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Background: Carbapenem resistance is defined as in vitro non-susceptibility to any carbapenem and/or
documented production of a carbapenemase. This feature has rapidly spread worldwide among clinical
isolates of Enterobacteriaceae, mostly Klebsiella spp., and is associated with diverse molecular mecha-
nisms. Carbapenem resistance is often associated with resistance to all traditional b-lactams and other
classes of antibiotics, denoting a typical example of an extensively drug-resistant phenotype.
Objectives: To summarize and interpret in a balanced manner the most clinically relevant data in terms
of carbapenem-resistant Enterobacteriaceae (CRE) infection management.
Sources: Data were extracted by PubMed and clinicaltrials.gov search and manual scrutiny among ref-
erences of analysed articles.
Content: Features of newer and older, rediscovered antimicrobial options for CRE are described. Obser-
vational studies and randomized clinical trials (RCT) of CRE treatment are summarized, with a specific
focus on the effects of monotherapy compared with combination treatment.
Implications: The available evidence on the current management of CRE mostly comes from observa-
tional, non-comparative, retrospective, small studies, with a high risk of selection bias. Very little evi-
dence comes from RCT. Conflicting results of RCT and observational studies call for caution before
combination therapies are deemed superior to monotherapy. Data on newer agents have spurred
enthusiasm but remain limited as concerns severe CRE infections. A balanced approach should guide the
clinician in the choice of old or new drugs, and of monotherapies or combination regimens. Efforts
should be made to perform adequately sized clinical trials answering well-defined research questions.
E. Durante-Mangoni, Clin Microbiol Infect 2019;▪:1
© 2019 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
Definition of carbapenem resistance in Enterobacteria

Carbapenem resistance (CR) refers to the ability of bacteria to
survive and grow in the presence of clinically relevant concentra-
tions of carbapenems. The US CDC defines carbapenem-resistant
Enterobacteriaceae (CRE) as enterobacteria non-susceptible to any
carbapenem (i.e. showing an MIC of �4 mg/L for doripenem, mer-
openem or imipenem or�2mg/L for ertapenem) or documented to
produce a carbapenemase [1]. There are at least three major
mechanisms of CR in Enterobacteriaceae [2] (graphically summa-
rized in Fig. 1): (a) production of carbapenemases, i.e. hydrolysing
enzymesdusually located within the periplasmic spacedthat
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inactivate carbapenems by hydrolysis; (b) production of efflux
pumps, actively extruding carbapenems from the bacterial cell; (c)
porin mutation or loss, depriving the bacterial cell of the usual
carriers that allow carbapenem entry through their outer mem-
brane. Although carbapenemases specifically target carbapenems
or other b-lactam antibiotics, efflux pump expression or porin
changes may associate with resistance to multiple different anti-
microbial classes [3] (Fig. 1).

Current breakpoints for Enterobacteriaceae usually detect all
clinically important resistance mechanisms (including the majority
of carbapenemases) [4]. However, an isolate possessing a carba-
penemase gene can still be categorized as carbapenem-susceptible
by phenotypic tests [5]. This is particularly relevant when rapid
molecular tests are used, and phenotypic characterization should
always be completed before definitive diagnosis of CR is established
[4]. On the other hand, absence of a carbapenemase gene on
blished by Elsevier Ltd. All rights reserved.
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Fig. 1. Major mechanisms of antimicrobial resistance, including carbapenem resistance, in Enterobacteriaceae.
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molecular typing should not imply susceptibility to carbapenems,
as other CR mechanisms may be in place [1e3,5,6].

Table 1 summarizes the major and most clinically significant
carbapenemases occurring worldwide in Enterobacteriaceae [7,8].
Although carbapenemase detection is essential for public health
and infection control purposes, their precise characterization is also
helpful in clinical practice because it impacts therapeutic decisions
[9]. As shown in Table 1, different carbapenemases may or may not
be targeted by individual b-lactams and b-lactamase inhibitors.
Hence, the use of newer combinations of b-lactam with a carba-
penemase inhibitor should hinge on a stepwise, precision-
medicine approach, with CR infection diagnosis followed by
carbapenemase molecular or phenotypic characterization [9].
Current microbiological methods allow us to obtain both of these
data types in parallel.
Strategy for data search

Data presented in this themed review were extracted by a
PubMed search and bymanual scrutiny among the references of the
analysed articles (see Supplementary material, Appendix S1 for
details).
Antimicrobial options for CRE

Carbapenem resistance is often and variably associated with
resistance to several other antimicrobial classes [10]. Table 2 re-
ports a list of antimicrobials that are worth testing against CRE,
with approximate rates of antimicrobial susceptibility using cur-
rent EUCAST breakpoints. The most commonly in vitro active and
potentially useful drugs remain ceftazidime-avibactam and newer
inhibitor combinations, gentamicin, amikacin, colistin, tigecycline
and fosfomycin [10]. Newer or emerging options include plazomi-
cin, eravacycline and cefiderocol. A detailed review of the antimi-
crobial agents used for treatment of CRE infections has been
recently published [5].
Please cite this article as: Durante-Mangoni E et al., Management of carba
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Avibactam is a non-b-lactam b-lactamase inhibitor that, com-
bined with ceftazidime, is highly effective in vitro against KPC- and
OXA-48-producing CRE [11]. Ceftazidime-avibactam has been used
in several controlled studies not including CRE infections [12e15].
Observational studies have reported its efficacy and safety in CRE
infections.

Vaborbactam is a boronic acid derivative, inhibiting group A
KPC-type carbapenemases, that exerts bactericidal activity against
KPC-producing CRE when combined with meropenem [16].
Meropenem-vaborbactam shows area-under-the-curve/MIC-
dependent antimicrobial activity and retains the pharmacokinetic
profile of carbapenems at exposures equivalent to 2þ2 g dosed
every 8 hours by 3-hour infusion [17,18]. It is non-inferior to
piperacillin-tazobactam in complicated urinary tract infections
(cUTI) [19], and its efficacy and safety data for CRE infections are
emerging.

Relebactam is a non-b-lactam b-lactamase inhibitor, structurally
related to avibactam. Its chemical differences with avibactam
translate into a more stable acylation and, therefore, inhibition of
the active site of KPC-2 carbapenemase, but also into a weak and
inconsistent activity against OXA-48 [2,20]. Accordingly, when
combined with imipenem, relebactam exerts bactericidal activity
against KPC-producing CRE [20]. Relebactam shows area-under-
the-curve/MIC-dependent antimicrobial activity and imipenem-
relebactam retains the pharmacokinetic/pharmacodynamic (PK/
PD) features of the other newer CRE-active combinations (time
above MIC for the carbapenem and overall exposure for the b-lac-
tamase inhibitor) at doses of 500 mg with 250 mg every 6 hours by
intravenous infusion [21e23].

Gentamicin is still considered a mainstay of therapy for CR
Klebsiella, whereas sometimes amikacin is the only in vitro active
molecule [24e26]. Plazomicin is a recently marketed aminoglyco-
side showing improved stability to commonly encountered
aminoglycoside-modifying enzymes compared with gentamicin
and amikacin [27,28]. It has been cleared by the US Food and Drug
Administration for cUTI including acute pyelonephritis based on
the results of a non-inferiority trial where meropenem was the
penem-resistant Enterobacteriaceae infections, Clinical Microbiology



Table 1
Clinically significant carbapenemases commonly expressed by Enterobacteriaceae with reduced susceptibility or resistance to carbapenems

Ambler
Class

Acronym Hydrolysing
mechanism

Most common
variants

Involved species Carbapenem resistance
extent

In vitro active
molecules/therapeutic options

A KPC serine-based KPC-2
KPC-3

Klebsiella pneumoniae, Escherichia coli,
Serratia marcescens, Enterobacter
cloacae

þþþ ceftazidime-avibactam
imipenem-relebactam
meropenem-vaborbactam

B NDM zinc-based NDM-1 K. pneumoniae, E. coli, Enterobacter spp. þþþ aztreonam
aztreonam-avibactam

B IMP zinc-based IMP-1 K. pneumoniae, E. coli, Serratia spp.,
Enterobacter spp., Citrobacter spp.,
Proteus spp., Morganella spp.

þ aztreonam
aztreonam-avibactam

B VIM zinc-based VIM-1
VIM-2

K. pneumoniae, E. coli, Serratia spp.,
Enterobacter spp., Citrobacter spp.,
Morganella spp., Providencia spp.,
Proteus spp.

þ aztreonam
aztreonam-avibactam

D OXA serine-based OXA-48 K. pneumoniae, E. coli, Citrobacter spp.,
Proteus spp.

þþ ceftazidime-avibactam
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comparator [29]. Plazomicin is active against most CREs, except
strains producing New Delhi metallo-b-lactamases, that co-express
specific 16S rRNA methylases (ArmA and RmtC) [27]. Because of its
spectrum of activity, it is currently viewed as a potentially prom-
ising new option for extensively-drug-resistant Gram-negative
microorganisms, especially CRE [30]. Interestingly, plazomicin did
not show increased rates of nephrotoxicity compared with mer-
openem after a short 5-day course of therapy [29].

Colistin is still regarded as a key option for CRE infection
[31e35]. Although resistance to colistin remains low in Acineto-
bacter and Pseudomonas species, it is emerging in CRE, especially
Klebsiella [36,37]. In specific epidemiological settings, a dramatic
and fast increase in colistin resistance has been observed and has
been associated with increased mortality [38].

Tigecycline remains an option for CRE treatment in stable pa-
tients with skin or complicated intra-abdominal infections due to
susceptible strains [39e42].

Higher than labelled doses of tigecycline (i.e. 200 mg/day in
either one or two doses) have been proposed for the treatment of
multidrug-resistant/ extensively-drug-resistant Gram-negative
bacteria [43] based on PK considerations. High-dose tigecycline is
mostly well tolerated, with vomiting and diarrhoea being common
adverse events [44e46], although an association with a reversible
coagulopathy has been recently described [47]. However, the evi-
dence suggesting superiority of high-dose compared with
standard-dose tigecycline remains elusive [44e46].

Fosfomycin activity has been documented against approximately
80%of CRE, especiallyKPC-producingKlebsiella pneumoniae, including
colistin-resistant strains [48e50], although discordance between
in vitro susceptibility and clinical effectiveness may occur [48].

A fosfomycin tromethamine oral regimen of 3 g every 48e72 h
for a variable number of weeks has been shown to be effective in
lower UTI caused by resistant Gram-negative agents, including CRE
[51,52].

In small observational studies including, overall, approximately
60 cases of CRE infection, favourable clinical and microbiological
outcomes have been described in a majority (55%) of patients,
mostly in intensive care unit, treated with a combination of anti-
biotics including fosfomycin disodium [50,53,54]. Successful out-
comes occurred in 9 of 15 (60%) infections caused by CRE resistant
to colistin [50]. The true contribution of fosfomycin to the effec-
tiveness of these combination regimens remains to be determined.

Eravacycline and cefiderocol are novel molecules that are active
in vitro against CRE and still under clinical development [55e59].
Cefiderocol activity against CRE varies according to the expressed
carbapenemase, with MIC90 of 1 mg/L for strains harbouring OXA-
48-like, 2 mg/L for KPC-3, and 8 mg/L for TEM/SHV extended-
Please cite this article as: Durante-Mangoni E et al., Management of carba
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spectrum b-lactamase, NDM and KPC-2 [60]. Little if any clinical
data are available for eravacycline and cefiderocol in terms of
effectiveness for CRE infections.

Observational studies of CRE treatment

The first uncontrolled studies assessing the results of treatment
for CRE essentially focused on the effects of combinations of anti-
biotics compared with monotherapy [61e65]. These studies, and
those published thereafter, uniformly showed superiority of com-
bination therapy, although with a low quality of evidence [66].
Surprisingly, combinations including a carbapenem were those
exerting the best results in terms of hospital mortality. A sizeable
proportion of strains causing analysed casesdmostly KPC-3- and
KPC-2-producing K. pneumoniaedwere characterized by carbape-
nem MICs between 2 and 8 mg/L or ‘low-level resistance’ (MICs of
16e32 mg/L), and were receiving high doses of meropenem, i.e. 2 g
every 8 h. Subsequent speculations suggested that at these doses
meropenem could retain clinical effectiveness when combined
with other molecules, especially colistin [67]. Clinical data appar-
ently mirrored robust in vitro data showing synergism of different
combinations against CREs (reviewed in ref. [68]). In the initial
study by Tumbarello et al. [64], the combination associated with
better outcomes was colistin-tigecycline-meropenem, although
this was only used in 16 patients. Based on these early data, com-
bination therapy became the standard of care [69], driving the
continued massive use of carbapenems that had been one major
selection factor for CRE emergence.

In a retrospective, multinational cohort study, among 343 pa-
tients receiving an in vitro active drug within 5 days of diagnosis of
a carbapenemase-producing Enterobacteriaceae (mostly KPC)
bloodstream infection (BSI), a superiority of combination therapy
was shown only in the subgroup of patients at higher risk of death
[70]. This study suggested that a generalized combination therapy
approach in CRE infections may not be optimal. Again, multiple
different combination regimens were considered in this study,
mostly colistin plus tigecycline, aminoglycoside plus tigecycline
and colistin plus carbapenem. At variance with previous studies,
the recommendation emerging was to give at least two in vitro
active molecules, but without inference on efficacy of specific
combinations and no confirmation of benefit when including a
carbapenem [70].

The scenario of KPC- and OXA-48-producing CRE is now
changing dramatically after newer carbapenemase inhibitors have
become clinically available [11]. An early report on ceftazidime-
avibactam treatment of 37 CRE hospital-acquired pneumonia
(HAP)/ventilator-associated pneumonia (VAP) and BSI cases, with
penem-resistant Enterobacteriaceae infections, Clinical Microbiology



Table 2
Antimicrobials commonly tested against carbapenem resistant Enterobacteriaceae

Antimicrobial EUCAST MIC breakpoint
indicating resistance

Prevalencea of
susceptible isolates

Remarks

Ceftazidime >4 <3% Resistance usually associated with concurrent expression of ESBL or AmpC
b-lactamasesCefepime >4 <5%

Aztreonam <5% Susceptibility or low-level resistance may be expected in case of metallo-b-
lactamase carbapenemase expression. Resistance is the rule when other
carbapenemases (KPC, OXA-48, etc.) or extended spectrum b-lactamases are
co-expressed

Piperacillin-tazobactam >16 <5% Resistance usually associated with high-level expression of extended
spectrum b-lactamases

Ceftazidime-avibactam >8 >90% Susceptibility expected in case of KPC or OXA-48 carbapenemase
expression. Resistance is the rule when metallo-enzymes (NDM, IMP, VIM,
etc.) are expressed

Imipenem >8 <5% Variable degrees of resistance may occur according to level of
carbapenemase expression and concurrent presence of other mechanisms
of carbapenem resistance

Meropenem >8 <5%
Doripenem >2 <5%
Amikacin >16 50% Cross resistance not the rule depending on actual subtype of modifying

enzyme expressedGentamicin >4 40%
Ciprofloxacin >0.5 <5% Very low rates of susceptibility expected in endemic settings of

carbapenem-resistant Enterobacteriaceae prevalence
Trimethoprim-sulphamethoxazole >4 <5% Sparse data available
Fosfomycin >32 50% Variable results according to the susceptibility method used
Tigecycline >2 85% Consistent susceptibility data across multiple studies and settings
Colistin >2 80% Broth microdilution recommended to avoid major errors

a Conservative estimates based on literature data (average rates) and the author's personal experience.
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median Charlson co-morbidity index of 4 and median Sepsis-
related Organ Failure Assessment (SOFA) score of 5, showed a 30-
day mortality of 24% and a 90-day mortality of 38% [71]. Clinical
success was achieved in 59% of patients (15/26 (58%) of those
receiving monotherapy and 7/11 (64%) of those on combination
therapy), and was lower for individuals with pneumonia and high
baseline SOFA score. Microbiological failures occurred in 10 of 37
(27%) patients and ceftazidime-avibactam resistance (MIC >8mg/L)
developed in three of these ten cases after a median treatment of
15 days [71].

Another observational study describing ceftazidime-avibactam
effectiveness in 60 CRE infections (59% in intensive care units)
showed a 65% clinical success rate, a 53% microbiological cure rate
and a 32% crude in-hospital mortality [72]. The participants were
mostly co-morbid patients with BSI, cUTI and pneumonia due to
K. pneumoniae. Ceftazidime-avibactam in vitro susceptibility was
tested in 60% of cases and was active in 97% of them. Clinical out-
comes were the same irrespective of whether ceftazidime-
avibactam was used in monotherapy or combined with a carba-
penem or polymyxin B. Interestingly, worse outcomes were
observed in CRE pneumonia [72].

Similar outcomes have been observed for OXA-48-producing
CRE treatment, with no mortality differences between
ceftazidime-avibactam monotherapy and combinations [73], in the
setting of haematological malignancies [74] and for non-Klebsiella
CREs [75].

More recently, in a compassionate-use programme for 138 pa-
tients, ceftazidime-avibactam salvage therapy translated into a 34%
mortality at 30 days [76]. In patients with BSI, ceftazidime-
avibactam achieved a significantly greater survival rate when
compared with an historical matched cohort of CRE BSI patients
treated with other regimens. Ceftazidime-avibactam was an inde-
pendent predictor of survival and appeared effective especially in
BSIs [76]. Another study compared in an uncontrolled fashion
ceftazidime-avibactam with other treatments (carbapenem-ami-
noglycoside, carbapenem-colistin, or monotherapy with amino-
glycoside or colistin) for 109 BSI due to KPC-producing CRE
(primary in 26% and secondary to an abdominal, respiratory or
urinary tract infection in 72% of patients) [77]. Clinical success and
90-day survival were 85% and 92% with ceftazidime-avibactam
Please cite this article as: Durante-Mangoni E et al., Management of carba
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compared with 40% and 55%, respectively, with any other
regimen (both significant). Receipt of ceftazidime-avibactam was
an independent predictor of clinical success (OR 8.64; 95% CI
1.61e43.39; p 0.01) and translated into lower rates of nephrotoxi-
city compared with aminoglycoside- and colistin-containing regi-
mens. A comparable rate of clinical and/or microbiological curewas
described in a further 36 cases of ceftazidime-avibactam salvage
therapy, although a trend for aworse outcome in OXA-48 producers
compared with KPC producers was observed in this study [78].
More recently, uniform superiority of ceftazidime-avibactam over
colistin was described in a prospective, multicentre, observational
study [79].

Taken together, available observational data suggest that
ceftazidime-avibactam, given as three daily intravenous doses of
2.5 g every 8 h, infused over at least 2 h (or maybe more), is an
important therapeutic option for the treatment of CRE infections.
However, overall clinical efficacy remains unclear, with reported
mortality rates between 24% and 34% [71e79]. Ceftazidime-
avibactam appears to be less effective for OXA-48 producers [78],
and there is no evidence of superiority for ceftazidime-avibactam-
based combinations [71e73,76]. Failure appears to be more com-
mon in pneumonia [71,72] as well as in patients on renal replace-
ment therapy [80], and efforts to prevent it should be exercised,
also considering ceftazidime-avibactam PK/PD properties.

Despite some PK/PD limitations, tigecycline appears among all
formulae of anti-CRE regimens, this molecule being still consis-
tently active in vitro against CRE [40]. Observational data suggest
that high doses (i.e. 200mg loading followed by 100mg every 12 h)
might be more effective than standard doses, without additional
toxicity, for CRE ventilator-associated pneumonia [43,44] and BSI
[81], but conflicting data exist [45,46].

Randomized clinical trials of CRE treatment

Regrettably, very little evidence comes from randomized clinical
trials including specifically patients with CRE infections. The
recently completed multinational AIDA trial (NCT01732250)
compared the effectiveness and safety of colistin alone with those
of a colistin and high-dose meropenem combination against CR
Gram-negative bacilli [82]. Among 406 randomized patients, only
penem-resistant Enterobacteriaceae infections, Clinical Microbiology



Table 3
Clinical outcomes of the colistin versus colistin-meropenem randomized clinical trial in the subgroup of patients with carbapenem-resistant Enterobacteriaceae infections [82]

Colistin arm Colistin-meropenem arm Risk ratio (95% CI) p value

Clinical failure 14 days after randomization 23 (68%) 18 (46%) 0.78 (0.54e1.13) 0.185
14-day overall mortality 6 (18%) 6 (15%) 0.90 (0.32e2.51) 0.838
28-day overall mortality 12 (35%) 8 (21%) 0.62 (0.29e1.36) 0.235

E. Durante-Mangoni et al. / Clinical Microbiology and Infection xxx (xxxx) xxx 5
73 had CRE infections, making the trial unpowered to specifically
address the issue of superiority of combination therapy for these
bacteria. Most CRE cases were BSI (56/73, 77%) and were due to
K. pneumoniae (65/73, 89%). In the relevant post-hoc subgroup
analysis (Table 3), colistin-meropenem combination translated into
a numerically lower rate of clinical failures at 14 days and fewer
deaths at 28 days after randomization. These differences, however,
were not statistically significant, and most importantly no differ-
ence was observed in 14-day mortality, the most solid end-point
related to treatment effects [82].

The issue of insufficient sample size could be at least partly
overcome by the chance to combine AIDA results with those of the
ongoing OVERCOME trial (NCT01597973), a phase III multi-centre,
double-blind, randomized controlled clinical study comparing
colistin plus placebo with the combination of colistin and mer-
openem. With an expected number of 65 CRE infections recruited
in OVERCOME, a more definitive answer could be given to the still
unsolved question as to whether a carbapenem should be given for
colistin-based CRE treatment.

A handful of other trials have recently been completed or are
currently ongoing, some with newer agents.

In a multicentre, randomized, open-label trial, 37 patients with
CRE BSI or hospital-associated/ ventilator-associated pneumonia
were treated with plazomicin (15 mg/kg/day) or colistin (5 mg
colistin base/kg/day) in combination with meropenem or tigecy-
cline, for 7e14 days [83]. Unfortunately, this trial was terminated
prematurely due to slow enrolment. Death at 28 days or disease-
related complications occurred in 24% of plazomicin-treated and
in 50% of colistin-treated patients (�26% difference; 95% CI�55% to
6%). Numerically fewer deaths were observed at day 14 among
patients who received plazomicin-based treatment over a 60-day
follow up. A �0.5 mg/dL increase in serum creatinine concentra-
tion occurred in 16.7% of plazomicin-treated and 50% of colistin-
treated patients [83].

The TANGO II, open label, randomized study assessed effect and
safety of meropenem-vaborbactam versus best available therapy in
47 patients with various CRE infections, including BSI, cUTI,
hospital-associated/ ventilator-associated pneumonia and compli-
cated intra-abdominal infections [84]. Monotherapy with
meropenem-vaborbactam was associated with improved clinical
cure rates (65.6% versus 33.3%; 95% CI of difference, 3.3%e61.3%; p
0.03) compared with an assortment of regimens variably including
ceftazidime-avibactam or mono- or combination therapies with
polymyxins, high-dose carbapenems, aminoglycosides or tigecy-
cline. Lower nephrotoxicity rates and a trend towards lower mor-
tality were observed with meropenem-vaborbactam [84].

A double-blind, randomized trial including 31 evaluable pa-
tients compared imipenem-relebactam with colistin plus imipe-
nem for CR infections [85]. Only seven CREs were included in this
study. As a consequence, very little efficacy and safety data on
imipenem-relebactam for CRE infections are currently available.
Summary of the evidence

The overall quality of data pertaining to current CRE infection
treatment is low. Few randomized controlled trials have been
performed, and most were underpowered to provide definitive
Please cite this article as: Durante-Mangoni E et al., Management of carba
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answers for this specific setting [82e85]. Notwithstanding, ran-
domized controlled trial data [82] have recently conflicted with
observational study results [61e65] as well as apparently robust
in vitro synergy data [66] regarding the improved clinical effec-
tiveness or potency of antimicrobial combinations.

The advent of several newer drugs, especially new
carbapenemaseeinhibitor combinations, showing potent in vitro
activity against CRE, has spurred great enthusiasm among clini-
cians. Indeed, these new molecules appear to have a favourable
safety profile and PK/PD properties that theoretically overcome
older drug defects [9,86]. Nonetheless, literature data are still
elusive regarding these newer options and specifically their clinical
effectiveness in CRE infections. The risk exists, therefore, that
newer agents replace older ones, such as colistin, based on the
weak evidence coming from observational studies, and with the
added issue of greater health-care expenditure [86]. In addition, the
development of resistance to newer CRE-active molecules is
already a concern [71].
Conclusions

Despite the epidemiological importance and the considerable
body of data produced, the scientific quality of the evidence sup-
porting CRE infection management remains low. The best available
therapy should be delivered based on clinical reasoning, considering
the severity of the patient illness, the isolate susceptibility, the site of
infection, the available drugs (including newer or experimental
options) with their own PK/PD properties, and the optimal approach
(monotherapy versus combination) [24]. Administration of multiple
antibiotics has uncertain effects on patient outcomes and resistant
species selection. Although some studies suggested a protective
effect of antimicrobial combinations, others have clearly pointed to
their role in fuelling antimicrobial resistance (reviewed in ref. [9]).
The superiority of combinations that emerges from observational
studies could well be the result of various biases. Healthier patients
may be more likely to receive additional drugs, as well as patients
who survive longer during the early phases of the treatment course.
We should learn from these controversies that the observational
design remains substantially weak in assessing antibiotic effects for
complicated patients, and that caution needs to be exercised before
definitive conclusions are drawn in the absence of robust random-
ized controlled trial support.

Physicians caring for persons with CRE infection are unques-
tionably left in a challenging situation: either they keep treating
patients with older drugs, whose features are well characterized
and whose drawbacks are well known; or they adopt the new an-
tibiotics, despite the insufficient evidence of effect against CRE and
their higher costs. A fine balance between these two tendencies is
most likely the current best strategy. Nonetheless, greater efforts
must be devoted to designing and performing randomized clinical
trials for CRE treatment.
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