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Epidemiology

The prevalence of multidrug resistance (MDR) in Gram-
negative bacteria isolated from clinical samples continues
to increase globally (1,2). Several reports indicate a simi-
lar continued trend toward increased resistance in Gram-
negative bacteria isolated from transplant patients (3–6).
Clinically important MDR bacteria that have been reported
in transplant recipients include nonlactose fermenters
such as Pseudomonas species, Burkholderia species and
Stenotrophomas species, as well as carbapenem-resistant
(CR) Acinetobacter species, and MDR Enterobacteriaceae,
with CR Enterobacteriaceae (CRE) being of particular con-
cern. For the purposes of this paper, MDR is defined
as nonsusceptibility to at least one agent in three or
more antibiotic classes (7). Pan-resistance (PR) is de-

fined as nonsusceptibility to all licensed, routinely avail-
able antibacterials. The impact of infection with MDR or
PR bacteria on transplant recipient survival has become
an important concern as several reports indicate signifi-
cantly decreased survival of patients infected with such
bacteria (8–12).

MDR Enterobacteriaceae and CR Acinetobacter

(CRAB)

In several cohorts of transplant recipients, dramatic in-
creases in percentages of Enterobacteriaceae, which
are ciprofloxacin-resistant or produce extended-spectrum
beta-lactamase (ESBL) or AmpC have been reported. Rates
of ESBL producing Enterobacteriaceae ranged from 8% to
77% in these studies (3,4,13–15). In kidney transplant re-
cipients, ESBL-producing Enterobacteriaceae were found
to be associated with recurrent urinary tract infection (UTI);
the incidence of ESBL producing Enterobacteriaceae in-
creased from 13%, 38% to 45% for first, second, and
third UTI episodes, respectively (15).

Prevalence data for CRE and CRAB in transplant popula-
tions are limited and highly variable by region. Most case
series are from higher endemic areas for these MDR bac-
teria, resulting in relatively higher percentages of resis-
tant bacteria reported, ranging from 18% to 50% (16–18).
One year after transplantation, infection with CR Klebsiella
pneumoniae was a predictor of time-to-death in 175 liver
transplant recipients, (HR 4.9, 95%CI 1.5–15.6) (16). Mor-
tality at 30 days was 42% in 12 transplant recipients in-
fected with CR K. pneumoniae, with most deaths directly
attributable to infection (17).

MDR Pseudomonas, Stenotrophomonas,

Achromobacter and Burkholderia

Lung transplant recipients: MDR or PR Pseudomonas
aeruginosa colonize the respiratory tract of especially cys-
tic fibrosis (CF)-lung transplant recipients in up to 52%
prior to transplantation, with posttransplantation coloniza-
tion rates reaching 75% (19–21). P. aeruginosa also re-
mains the most frequent microorganism identified during
pneumonia after lung transplantation, being responsible in
25% (22). Despite early reports suggesting reduced sur-
vival, more recent studies suggest similar survival of CF-
lung transplant recipients independently of pretransplant
colonization by MDR or PR P. aeruginosa, with an overall
survival similar to general results in the United Network of
Organ Sharing (UNOS) registry (20,21,23). Pretransplant
colonization with MDR or PR P. aeruginosa is therefore not
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considered an absolute contraindication for lung transplan-
tation in the “International Guidelines for the Selection of
Lung Transplant Candidates”. It is suggested to include col-
onization by such bacteria in a comprehensive evaluation in-
cluding all other comorbidities to determine whether their
combination increases the risk of transplantation above a
safe threshold (24) (II-2). P. aeruginosa has also been sug-
gested to participate in the pathogenesis of bronchiolitis
obliterans (BOS), a major limiting factor for long-term sur-
vival after lung transplantation (19,23,25).

Colonization by Burkolderia species is less frequent, affect-
ing 6–9% of lung transplant recipients, and colonization
by PR Stenotrophomonas maltophilia and Achromobac-
ter xylosoxidans remains rare (26,27). Of the 17 geno-
typically distinct species forming the Burkholderia cepa-
cia complex, Burkholderia cenocepacia (genomovar III) and
Burkholderia multivorans (genomovar II) account for 85%
of isolates in both the United States and France (27,28).
Resistance is common with 86% of B. cenocepacia being
MDR, including 43% PR isolates and 78% of non-B. ceno-
cepacia isolates being MDR including 56% PR isolates (29).

Posttransplant survival among patients colonized by
Burkholderia depends on the species. Colonization by B.
multivorans is associated neither with a higher mortality
risk nor with reduced survival (27,29–31), and patients col-
onized with these bacteria should therefore not be denied
access to lung transplantation (II-2). In contrast several
studies have shown reduced 1-year survival from 90% to
less than 30% for patients colonized by PR B. cenocepa-
cia (26,27,29,31). The International Guidelines updated in
2006 did not consider colonization by PR B. cenocepa-
cia to be an absolute contraindication for transplantation,
but suggested particular care to be taken in the identi-
fication of species and repeated antibiotic susceptibility
testing (24). However, because of a deemed unaccept-
ably high risk of fatal outcome, some more recent reports
recommend to discontinue listing such patients for lung
transplantation (29,31) (III). Whether an aggressive multi-
disciplinary management including reduced immunosup-
pression, improved nutrition and long-term antibiotic treat-
ment might improve survival of these patients remains
questionable (27,32). In the light of the present data we
recommend that patients colonized by B. cepacia complex
are referred to reference centers and that the different
species and antibiotic susceptibilities are precisely deter-
mined using appropriate reference laboratories (II-2). Those
patients colonized by PR B. cenocepacia should be evalu-
ated for lung transplant with extreme caution due to the
documented increased risk of morbidity and mortality (II-2).
Adequate information should be provided to patients and
relatives concerning the high risk of poor outcome (II-2).

Other solid organ transplant recipients: In nonlung
transplant recipients P. aeruginosa is also a major pathogen.
P. aeruginosa is responsible for up to 14% of all

bloodstream infections in kidney, 6.5% in liver and 5%
in pancreas transplant recipients in the Spanish RESITRA
cohort (8). In these patients P. aeruginosa remains essen-
tially an early nosocomial pathogen, being responsible for
up to 23% of Gram-negative bacteremia within 1-month
posttransplantation, but only for 3% of episodes after
12 months (3,33). Strikingly, as compared to nontransplant
patients, MDR isolates among P. aeruginosa bloodstream
infections are more frequent in transplant recipients reach-
ing 43% in Pittsburgh and even 52% in China (11,34). P.
aeruginosa is also a frequent cause of nosocomial pneu-
monia in both kidney and liver transplant recipients, with
an incidence of MDR isolates in this setting between 50%
and 65% (10,35). In renal transplant recipients, P. aerugi-
nosa is also a frequent cause of UTI, being responsible for
up to 10% of cases and frequently MDR (36,37).

Risk Factors

Specific risk factors for antibiotic resistance in transplant
patients have not been systematically studied in large-scale
multicenter analyses. General risk factors for acquisition of
MDR bacteria are increasingly recognized to be shared
among pathogens, and include prior antimicrobials, de-
vices, longer length of hospital stay, and increased sever-
ity of underlying illness (38). As transplant recipients often
have several of these risk factors, it is not surprising that
organ transplantation has been reported as a risk factor for
MDR Gram-negative bacteria with odds ratios ranging from
3.2 to 3.7 (34,39,40). An alarming trend toward increased
prevalence of MDR bacteria in long-term care facilities has
been noted in several studies (41–43). Therefore, the de-
cision to discharge a transplant recipient to an extended
care facility may have a substantial impact on their risk of
acquiring MDR bacteria.

MDR Enterobacteriaceae and MDR Acinetobacter

Similar to the nontransplant population, risk factors for solid
organ transplant (SOT) recipients to acquire MDR Enter-
obacteriaceae and Acinetobacter including previous use of
antibiotics, prolonged intensive care unit (ICU) stay, and
renal failure with or without dialysis, have been derived
from single transplant center studies (6,13,44–46). Addi-
tional transplant-specific risk factors, which have been re-
ported include combined kidney–pancreas transplantation
as compared to isolated kidney transplant recipients, post-
transplant dialysis or urinary obstruction and renal trans-
plant versus other organs (13,44). In the pediatric trans-
plant population, younger age and the placement of cen-
tral venous catheters are additional risk factors (47). No
studies specifically link antimicrobial prophylaxis for spon-
taneous bacterial peritonitis (SBP) to posttransplant MDR
infections. However, prior antibiotic use is a consistent risk
factor, and studies in patients with liver cirrhosis show that
SBP prophylaxis is associated with increased rates of both
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Table 1: Diagnosis

Organism Recommendation Level

All Obtain cultures from appropriate sites I
Suspect MDR bacteria in the following:

Lack of clinical response
Presence of risk factors for MDR bacteria
Prior isolation of MDR bacteria

Enterobacteriaceae
ESBL-producing Use current CLSI or EUCAST breakpoints for cephalosporins II-1

Alternative: ESBL screening by double disk diffusion assay or
by broth dilution testing with and without a b-lactamase inhibitor

Carbapenem-resistant Use current CLSI or EUCAST breakpoints for carbapenems II-1
Alternative: carbapenemase screening by modified Hodge

testing
MDR Acinetobacter Use varying assays based on specific antibiotic tested II-1

Test each carbapenem individually
MDR P. aeruginosa MacConkey agar I

Cetrimide agar
Etest or standardized disk diffusion tests

MDR B. cepacia complex BCSA, OFPBL or PC agar I
Use MCBT only in selected cases II-3

MDR A. xylosoxidans Etest or standardized disk diffusion tests I
MDR S. maltophilia MacConkey agar or VIA agar I

DNase confirmatory media or biochemical or molecular
identification.

Etest or standardized disk diffusion tests

BCSA = Burkholderia cepacia selective agar; CLSI = Clinical and Laboratory Standards Institute; ESBL = extended spectrum beta-
lactamase; EUCAST = European Committee on Antimicrobial Susceptibility Testing; MCBT = Multiple combination bactericidal antibiotic
testing; OFPBL = oxidation-fermentation, polymyxin B = bacitracin, lactose; PC = Pseudomonas cepacia; VIA = vancomycin, imipenem,
amphotericin B.

ESBL-producing bacteria, as well as increased quinolone
resistance (48,49).

MDR Pseudomonas, Stenotrophomonas,

Achromobacter and Burkholderia

As for other MDR isolates, the main risk factor for ac-
quisition of MDR P. aeruginosa is exposure to repeated
and/or prolonged courses of antibiotic treatments. Selec-
tion of P. aeruginosa isolates with increased resistance to-
ward the antimicrobial that have been previously used has
been documented in the nontransplant population, with
persisting resistance toward imipenem and ciprofloxacin
despite their discontinuation (50,51). For both P. aeruginosa
and B. cepacia complex, patient-to-patient transmission oc-
curs mainly via the direct or indirect contact or droplet
routes (52). Importantly transmission of the epidemic P.
aeruginosa Liverpool strain has been linked to social net-
works among patients (52). Posttransplant acquisition in
non-CF lung transplant recipients of both P. aeruginosa and
B. cepacia complex has not been well documented. For
both S. maltophilia and A. xylosidans there is also evidence
of patient-to-patient transmission. For MDR P. aeruginosa
blood-stream infections in nonlung transplant recipients,
independent risk factors include admission to ICU in the
previous year (Odds Ratio [OR]: 5.14), antibiotic treatments
in the last 30 days (OR: 5.62) and hospital acquisition (OR
3.81) (34).

Diagnosis

When resistant bacteria are isolated from a patient, the
clinical significance of the organism must be evaluated by
assessing the source of the culture and the method of
collection (II-2). Early involvement of an infectious disease
specialist may aid in distinguishing colonization from in-
fection and to help guide therapy. Identification of MDR
Gram-negative bacteria may be complicated and it is im-
portant that isolates be evaluated in microbiology labora-
tories experienced in the recognition of these bacteria. If
unusual susceptibility patterns are noted on routine screen-
ing of Gram-negative bacteria, further testing may be war-
ranted. If the laboratory is not experienced in this test-
ing, referral to a reference laboratory may be indicated (III)
(Table 1).

MDR Enterobacteriaceae

Following the initiative of the European Committee on An-
timicrobial Susceptibility Testing (EUCAST), the Clinical and
Laboratory Standards Institute (CLSI) revised their interpre-
tive criteria for cephalosporins in 2010 (53,54). If these new
criteria are employed, further ESBL screening is no longer
recommended for all isolates. However, as per CLSI, con-
firmatory testing may still be useful for epidemiological or
infection control purposes (54). Differences between non-
susceptibility breakpoints between EUCAST and CLSI can
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lead to differences in detection of ESBL-producing Enter-
obacteriaceae for instance for ceftazidime (55). In case new
cephalosporin interpretive criteria have not been adopted
by the clinical microbiology laboratory, ESBL screening will
still need to be performed by either a double disk diffu-
sion assay or by broth dilution testing with and without a
b-lactamase inhibitor (54) (II-1). Some laboratories use the
ESBL E-test strip, although there are no CLSI guidelines
for interpretation. New CLSI breakpoints for carbapenem
susceptibility in Enterobacteriaceae were also established.
These are substantially lower than the previous break-
points, for instance for ertapenem the breakpoint for sus-
ceptibility has been lowered from ≤2 to ≤0.5 lg/mL (54).
However, the Food and Drug Administration (FDA) break-
points have not yet been changed. This has resulted in a
complicated situation for clinical microbiologists, who may
be reluctant to use the new CLSI breakpoints. If the current
CLSI carbapenem breakpoints are not yet adopted by the
clinical microbiology laboratory, CLSI recommends screen-
ing for carbapenemase production by modified Hodge
testing (54).

MDR Acinetobacter Baumannii

Identifying resistance in Acinetobacter baumanii is com-
plicated and there may be poor concordance between
disc susceptibility testing and microbroth dilution meth-
ods (56,57). The accuracy of breakpoints for susceptibility
testing with regards to clinical outcomes may be variable.
Consequently different assays may be required for differ-
ent antibiotic classes (II-1). Because susceptibility to spe-
cific carbapenems may vary, each carbapenem should be
tested individually.

MDR Pseudomonas, Stenotrophomanas,

Achromobacter and Burholderia

Identification of MDR bacteria from CF respiratory tract se-
cretions may be complicated by their mucoid and polymi-
crobial nature and the slow growth of some bacteria. Se-
lective media and specific identification procedures are
recommended for the isolation of P. aeruginosa (Mac-
Conkey agar, cetrimide), B. cepacia complex (OFPBL agar,
PC agar, BCSA), S. maltophilia (MacConkey agar, VIA agar,
DNase agar confirmatory media or biochemical or molec-
ular identification) and A. xylosoxidans (MacConkey agar,
biochemical identification assay) (58–61) (I). Identification
of species of the B. cepacia complex, indicated because of
differing clinical outcomes with infections caused by cer-
tain members of this class, may require molecular testing.
Antibiotic resistance is common and susceptibility test-
ing should be repeated at regular time intervals while pa-
tients are on the waiting list to allow adequate antimicro-
bial therapy at the time of transplant surgery. Automated
susceptibility testing may be unreliable and either Etest
or standardized disk diffusion tests should be used (62) (I).
Multiple combination bactericidal antibiotic testing (MCBT)
initially appeared a promising tool to design treatment com-
binations for CF patients infected by B. cepacia complex.

However, the only controlled clinical trial testing MCBT to
treat exacerbations in CF patients failed to show any im-
provement as compared to standard culture and sensitivity
techniques (63). In the absence of clinical data supporting
an advantage of in vitro synergy testing, MCBT cannot be
routinely recommended, but might be useful in specific
cases (64) (II-3).

Prevention

Various MDR Gram-negative bacteria are associated with
different settings—for example MDR or PR P. aeruginosa
and B. cepacia typically emerge in CF patients due to
repeated antibiotic exposure over many years—and con-
sequently preventive strategies for different bacteria vary
(25–27,52). However, important areas of overlap in pre-
ventive efforts can be identified. Most importantly, pre-
vention should include a reduction in antibiotic exposure
before and after transplantation wherever it is safe to
do so (6,13,38,65). All unnecessary exposure to antibi-
otics should be avoided, the length of antibiotic treat-
ments should be kept as short as possible, and the spec-
trum of coverage as narrow as possible (III). Except for
lungs, per transplant prophylactic antibiotics should not
be used beyond 48 hours posttransplantation (III). Expo-
sure to interventions and indwelling devices should simi-
larly be restricted. Length of endotracheal intubation should
be reduced, invasive devises and central venous and uri-
nary catheters should be removed as soon as possible
(10,38,65) (III).

MDR Enterobacteriaceae and Acinetobacter

While ESBL producing bacteria are also seen in increas-
ing frequency in community-acquired infections, CRE and
MDR Acinetobacter remain mostly associated with noso-
comial infections. Traditionally, infection control efforts
have focused on the hospital setting. However, increasing
evidence supports that long-term acute and chronic care
facilities serve as a reservoir for MDR bacteria (42). There-
fore, increased efforts to limit long-term care exposure for
transplant recipients and efforts to improve infection con-
trol in these settings are indicated.

A number of hospital outbreaks have been reported of
infections with MDR Enterobacteriaceae, including CRE
(45,66–69). Consequently, appropriate laboratory tech-
niques coupled to responses from healthcare providers
should lead to environmental control measures and an-
timicrobial strategies to limit spread (I). This should include
contact isolation, defined as the use of gowns and gloves
and patient placement in private rooms with dedicated
bathroom facilities or cohorting of patients with others
who are colonized or infected with the same organism
(II-2). As with all patients, strict hand hygiene measures
before and after contact with the patient or patient contam-
inated surfaces are critical to limiting the spread of MDR
bacteria (II-2). Since there is the potential for prolonged
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carriage of these bacteria in the intestinal tract, even fol-
lowing treatment, these patients should be identified and
either isolated or cohorted upon readmission to the hos-
pital or transfer to other facilities. Currently there is no
recommendation for screening of asymptomatic patients
as there are no data regarding the sensitivity or benefits
of this screening. Because hospital-wide as well as com-
munity antimicrobial prescribing practices will impact the
resistance patterns observed in transplant recipients, it is
important to restrict antibacterial use to those patients in
whom bacterial infection has been documented or strongly
suspected (II-3). Donor-derived infections with MDR Enter-
obacteriaceae present a unique opportunity for prevention.
Twelve recipients have been reported, of whom five expe-
rienced clinical donor-derived infection resulting in death in
two patients, renal graft loss in two other patients and in
one patient resolution of infection after prolonged combi-
nation treatment (70–73). If donor colonization or infection
with CRE is known prior to transplantation, a risk-benefit
evaluation should be made, taking into account the organ
to be transplanted and the source of the positive donor cul-
tures. Selective decontamination of the digestive tract has
not been proven to be of benefit in transplant recipients or
candidates, and cannot be recommended at this time for
prevention of infections with MDR Enterobacteriaceae or
MDR Acinetobacter (III).

MDR Pseudomonas, Stenotrophomonas,

Achromobacter and Burkholderia

Efforts should be made to minimize the risk of pretrans-
plant acquisition of MDR or PR bacteria in CF-lung trans-
plant recipients. These should include parsimonious use of
antibiotics and as much as possible nonantimicrobial man-
agement strategies to control CF exacerbations (III). The
widespread transmission of epidemic clones of P. aerugi-
nosa also underlines the importance of avoiding socializa-
tion among CF patients (52). The “3 foot rule” advocated
as the minimal distance between CF patients has recently
been suggested not to be sufficient, as infectious particles
in small size droplets might remain in the air for several min-
utes to hours (52). Whether aerosolized colistin can pro-
mote emergence of antibiotic susceptible P. aeruginosa in
pretransplant CF patients colonized by MDR P. aeruginosa
needs confirmation (74). On the other hand aerosolized
colistin might favor colonization by intrinsic colistin resis-
tant B. cepacia complex. Home-use nebulizers have been
identified as potential primary source of B. cepacia and S.
maltophilia in CF patients. Clearly, strict nebulizer hygienic
practices should be endorsed to avoid such acquisition
routes (III). Some centers recommend sinus surgery (en-
doscopic frontosphenoethmoidectomy) to reduce bacterial
seeding from the paranasal sinuses, acting as reservoirs for
P. aeruginosa and B. cepacia complex, to the transplanted
lungs. Whether this approach reduces the incidence of tra-
cheobronchitis and the risk of bronchiolitis obliterans (BOS)
remains controversial (75,76). Consequently, this approach
cannot be routinely recommended at this time (II-3). Com-

bined continuous sinonasal and bronchial colistin inhala-
tion has been recently suggested to prevent pulmonary
postlung transplant recolonization by P. aeruginosa (77).

Colonized lung transplant recipients are also a potential
reservoir for transmission to other transplant patients. Con-
tact isolation measures should therefore be considered for
transplant recipients harboring MDR and/or PR bacteria
(III). Cohorting of patients with MDR P. aeruginosa is so far
not recommended. In contrast, because of the dramatic
rise in serious posttransplant complications, separation of
patients colonized with B. cenocepacia from those patients
free of this pathogen seems justified (III). As previously
noted, hand hygiene measures are critical to control the
spread of these resistant bacteria (II-2). Additionally the
previously noted caveats regarding maintaining the appro-
priate level of patient care despite isolation should also be
considered. Recently, donor-derived infections with MDR
P. aeruginosa have been reported (78,79). Obviously, all ef-
forts should be made to identify organ donors with MDR
P. aeruginosa infections in order to give preemptive antibi-
otics to the recipients (II-3).

Treatment

Source control–removal of infected devices, drainage of
collections—is the most important predictor of a good
outcome for many infectious syndromes (40,80). There-
fore, adequate source control as allowed by clinical
circumstances should be the first priority in all patients
infected with MDR Gram-negative bacteria (II-2). Antimi-
crobial treatment should be selected on the basis of in
vitro susceptibility, predicted levels at the site of infec-
tion, cost, method of administration and side effect profile.
Empiric therapy for suspected Gram-negative bacterial in-
fections in transplant recipients should be guided by the
type of infection (nosocomial vs. community acquired), the
local resistance patterns, known MDR Gram-negative col-
onizers for the specific patient, and the severity of the
infection (III). Data to support recommendations regard-
ing duration of antibiotic courses are lacking. In general,
guidelines for specific infectious syndromes such as pneu-
monia or bloodstream infection may be followed. How-
ever, duration of treatment in transplant recipients infected
with MDR Gram-negative bacteria should be individual-
ized and guided by response to treatment and degree of
source control, as well as by side effects of therapy (III)
(Table 2).

MDR Enterobacteriaceae

For MDR Enterobacteriaceae that retain susceptibility to
carbapenems, these are generally the drug class of choice.
In selected infections with ESBL producing bacteria, ce-
fepime and piperacillin/tazobactam may still be used upon
documentation of in vitro susceptibility. However, the use
of cefepime in such conditions should be restricted to
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Table 2: Treatment recommendations

Organism Recommendation Level

All Source control should be aggressively pursued I
Early transplant infectious disease consultation

ESBL-producing Enterobacteriaceae Carbapenems I
Alternative: cefepime or piperacillin/tazobactam (if susceptible
and low inoculum infection)

III

Carbapenem-resistant Systemic infections: II-3
Enterobacteriaceae Individualized combination regimen with two or more of the

following:
Colistin
Tigecycline
Aminoglycosides (if susceptible)
High-dose, prolonged infusion carbapenems

Uncomplicated UTI:
Oral fosfomycin (if susceptible)
IV aminoglycosides (if susceptible)

MDR Acinetobacter Carbapenems (except ertapenem) if susceptible II-3
If carbapenem resistant consider combination therapy with:

Colistin
Ampicillin/sulbactam if sulbactam susceptible
Tigecycline (if susceptible and no bloodstream or urinary
infection)
Rifampicin

MDR P. aeruginosa Individualized combination regimen with two or more of the
following:

II-2

Antipseudomonal beta-lactam (consider high doses of
prolonged or continous infusion)
Aminoglycoside
Ciprofloxacin
Adjunctive aerosolized colistin or tobramycin

PR P. aeruginosa Individualized combination regimen with three or more of the
following:

II-2

IV colistin
Doripenem or another anti-pseudomonal beta-lactam (consider
high doses of prolonged or continuous infusion)
Aminoglycosides
Fosfomycin
Rifampicin
Adjunctive aerosolized colistin or tobramycin

MDR B. cepacia complex High dose TMP/SMX II-2
Alternatives if susceptible:

Meropenem
Ciprofloxacin

TMP/SMX-R or PR Combination therapy with: II-2
B. cepacia complex Meropenem

Aminoglycoside
Ceftazidime (or trimethoprim sulfamethoxazole)

MDR A. xylosoxidans Combination therapy: III
Piperacillin/tazobactam
Carbapenems (except ertapenem)
TMP/SMX

MDR S. maltophilia High dose TMP/SMX II-2
Alternatives:

Ticarcilline/clavulanate
Moxifloxacine
Doxycycline
Tigecyline
Consider combination therapy

IV = intravenous; MDR = multidrug resistant; PR = pan-resistant; TMP/SMX-R = trimethoprim/sulfamethoxazole resistant.
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infections with a low bacterial inoculum (i.e. for a UTI but
not for a pneumonia) (III). CRE present a greater therapeu-
tic challenge, as CRE generally retain in vitro susceptibil-
ity only to colistin, tigecycline and fosfomycin, and display
variable in vitro susceptibility to selected aminoglycosides.
Side effects of colistin include nephrotoxicity and neurotox-
icity. Tigecycline is an alternative choice, with a more at-
tractive side effect profile. Its most common side effect is
nausea, which may be quite severe. Tigecycline should not
be used for UTI (81,82) (II-3). Also, low serum levels raise
concern for its use as monotherapy for bloodstream infec-
tions (III). The FDA issued a warning regarding increased
mortality risk associated with tigecycline in 2010. The out-
comes of four meta-analyses trying to assess this risk have
been conflicting (83–86). However, a small but significant
increased mortality risk is likely to be associated with the
use of tigecycline, most likely secondary to decreased ef-
ficacy. However, it should be noted that these studies did
not specifically address the treatment of CR bacteria.

In the United States, fosfomycin is currently available only
in oral form, and can be quite useful in the treatment
of UTI in patients without renal failure caused by MDR
Enterobacteriaceae (fosfomycin is not active against Acine-
tobacter). However, emergence of resistance has been re-
ported (87). For UTI with CR bacteria susceptible to amino-
glycosides, these are the agents with the highest response
rate (82,88). However, their use is limited by nephrotoxicity
as well as ototoxicity.

Limited data suggest that if the carbapenem MIC is
≤4 mg/L, high-dose carbapenems given by prolonged in-
fusion may be beneficial in a combination regimen for
the treatment of CRE (89). In addition, results from a
murine model and in vitro data hint at potential efficacy
of double-carbapenem therapy (90). There is a general
lack of prospective data comparing treatment modalities
not only in transplant recipients but also in the nontrans-
plant population. Whether combination therapy improves
outcomes has been insufficiently studied as well. In non-
transplant populations, retrospective studies in CRE blood-
stream infections have shown a survival benefit associ-
ated with combination therapy (91–94). The combination of
meropenem, tigecycline and colistin was associated with
lower mortality in one study (OR for 30-day mortality 0.27,
p = 0.009) (92).

MDR Acinetobacter Baumannii

Carbapenem susceptible isolates should be treated with
a carbapenem (except ertapenem) (II-3). CR Acinetobacter
may remain susceptible in vitro to the sulbactam com-
ponent of ampicillin/sulbactam. If this is documented,
ampicillin–sulbactam may be used for treatment. Many
isolates however are susceptible to colistin only (95). If
susceptibility is documented, aminoglycosides may also
be of use in the treatment. The use of tigecyline is lim-
ited by widespread resistance and reports of treatment
failure (96–98). Although rifampin has been used in combi-

nation therapy where multiresistance may be anticipated,
the risk of drug interactions with calcineurin inhibitors and
mTOR inhibitors should limit its use (III).

MDR Pseudomonas, Stenotrophomonas,

Achromobacter and Burkholderia

Transplant recipient specific studies concerning the treat-
ment of MDR P. aeruginosa, B. cepacia complex,
Stenotrophomonas and Achromobacter infections are
lacking.

Optimal treatment for non-MDR P. aeruginosa infections re-
mains controversial. In the nontransplant population it ap-
pears that initiation of therapy with a combination therapy
(usually a beta-lactam combined with an aminoglycoside)
for a limited time (3–5 days), followed by a beta-lactam
monotherapy, might improve survival and limit the nephro-
toxicity of aminoglycosides (99) (II-2). This is even more
important after transplantation when renal failure and /or
coadministration of other nephrotoxic drugs are common.
In contrast, for MDR/PR P. aeruginosa infections in lung
transplant recipients most experts recommend combina-
tion therapies including two or three different classes (beta-
lactam + aminoglycoside ± fluoroquinolone) of antibiotics
for 10–14 days (23,27,29,100) (II-2). In nonlung SOT pa-
tients, shorter treatment durations (7–10 days) might be
possible depending on the infection site (III). In all cases the
duration of therapy, as well as the timing of downgrading
towards monotherapy, should always been guided by the
clinical evolution and a careful reevaluation of the balance
between reduced risk of recurrence versus selection of fur-
ther resistance and drug dependent side effects associated
with prolonged antibiotic therapy (III). Novel combination
regimens may include colistin, doripenem, aminoglyco-
sides, fosfomycine and rifampicin, however, most of the ev-
idence is provided so far by in vitro studies and clinical expe-
rience is limited to small case series (64,100–102). In order
to optimize pharmacokinetics, prolonged as well as con-
tinuous high-dose beta-lactam infusion therapy might be
advantageous, as suggested for piperacillin–tazobactam,
ceftazidime, meropenem and doripenem (102,103) (II-2).
Evidence that adjunctive aerosolized colistin might be ben-
eficial in combination with systemic antibiotics (colistin or
beta-lactam) for the treatment of MDR P. aeruginosa infec-
tions has emerged in several studies, with success rates
up to 88% (104,105) (II-3).

For B. cepacia complex infections, the drug of choice
remains high dose trimethoprim sulfamethoxazole, and
if susceptible meropenem or ciprofloxacin (II-2). Triple
combination therapies including meropenem, aminoglyco-
side, and ceftazidime or trimethoprim sulfamethoxazole
are recommended for MDR/PR B. cepacia infections (II-
2). The clinical significance of A. xylosoxidans in trans-
plant recipient remains uncertain. Treatment should be
restricted to chronically colonized/infected patients with
clinical decline (III). A. xylosoxidans is often resistant
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to beta-lactams including cephalosporins and carbapen-
ems, aminoglycosides, quinolones and trimethoprim-
sulfamethoxazole (106). Treatment should be based on
susceptibility testing and combination therapies includ-
ing piperacillin–tazobactam, carbapenems and/or trimetho-
prim sulfamethoxazole should be favored. S. maltophilia
infections should be treated with high dose trimetho-
prim sulfamethoxazole (II-2). Alternative antibiotics in-
clude ticarcillin–clavulanate, moxifloxacin and doxycline, as
well as combination therapies including trimethoprim sul-
famethoxazole and tigecycline (107,108).

Acknowledgment

This manuscript was modified from a previous guideline written by Chris-
tian van Delden and Emily Blumberg published in the American Journal
of Transplantation 2009; 9(Suppl 4): S27–S34, and endorsed by American
Society of Transplantation/Canadian Society of Transplantation.

Disclosure

The authors of this manuscript have conflicts of interest
to disclose as described by the American Journal of Trans-
plantation. Dr. van Duin was a DSMB for Pfizer and a mem-
ber of the speakers bureau for Astellas.

References

1. van Duijn PJ, Dautzenberg MJ, Oostdijk EA. Recent trends in
antibiotic resistance in European ICUs. Curr Opin Crit Care 2011;
17: 658–665.

2. Prabaker K, Weinstein RA. Trends in antimicrobial resistance in
intensive care units in the United States. Curr Opin Crit Care
2011; 17: 472–479.

3. Al-Hasan MN, Razonable RR, Eckel-Passow JE, Baddour LM. Inci-
dence rate and outcome of Gram-negative bloodstream infection
in solid organ transplant recipients. Am J Transplant 2009; 9:
835–843.

4. Linares L, Garcia-Goez JF, Cervera C, et al. Early bacteremia after
solid organ transplantation. Transplant Proc 2009; 41: 2262–2264.

5. Husain S, Chan KM, Palmer SM, et al. Bacteremia in lung trans-
plant recipients in the current era. Am J Transplant 2006; 6(12):
3000–3007.

6. Singh N, Gayowski T, Rihs JD, Wagener MM, Marino IR. Evolving
trends in multiple-antibiotic-resistant bacteria in liver transplant
recipients: A longitudinal study of antimicrobial susceptibility pat-
terns. Liver Transpl 2001; 7: 22–26.

7. Magiorakos AP, Srinivasan A, Carey RB, et al. Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: An
international expert proposal for interim standard definitions
for acquired resistance. Clin Microbiol Infect 2012; 18: 268–
281.

8. Moreno A, Cervera C, Gavalda J, et al. Bloodstream infections
among transplant recipients: Results of a nationwide surveillance
in Spain. Am J Transplant 2007; 7: 2579–2586.

9. Schwaber MJ, Klarfeld-Lidji S, Navon-Venezia S, Schwartz D, Leav-
itt A, Carmeli Y. Predictors of carbapenem-resistant Klebsiella
pneumoniae acquisition among hospitalized adults and effect of

acquisition on mortality. Antimicrob Agents Chemother 2008; 52:
1028–1033.

10. Shi SH, Kong HS, Jia CK, et al. Risk factors for pneumonia caused
by multidrug-resistant Gram-negative bacilli among liver recipi-
ents. Clin Transplant 2010; 24: 758–765.

11. Shi SH, Kong HS, Xu J, et al. Multidrug resistant gram-negative
bacilli as predominant bacteremic pathogens in liver transplant
recipients. Transpl Infect Dis 2009; 11: 405–412.

12. Trottier V, Namias N, Pust DG, et al. Outcomes of Acinetobacter
baumannii infection in critically ill surgical patients. Surg Infect
(Larchmt) 2007; 8: 437–443.

13. Linares L, Cervera C, Cofan F, et al. Risk factors for infection with
extended-spectrum and AmpC beta-lactamase-producing gram-
negative rods in renal transplantation. Am J Transplant 2008; 8:
1000–1005.

14. Bellier C, Bert F, Durand F, et al. Risk factors for Enterobacte-
riaceae bacteremia after liver transplantation. Transpl Int 2008;
21(8): 755–763.

15. Pinheiro HS, Mituiassu AM, Carminatti M, Braga AM, Bastos
MG. Urinary tract infection caused by extended-spectrum beta-
lactamase-producing bacteria in kidney transplant patients. Trans-
plant Proc 2010; 42: 486–487.

16. Kalpoe JS, Sonnenberg E, Factor SH, et al. Mortality associated
with carbapenem-resistant Klebsiella pneumoniae infections in
liver transplant recipients. Liver Transpl 2012; 18: 468–474.

17. Bergamasco MD, Barroso Barbosa M, de Oliveira Garcia D,
et al. Infection with Klebsiella pneumoniae carbapenemase
(KPC)-producing K. pneumoniae in solid organ transplantation.
Transpl Infect Dis 2011; 14: 198–205.

18. Reddy P, Zembower TR, Ison MG, Baker TA, Stosor V.
Carbapenem-resistant Acinetobacter baumannii infections after
organ transplantation. Transpl Infect Dis 2010; 12: 87–93.

19. Botha P, Archer L, Anderson RL, et al. Pseudomonas aeruginosa
colonization of the allograft after lung transplantation and the risk
of bronchiolitis obliterans syndrome. Transplantation 2008; 85:
771–774.

20. Hadjiliadis D, Steele MP, Chaparro C, et al. Survival of lung trans-
plant patients with cystic fibrosis harboring panresistant bacteria
other than Burkholderia cepacia, compared with patients harbor-
ing sensitive bacteria. J Heart Lung Transplant 2007; 26: 834–838.

21. Dobbin C, Maley M, Harkness J, et al. The impact of pan-resistant
bacterial pathogens on survival after lung transplantation in cystic
fibrosis: Results from a single large referral centre. J Hosp Infect
2004; 56: 277–282.

22. Aguilar-Guisado M, Givalda J, Ussetti P, et al. Pneumonia af-
ter lung transplantation in the RESITRA Cohort: A multicenter
prospective study. Am J Transplant 2007; 7: 1989–1996.

23. Meachery G, De Soyza A, Nicholson A, et al. Outcomes of lung
transplantation for cystic fibrosis in a large UK cohort. Thorax
2008; 63: 725–731.

24. Orens JB, Estenne M, Arcasoy S, et al. International guidelines
for the selection of lung transplant candidates: 2006 update—a
consensus report from the Pulmonary Scientific Council of the
International Society for Heart and Lung Transplantation. J Heart
Lung Transplant 2006; 25: 745–755.

25. Gottlieb J, Mattner F, Weissbrodt H, et al. Impact of graft coloniza-
tion with gram-negative bacteria after lung transplantation on the
development of bronchiolitis obliterans syndrome in recipients
with cystic fibrosis. Respir Med 2009; 103: 743–749.

26. Murray S, Charbeneau J, Marshall BC, LiPuma JJ. Impact of
burkholderia infection on lung transplantation in cystic fibrosis.
Am J Respir Crit Care Med 2008; 178: 363–371.

27. Boussaud V, Guillemain R, Grenet D, et al. Clinical outcome
following lung transplantation in patients with cystic fibrosis

38 American Journal of Transplantation 2013; 13: 31–41



Multidrug-Resistant Gram-Negative Bacteria Infections in Solid Organ Transplantation

colonised with Burkholderia cepacia complex: Results from two
French centres. Thorax 2008; 63: 732–737.

28. Vandamme P, Dawyndt P. Classification and identification of the
Burkholderia cepacia complex: Past, present and future. Syst Appl
Microbiol 2011; 34: 87–95.

29. Alexander BD, Petzold EW, Reller LB, et al. Survival after lung
transplantation of cystic fibrosis patients infected with Burkholde-
ria cepacia complex. Am J Transplant 2008; 8: 1025–1030.

30. Olland A, Falcoz PE, Kessler R, Massard G. Should cystic fibrosis
patients infected with Burkholderia cepacia complex be listed for
lung transplantation? Interact Cardiovasc Thorac Surg 2011; 13:
631–634.

31. De Soyza A, Meachery G, Hester KL, et al. Lung transplantation
for patients with cystic fibrosis and Burkholderia cepacia complex
infection: A single-center experience. J Heart Lung Transplant
2010; 29: 1395–1404.

32. Nash EF, Coonar A, Kremer R, et al. Survival of Burkholderia
cepacia sepsis following lung transplantation in recipients with
cystic fibrosis. Transpl Infect Dis 2010; 12: 551–554.

33. Iida T, Kaido T, Yagi S, et al. Posttransplant bacteremia in adult
living donor liver transplant recipients. Liver Transpl 2010; 16:
1379–1385.

34. Johnson LE, D’Agata EM, Paterson DL, et al. Pseudomonas
aeruginosa bacteremia over a 10-year period: Multidrug resis-
tance and outcomes in transplant recipients. Transpl Infect Dis
2009; 11: 227–234.

35. Hoyo I, Linares L, Cervera C, et al. Epidemiology of pneumonia
in kidney transplantation. Transplant Proc 2010; 42: 2938–2940.

36. Vidal E, Torre-Cisneros J, Blanes M, et al. Bacterial urinary tract
infection after solid organ transplantation in the RESITRA cohort.
Transpl Infect Dis 2012.

37. Linares L, Cervera C, Cofan F, et al. Epidemiology and outcomes
of multiple antibiotic-resistant bacterial infection in renal trans-
plantation. Transplant Proc 2007; 39: 2222–2224.

38. Safdar N, Maki DG. The commonality of risk factors for noso-
comial colonization and infection with antimicrobial-resistant
Staphylococcus aureus, enterococcus, gram-negative bacilli,
Clostridium difficile, and Candida. Ann Intern Med 2002; 136:
834–844.

39. Troillet N, Samore MH, Carmeli Y. Imipenem-resistant Pseu-
domonas aeruginosa: Risk factors and antibiotic susceptibility
patterns. Clin Infect Dis 1997; 25: 1094–1098.

40. Patel G, Huprikar S, Factor SH, Jenkins SG, Calfee DP. Outcomes
of carbapenem-resistant Klebsiella pneumoniae infection and the
impact of antimicrobial and adjunctive therapies. Infect Control
Hosp Epidemiol 2008; 29: 1099–1106.

41. Pop-Vicas A, Mitchell SL, Kandel R, Schreiber R, D’Agata EM.
Multidrug-resistant gram-negative bacteria in a long-term care
facility: Prevalence and risk factors. J Am Geriatr Soc 2008; 56:
1276–1280.

42. Perez F, Endimiani A, Ray AJ, et al. Carbapenem-resistant Acine-
tobacter baumannii and Klebsiella pneumoniae across a hospital
system: Impact of post-acute care facilities on dissemination. J
Antimicrob Chemother 2010; 65: 1807–1818.

43. Rooney PJ, O’Leary MC, Loughrey AC, et al. Nursing homes
as a reservoir of extended-spectrum beta-lactamase (ESBL)-
producing ciprofloxacin-resistant Escherichia coli. J Antimicrob
Chemother 2009; 64: 635–641.

44. Linares L, Cervera C, Hoyo I, et al. Klebsiella pneumoniae infec-
tion in solid organ transplant recipients: Epidemiology and antibi-
otic resistance. Transplant Proc 2010; 42: 2941–2943.

45. Martins IS, Moreira BM, Riley LW, Santoro-Lopes G. Outbreak
of extended-spectrum beta-lactamase-producing Klebsiella pneu-

moniae infection among renal transplant recipients. J Hosp Infect
2006; 64: 305–308.

46. Lupei MI, Mann HJ, Beilman GJ, Oancea C, Chipman JG. In-
adequate antibiotic therapy in solid organ transplant recipients
is associated with a higher mortality rate. Surg Infect (Larchmt)
2010; 11: 33–39.

47. Rebuck JA, Olsen KM, Fey PD, Langnas AN, Rupp ME. Character-
ization of an outbreak due to extended-spectrum beta-lactamase-
producing Klebsiella pneumoniae in a pediatric intensive care unit
transplant population. Clin Infect Dis 2000; 31: 1368–1372.

48. Fernandez J, Acevedo J, Castro M, et al. Prevalence and risk
factors of infections by multiresistant bacteria in cirrhosis: A
prospective study. Hepatology 2012; 55: 1551–1561.

49. Fernandez J, Navasa M, Gomez J, et al. Bacterial infections in
cirrhosis: Epidemiological changes with invasive procedures and
norfloxacin prophylaxis. Hepatology 2002; 35: 140–148.

50. El Amari EB, Chamot E, Auckenthaler R, Pechere JC, Van Delden
C. Influence of previous exposure to antibiotic therapy on the
susceptibility pattern of Pseudomonas aeruginosa bacteremic
isolates. Clin Infect Dis 2001; 33: 1859–1864.

51. Reinhardt A, Kohler T, Wood P, et al. Development and persis-
tence of antimicrobial resistance in Pseudomonas aeruginosa: A
longitudinal observation in mechanically ventilated patients. An-
timicrob Agents Chemother 2007; 51: 1341–1350.

52. Saiman L. Infection prevention and control in cystic fibrosis. Curr
Opin Infect Dis 2011; 24: 390–395.

53. Kahlmeter G. Breakpoints for intravenously used cephalosporins
in Enterobacteriaceae—EUCAST and CLSI breakpoints. Clin Mi-
crobiol Infect 2008; 14(Suppl 1): 169–174.

54. Clinical and Laboratory Standards Institute, Performance Stan-
dards for Antimicrobial Susceptibility Testing; Twenty-Second In-
formational Supplement. CLSI document M100-S22 2012; 32.

55. Polsfuss S, Bloemberg GV, Giger J, Meyer V, Hombach M. Com-
parison of European committee on antimicrobial susceptibility
testing (EUCAST) and CLSI screening parameters for the detec-
tion of extended-spectrum beta-lactamase production in clinical
Enterobacteriaceae isolates. J Antimicrob Chemother 2012; 67:
159–166.

56. Perez F, Hujer AM, Hujer KM, Decker BK, Rather PN, Bonomo RA.
Global challenge of multidrug-resistant Acinetobacter baumannii.
Antimicrob Agents Chemother 2007; 51: 3471–3484.

57. Zarate MS, Serruto G, Smayevsky J. The susceptibility to tigecy-
cline of Acinetobacter spp. may vary depending on the method-
ology used. Int J Infect Dis 2009.

58. Kodaka H, Iwata M, Yumoto S, Kashitani F. Evaluation of a new
agar medium containing cetrimide, kanamycin and nalidixic acid
for isolation and enhancement of pigment production of Pseu-
domonas aeruginosa in clinical samples. J Basic Microbiol 2003;
43: 407–413.

59. Cimolai N, Trombley C, Davidson AG, Wong LT. Selective media
for isolation of Burkholderia (Pseudomonas) cepacia from the
respiratory secretions of patients with cystic fibrosis. J Clin Pathol
1995; 48: 488–490.

60. Pinot C, Deredjian A, Nazaret S, et al. Identification of
Stenotrophomonas maltophilia strains isolated from environmen-
tal and clinical samples: A rapid and efficient procedure. J Appl
Microbiol 2011; 111: 1185–1193.

61. Henry D, Campbell M, McGimpsey C, et al. Comparison of iso-
lation media for recovery of Burkholderia cepacia complex from
respiratory secretions of patients with cystic fibrosis. J Clin Mi-
crobiol 1999; 37: 1004–1007.

62. Hsieh WS, Sung LL, Tsai KC, Ho HT. Evaluation of the VITEK 2
cards for identification and antimicrobial susceptibility testing of

American Journal of Transplantation 2013; 13: 31–41 39



van Duin et al.

non-glucose-fermenting Gram-negative bacilli. Apmis 2009; 117:
241–247.

63. Aaron SD, Vandemheen KL, Ferris W, et al. Combination antibi-
otic susceptibility testing to treat exacerbations of cystic fibrosis
associated with multiresistant bacteria: A randomised, double-
blind, controlled clinical trial. Lancet 2005; 366: 463–471.

64. Sun HY, Shields RK, Cacciarelli TV, Muder RR, Singh N. A novel
combination regimen for the treatment of refractory bacteremia
due to multidrug-resistant Pseudomonas aeruginosa in a liver
transplant recipient. Transpl Infect Dis 2010; 12: 555–560.

65. Chang HJ, Hsu PC, Yang CC, et al. Risk factors and outcomes
of carbapenem-nonsusceptible Escherichia coli bacteremia: A
matched case-control study. J Microbiol Immunol Infect 2011;
44: 125–130.

66. Zarate MS, Gales AC, Picao RC, Pujol GS, Lanza A,
Smayevsky J. Outbreak of OXY-2-producing Klebsiella oxytoca
in a renal transplant unit. J Clin Microbiol 2008; 46: 2099–
2101.

67. Mathers AJ, Cox HL, Bonatti H, et al. Fatal cross infection by
carbapenem-resistant Klebsiella in two liver transplant recipients.
Transpl Infect Dis 2009 11: 257–265.

68. Kassis-Chikhani N, Saliba F, Carbonne A, et al. Extended mea-
sures for controlling an outbreak of VIM-1 producing imipenem-
resistant Klebsiella pneumoniae in a liver transplant centre in
France, 2003–2004. Euro Surveill 2010; 15.

69. Paterson DL, Singh N, Rihs JD, Squier C, Rihs BL, Muder RR.
Control of an outbreak of infection due to extended-spectrum
beta-lactamase-producing Escherichia coli in a liver transplanta-
tion unit. Clin Infect Dis 2001; 33: 126–128.

70. Transmission of multidrug-resistant Escherichia coli through kid-
ney transplantation—California and Texas, 2009. Am J Transplant
2011; 11: 628–632.

71. Goldberg E, Bishara J, Lev S, Singer P, Cohen J. Organ transplan-
tation from a donor colonized with a multidrug-resistant organ-
ism: A case report. Transpl Infect Dis 2011.

72. Martins N, Martins IS, de Freitas WV, et al. Severe infec-
tion in a lung transplant recipient caused by donor-transmitted
carbapenem-resistant Acinetobacter baumannii. Transpl Infect
Dis 2011.

73. Ariza-Heredia EJ, et al. Outcomes of transplantation using organs
from a donor infected with Klebsiella pneumoniae carbapene-
mase (KPC)-producing K. pneumoniae. Transpl Infect Dis 2012;
14: 229–236.

74. Bauldoff GS, Nunley DR, Manzetti JD, Dauber JH, Keenan RJ. Use
of aerosolized colistin sodium in cystic fibrosis patients awaiting
lung transplantation. Transplantation 1997; 64: 748–752.

75. Leung MK, Rachakonda L, Weill D, Hwang PH. Effects of sinus
surgery on lung transplantation outcomes in cystic fibrosis. Am
J Rhinol 2008; 22: 192–196.

76. Holzmann D, Speich R, Kaufmann T, et al. Effects of sinus surgery
in patients with cystic fibrosis after lung transplantation: A 10-year
experience. Transplantation 2004; 77: 134–136.

77. Mainz JG, Hentschel J, Schien C, et al. Sinonasal persistence
of Pseudomonas aeruginosa after lung transplantation. J Cyst
Fibros 2012; 11: 158–161.

78. Orlando G, Di Cocco P, Gravante G, D’Angelo M, Famulari A, Pisani
F. Fatal hemorrhage in two renal graft recipients with multi-drug
resistant Pseudomonas aeruginosa infection. Transpl Infect Dis
2009; 11: 442–447.

79. Simkins J, Muggia V. Favorable outcome in a renal trans-
plant recipient with donor-derived infection due to multidrug-
resistant Pseudomonas aeruginosa. Transpl Infect Dis 2012; 14:
292–295.

80. Nguyen M, Eschenauer GA, Bryan M, et al. Carbapenem-resistant
Klebsiella pneumoniae bacteremia: Factors correlated with clini-
cal and microbiologic outcomes. Diagn Microbiol Infect Dis 2010;
67: 180–184.

81. Pankey GA. Tigecycline. J Antimicrob Chemother 2005; 56: 470–
480.

82. Satlin MJ, Kubin CJ, Blumenthal JS, et al. Comparative ef-
fectiveness of aminoglycosides, polymyxin B, and tigecycline
for clearance of carbapenem-resistant Klebsiella pneumoniae
from urine. Antimicrob Agents Chemother 2011; 55: 5893–
5899.

83. Cai Y, Wang R, Liang B, Bai N, Liu Y. Systematic review and
meta-analysis of the effectiveness and safety of tigecycline for
treatment of infectious disease. Antimicrob Agents Chemother
2011; 55: 1162–1172.

84. Yahav D, Lador A, Paul M, Leibovici L. Efficacy and safety of
tigecycline: A systematic review and meta-analysis. J Antimicrob
Chemother 2011; 66: 1963–1971.

85. Tasina E, Haidich AB, Kokkali S, Arvanitidou M. Efficacy and safety
of tigecycline for the treatment of infectious diseases: A meta-
analysis. Lancet Infect Dis 2011; 11: 834–844.

86. Prasad P, Sun J, Danner RL, Natanson C. Excess deaths associ-
ated with tigecycline after approval based on noninferiority trials.
Clin Infect Dis 2012; 54: 1699–1709.

87. Karageorgopoulos DE, Wang R, Yu XH, Falagas ME. Fosfomycin:
Evaluation of the published evidence on the emergence of an-
timicrobial resistance in Gram-negative pathogens. J Antimicrob
Chemother 2012; 67: 255–268.

88. Alexander BT, Marschall J, Tibbetts RJ. Treatment and clinical
outcomes of urinary tract infections caused by KPC-producing
enterobacteriaceae in a retrospective cohort. Clin Ther 2012; 34:
1314–1323.

89. Daikos GL, Markogiannakis A. Carbapenemase-producing Kleb-
siella pneumoniae: (When) might we still consider treating
with carbapenems? Clin Microbiol Infect 2011; 17: 1135–
1141.

90. Bulik CC, Nicolau DP. Double-carbapenem therapy for
carbapenemase-producing Klebsiella pneumoniae. Antimicrob
Agents Chemother 2011; 55: 3002–3004.

91. Qureshi ZA, Paterson DL, Potoski BA, et al. Treatment outcome of
bacteremia due to KPC-producing Klebsiella pneumoniae: Supe-
riority of combination antimicrobial regimens. Antimicrob Agents
Chemother 2012; 56: 2108–2113.

92. Tumbarello M, Viale P, Viscoli C, et al. Predictors of mortality
in bloodstream infections caused by KPC-producing Klebsiella
pneumoniae: Importance of combination therapy. Clin Infect Dis
2012. doi: 10.1093/cid/cis588

93. Hirsch EB, Tam VH. Detection and treatment options for Kleb-
siella pneumoniae carbapenemases (KPCs): An emerging cause
of multidrug-resistant infection. J Antimicrob Chemother 2010.
Epub April 8, 2010.

94. Zarkotou O, Pournaras S, Tselioti P, et al. Predictors of mor-
tality in patients with bloodstream infections caused by KPC-
producing Klebsiella pneumoniae and impact of appropriate an-
timicrobial treatment. Clin Microbiol Infect 2011; 17: 1798–
1803.

95. Dent LL, Marshall DR, Pratap S, Hulette RB. Multidrug resistant
Acinetobacter baumannii: A descriptive study in a city hospital.
BMC Infect Dis 2010; 10: 196.

96. Reddy T, Chopra T, Marchaim D, et al. Trends in antimicrobial re-
sistance of Acinetobacter baumannii isolates from a metropolitan
Detroit health system. Antimicrob Agents Chemother 2010; 54:
2235–2238.

40 American Journal of Transplantation 2013; 13: 31–41



Multidrug-Resistant Gram-Negative Bacteria Infections in Solid Organ Transplantation

97. Anthony KB, Fishman NO, Linkin DR, Gasink LB, Edelstein
PH, Lautenbach E. Clinical and microbiological outcomes of
serious infections with multidrug-resistant gram-negative or-
ganisms treated with tigecycline. Clin Infect Dis 2008; 46:
567–570.

98. Shields RK, Kwak EJ, Potoski BA, et al. High mortality rates
among solid organ transplant recipients infected with extensively
drug-resistant Acinetobacter baumannii: Using in vitro antibiotic
combination testing to identify the combination of a carbapenem
and colistin as an effective treatment regimen. Diagn Microbiol
Infect Dis 2011; 70: 246–252.

99. Chamot E, Boffi El Amari E, Rohner P, Van Delden C. Effectiveness
of combination antimicrobial therapy for Pseudomonas aerug-
inosa bacteremia. Antimicrob Agents Chemother 2003; 47(9):
2756–2764.

100. Lim TP, Lee W, Tan TY, et al. Effective antibiotics in combina-
tion against extreme drug-resistant Pseudomonas aeruginosa
with decreased susceptibility to polymyxin B. PLoS One 2011; 6:
e28177.

101. Bergen PJ, Tsuji BT, Bulitta JB, et al. Synergistic killing of
multidrug-resistant Pseudomonas aeruginosa at multiple inocula
by colistin combined with doripenem in an in vitro pharmacoki-
netic/pharmacodynamic model. Antimicrob Agents Chemother
2011; 55: 5685–5695.

102. Apisarnthanarak A, Mundy LM. Carbapenem-resistant Pseu-
domonas aeruginosa pneumonia with intermediate minimum in-

hibitory concentrations to doripenem: Combination therapy with
high-dose, 4-h infusion of doripenem plus fosfomycin versus in-
travenous colistin plus fosfomycin. Int J Antimicrob Agents 2012;
39: 271–272.

103. Prescott WA, Jr., Gentile AE, Nagel JL, Pettit RS. Continuous-
infusion antipseudomonal Beta-lactam therapy in patients with
cystic fibrosis. P T 2011; 36: 723–763.

104. Arnold HM, Sawyer AM, Kollef MH. Use of adjunctive aerosolized
antimicrobial therapy in the treatment of Pseudomonas aerugi-
nosa and Acinetobacter baumannii ventilator-associated pneumo-
nia. Respir Care 2012.

105. Naesens R, Vlieghe E, Verbrugghe W, Jorens P, Ieven M. A
retrospective observational study on the efficacy of colistin
by inhalation as compared to parenteral administration for the
treatment of nosocomial pneumonia associated with multidrug-
resistant Pseudomonas aeruginosa. BMC Infect Dis 2011; 11:
317.

106. Lambiase A, Catania MR, Del Pezzo M, et al. Achromobacter
xylosoxidans respiratory tract infection in cystic fibrosis patients.
Eur J Clin Microbiol Infect Dis 2011; 30: 973–980.

107. Brooke JS. Stenotrophomonas maltophilia: An emerging global
opportunistic pathogen. Clin Microbiol Rev 2012; 25: 2–41.

108. Milne KE, Gould IM. Combination antimicrobial susceptibil-
ity testing of multidrug-resistant Stenotrophomonas maltophilia
from cystic fibrosis patients. Antimicrob Agents Chemother
2012; 56: 4071–4077.

American Journal of Transplantation 2013; 13: 31–41 41


