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Purpose of review

This review aims to summarize current recommendations for the management of serious infections, such as
bloodstream infections (BSIs) and ventilator-associated pneumonia, caused by multidrug-resistant (MDR) and
extensively drug-resistant (XDR) pathogens, focusing on evidence from randomized controlled trials (RCTs)
and emerging treatment options.

Recent findings

Vancomycin, linezolid, and daptomycin represent the main therapeutic options for the management of
methicillin-resistant Staphylococcus aureus infections; among newer agents, ceftobiprole has recently gained
approval for BSI treatment. For vancomycin-resistant Enterococcus faecium BSIs, linezolid and daptomycin
remain commonly employed despite the lack of comparative RCTs guiding treatment decisions. The
management of MDR/XDR Gram-negative infections is challenging, owing to sparse clinical trials for robust
guidance and rapid emergence of diverse resistance mechanisms. New beta-lactam/beta-lactamase
inhibitor combinations remain the cornerstone of treatment for carbapenem-resistant Enterobacterales and
carbapenem-resistant Pseudomonas aeruginosa. Cefiderocol and the combination of ceftazidime-avibactam
plus aztreonam represent the current last-resort options for metallo-β-lactamase producers. For carbapenem-
resistant Acinetobacter baumannii, sulbactam–durlobactam has demonstrated at least comparable activity
compared to colistin but is unavailable in most countries.

Summary

Optimal management of serious infections by MDR/XDR pathogens requires up-to-date knowledge of
evolving treatment options and resistance mechanisms. Further high-quality clinical trials are needed to guide
evidence-based therapy.
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INTRODUCTION
It was estimated that in the year 2021, 4.71 million
deaths were associated with bacterial antimicrobial
resistance (AMR), including 1.14 million deaths
directly attributable to bacterial AMR. The problem
is only likely to worsen – modelling suggests that
8.22 million deaths will be associated with AMR in
2050 (of which nearly 2 million will be attributable
to AMR). Globally in 2021, the organism-antibiotic
resistance combinations responsible for the most
deaths were methicillin-resistant Staphylococcus aur-
eus (MRSA), carbapenem-resistant Acinetobacter bau-
mannii (CRAB), carbapenem-resistant Pseudomonas
aeruginosa (CR-PA), carbapenem-resistant Enterobac-
terales (CRE), and Escherichia coli resistant to third-
generation cephalosporins and fluoroquinolones
(likely mediated by plasmids harbouring extended-
spectrum beta-lactamases – ESBLs) [1&&]. The World
Health Organization (WHO) has categorized CRAB,

CRE and E. coli resistant to third-generation cepha-
losporins as critical priority pathogens [2&&].

Terminology to describe AMR is somewhat
confusing. Multidrug-resistant (MDR), extensively
drug-resistant (XDR) or pandrug-resistant (PDR)
was defined by a collaborative group including the
European and United States Centers for Disease
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Control and Prevention in 2012. Testing of multiple
antibiotics (e.g., seventeen for P. aeruginosa) is
required to make a diagnosis of PDR using these
definitions [3]. Realistically, the vast majority of
clinical laboratories do not have the ability to utilize
this definition. Difficult to treat resistance (DTR) was
defined in 2018, as resistance to first line agents
against P. aeruginosa[4]. It is the definition used in
the 2024 Infectious Diseases Society of America
(IDSA) Guidance for P. aeruginosa[5&&].

For simplicity, in this paper, we refer to seven key
resistance profiles – MRSA, vancomycin-resistant
Enterococcus faecium (VRE), CRAB, ESBL producers,
CRE, CR-PA and Stenotrophomonas maltophilia. Given
the focus of this issue on infections in the critical
setting, only management of bloodstream infections
(BSIs) andventilator-associatedpneumonia (VAP)will
be discussed. Given the issues posed by confounding
in observational studies that attempt to compare dif-
ferent therapies, our strong preference is only to dis-
cuss results of randomized controlled trials (RCTs).

MANAGEMENT OF METHICILLIN-
RESISTANT STAPHYLOCOCCUS AUREUS
Globally, it was estimated that 130 000 deaths were
attributed to MRSA in 2021. It ranks as the number
one cause of attributable death due to AMR in high-
income countries [1&&]. The global antibiotic arma-
mentarium against MRSA includes the following
intravenously administered antibiotics – vancomy-
cin, teicoplanin, linezolid, tedizolid, daptomycin,

telavancin, dalbavancin, oritavancin, ceftaroline,
ceftobiprole, tigecycline, eravacycline and delaflox-
acin. Unfortunately, there are very few randomized
trials comparing these agents, although there are
some clear differences in pharmacokinetics and
pharmacodynamics which need to be emphasized.

With respect to MRSA pneumonia, daptomycin
is clinically ineffective since the antibiotic is inacti-
vated by surfactant [6]. Linezolid was compared to
vancomycin in a large RCT enrolling over 1000
patients with MRSA pneumonia. 348 of these
patients were included in the per protocol population.
Ninety-five (57.6%) of 165 linezolid-treated patients
and 81 (46.6%) of 174 vancomycin-treated patients
achieved clinical success at the end of the study (P=
0.04). However, all-cause 60-day mortality was sim-
ilar (linezolid, 15.7%; vancomycin, 17.0%) [7]. Cef-
tobiprole has been compared to ceftazidime/
linezolid in a RCT of patients with nosocomial pneu-
monia (due to both Gram-positive and Gram-nega-
tive organisms). Overall, ceftobiprole was not found
to be noninferior in patients with VAP, although for
patients with MRSA the clinical outcomes were sim-
ilar [8]. Telavancin is approved by the United States
Food and Drug Administration (FDA) for hospital-
acquired pneumonia (HAP)/VAP due to S. aureus,
including MRSA, on the basis of two RCTs enrolling
over 1500 patients with nosocomial pneumonia
(approximately 30%with VAP), which demonstrated
noninferiority to vancomycin for clinical cure and
comparable all-cause mortality between groups.
However, higher mortality was observed among tela-
vancin-treated patients with preexisting moderate to
severe renal impairment [9].

Tedizolid, currently approved for the treatment
of acute bacterial skin and skin structure infections
(ABSSSI), has been evaluated in a Phase 3 RCT enroll-
ing over 700 patients with HAP and VAP caused by
gram-positive pathogens, including MRSA (31.3%
overall). The trial demonstrated noninferiority to
linezolid for 28-day all-cause mortality, but failed
to demonstrate noninferiority for clinical response
at test of cure [10]. Ceftaroline has not been specif-
ically evaluated in RCTs for the treatment of VAP due
to MRSA.

Management of S. aureus BSIs (including MRSA)
has recently been reviewed by Tong and colleagues
[11&&]. There are three antibiotics which have United
States FDA approval for MRSA BSIs – vancomycin,
daptomycin and ceftobiprole [12,13]. The most
recent approval has been for ceftobiprole. Its appro-
val was based on a RCT inwhich it was noninferior to
daptomycin - at day 70 a composite successful out-
come was achieved by 70% (132/189) of those
randomized to ceftobiprole and 69% (136/198)
randomized to daptomycin [12]. Two doses of the

KEY POINTS

� Antimicrobial resistance accounted for an estimated
1.14 million attributable deaths in 2021, projected to
reach 2 million by 2050.

� Vancomycin, daptomycin, and ceftobiprole are
approved for methicillin-resistant Staphylococcus aureus
(MRSA) bloodstream infections; vancomycin, linezolid,
and telavancin approved for MRSA ventilator-associated
pneumonia.

� New BLBLIs are preferred for non-MBL-producing
carbapenem-resistant Enterobacterales; carbapenems
remain the treatment of choice for extended-spectrum
beta-lactamase producers based on current evidence.

� Caution is warranted with cefiderocol, given the limited
evidence, unfavorable outcomes in randomized
controlled trials, and emerging resistance.

� Sulbactam–durlobactam is the preferred treatment
option for carbapenem-resistant Acinetobacter
baumannii when available.
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long-acting antibiotic, dalbavancin, have been
shown to be noninferior compared to conventional
therapy for S. aureus BSIs (including MRSA) in a 200
patient RCT [14]. Although a number of RCTs have
been performed on combination therapy for MRSA
infections, none have been shown to provide addi-
tional benefit. Indeed, all they may add is additional
toxicity [11&&].

MANAGEMENT OF VANCOMYCIN-
RESISTANT ENTEROCCUS FAECIUM
VRE is in the top ten causes of death attributed to
bacterial AMR in high-income countries, where 3550
deaths were estimated to have occurred in 2021 [1&&].
Enterococci are not commoncauses of pneumonia, so
this section will exclusively refer to management of
BSIs. The two most commonly considered antibiotics
for serious VRE infections are daptomycin and line-
zolid, the latter being the only one approved by the
FDA for this indication [15]. Unfortunately, no large
RCTs have compared the two antibiotic options in a
head-to-head comparison. While retrospective anal-
yses and animal strategies have suggested that high
doses of daptomycin or combination therapy with
daptomycin plus fosfomycin or beta-lactam antibiot-
ics may be advantageous [16–18], no RCTs have eval-
uated these options.

Other agents with in vitro activity against VRE
include tigecycline, eravacycline, omadacycline,
tedizolid, and long-acting agents such as oritavancin.
However, none of these are considered standard of
care for VRE BSIs due to very limited clinical data, low
serum concentrations (e.g., tigecycline), and lack of
robust evidence, including the absence of RCTs [15].

MANAGEMENT OF CARBAPENEM-
RESISTANT ACINETOBACTER BAUMANNII
Globally, it was estimated that 78 100 deaths were
attributed to CRAB in 2021, with over half of these
occurring in Asia [1&&]. Even in the United States,
patients with CRAB infections have an in-hospital
mortality exceeding 20% [19&]. For many years, poly-
myxins were standard of care for serious infections
due to CRAB. However, a recent RCT comparing
sulbactam-durlobactam plus imipenem-cilastatin
versus colistin plus imipenem-cilastatin showed
improved clinical and microbiological outcomes
with the colistin free regimen. 28-day all-cause mor-
tality was 19% (12/63) in the sulbactam–durlobac-
tam group versus 32% (20/62) in the colistin group.
The incidence of nephrotoxicity was significantly
higher in the colistin group [20].

Sulbactam-durlobactam is only available in the
United States and China. In other regions, what are

the treatment options for CRAB? There is no benefit
when colistin is combined with meropenem for
CRAB [21,22]. Cefiderocol may be active in vitro
against CRAB [according to Clinical & Laboratory
Standards Institute (CLSI) and FDA breakpoints], but
RCT results against this pathogen have been disap-
pointing so far [23]. It is uncertain at this stage
whether an advantage may accrue by combining
cefiderocol with other antibiotics. IDSA guidance
suggests high-dose sulbactam in combination with
other antibiotics as the preferred option when sul-
bactam-durlobactam is unavailable [5&&]. Zosurabal-
pin and intravenous rifabutin are two agents in
clinical trials which may provide future options
against CRAB [24&&,25].

MANAGEMENT OF EXTENDED-SPECTRUM
BETA-LACTAMASES PRODUCERS
Carbapenems, such as meropenem, have been the
mainstay of treatment of serious infections due to
ESBL producers for many years. In the MERINO trial,
12.3% (23/187) patients randomized to piperacillin-
tazobactammet the primary outcome of mortality at
30days compared with 3.7% (7/191) randomized to
meropenem [26]. There is also the potential for the
orally administered carbapenem, tebipenem, to be
used as continuation therapy for resolving bacterae-
mia related to ESBL producers, although thus far the
only RCTs have been for complicated urinary tract
infection [27]. Unfortunately, carbapenems may be
associated with collateral damage and the selection
of carbapenem-resistant organisms. A search has
commenced for effective, carbapenem-sparing op-
tions. Temocillin has emerged as one promising
candidate [28], although it is not available globally.
Cephamycins such as cefmetazole [29&] or flomoxef
in combination with amikacin or fosfomycin [30,31]
are in clinical trials in populations ranging from
neonates to the elderly [32&,33&]. Cefepime-enmeta-
zobactam is highly active in vitro against ESBL pro-
ducer, and is effective in complicated urinary tract
infections [34] but has not yet been trialled for more
serious infection types such as BSIs or VAP.

MANAGEMENT OF CARBAPENEM-
RESISTANT ENTEROBACTERALES
Fewer than 10% of deaths attributable to CRE
occurred in high-income countries [1&&], yet most
antibiotics active against CRE are unavailable in
low- and middle-income countries. Treatment
options for CRE include ceftazidime-avibactam, mer-
openem-vaborbactam, imipenem-cilastatin-relebac-
tam (IMI-REL), aztreonam-avibactam, cefiderocol,
tigecycline and polymyxins. Knowledge of the
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carbapenemase responsible for carbapenem resist-
ance is essential for appropriate use of these anti-
biotics.

Of beta-lactam antibiotics, only aztreonam-avi-
bactam [35&] and cefiderocol are active in vitro
against themetallo-beta-lactamase (MBL) carbapene-
mases, such as the NDM, VIM and IMP types. Even
so, RCT data on these two antibiotics against serious
infections due toMBL producers are extremely sparse
[36&,37–39]. In a post-hoc analysis of two trials, all-
cause 28-day mortality was 20% (3/15) in those
randomized to cefiderocol and 60% (3/5) in those
randomized to comparators [37]. In contrast, all-
cause 30-daymortality in another RCT for those with
MBL-producing Enterobacterales was 50% (8/16) in
those randomized to cefiderocol and 18% (2/11) in
those randomized to standard of care (SOC) [38].

In all of these RCTs, the predominant MBL was
NDM. NDM producing E. coli are increasingly
described which have mutations in penicillin-bind-
ing proteins (PBPs) and subsequently have increased
minimum inhibitory concentrations (MICs) for both
aztreonam-avibactam and cefiderocol [40]. There are
also growing concerns that cefiderocol's ability to
withstand hydrolysis by NDM is limited.

Many countries do not yet have availability of
aztreonam-avibactam, so ceftazidime-avibactam is
used in combination with aztreonam for MBL pro-
ducers [35&]. This combination has not been eval-
uated in RCTs. Beta-lactamase inhibitors capable of
high levels of inhibition of MBLs, or nonbeta-lactam
options may be future options against MBL produc-
ing CRE [41&].

KPC producers can be treated with ceftazidime-
avibactam, meropenem-vaborbactam, IMI-REL, cefi-
derocol, tigecycline and polymyxins but neither
vaborbactam nor relebactam can inhibit OXA-48-
like beta-lactamases. Unfortunately, descriptions of
comparative treatment efficacy against KPC or OXA-
48-type beta-lactamases are dominated by observa-
tional studies, and no substantial RCTs have yet been
performed.

MANAGEMENT OF CARBAPENEM-
RESISTANT PSEUDOMONAS
AERUGINOSA
Of AMR pathogens, CR-PA is the second most fre-
quent attributed as causes of death in high-income
countries [1&&]. Antibiotics potentially active against
CR-PA include ceftazidime-avibactam, ceftolozane-
tazobactam, IMI-REL, cefiderocol and polymyxins.
The intravenous formulation of fosfomycin is some-
times used in combination with other agents,
although no RCTs have been performed to evaluate
its utility.

IMI-REL has been compared to colistin plus imi-
penem-cilastatin in a small RCT for treatment of
infections due to carbapenem-resistant Gram nega-
tive bacilli. Carbapenem-resistant P. aeruginosa was
the most prevalent organism (16/21 patients allo-
cated to IMI/REL and 8/10 patients allocated to
colistin combined with imipenem-cilastatin). A
favorable overall response to treatment at 28days,
was seen in 13/16 (81%) patients receiving IMI-REL
versus 5/8 (63%) patients receiving colistin plus
imipenem-cilastatin. Treatment-emergent nephro-
toxicity was reported in 10% and 56% of patients,
respectively (P=0.002) [42].

A small number of patients with CR-PA infec-
tions have been randomized into two trials compar-
ing cefiderocol with best available therapy (BAT) or
SOC antibiotics. In one of these trials, clinical cure in
the patients assigned to cefiderocol occurred in 58%
(7/12 patients) and 50% (5/10 patients) in those
assigned to BAT. All-cause mortality at the end of
study in patients with P. aeruginosa was 35% (6/17
died) assigned to cefiderocol and 17% (2/12 died) in
those assigned to BAT. One patient given cefiderocol
had an elevation in cefiderocol MIC from 0.12mg/l
at baseline to 16mg/l in a follow-up P. aeruginosa
isolate from the third day of treatment [23]. In the
other trial enrolling over 500 patients with blood-
stream infection, seven patients with CR-PA were
randomized to cefiderocol and 7 to SOC. Thirty-
day mortality was 29% (2/7 died) in both arms [38].

None of the choices mentioned above can be
assured of in vitro activity and development of resist-
ance during therapy can be a problem. In observa-
tional studies, development of resistance during
therapy with ceftazidime-avibactam or ceftolozane-
tazobactam occurred in 10–23% of cases [43&,44&].
Cross-resistance may also develop during therapy, so
that treatment-emergent isolates are also resistant to
other treatment options [45&&].

The mechanisms of carbapenem resistance in
P. aeruginosa appear to vary dependent on the geo-
graphic region. For example,MBLcarbapenemases are
rare in P. aeruginosa in the United States, yet appear to
be more prominent in Asia, Latin America and the
Middle East [46]. Cefiderocol is potentially active
against MBL-producing P. aeruginosa, while ceftazi-
dime-avibactam, ceftolozane-tazobactam and IMI-
REL will be inactive as their beta-lactamase inhibitors
donot inhibitMBLs. The potential use of ceftazidime-
avibactam combined with aztreonam against MBL-
producing P. aeruginosa strains is controversial. Hol-
low-fiber model studies have shown a substantial
decrease inMBL-producingP. aeruginosabacterial load
when ceftazidime-avibactam and aztreonam were
combined [47&]. However, the 2024 IDSA Guid-
ance cautions against using ceftazidime-avibactam
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combined with aztreonam for MBL-producing CR-PA
with the following rationale – while avibactam may
help reduce the effectiveness of AmpC enzymes, the
multiple other nonenzymatic mechanisms generally
present in P. aeruginosa are likely to impede aztreo-
nam's ability to reach its PBP3 target. Furthermore,
extrapolating the relative lack of in vitro activity of
aztreonam-avibactam against MBL-producing P. aer-
uginosa (90% of isolates have aztreonam-avibactam
have anMICof 32mg/l orhigher)would argue against
ceftazidime-avibactam combined with aztreonam
being a reliable option [5&&,48].

MANAGEMENT OF STENOTROPHOMONAS
MALTOPHILIA
Trimethoprim-sulfamethoxazole has long been
regarded as the treatment of choice for S. maltophilia
infections. However, recent in vitro and animal stud-
ies have challenged the theoretical basis for trimetho-
prim-sulfamethoxazole's status as preferred treatment
for S. maltophilia [49]. Other potential choices for
treatment of this organism include cefiderocol, levo-
floxacinand tetracyclines (for example,minocycline).
Negligible numbers of patients with S. maltophilia
have been enrolled in trials evaluating cefiderocol,
and no RCTs have evaluated other options. Observa-
tional studies are of variable quality and show con-
flicting results. Current IDSA Guidance prefers use of
combination therapy for S. maltophilia [5&&].

CONCLUSION
The management of severe infections caused by
multidrug-resistant pathogens remains a significant
challenge and is often not supported by robust clin-
ical evidence. Table 1 provides a summary of recom-
mendations based on current evidence and clinical
guidelines. Although the introduction of new anti-
biotics has expanded therapeutic options, data from
randomized clinical trials are still limited. Variability
in resistance mechanisms and disparities in drug
availability add further complexity to the issue. Prag-
matic, randomized clinical trials are needed to pro-
vide continuous guidance for clinical practice.
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