomerase
mutations

Resistance category
definitions

MDR is defined as resistant to more than 1 agent in 3 or more
antimicrobial categories

XDR is defined as nonsusceptible to more than 1 agent in all but
2 categories

PDR is defined as resistant to all categories
Intrinsic resistance to specific antimicrobial agent would automatically

eliminate that agent from being included in defining resistance
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Table 2
Representative global surveillance data for resistant gram-negative bacilli

Study Location
Site of
Isolation

No. of Isolates
(Gram-Negative) Isolates

Surveillance
Period

Tracking Resistance in
the United States
(TRUST) Surveillance

USA Not specified EN (35,847)
PA (8882)
AC (1621)

ESBL EC: 1% (2003) to 3.5% (2009)
ESBL KP: 4% (2003) to 5.8% (2009)
EN MDRa: 7.5% (1999) to 12.3% (2009)
PA MDRa: 7.3% (1999) to 7.7% (2009)
AC MDRa: 24.7% (1999) to 43.6%(2009)

1999–2009

Study for Monitoring
Antimicrobial Resistance
Trends (SMART)
Surveillance Program

Canada/Rest
of World

Urine
Intra-abdominal

infections

Canada: 936
Rest of world: 19,276

ESBL EC: 8%b; 21%c

ESBL Klebsiella spp: 6%b, 33%c

2002–2010

SMART Surveillance (China) China Intra-abdominal
infections

3420
EC ESBL1 882
KP ESBL1 193
PA 286
AC 154

ESBL EC 20.8% (2002) to 64.9% (2009)
ESBL KP 24% (2002) to 31.9% (2009)
PA 80% retained susceptibility to AG
AC <30% susceptibility to all agents

2002–2009

MDR GNR reported to
the National Healthcare
Safety Network

USA Sputum
Blood
Urine
Surgical site

15,275 isolates
PA 7092
AC 2068
KP 6115

KP 15% resistant to 3 antimicrobial
classes and 7% resistant to 4
antimicrobial classes

PA 10% resistant to 3 antimicrobial
classes and 2% resistant to 4
antimicrobial classes

ACCB 60% resistant to 3 antimicrobial
classes and 34% resistant to 4
antimicrobial classes

2006–2008
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CAN-ICU Canada
ICU

Sputum
Blood
Wound/tissue
Urine

EC 536
KP 224
PA 419

FQ-resistant EC 21%
MDR EC 0.2%
MDR PA 12.6%

2005–2006

International
Nosocomial Infection
Control Consortium
(INICC) Report

422 ICUs in
36 countries in
Central and
South America,
Asia, South
Asia, Oceania,
Europe, North
Africa, and the
Middle East

Urine
Sputum
Blood
Other

PA
589 tested for piperacillin

susceptibility
517 tested for imipenem

susceptibility
KP
447 tested for ceftriaxone/

ceftazidime susceptibility
508 tested for carbapenem

susceptibility
AC
667 tested for carbapenem

susceptibility
EC
171 tested for ceftriaxone/

ceftazidime susceptibility
182 tested for imipenem/

meropenem/ertapenem
susceptibility

133 tested for fluoroquinolone
susceptibility

Data below are reported as
% of strains resistant

PA
Fluoroquinolone 42.1%
Piperacillin/tazobactam 36%
Amikacin 27.7%
Imipenem or Meropenem 47.2%
Cefepime100%
KP
Ceftriaxone/ceftazidime 76.3%
Imipenem/meropenem/ertapenem
7.9%

AC
Imipenem/meropenem 55.3%
EC
Ceftriaxone/ceftazidime 66.7%
Imipenem/meropenem/ertapenem
4.4%

Fluoroquinolone 53.4%

2004–2009

Abbreviations: AC, Acinetobacter spp; EC, E coli; EN, Enterobacteriaceae; KP, K pneumoniae; PA, P aeruginosa.
a MDR (Defined as resistant to �3 antibiotic classes).
b Canada isolates.
c Rest of the world.
Data from Refs.10–14,106

R
e
sista

n
t
G
ra
m
-N

e
g
a
tive

In
fe
ctio

n
s

8
9
9



levofloxacin, patients with GNB bacteremia in whom levofloxacin MIC was 1 mg/mL,
well below the susceptibility cutoff, had poorer outcomes than those with MICs of
0.5 mg/mL or less.26 The conclusion to be drawn from these data is that breakpoints
for susceptibility need to be continually reassessed based on clinical outcomes for
emerging resistances. However, there may still be reasons for using agents that test
as nonsusceptible for the treatment of resistant organisms.

MANAGEMENT OF INFECTIONS CAUSED BY RESISTANT GNB

The cornerstone of treating of resistant gram-negative infections is administration of
maximally effective antimicrobial therapy. Whether this can be accomplished depends
on several key factors including host status, the type of resistance(s) encountered and
available treatment options, the site(s) of infection, and whether source control of in-
fection is achievable. Many resistant GNB infections are treatable with available
gram-negative agents such as third- and fourth-generation cephalosporins, b-lactam/
b-lactamase inhibitor (BL/BI) agents, carbapenems, or fluoroquinolones. However,
some MDR infections are only treatable with more toxic agents including polymyxins
and aminoglycosides.27,28 Treatment of XDR and PDR organisms may require combi-
nations of partially active or individually inactive agents. Optimizing pharmacody-
namics of available agents by use of extended infusion times and novel delivery
methods including aerosolization may also improve outcomes for marginally treatable
infections.29–31 PDR infections for which there are no available effective treatments are
increasingly reported.1,2 This discussion focuses on treatment of documented resis-
tant GNB infections, but similar principles apply to empiric therapy for severe infections
in individuals at high risk for resistant GNB, including colonized patients or patients in
an outbreak setting.

ANTIMICROBIAL AGENTS FOR INFECTIONS CAUSED BY MDR GNB

There are often many options for treating resistant GNB with single-class antimicrobial
resistance. Rarely, however, do resistant GNB demonstrate single-class resistance.
Multidrug resistance is selected by sequential exposures to different antibiotics, by hor-
izontal transfer of multiple resistance traits clustered on mobile genetic elements, or
by selection for characteristics such as permeability changes or upregulation of efflux
pumps that alter susceptibility to multiple drug classes.8 Knowledge of local suscepti-
bility patterns from current antibiograms, especially unit-specific antibiograms, may
help guide initial therapy. Combination antibiograms demonstrating patterns of
cross-resistance may be even more useful for this.32 Standard broad-spectrum
gram-negative agents including third- and fourth-generation cephalosporins,

Table 3
Breakpoints for susceptibility as approved by EUCAST, SCLIS, and FDA (in mg/mL)

EUCAST
Cefepime/
Imipenem/
Tobramycin

CLSI
Cefepime/
Imipenem/
Tobramycin

FDA
Cefepime/
Imipenem/
Tobramycin

Enterobacteriaceae �1 �2 �2 �2 �1 �4 �8 �4 �4

Pseudomonas aeruginosa �8 �4 �4 �8 �2 �4 �8 �4 �4

Acinetobacter spp — �2 �4 �8 �4 �4 �8 �4 �4

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; EUCAST, The European Committee
on Antimicrobial Susceptibility Testing; FDA, US Food and Drug Administration.
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carbapenems, BL/BI agents, aminoglycosides, fluoroquinolones, and trimethoprim-
sulfamethoxazole may be effective against some MDR GNB, especially ESBL-
producing and AmpC-expressing strains. This section focuses on newer agents and
some older agents with particular activity, used alone or in combination against resis-
tant GNB (Table 4).

Recently Approved Agents: Doripenem and Tigecycline

There have been only 3 agents with broad-spectrum gram-negative activity approved
by the US Food and Drug Administration since 2005. Ceftaroline, a novel fifth-
generation cephalosporin, has enhanced gram-positive/methicillin-resistant Staphylo-
coccus aureus activity, and offers little new for resistant GNB. Doripenem is a newer
carbapenem with a spectrum similar to that of imipenem and meropenem. Some iso-
lates, especially PA, with low-level resistance to imipenem and meropenem via
permeability or efflux remain susceptible to doripenem.33 Doripenem is hydrolyzed
by Klebsiella pneumoniae carbapenemases (KPCs) and metallo-b-lactamases
(MBLs), and is not significantly more active alone than other carbapenems for CRE
or carbapenem-resistant (CR) ACCB.9 Doripenem has good stability in solution, and
is thus well suited for extended interval infusions.33 Doripenem was more active in
in vitro combinations than other carbapenems for some XDR and PDR strains,
although the clinical significance of this is unknown.34

Another recently approved agent is tigecycline, a glycylcycline tetracycline
analogue with broad-spectrum activity first introduced in the United States in 2005.
Tigecycline has activity against most Enterobacteriaceae and ACCB. PA and also Pro-
teus, Morganella, and Providencia spp are intrinsically resistant via efflux pumps, and
acquired tigecycline resistance is reported in other GNB via enhanced expression of
multidrug efflux systems.27,35 Emergence of resistance on therapy can occur during
treatment of CRE and ACCB.27 Recent large surveys show no significant worsening
resistance trends among Enterobacteriaceae including ICU strains, although
increased resistance among ACCB is reported.36 Tigecycline achieves low levels in
serum and only 20% is excreted in urine, and is a poor monotherapy agent for MDR
GNB bloodstream or urinary tract infections (UTIs) at standard doses.37 Higher doses
of 100 mg every 12 hours have been used for MDR bloodstream infections.27,37

Older Agents Active Against MDR, XDR, and PDR GNB

Fosfomycin is an older broad-spectrum antibiotic widely used outside of the United
States that inhibits phosphoenolpyruvate, an early step in peptidoglycan synthesis.38

Oral and parenteral formulations are available in some European and Asian countries,
although only oral fosfomycin is available in the United States for treating cystitis. The
oral prodrughas goodoral bioavailability andachieves high urine levels, although serum
levels are low.38 Fosfomycin has broad activity against Enterobacteriaceae including
most E coli and Klebsiella strains. Some PA are susceptible, although not ACCB. There
is no cross-resistance with other agents, and fosfomycin remains active against many
MDR CRE. The primary niche for fosfomycin is treatment of MDR GNB UTIs, but there
are reports from Europe on the use of parenteral fosfomycin for systemic infections.
Fosfomycin is used in combination therapy to prevent emergence of resistance.39 There
are only limited data on outcome or emergence of resistance in these settings.39

Of the older tetracyclines, minocycline maintains the best activity against ACCB.40

Like tigecycline, minocycline is a poor substrate for most tetracycline-resistance efflux
pumps in GNB. The intravenous formulation is widely available in Europe and Asia, and
since 2009 has also been available in the United States. Minocycline may be active
against sulbactam-resistant and carbapenem-resistant ACCB strains, and even some
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tigecycline-resistant strains, and has been used for the treatment of a variety of compli-
cated ACCB infections, including ventilator-associated pneumonia (VAP), although
experience remains limited.41

The b-lactamase inhibitor sulbactam binds to ACCB penicillin-binding protein PBP-2,
and has specific potent inhibitory activity against many ACCB.42 In most countries
sulbactam is only available as a coformulation with ampicillin. Rates of ampicillin-
sulbactam resistance are increasing among ACCB, especially CR ACCB.27,43 Sulbac-
tam has been studied in vitro combined with carbapenems, and this regimen has
been used clinically for treatment of XDR and PDR ACCB.43

Aztreonam, a monobactam, is a substrate for most broad-spectrum b-lactamases
including ESBL, AmpC, and KPC. However, aztreonam is uniquely resistant to hydro-
lysis by some MBLs including New Delhi MBL-1.44 Aztreonam may have a role in in-
fections caused by MBL-producing CRE, and some isolates are susceptible.
However, most strains carry multiple b-lactamases in addition to the MBLs, so aztreo-
nam needs to be combined with other agents. Combinations of aztreonam and other
monobactams with novel b-lactamase inhibitors are being evaluated.
Rifampin is a potent, bactericidal broad-spectrum antimicrobial that inhibits DNA-

dependent RNA polymerase. Primarily an antimycobacterial drug, rifampin is used
in combination therapy for gram-positive infections but is increasingly used for MDR
and XDR GNB. Rifampin has relatively poor activity against most GNB because of
its poor outer membrane penetration, and resistance is easily selected in vivo when
used as monotherapy. Rifampin combinations have been extensively studied
in vitro, particularly rifampin plus polymyxins and/or carbapenems for CRE, MDR,
ACCB, and PA.45 These studies demonstrate potent synergy between rifampin and
other agents.45 Rifampin may delay the emergence of resistance to other agents
in vitro, especially to polymyxins. Synergy may result in increased rifampin access
to intracellular targets in the presence of cell membrane–damaging agents, even in
some polymyxin-resistant isolates (Fig. 1).

Off of the Antibiotic Scrap Heap: the Resurrection of the Polymyxins

Polymyxins are cationic polypeptide antibiotics that bind to lipopolysaccharide (LPS)
in gram-negative outer membranes and to cytoplasmic membranes, resulting in
altered permeability and cell death. Polymyxins were introduced in the 1950s for the
treatment of GNB, but owing to toxicity concerns virtually disappeared after the intro-
duction of broad-spectrum b-lactams.27,46 Polymyxins were “rediscovered” in the
1990s for the treatment of MDR GNB. Polymyxins have broad activity against many
GNB including E coli, Klebsiella, Enterobacter, PA, and ACCB, although several impor-
tant pathogens, notably Proteus, Providencia, and most Serratia, are intrinsically resis-
tant. Because of the unique mechanism of action, there is no cross-resistance with
other agents. Resistance to polymyxins is uncommon, but may occur by modification
of LPS outer-membrane target components, including lipid A.46–48 Colistin resistance
is increasingly reported in ACCB.48

The available polymyxins are colistin (polymyxin E), which is more widely used in the
United States, and polymyxin B. Colistin is administered as the inactive prodrug col-
istimethate sodium (CMS), which is converted in vivo to the active colistin sulfate;
polymyxin B is administered as the active sulfate moiety. Polymyxins appear to
have relatively poor distribution into lung tissue, pleural fluid, and cerebrospinal fluid
(CSF). A recent multicenter study sponsored by the National Institutes of Health has
led to new proposed guidelines for dosing CMS, including administration of a loading
dose.49 CMS is also administered by aerosol therapy for resistant respiratory tract in-
fections.31 Susceptibility testing for polymyxins remains problematic. Disc-diffusion
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testing is highly unreliable in comparison with Etests or other MIC methods. The
limiting toxicity of colistin is nephrotoxicity.46,47 Reported rates in recent series range
from as low as 6% to as high as 32% to 55% in other studies in critically ill patients.46

Definitions of nephrotoxicity and dosing regimens varied in these studies. Most neph-
rotoxicity is reversible.

Gram-Negative Agents on the Horizon

Despite the overall lack of new drug classes and paucity of new gram-negative agents
in the antibiotic pipeline, there are several agents currently in phase 1 or phase 2 trials
that may improve the treatment of resistant GNB.50 These agents include several
novel b-lactamase inhibitors with activity against KPC enzymes, although not against
MBLs. One of these, avibactam (formerly NXL-104), is in trials in combination with
several b-lactams. BLI-489, another novel inhibitor, is entering clinical trials.
BAL30376 is a monobactam–clavulanic acid combination drug with specific activity
against MBLs. New aminoglycosides such as plazomicin, which are stable to common
gram-negative aminoglycoside-modifying enzymes, are also under study. Other
agents with novel mechanisms of activity against GNB are in early phases of
development.27,50

EVIDENCE FOR EFFECTIVENESS OF TREATMENT OF MDR, XDR, AND PDR GNB

Ample evidence exists from in vitro susceptibility data, pharmacokinetic and pharma-
codynamic modeling, and clinical outcome data to make recommendations for the
treatment of infections caused by ESBL and AmpC GNB (Table 5). The evidence
for treatment of more resistant pathogens, including CRE, MDR and PDR PA, and
ACCB is less robust. Combination therapy may be assessed in vitro by synergy testing
in checkerboard and time-kill assays. Polymyxins are challenging to study in the lab-
oratory because of binding of drug to surfaces and other poorly understood in vitro
phenomena. Pharmacodynamic models are extensively used to optimize dosing reg-
imens for organisms with borderline susceptibility. A few drug combinations have
been tested in animal models. However, the pool of experimental data is small, the
clinical correlates of in vitro testing are uncertain, and the limited number of strains
studied may not adequately represent the diversity of MDR and XDR clinical isolates.
Human treatment data most often consist of case reports or uncontrolled case se-

ries, making comparison of different regimens difficult. There are a small number of
well-conducted nonrandomized studies with case-control designs, and there have
been several recent systematic reviews focusing on specific pathogens or the effec-
tiveness of specific drugs.39,51 Randomized clinical trials comparing monotherapy
and combination regimens for MDR and XDR infections are currently enrolling sub-
jects in Europe and the United States, although recruitment is challenging.52,53

OPTIMIZING THE USE OF AVAILABLE AGENTS TO TREAT MDR GNB
Extended Infusion of b-Lactams for MDR GNB

The most important pharmacodynamic parameter for killing by b-lactams is the time
above the MIC of the target organism. This criterion is the theoretical basis for
extended-infusion or continuous-infusion b-lactam strategies for treating GNB
(Fig. 2).29,54 Some agents (eg, imipenem) are not suitable for extended infusion owing
to their poor stability in solution. Most experience with extended-interval dosing is with
piperacillin-tazobactam, which is increasingly used in such a manner for both efficacy
and economic considerations.55 Experience is also increasing with doripenem and
meropenem, and with cephalosporins including ceftazidime and cefepime. Initial
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Table 4
Some new and older antimicrobials with activity against multidrug-resistant gram-negative bacilli

Antimicrobial
Agent Drug Class/Mechanism Formulations Standard and Maximal Dosing

MDR GNB
Activity Comments

Doripenem Carbapenem Intravenous 500 mg every 8 h
Maximum: 1000 mg every 8 h

ESBL
AmpC
CS ACCB
CS PA

Active against some imipenem-
or meropenem-resistant PA

Used in combination therapy
for CR ACCB, CR PA, and CRE

Extended-infusion time dosing

Tigecycline Tetracycline Intravenous 100 mg load then 50 mg
every 12 h

Maximum: 100 mg
every 12 h

ESBL
AmpC
CRE
MDR ACCB

Low serum and urine levels
Breakthrough bacteremias
while on therapy

Used as monotherapy or
combination therapy

Fosfomycin Phosphoenolpyruvate
inhibitor

Oral
Parenteral

(in some
countries)

Oral (for UTI): 3 g every 48–72 h
Intravenous: 2–4 g every 6 h

ESBL
AmpC
CRE
PA

High urine levels
Resistance develops while on
therapy

Only as combination therapy
for systemic infections

Sulbactam b-Lactam inhibitor with
b-lactam activity

Intravenous
(as ampicillin-
sulbactam)

1 g every 4 h (3 g ampicillin-
sulbactam every 4 h)

ACCB only Used as monotherapy for
susceptible ACCB. Used in
combination therapy for
sulbactam-resistant ACCB
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Aztreonam Monobactam Intravenous 2 g every 8 h NDM-producing
CRE

Must be used in combination
to overcome other
resistances

Rifampin RNA polymerase inhibitor Oral
Intravenous

Oral and intravenous: 600 mg
every 24 h

Maximum: 600 mg every 8 h

CRE
MDR ACCB
MDR PA

Only used in combination
therapy

Synergy with polymyxins
Resistance emerges on therapy

Minocycline Tetracycline Intravenous
Oral

Oral and Intravenous: 100 mg
every 12 h

MDR ACCB Used as monotherapy or
combination therapy

Polymyxins
(colistin,
polymyxin B)

Cationic polypeptide
Damages lipid membranes

Parenteral
Aerosolized
Intrathecal

See Table 6 for dosing
information

CRE
MDR ACCB
MDR PA

Active against E coli, Klebsiella,
Enterobacter, PA, ACCB

Significant nephrotoxicity
Synergy with many other

agents, even against colistin-
resistant strains

Abbreviations: CS, carbapenem-sensitive; NDM, New Delhi metallo-b-lactamase.
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randomized controlled trials failed to demonstrate significant differences in outcome in
comparison with standard administration.30,54

However, patients in these trials may not have been “sick” enough or infected with
resistant enough GNB to show benefits of improved attainment of pharmacodynamics
targets. In one study, superiority of extended piperacillin-tazobactam infusion was
limited to only the sickest patients.56 A recent systematic review and meta-analysis
of predominantly nonrandomized trials showed benefit with extended or continuous
infusion of pipericillin-tazobactam or carbapenems in patients with all sites of infec-
tion, and specifically those with pneumonia.30 A recent small, randomized trial of
continuous infusion of piperacillin-tazobactam, meropenem, and ticarcillin–clavulanic
acid in 5 ICUs demonstrated both better drug levels and cure rates.57 With limited op-
tions in critically ill patients with borderline or low-level resistant organisms, extended
infusion is a rational strategy. Extended infusion of antibiotics demonstrating
concentration-dependent killing, such as aminoglycosides, is not indicated. Colistin
has been administered by continuous infusion, but pharmacokinetic and safety data
do not currently support such dosing strategies.

Aerosolized Aminoglycosides and Polymyxins for Respiratory Infections

Aerosolized administration provides benefits of enhanced delivery to epithelial lining
fluid (ELF) for drugs that have poor pulmonary penetration or significant toxicity with
systemic dosing. Aerosolized therapy is used for preventing or treating respiratory in-
fections in patients with cystic fibrosis and bronchiectasis, and has been studied for
the treatment of VAP. Use in the ICU has increased with the increase in VAP caused
by MDR GNB.31 Most experience is with aminoglycosides and polymyxins, agents
with potent in vitro gram-negative activity but with significant systemic toxicity and
poor lung penetration.31

There are several recent studies of aerosolized aminoglycoside therapy for VAP, but
only one small randomized study comparing aerosolized with intravenous therapy.58

Fig. 1. Demonstration of synergy of other antibiotics with colistin for a carbapenem-
resistant and colistin-resistant ACCB strain. Susceptibility to vancomycin, rifampin, tigecy-
cline and imipenem was determined by Etest on plates without (A) or with (B) addition
of 4 mg/ml of colistin. Susceptibility to vancomycin and rifampin was dramatically increased
and susceptibility to tigecycline and imipenem was modestly increased in presence of
colistin. (Courtesy of C. Knob.)
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Two larger retrospective observational studies compared benefits of aerosolized ther-
apy added to intravenous therapy that included many MDR pathogens. Reported cure
rates were 59% and 73%.59,60 Gentamicin and tobramycin doses are 300 mg every
12 hours, and amikacin doses are 500 to 1000 mg every 12 hours. Treatment has
been generally well tolerated.
There are multiple reports of treating VAP caused by resistant ACCB and PA with

aerosolized colistin, with overall reported cure rates of 58% to 100%.31 Use of concur-
rent systemic therapy and choice of systemic agents varied in these trials. One well-
designed retrospective case-control study for VAP comparing intravenous plus
aerosolized colistin with intravenous therapy alone demonstrated a trend toward
better outcomes and lower mortality in the aerosol-treated group.61 Respiratory
symptoms are more frequently reported with aerosolized colistin than with aminogly-
cosides, and drug preparation in accordance with standard protocols is important to
prevent toxicity.31 The recommended dose of colistin is 150 mg every 12 hours.31

Definitive recommendations for the use of aerosolized aminoglycosides or poly-
myxins in addition to systemic drug, or in combination with other agents, are lacking.
Aerosolized regimens should be considered in patients failing or relapsing after sys-
temic treatment, and for MDR infections with limited treatment options. Systemic ther-
apy is still necessary when treating concurrent bacteremia or other sites of infection
outside the respiratory tract.

RECOMMENDATIONS FOR THE TREATMENT OF SPECIFIC CLASSES OF RESISTANT GNB
ESBL-Producing Enterobacteriaceae

There are numerous case series assessing treatment of ESBLs, but no randomized,
comparative trials. Options also depend on the site and severity of infection, the spe-
cific ESBL enzyme, and additional associated resistances (see Table 5). For ESBL
bacteremia, most expert opinion and a recent meta-analysis support using a carbape-
nem.62–65 Carbapenems are highly active in vitro, stable to hydrolysis by ESBLs, and
do not demonstrate an inoculum effect (decreased in vitro activity with large bacterial
concentrations), and there is extensive clinical experience. Experience with the
narrower-spectrum drug ertapenem for ESBL infections for bacteremia is less than
for other carbapenems.66 Piperacillin-tazobactam has been used for bloodstream
and urinary tract ESBL infections, and in a recent meta-analysis was not inferior to car-
bapenems for bacteremia caused by susceptible isolates.65,67

Recommendations regarding cephalosporins for ESBL Enterobacteriaceae have
changed following revision of the CLSI susceptibility breakpoints in 2010.24 These
new lower breakpoints eliminate the broad characterization of ESBL strains as pan-
cephalosporin resistant, and support treatment with third- or fourth-generation cepha-
losporins whenMICs are 1 mg/mL or less, regardless of the presence of ESBL enzymes.
Some cephalosporins are more stable to hydrolysis by specific ESBL enzymes, and
demonstrate good outcomes for treating ESBLs when MICs are in these lower ranges.
In one study, 11 of 12 patientswith ESBL-producingKpneumoniae andE coli infections
with MICs to cefepime of 2 mg/mL or less had cure or improvement.68 Good outcomes
were also reported with ceftazidime for cefotaxime-resistant but ceftazidime-
susceptible ESBL E coli bacteremia.69 When using cefepime for bacteremia and pneu-
monia caused by susceptible ESBL strains, maximal doses may be necessary.70

There is limited information on the use of fluoroquinolones or aminoglycosides for
serious ESBL infections. Fluoroquinolone resistance rates are high, and even if quino-
lone susceptible, the outcome of patients with bacteremia treated with fluoroquino-
lones is poorer than with a carbapenem.71 Resistance can also be selected in vivo,
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Table 5
Options for treatment of different classes of multidrug-resistant gram-negative bacilli

Resistance Class Site of Infection Preferred Option Alternatives Comments

ESBL Bacteremia and pneumonia Carbapenem Third-/fourth-generation
cephalosporin if MIC �1

Piperacillin-tazobactam

Urine and other low-severity,
low-inoculum infections

Fluoroquinolone
Aminoglycoside
Trimethoprim-sulfamethoxazole
Fosfomycin

AmpC Bacteremia and pneumonia Carbapenem or
cefepime

Piperacillin-tazobactam
Fluoroquinolone

Resistance to third-generation
cephalosporin develops on therapy

Urine and other low-severity,
low-inoculum infections

Third-generation cephalosporin
Aminoglycoside
Trimethoprim-sulfamethoxazole

CRE Bacteremia Colistina Tigecycline
Carbapenem (if MIC �4)
Only in combination therapy:
Rifampin
Fosfomycin
Aztreonam (for NDM strains)

If susceptible can use:
Aminoglycoside
Fluoroquinolone
Trimethoprim-sulfamethoxazole

Usually combination therapy
Combination therapy usually includes

2–3 drugs

ACCB All sites Carbapenem Sulbactam
Colistin
Tigecycline

Sulbactam may be equivalent to
carbapenem
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CR ACCB and
pan-resistant
ACCB

Bacteremia If Susceptible:
Sulbactam
Colistina

Tigecycline
In combination only:
Rifampin

Combination therapy commonly used

Pneumonia Systemic therapy plus aerosolized
aminoglycoside or colistin

MDR PA Bacteremia Colistina

Aminoglycosides
If susceptible:
Doripenem
For combination therapy only:
Rifampin
Fosfomycin

Combination therapy if possible for
bacteremia

Susceptibilities vary: some isolates
remain susceptible to ceftazidime,
cefepime, piperacillin-tazobactam, or
aztreonam

Pneumonia Systemic therapy plus aerosolized
aminoglycoside or colistin

UTI only Fosfomycin

Stenotrophomonas
maltophilia

Pneumonia and
bacteremia

Trimethoprim-
sulfamethoxazole

Ticarcillin–clavulanic acid
Fluoroquinolone

Levofloxacin and moxifloxacin more
active than ciprofloxacin

a Colistin or polymyxin B.
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especially in higher inoculum infections. Treatment failures with aminoglycosides have
also been reported.72 For nonbacteremic infections, especially those with low bacterial
inoculumand lower potential for emergence of resistance, fluoroquinolones and amino-
glycosides may be appropriate. Trimethoprim-sulfamethoxazole is also an option for
susceptible isolates, especially UTIs.64 Cephamycins, including cefoxitin, are not inac-
tivated by ESBLs and are active in vitro, but because resistance can develop by other
mechanisms, these are poor choices for serious infections.64 Fosfomycin is active
against most ESBL E coli and Klebsiella isolates, and is an option for UTIs.38,39

AmpC-Producing Enterobacteriaceae

Up to 20% of AmpC-producing Enterobacter cloacae may fail therapy with a third-
generation cephalosporin during treatment of bacteremia, owing to emergence of
resistance.73,74 Use of these agents is not recommended for serious infections caused
by AmpC-expressing GNB, especially bacteremia, pneumonia, and intra-abdominal
infections.74 Carbapenems and cefepime are not readily hydrolyzed by AmpC and
are treatments of choice. Rare strains are resistant to carbapenems or cefepime
because of altered permeability or expression of additional b-lactamases. Resistance
is less likely to develop to piperacillin-tazobactam than to third-generation cephalo-
sporins. Fluoroquinolones, aminoglycosides, and trimethoprim-sulfamethoxazole
are acceptable options for susceptible strains.

Carbapenem-Resistant Enterobacteriaceae

Recommendations for the treatment of CRE are based on in vitro data and published
experience from case reports, retrospective reviews, small case series, and recent
systematic reviews.75 Most data concern the treatment of KPC- or MBL-expressing
CR Klebsiella. In recent studies, other variables that affect the outcome of CRE

Fig. 2. Pharmacokinetics of standard-, prolonged-, and continuous-infusion b-lactam regi-
mens. The graph shows the representative pharmacokinetics of a standard dose of b-lactam
with a short half-life such as piperacillin-tazobactam when administered by 0.5-hour infu-
sion (dashed line) or by a 3-hour infusion (solid line) every 6 hours. When treating an organ-
ism with a higher minimum inhibitory concentration (MIC) of 16 mg/mL, the time that drug
concentration is above the MIC is increased using the prolonged infusion time. Administra-
tion of a standard bolus dose followed by continuous infusion of drug can theoretically pro-
vide even greater time above the MIC (dotted line).
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infections include site of infection and carbapenemMIC, as well as host factors such as
age, underlying comorbidities, severity of illness, and being in an ICU.75,76 Treatment
options are limited by the high rates of resistance to other drug classes, including resis-
tance to fluoroquinolone, aminoglycoside, and trimethoprim-sulfamethoxazole. Ninety
percent to 100% of isolates may be fluoroquinolone resistant. Rates of pan-
aminoglycoside resistance are variable especially for KPC strains, and aminoglyco-
sides have been used alone or in combination.77 CRE treatment regimens can be
broadly characterized as monotherapy, generally with either a carbapenem, colistin,
aminoglycoside, or tigecycline; or combinations that include colistin and/or a carbape-
nem.75 Other components of combinations often include tigecycline or rifampin. Com-
parison of different regimens is difficult because of patient diversity and variable CRE
susceptibility patterns. One recent review has attempted to compare the outcome of
various regimens.75 Although there are limitations to this analysis, there were some
interesting observations. Ineffective therapy resulted in worse outcomes.
Carbapenem-based combination regimenswere among themost effective despite car-
bapenemnonsusceptibility, andcarbapenemmonotherapywas superior to no effective
therapy. Effectiveness of carbapenems correlated withMIC, with some successes with
monotherapy for strains having MICs as high as 8 mg/mL.78 Despite reported suscep-
tibility to tigecycline of most CRE, failure rates may be higher than for other monother-
apy regimens, with reports of breakthrough bacteremia.37,75 Higher tigecycline doses
of 100 mg every 12 hours are recommended for bacteremic infections.75

Polymyxins are increasingly being used for the treatment of CRE, with more
published data for colistin than for polymyxin B. Ninety percent to 100% of KPC-
producing or MBL-producing K pneumoniae were reported as susceptible to poly-
myxins, but colistin-resistant strains are increasingly being described.79

Reported outcomes with colistin monotherapy vary greatly, in part likely because of
nonstandardized colistin dosing. Routine use of more uniform, data-driven dosing reg-
imens (Table 6), including an initial loading dose rapidly achieving levels above the
MIC, may provide better comparative data on colistin effectiveness.49

Table 6
Colistin dosing

Intravenous loading dose T � 2 � body weight
Not to exceed 300 mg
First maintenance dose in 24 h

Intravenous maintenance dose T � ((1.5 � creatinine clearance) 1 30)
Interval based on creatinine clearance
<10 mL/min/1.73 m2: interval every 12 h
10–70 mL/min/1.73 m2: interval every 12–8 h
>70 mL/min/1.73 m2: interval every 8 h
Intermittent hemodialysis (HD):
On non-HD days supplement with 30 mg of colistin
On HD days infuse after HD 39 mg of colistin every 12 h
Continuous hemofiltration: 192 mg every 8–12 h

Inhaled 150 mg every 12 h

Intrathecal 10–20 mg qd

T is defined as desired plasma colistin, which varies by MIC, organ, and severity of infection.
Data from Drusano GL, Lodise TP. Editorial commentary: saving lives with optimal antimicrobial

chemotherapy. Clin Infect Dis 2013;56:245–7; and Petrosillo N, Ioannidou E, Falagas ME. Colistin
monotherapy vs. combination therapy: evidence from microbiological, animal and clinical studies.
Clin Microbiol Infect 2008;14:816–27.
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Combination regimens, including some drugs that individually test as intermediate
or resistant, are increasingly being used for CRE, especially XDR and PDR strains.75

Regimens consist of at least 2 to 3 drugs from a menu including polymyxins, tigecy-
cline, rifampin, carbapenems, and aminoglycosides. Assumptions of synergy are
extrapolated from published experimental data rather than direct testing of clinical iso-
lates, as few institutions have the ability to perform real-time in vitro synergy studies. In
one in vitro study, polymyxin B plus rifampin was synergistic for 15 of 16 KPC K pneu-
moniae, including 2 polymyxin-resistant isolates.80 Similar results were seen for 12 of
12 polymyxin-resistant KPC strains.81 A double carbapenem regimen of ertapenem
plus doripenem also showed activity in vitro.82 There are numerous reports for other
combinations as well.75 Comparative outcome data for different regimens is lacking.
Aerosolized aminoglycosides or colistin can be used for the treatment of CRE pneu-
monia, usually in combination with systemic therapy.31

MDR, XDR, and Pan-Resistant Acinetobacter baumannii

ACCB strains possess numerous intrinsic resistances, and readily assimilate and ex-
press new resistance mechanisms. MDR ACCB are important nosocomial pathogens,
especially for VAP but also for traumatic wound infections, UTIs, andmeningitis.42 Pre-
viously considered a low-virulence, opportunistic pathogen, more recent studies
demonstrate the morbidity attributable to ACCB infections, as well as the benefits of
appropriate antibiotic therapy in improving survival in critically ill ICU patients with
ACCB bacteremia.42,43,83 Drugs used for the treatment of MDR ACCB alone or in
combination include carbapenems, sulbactam (available as ampicillin-sulbactam),
tigecycline, minocycline, aminoglycosides, rifampin, and polymyxins (see Table 5).
Occasional isolates remain susceptible to fluoroquinolone or trimethoprim-
sulfamethoxazole. Carbapenems are drugs of choice for ACCB, but rates of CR
ACCB have increased over the past decade.36,43,84,85 Carbapenem resistance ismedi-
ated by several classes of carbapenemases, most prominently the oxacillinase (OXA)
and MBL enzymes; effects of carbapenemases are augmented by changes in outer
membrane protein and multidrug efflux pumps. Unlike other GNB, ACCB may display
differential susceptibilities for imipenem and meropenem.43 Doripenem is not signifi-
cantly more active than other carbapenems.86 For ACCB with higher carbapenems
MICs, higher doses and extended-interval dosing with meropenem (2 g every 8 hours)
or doripenem (up to 1 g every 8 hours) may provide a pharmacodynamic advantage.27

Sulbactam is active against many ACCB strains. In one study, outcomes for ACCB
were better with ampicillin-sulbactam than with a carbapenem.42 High total daily sul-
bactam doses of 6 g (18 g ampicillin-sulbactam) were used for bacteremia and menin-
gitis. Sulbactam resistance is increasing.43 A combination of a carbapenem and
sulbactam was reported to be effective in 4 patients with sulbactam-resistant CR
ACCB.87

Of other agents employed for CR ACCB, polymyxins maintain the highest suscepti-
bility rates and are the most extensively studied.27,36,43 Colistin monotherapy was
equivalent to a carbapenem for the treatment of ACCB pneumonia, and a recent
meta-analysis of 6 ACCB pneumonia studies suggested that colistin monotherapy
was as effective as comparators, without evidence of higher toxicity.51,88 For CR
ACCB, colistin combined with carbapenems, rifampin, tetracyclines, macrolides, and
even glycopeptides have been studied in vitro and in animal models for.27,43,89–91

Colistin resistant strains may be hypersusceptible to non–gram-negative antibiotics,
possibly because of enhanced outer membrane permeability (see Fig. 2).90 There
are only limited outcome data comparing colistin monotherapy with combination ther-
apy. One retrospective study showed no benefit of colistin plus meropenem versus
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colistin alone for MDR infections.17 Intravenous colistin has been combined with aero-
solized colistin for treating MDR ACCB pneumonias.31,61

The tetracyclines tigecycline and minocycline are options for the treatment of CR
ACCB infections, including colistin-resistant strains, although rates of tigecycline
resistance are increasing.36,40,43 Success rates for tigecycline monotherapy or combi-
nation therapy for nosocomial ACCB pneumonia are reported to be as high as 75%,
although outcomes for bacteremia are worse.43,92 Tigecycline doses of 100 mg every
12 hours have been used to optimize serum levels.37,43 Susceptibility rates for mino-
cycline are similar to those for tigecycline, and intravenous minocycline is now avail-
able in the United States. In vitro studies show synergy with minocycline and colistin
and carbapenems, even against isolates resistant to some of these agents, although
experience with minocycline for serious ACCB infections is limited.41

Treatment of nosocomial meningitis caused by ACCB, especially CR ACCB, is
especially challenging. Sulbactam at maximal doses may not achieve adequate
CSF levels. Colistin has been administered intrathecally, either alone or with systemic
therapy, and appears to be well tolerated.93

MDR and XDR Pseudomonas aeruginosa

PA remains an important pathogen in the ICU. Like ACCB, PA expresses many anti-
microbial resistances and demonstrates propensity to develop resistance while on
therapy, although PA is a more virulent pathogen. PA is a major cause of health
care–associated pneumonia and VAP, but is important in other settings, including neu-
tropenic and burn patients, injection drug users, and patients with cystic fibrosis and
chronic lung diseases. Although an MDR phenotype is less prevalent among PA than
in ACCB, MDR PA infections, particularly respiratory infections and bacteremia, are
extremely challenging and have high mortality.94 Increasing rates of MDR PA are re-
ported in surveys of ICUs internationally.13,95

PA express b-lactam resistance through expression of multiple b-lactamases
including AmpC, MBLs, KPCs, and OXA enzymes, as well as by efflux pumps and
changes in outer membrane permeability. Unlike inmost CRE and CRACCB, carbape-
nem resistance does not indicate broad resistance to all b-lactams or even resistance
to all carbapenems, especially for resistance mediated primarily by permeability
changes and not carbapenemases. For example, doripenem may be active against
OprD outer membrane mutants with a low level of imipenem resistance, but imipenem
and doripenem may be active against strains with efflux-mediated resistance to mer-
openem.96 Susceptibility to cefepime, ceftazidime, or piperacillin-tazobactam may
be preserved despite carbapenem resistance. However, PA strains susceptible to
b-lactams such as piperacillin-tazobactam often have MICs near susceptibility break-
points with a higher likelihood of emergence of resistance on therapy, thus use of
maximal daily doses and extended-interval infusions may be appropriate.56

PA may remain susceptible to some aminoglycosides; tobramycin and amikacin are
usually the most active. Aminoglycoside monotherapy is not recommended for most
serious PA infections, especially pneumonia or bacteremia, but options for agents to
combine with an aminoglycoside may be limited with concurrent b-lactam and quino-
lone resistance. Aerosolized aminoglycosides have been used for treatment of VAP
caused by MDR PA.31,59 Aerosolized therapy may be especially useful in cases where
risks of toxicity of systemic aminoglycosides are high or where MICs are higher than
levels achievable with systemic therapy.
Polymyxins remain active in vitro against most PA strains in recent surveys,

although there are reports of resistance emerging on therapy.97–99 Clinical experience
with polymyxins for PA bacteremia is limited. Monotherapy has been effective in some
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patients but is inferior to b-lactam therapy.98 Recent trials of aerosolized colistin have
included VAP patients with MDR PA, with favorable reported outcomes.31,61 Suscep-
tible PA infections are commonly treated with combination therapy, most often with a
b-lactam plus an aminoglycoside, although the benefits of this strategy remain contro-
versial.100 There are few clinical data available on combination therapy for MDR and
XDR PA strains. There are in vitro data for colistin plus doripenem, or with rifampin
for MDR and XDR PA.34 Colistin-aminoglycoside combinations would be predicted
to have high rates of nephrotoxicity. Parenteral fosfomycin remains an alternative
for use in combination therapy for systemic MDR PA infections.101

MDR Stenotrophomonas maltophilia

Stenotrophomonas maltophilia (SM) is a low-virulence but highly resistant GNB that
colonizes patients and occasionally causes respiratory infections in ICUs. SM is resis-
tant to carbapenems and usually most other b-lactams, as well as aminoglycosides.102

Trimethoprim-sulfamethoxazole is active against nearly all strains, and is the treatment
of choice.19,102 Ticarcillin-clavulanate may be effective, even for isolates resistant to all
other b-lactams, and fluoroquinolones are also an alternative for susceptible isolates.103

Unlike for most GNB, levofloxacin and moxifloxacin are more active than ciprofloxacin
against SM in vitro. Tigecycline and minocycline also have excellent in vitro activity.103

ADJUVANT THERAPY FOR MDR INFECTIONS: SOURCE CONTROL AND INFECTION
PREVENTION

With increasing drug resistance and few new antibiotics available, a crucial component
of management of infections caused byMDRpathogens is source control. Source con-
trol is critical to the management of septic shock and severe sepsis.104,105 Though not
specifically studied for less severe MDR infections, prompt removal of infected venous
catheters and devices, drainage of infected collections, and debridement of infected
soft tissue are efficacious ways to decrease the bacterial burden and limit the develop-
ment of even further resistance to the few useful drugs available. Surveillance and
infection-prevention strategies are beyond the scope of this reviewbut are also a critical
component in identifying and limiting the spread of MDR infections in the ICU setting.

SUMMARY

MDR gram-negative infections are increasingly prevalent in ICUs worldwide, and ther-
apeutic options are limited. Antibiotic choices vary with class of resistance. For the
most resistant organisms such as CRE and MDR ACCB, treatment may include poly-
myxins and other older drugs, newer drugs such as tigecycline, and multidrug combi-
nations. Current evidence for combinations is limited. Source control is also critical in
the management of MDR infection.
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