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The term difficult-to-treat resistance has been recently coined to identify Gram-negative bacteria exhibiting re-
sistance to all fluoroquinolones and all β-lactam categories, including carbapenems. Such bacteria are posing 
serious challenges to clinicians trying to identify the best therapeutic option for any given patient. Delayed ap-
propriate therapy has been associated with worse outcomes including increase in length of stay, increase in total 
in-hospital costs and ∼20% increase in the risk of in-hospital mortality. In addition, time to appropriate antibiotic 
therapy has been shown to be an independent predictor of 30 day mortality in patients with resistant organisms. 
Improving and anticipating aetiological diagnosis through optimizing not only the identification of phenotypic 
resistance to antibiotic classes/agents, but also the identification of specific resistance mechanisms, would 
have a major impact on reducing the frequency and duration of inappropriate early antibiotic therapy. In light 
of these considerations, the present paper reviews the increasing need for rapid diagnosis of bacterial infections 
and efficient laboratory workflows to confirm diagnoses and facilitate prompt de-escalation to targeted ther-
apy, in line with antimicrobial stewardship principles. Rapid diagnostic tests currently available and future per-
spectives for their use are discussed. Early appropriate diagnostics and treatment of MDR Gram-negative 
infections require a multidisciplinary approach that includes multiple different diagnostic methods and further 
consensus of algorithms, protocols and guidelines to select the optimal antibiotic therapy.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
In the USA, resistant bacteria and fungi have been estimated to 
cause at least 2 868 700 infections annually, with 35 900 related 
deaths.1 Ten out of the 18 antibiotic-resistant threats identified 
by the CDC are represented by antibiotic-resistant Gram-negative 
bacteria (GNB). The term difficult-to-treat resistance (DTR) 
has been recently coined to identify those GNB exhibiting 
resistance to all fluoroquinolones and all β-lactam categories, in-
cluding carbapenems.2 Carbapenem-resistant Enterobacterales 
(CRE, in particular Klebsiella pneumoniae carbapenemases [KPC], 
metallo-β-lactamases [MBL] and oxacillinase [OXA]-type carbape-
nemases), carbapenem-resistant Pseudomonas aeruginosa (CRPA), 
carbapenem-resistant Acinetobacter baumannii (CRAB) and third- 
generation cephalosporin-resistant GNB are posing serious chal-
lenges to clinicians aiming to identify the best therapeutic option 

for any given patient. Infections due to these organisms have 
been associated with unfavourable impacts on hospital length of 
stay (LOS), clinical cure and patients’ survival in several studies.2–14

The contribution of the varied antibiotic resistance mechan-
isms in GNB on the negative outcomes of patients is likely multi-
factorial and complex. These resistance mechanisms impact 
empirical or early appropriate antibiotic therapy, and frequently 
lead to delays in the administration of appropriate antimicro-
bials.3–13 Delayed appropriate therapy, defined by Bonine et al.4

as no receipt of antibiotic(s) with relevant microbiological activity 
on or within 2 days of index date, was associated with worse out-
comes including increase in LOS, increase in total in-hospital costs 
and ∼20% increase in the risk of in-hospital mortality/discharge to 
hospice, regardless of susceptibility status. In addition, time to ap-
propriate antibiotic therapy has been shown as an independent 
predictor of 30 day mortality in patients with KPC-producing 
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K. pneumoniae (Kp) bloodstream infection (BSI), and appropriate 
antibiotic therapy is recommended to begin within 24 h from 
the collection of blood cultures.5 Although delayed appropriate 
therapy is a more important driver of outcomes than CRE, the 
two factors are recognized to be somewhat synergistic.15

To reduce the frequency and duration of inappropriate early 
antibiotic therapy, this must be addressed from different angles: 
(i) recognizing the patient-level risk of infections due to DTR-GNB 
based on medical history and previous colonization or infection 
with resistant organisms; (ii) updating knowledge of the local 
antimicrobial resistance epidemiology in order to quantify the 
hospital-level or ward-level risk of DTR-GNB; (iii) improving and 
anticipating aetiological diagnosis through improving not only 
identification of phenotypic resistance to antibiotic classes/ 
agents, but also identification of specific resistance mechanisms 
in view of the availability of novel β-lactam/β-lactamase inhibi-
tors (BL/BLIs) with differential activity against carbapenem- 
resistant GNBs that produce different types of carbapenemases; 
and (iv) ensuring rapid de-escalation to targeted therapy after 
aetiological diagnosis is confirmed in critically ill patients with 
suspected DTR-GNB infection who initially required broad- 
spectrum empirical therapy.

An accurate recognition of the risk of DTR-GNB infection at the 
patient and hospital levels when starting an empirical antimicro-
bial treatment is necessary to ensure early appropriate therapy in 
patients who truly have DTR-GNB infections. It is also necessary 

to reduce indiscriminate use of antibiotics that are active against 
DTR-GNB in patients who ultimately do not have such infections. 
Reducing indiscriminate use helps delay the selection of resist-
ance and reduces the risk of fungal and Clostridioides difficile in-
fections.2,3,8,14,16–18 Figure 1 shows some of the factors that 
should be taken into consideration when selecting empirical ther-
apy in patients with potential MDR Gram-negative infections. 
Regarding points (iii) and (iv) above, the role of the microbiology 
laboratory is of paramount importance for antimicrobial stew-
ardship (AMS). Rapid diagnostic tests (RDTs) have been combined 
with AMS interventions, especially in patients with BSIs, showing 
better clinical outcomes in an increasing number of studies com-
pared with standard methods, as well as having advantages in 
cost–benefit assessments. However, there remain some chal-
lenges in the generalization of results of single studies to other 
settings (e.g. to hospital/wards with different epidemiology or 
prevalence of specific pathogens).6,8,18,20,21

In light of the above considerations, the present paper reviews 
the increasing need for rapid diagnosis of bacterial infections and 
efficient laboratory workflows to confirm diagnoses and allow 
prompt de-escalation in line with AMS principles.

RDTs and the role of the clinical laboratory
RDTs, including point-of-care tests (POCTs) and molecular (geno-
typing) assays, have several advantages compared with standard 

Clinical entities
Urinary tract infection
Intra-abdominal infections
Nosocomial pneumonia
Associated or suspected bacteraemia

±
Associated comorbidities

• Diabetes
• COPD
• Moderate/severe renal/liver disease
• Immunosuppression/neutropenia
• Elderly patients
• Solid tumour
• Structural lung disease
• Organ transplantation
• Haemodialysis 

Local epidemiological data 
in clinical isolates

Carbapenem-resistant Enterobacterales >20%
ESBL-producing Enterobacterales >20% in 
Escherichia coli and/or Klebsiella spp.

Yes

Risk factors for carbapenemase- and/or 
ESBL-producing Enterobacterales

• Previously known colonisation
• Broad-spectrum antimicrobial therapy 

during previous 90 days 
(cephalosporins/fluoroquinolones)

• History of prolonged hospitalisation 
and/or long-term care facilities 

• Invasive devices
• Immunosuppression   
• Current or prior ICU admission 
• Local epidemiology, outbreak 
• Travel from high endemic area 

(Enterobacterales)

Obtain adequate microbiological 
sample for culture 

Possible value of rapid diagnostic tests

Empiric therapy to cover 
MDR Gram-negative infections

Septic patient

Yes Yes

Figure 1. Factors impacting early clinical decision-making when managing MDR Gram-negative bacterial infections. Adapted with permission from: 
Montravers P, Bassetti M. The ideal patient profile for new β-lactam/β-lactamase inhibitors. Curr Opin Infect Dis 2018; 31: 587–93.19
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cultures.6 They have higher sensitivity and specificity and acceler-
ate the detection of causative organisms to guide directed ther-
apy. RDTs can be used for both pathogen identification and 
antimicrobial susceptibility testing (AST), and aid in monitoring 
response to therapy.21,22 In some bacteria, such as CREs, the 
identification of the molecular mechanism of resistance, e.g. 
KPC, could inform the early use of new BL/BLIs (e.g. ceftazi-
dime/avibactam, meropenem/vaborbactam and imipenem/rele-
bactam) and potentially better outcomes. One study showed 
that early use of ceftazidime/avibactam (receipt within 48 h of in-
fection onset) was associated with improved clinical outcomes in 
patients with MDR Gram-negative infections.23 Therefore, the use 
of RDTs to identify molecular mechanisms of resistance may not 
only inform the selection of the right antibiotic, including BL/BLI, 
but will also allow appropriate therapy to be given more quickly. 
In addition, there are instances where phenotypic breakpoints 
falter, such as the differential breakpoints for meropenem 
and meropenem–vaborbactam that can be obtained for 
OXA-48-producers, further illustrating the importance of geno-
typic identification.24

RDTs have shown promising benefits, especially when coupled 
with AMS programmes; in particular, reducing time to pathogen 
identification, which was defined by the time elapsing from col-
lection of specimens to the identification of the causative organ-
isms.25–28 Their use can guide clinicians in promptly optimizing 
antibiotic choice with ideal pharmacokinetic/pharmacodynamic 
properties.25–28

RDTs are essential in the implementation of AMS efforts as 
they also allow rapid de-escalation of broad-spectrum antimicro-
bial agents and reduce the potential emergence of future resist-
ance, as well as achieving reductions in cost.25,27 Such 
interventions have been correlated with better patient outcomes. 
Perez et al.26 demonstrated that the use of RDTs reduced all- 
cause 30 day mortality. In addition, the use of RDTs was asso-
ciated with a decrease in the hospitalization duration and the 
LOS in the ICU. In this study, it was found that this correlated 
with significant reduction in the mean annual hospital costs for 
each inpatient survivor. All these benefits are best demonstrated 
in the use of RDTs in BSIs.25,29 RDTs for respiratory, CNS and 
gastrointestinal illnesses have also shown significant promise, al-
though more outcome studies are needed to evaluate their full 
impact.25 RDTs can have an added benefit beyond patient care, 
including epidemiologic surveillance, and facilitate, in conjunc-
tion with standard AST methods, the identification of potential 
candidates for enrolment in clinical trials of novel treatments 
for MDR Gram-negative bacterial infections.

Phenotypic and molecular diagnostic tests 
that reduce time for reporting  
antimicrobial susceptibility
Culture methods for determining antimicrobial resistance in GNB 
remain the gold-standard approach but these are time- 
consuming, taking 24–48 h to complete, and can delay the initi-
ation of appropriate treatment in acutely ill patients. Such delays 
may increase the severity of illness and the mortality of the pa-
tients.26,30–32 Consequently, there is an urgent need for rapid 
methods for determining resistance profiles in both bacterial 

cultures and directly in patients’ samples.33–37 At present, RDT re-
sistance typing methods tend to be concentrated in hospitals, 
particularly in ICUs, mainly in the USA and Europe, but access 
for outpatients and general access in developing countries is cur-
rently limited.6,35,38–40 Making such diagnostic tools available to 
GPs and patients in the community, and in all regions worldwide, 
would create a paradigm shift from empirical to evidence-based 
treatments of infectious diseases.22,40,41 However, due to the 
possibility of false positives and their impact on interpretation of 
some of the available tests, other evidence (e.g. standard AST, radio-
graphic, serum biomarker data), in addition to clinical evaluation, 
may be required to support clinical decision-making.42

A range of rapid methods for GNB resistance typing are now 
available and others are under development (see Table 1). 
These methods can be divided into two classes: (i) those that de-
tect compounds indicating bacterial growth or degradation of 
the antibiotic, and (ii) genetic/molecular methods that detect nu-
cleic acid sequences indicative of resistance genes and their ex-
pression. The turnaround time of these methods is mostly in 
the range of 1–8 h, which is substantially shorter than traditional 
culture methods.33,38,55,57,60

Proteomics is a technological innovation that has become an 
integral part of clinical microbiology, with MALDI-TOF MS used for 
accurate and rapid organism identification.43 MALDI-TOF can be 
complemented with automated phenotypic tests,33 and used 
in conjunction with various molecular platforms to detect specific 
genes associated with resistance.18 The syndromic approach that 
covers pathogens responsible for clinical presentations such as 
BSIs, and the most relevant resistance determinants, is revolu-
tionary and enables physicians to make timely clinical 
decisions.6,33,61

In addition, phenotypic AST is universally applicable, 
mechanism-independent and has therapeutic relevance. This in-
cludes tests for detection of carbapenemases including 
SuperCARBA medium, CHROMID® CARBA SMART, triple disc diffusion 
using meropenem discs supplemented with aminophenylboronic 
acid, dipicolinic acid and cloxacillin for KPC, MBL and AmpC detec-
tion, respectively, and a temocillin disc zone <10 mm for OXA-48 
detection.62–67 Other tests include the CARBA NP test or RAPIDEC® 

CARBA NP test and modified carbapenem inactivation method 
(mCIM) and, more recently, the immunochromatographic tests 
such as NG-Test® CARBA 5 and miniaturized magnetic resonance 
technology; the T2 Biosciences® T2Resistance® Panel can detect re-
sistance genes for the following: KPC, OXA-48, New Delhi MBL (NDM), 
Verona integron-encoded MBL (VIM), imipenemase (IMP), cefotaxi-
mases (CTX-M-14/15) and AmpC.58,64,68,69 Some molecular anti-
microbial susceptibility tests offer detection of resistance genes in 
as little as 15 min to 1 h, but these are limited to the most common 
genes, and negative results do not necessarily imply that the organ-
ism is completely susceptible. There are several FDA-approved 
assays that detect selected resistance genes, including Xpert® 

Carba-R (Cepheid), the BioFire® Blood Culture Identification 2 
(BCID2) Panel (bioMérieux) and the Verigene® system.70–73

Despite the availability of many different AST methods, the use 
of new antibiotics can be hampered by their absence from panels 
in automated systems and ambiguous verification requirements 
with existing AST methods at clinical laboratories.74 This can 
place an unnecessary burden on laboratories and may not be 
possible in smaller centres. To accelerate access to new 
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antibiotics, it has been suggested that laboratories should not 
need to perform additional verification studies if the AST method 
to be used is already established and laboratories should not de-
lay using AST for new drugs if recommended quality control test-
ing can be used in parallel.74

Data on the proportions of laboratories that have implemen-
ted RDTs for GNB resistance typing are not available and wide-
spread use is limited by several barriers. These include the 
utility of new methods, validation of new technology against ref-
erence methods, legal and regulatory landscapes, costs of equip-
ment/funding, costs of maintenance and supplies, reagent 
stability, optimization of target product profiles, staff experi-
ence/training, evaluation and quality control issues.44,75 Some 
methods such as MALDI-TOF have high upfront costs for the 
equipment but lower running costs; whereas, peptide nucleic 
acid-fluorescence in-situ hybridization (PNA-FISH) and spectro-
photometric assays have lower equipment costs but greater run-
ning costs in terms of reagents and supplies. The ability to deliver 
faster resistance results has been shown to reduce antibiotic use, 
other treatment needs and hospital costs.8,26,76

The impact of RDTs on patient outcomes in 
healthcare-associated pneumonias, BSIs and 
complicated urinary tract infections (cUTIs)
A good example of the impact of RDTs on healthcare-associated in-
fections is the integration of novel and rapid diagnostics for resist-
ance phenotyping in patients with hospital- and ventilator-acquired 
pneumonia (HAP and VAP) as it can potentially significantly improve 
outcomes.49,77 HAP is still a serious infection and an important 
cause of morbidity and mortality.49 In one study, the respiFISH® 

HAP Gram (−) Panel using fluorescence-DNA molecular beacons 
(Miacom Diagnostics) shortened identification time by 1 working 
day (species-level identification within 30 min) with sensitivity 
and specificity of 94.3% and 87.3%, respectively, relative to stand-
ard culture methods.50 In this study, 3.6% of pathogens were not 
identified and 3% of specimens had false-positive results.50

However, an observational study examining multiplex PCR (mPCR) 
(Unyvero, Curetis AG) in 40 patients with HAP reported shortened 
turnaround times, but complete test failure was seen in 10% of pa-
tients (n = 4) and partial test failure in 30% (n = 12).57 There were 
non-concordant results in 45% of patients (n = 18), although con-
cordance improved in a subgroup with more serious pulmonary in-
fections. Whilst this performance was poor, the system may be 
improved to decrease failure and improve concordance with trad-
itional methods.57

Advances in clinical metagenomics using next-generation 
sequencing (NGS) could offer shorter turnaround times for patho-
gen identification, and potentially detect all pathogens in a 
nucleic acid sample simultaneously—a benefit over PCR techni-
ques.42 A prospective, single-centre study, which included 66 pa-
tients with HAP and analysed sputum and bronchoalveolar 
lavage (BAL) samples, found a turnaround time of 6.4 ± 1.4 h 
with a commercial rapid metagenomics test (Simcere 
Diagnostics) and a sensitivity of 96.6% and specificity of 
88.0%.42 Due to the high costs of NGS tests, however, it is unlikely 
that this emerging technology will be used over conventional 
tests in the immediate future.42

Resistant GNB, especially those producing ESBLs and carbape-
nemases, are an increasingly important aetiology of VAP. RDTs 
are urgently needed in the management of VAP to facilitate 
more targeted and appropriate early therapy.78 The value of ra-
pid genotypic methods using specific PCR amplification of resist-
ance genes was demonstrated in a study of 66 ESBL isolates from 
patients with VAP (28 K. pneumoniae, 38 Escherichia coli).79

Among these, the PCR method appeared to identify ESBLs with 
100% sensitivity and specificity, and was superior to phenotypic 
methods.79 In treating VAP, it is important to identify or rule 
out MSSA and MRSA. In a study of BAL samples from 328 patients 
with VAP, a PCR approach using the Xpert® assay (Cepheid) was 
shown to rapidly test for MSSA and/or MRSA with high reliability; 
the negative predictive values (NPVs) for MSSA and MRSA were 
99.7% and 99.8%, respectively.80

Automated microscopy approaches using techniques such as 
PNA-FISH and automated phenotypic growth pattern analysis 
have been successfully used in resistance typing of various 
pathogens, including K. pneumoniae, E. coli, Enterobacter spp. 
and other GNBs.49,81 RDT typing using the ID/AST system 
(Accelerate Diagnostics Inc.) reduced turnaround time from 
51.4 h to 10.2 h; consequently, antibiotic de-escalation occurred 
in most patients.81 For patients receiving an inactive regimen, the 
ID/AST method would potentially have allowed appropriate ther-
apy 35.8 h sooner and de-escalation 41.1 h sooner.81 Overall, 
POCTs that include rapid antibiotic resistance typing have the po-
tential to substantially reduce morbidity and mortality in nosoco-
mial pneumonias and various other GNB sepsis cases. These 
methods can identify resistance mechanisms in 6 h, with re-
ported sensitivity of 89% and specificity of 97%.36

BSI represents an increasing public health concern. The esti-
mated incidence of sepsis is 31.5 million per year worldwide, 
with potentially 5.3 million annual deaths linked to sepsis.82

Moreover, in BSI caused by MDR pathogens, for example with 
carbapenem-resistant K. pneumoniae, a pooled mortality of 
54.3% has been reported.83 Furthermore, delayed effective ther-
apy is associated with worse outcomes.84 Delayed identification 
of the causative organisms and culture susceptibilities may often 
be responsible for delays in optimal antimicrobial therapy, and 
this emphasizes the need for rapid identification of antibiotic sus-
ceptibility profiles and detection of resistance genes. In BSI, rapid 
diagnostic testing was associated with significant decreases in 
mortality risk when combined with an AMS programme, and 
also decreased the time to effective therapy and hospital LOS.85

cUTI is a common infection. The treatment of cUTI is more 
challenging when it is caused by MDR pathogens, especially 
ESBL-producing GNB, and inappropriate treatment is associated 
with clinical failure and mortality. Compared with non-ESBL urin-
ary tract infections (UTIs), ESBL UTIs are associated with pro-
longed time to appropriate antibiotic use and therefore to 
prolonged hospital LOS and higher cost of care.86 In one study, 
the use of RDTs was shown to reduce use of ineffective antibiotics 
to treat UTIs and increase the use of accurate, narrow-spectrum 
antimicrobials, helping to achieve the goals of AMS.87

Future directions in rapid diagnostic testing
As technologies advance and become more accessible, rapid 
antibiotic resistance screening methods are likely to become 
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more important components of future diagnostic protocols for 
typing GNB and other pathogens causing sepsis and other infec-
tions, and are likely to be incorporated into AMS initiatives.88 A 
quickly advancing technology is microfluidics, in which liquid 
broth samples containing bacterial cells are introduced into a 
channel in a disposable cartridge that divides into multiple paral-
lel channels with over 8000 docking sites.89 Growth at these sites 
is usually recorded microscopically, but electrical resistance sens-
ing is also possible.90–92 This technology has been termed 
‘lab-on-a-chip’.40 Some current devices can screen four different 
antibiotics simultaneously and provide results in 15–30 min, al-
though others have reported turnaround times up to 3 h.89,93

MICs determined using microfluidics have matched those derived 
from conventional microdilution methods.89 Several commercial 
microfluidic systems are available (e.g. QuickMIC® [Gradientech], 
Q-linea ASTar®, 216Dx® [BacterioScan] and oCelloScope™ 

[BioSense]) and these are likely to become more capable and ap-
plicable to a wider range of samples and antibiotic resistance me-
chanisms in the future. Versions of this technology have been 
developed to incorporate antibody-coated microbeads to cap-
ture specific strains and provide fluorescence detection of anti-
biotic susceptibility.94 Other types have been developed with 
antibody-coated nanotubes, which may also have applications 
in resistance detection.95

A further advancing technology for resistance typing is MS, 
particularly MALDI-TOF and, potentially, electrospray ionization 
in combination with PCR.96 MS requires sophisticated and costly 
hardware and data processing, but it is becoming more available 
to clinical laboratories at the point of care, and the range of resis-
tances it can detect is increasing. Sample processing in commer-
cial systems is simple, involving spotting cultures directly onto MS 
target plates with antibiotics, incubation for 3–4 h, followed by 
MS analysis. MS techniques are likely to play an increasing role 
in rapid resistance typing in the future.32,40,43,45 Some MS techni-
ques also have the advantage that they can be used with raw 
clinical samples, eliminating delays involved in pathogen culture.

In colorimetric assays for detecting volatile compounds indi-
cative of bacterial growth, future developments are likely to in-
clude commercially available microwell plates pre-coated with 
antibiotics that can be read using smartphone-based de-
vices.40,97 This approach is attractive, being low-cost and readily 
usable close to the point of care.

Rapid molecular methods for detecting bacterial resistance 
are also likely to continue advancing in the future. In PNA-FISH, 
the panels available for blood cultures are likely to expand to in-
clude multiple antimicrobial resistance genes/markers in mixed 
populations of bacterial species or strains.98 WGS is a valuable 
technique that provides the most extensive information on exist-
ing and emerging antibiotic resistance.40,99 Whilst WGS has be-
come significantly simpler, more rapid and accessible in recent 
years, it requires specialist equipment and software. EUCAST con-
cluded that WGS as an AST tool is still either poor or non-existent 
and is inadequate for clinical decision-making.40,100 The estab-
lishment of standardized, internationally agreed analytical ap-
proaches and interpretive criteria for WGS, the creation of a 
single database of all known resistance genes and mutations 
to support comparisons between different approaches, and ex-
pansion of the evidence base for WGS-based AST tools are seen 

as crucial priorities for WGS in order for it to compete with pheno-
typic AST.40,100

It is not clear which RDT will prevail for antibiotic resistance de-
termination or whether multiple different methods will be used in 
parallel. Each approach needs more extensive evaluation and 
comparison before optimal diagnostic pathways emerge and 
consensus protocols and guidelines can be developed.96

Genotypic tests, which incur substantially higher costs, are there-
fore more likely to be used in a complementary fashion to trad-
itional phenotypic methods.42 To become accessible as a POCT, 
genotypic methods would have to forego expensive devices, la-
borious sample preparation and high-tech laboratory facilities.40

Nevertheless, these rapid methods collectively provide consider-
able potential for future rapid typing of bacterial resistance and 
provide greater confidence in treatment selection leading to im-
proved outcomes.

The COVID-19 pandemic caused a large increase in the devel-
opment, commercialization and approval of SARS-CoV-2 RDTs, 
with ease of use and rapidity of testing identified as important cri-
teria to reduce the spread of the virus.101 A key factor in the ex-
pediated implementation of RDTs for COVID-19 was the 
adaptation of regulatory bodies’ guidelines and policies for ap-
proval of diagnostic technologies.101 Global partnerships were 
also developed to allow low- and middle-income countries ac-
cess to affordable testing; whether these existing partnerships 
could be exploited for other RDTs is uncertain, but the pandemic 
has shone a light on RDTs and hopefully paved the way for their 
further development and more widespread use in other fields, 
such as clinical bacteriology.101

Considerations when choosing empirical  
and targeted therapies
Before the availability of novel agents with activity against 
DTR-GNB, targeted therapy of infections in critically ill patients 
was mostly based on the administration of polymyxins for 
DTR-GNB without intrinsic resistance to these agents. This was ei-
ther as a monotherapy or in combination with other agents such 
as tigecycline, fosfomycin, high-dose carbapenems and/or sul-
bactam, with the choice of treatment depending on the type of 
DTR-GNB and the site of infection. For most scenarios, data 
from randomized controlled trials (RCTs) are not available to 
guide empirical therapy in the setting of suspected DTR-GNB in-
fection.102–105 In this uncertain situation, the rationale for 
polymyxin-based combination therapy was mostly based on 
the possible recognized suboptimal effectiveness of polymyxins 
used alone and rising in vitro polymyxin resistance rates.105–107

Notably, as polymyxin monotherapy in the management of 
DTR-GNB infections (including CRE, CRPA and CRAB) is not recom-
mended,105 the dilemma of better polymyxin-based combina-
tions for empirical therapy is still unresolved. However, the 
AIDA trial108 showed that adding meropenem to colistin did 
not add any benefit, and several less toxic and more effective no-
vel agents may be more suitable. Increased resistance to poly-
myxins and a lack of clarity on the effectiveness of different 
combinations increases the importance of understanding how 
to make best use of novel agents in line with AMS principles. A 
more detailed selection of both empirical and targeted therapies 
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may now be directed toward specific resistance determinants of 
specific DTR-GNB. For example, cefiderocol, ceftazidime/avibac-
tam, meropenem/vaborbactam and imipenem/relebactam 
display activity against KPC-producing CRE, and ceftazidime/avi-
bactam and cefiderocol are also active against OXA-producing 
CRE.109–115 The choice is more limited for MBL-producing CRE, 
which may be restricted to cefiderocol (although the susceptibil-
ity of NDM producers is not universal) or the combination (al-
though evaluated only in observational studies to date) of 
ceftazidime/avibactam with aztreonam.116–120 In vitro suscepti-
bility studies and pharmacokinetic models are available for this 
combination against MBL-producing Gram-negative pathogens, 
but further studies are needed. In the meantime, IDSA recom-
mends this combination for the treatment of MBL (i.e. NDM, 
VIM or IMP) carbapenemase-identified Enterobacterales.119,120

For MDR P. aeruginosa, while ceftolozane/tazobactam and 
ceftazidime/avibactam frequently have comparable in vitro activ-
ity, ceftolozane/tazobactam does not have activity against 
CRE.121,122 In a retrospective, observational cohort study, ceftolo-
zane/tazobactam was shown to have a higher clinical cure rate 
when compared with polymyxin or aminoglycoside-based treat-
ment for drug-resistant P. aeruginosa; however, there was no dif-
ference in in-hospital mortality.121 However, in a real-world study 
where delayed initiation of treatment for MDR P. aeruginosa in-
fection was common (therapy started a median of 9 days after 
culture collection), starting ceftolozane/tazobactam within 
4 days of culture collection was associated with survival, clinical 
success and microbiological cure.123 The situation for CRAB is 
more complex, with cefiderocol certainly remaining a promising 
agent and already an important option in the absence of alterna-
tives but its use for non-fermenters deserves further investiga-
tion; the results of the CREDIBLE RCT showed an unfavourable 
effect on mortality, which needs to be confirmed in larger stud-
ies.124,125 On the other hand, it is important to consider that (i) 
the role of BL/BLI combinations and cefiderocol in increasing 
probability of coverage and chances of clinical success, and 
also old and novel agents belonging to classes other than BL/ 
BLIs, would also need to be refined within future therapeutic 
algorithms; and (ii) at present old agents such as polymyxins still 
hold a place in the therapy of severe DTR-GNB infections that are 
resistant to novel agents.

Various studies show that the use of inappropriate antibiotic 
treatment or delays as short as 24 h for MDR infection leads to 
treatment failure and poor outcomes. In a real-world study, 
among 112 patients with identified MDR infections, the antibiotic 
failure rate was 68.3% and the mortality rate was 40.8%.9 This em-
phasizes the critical importance of selecting the correct initial anti-
biotic treatment, but also the value of rapid diagnostic methods 
that can inform treatment decisions at the earliest possible 
stage.9,10 The value of a prompt start to appropriate therapy was 
emphasized by a study of 102 patients with KPC-Kp BSI.5 The me-
dian time to appropriate antibiotic therapy in survivors was 8.5 h 
versus 48 h for those who died (P = 0.014) and time to appropriate 
therapy was an independent predictor of 30 day mortality (HR =  
0.36, P = 0.0021). This study also identified primary bacteraemia, 
cardiovascular disease, SOFA score and increasing age as risk fac-
tors for 30 day mortality due to KPC-Kp BSI.

AMS will be crucial for preserving the effectiveness of new 
agents in the long term to assist in the avoidance of 

indiscriminate use and, at the same time, to guarantee their 
prompt use in those who may benefit the most from their admin-
istration. This may occur through the early identification of pa-
tients at risk by accurate syndromic approaches built on 
patient-level data and on the local microbiological epidemiology. 
It will also help in selecting the most appropriate empirical 
therapy. Furthermore, an optimized use of RDT would likely be es-
sential for guiding both targeted therapy with novel agents and 
rapid de-escalation/discontinuation when they are no longer 
necessary.

Conclusions
The treatment of MDR-GNB presents many challenges. Since an 
effective treatment should be administered as soon as possible, 
resistance to many antimicrobial classes almost invariably re-
duces the probability of adequate empirical coverage, with pos-
sible unfavourable consequences. Several factors need to be 
considered to optimize appropriate therapy. One is recognizing 
the patient-level risk of infections due to DTR-GNB based on med-
ical history and previous colonization or infection with resistant 
organisms; another is to be informed through updated local epi-
demiology about the prevalent mechanisms of resistance, to 
quantify the risk of DTR-GNB infections. In addition, improving 
and anticipating aetiological diagnosis through phenotypic and 
molecular resistance typing techniques will help in the selection 
of the right antibiotic, including the novel BL/BLIs which are active 
against different types of carbapenemases. Finally, a rapid detec-
tion of DTR-GNB will improve targeted therapy through rapid 
initiation of adequate therapy and de-escalation to a narrow- 
spectrum antimicrobial when results are available, decreasing 
the possibility of selective pressure.

As outlined earlier, RDTs have some limitations (e.g. high 
costs, lack of access in developing countries, resistance cover-
age); however, POCTs and molecular (genotyping) assays have 
significant advantages compared with standard culture meth-
ods. They have higher sensitivity and specificity and accelerate 
the detection of MDR organisms to guide directed therapy and 
infection control practices. This leads to a rapid de-escalation 
of broad-spectrum antimicrobial agents, reducing treatment 
costs, spread of MDR pathogens and the potential emergence 
of future resistance. However, although culture methods for de-
termining antimicrobial resistance in GNB are time-consuming 
and results may take 24–48 h, delaying appropriate treatment, 
they remain the gold standard. In response to this clinical need, 
a range of rapid diagnostic methods for GNB resistance typing 
are now available and others are under development. The inte-
gration of novel and rapid diagnostics for resistance phenotyp-
ing in patients has the potential to improve treatments and 
outcomes of MDR-GNB infections. In addition, understanding 
the risk factors and epidemiology for Gram-negative MDR 
infection and a knowledge of pre-clinical and clinical data on 
new antibiotics, as well as using diagnostic and treatment 
algorithms, is vital for an appropriate empirical treatment. 
Finally, early appropriate diagnostics and treatment of MDR 
Gram-negative infections needs a multidisciplinary approach 
that includes multiple different diagnostic methods and further 
consensus of algorithms, protocols and guidelines to select the 
optimal antibiotic therapy.
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