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Vincent JAMA 2009

Infections nosocomiales réanimation : EPIC II 2009 (Monde)

BGN
• P. aeruginosa 19 %

• E. coli 17 %
• Klebsiella spp. 10 %
• Enterobacter spp. 7 %

• dont BLSE 1.8%
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REA-Raisin 2015 – Santé Publique France 2017 

Pneumonies nosocomiales reanimation, Réa-RAISIN 2015 (France)

S.	aureus	12%

P.	aeruginosa	19,4	%

Entérobactéries 39,8%	
(BLSE	5,8%)

E.	coli	9,5%
K.	pneumoniae	7,5%

divers	entérobactéries
(dont E.	cloacae 6,3%)
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Koulenti Eur J Clin Microbiol Infect Dis 2017

Pneumonies acquises sous ventilation mécanique - PAVM (Europe)



• 1ère BGN pneumonies :

- liées aux soins (HCAP)

- acquises à l’hospital (HAP)

- acquises sous VM (VAP)

Epidémio

Quartin BMC Infect Dis 2013

Pneumonies liées aux soins ventilées ou non (USA, monde)

• 1184 patients 
• analyse post-hoc d’un ERC international
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Kollef Crit Care Med 2014

PAVM P. aeruginosa  : incidence ~ exposition à l’intubation (monde)
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Pendant la pandémie COVID-19…
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Table S2. Isolates from BALF cultures. 

Isolate/s 
No. of patients 

77 (100) 
Pseudomonas aeruginosa 19 (25) 
Staphylococcus aureus 13 (17) 
Klebsiella pneumoniae 9 (12) 

Acinetobacter spp. 6 (8) 
Enterobacter aerogenes 4 (5) 

Serratia marcescens 3 (4) 
Klebsiella oxytoca 2 (3) 

Acinetobacter spp. plus Klebsiella pneumoniae 2 (3) 
Staphylococcus aureus plus Stenotrophomonas maltophilia 2 (3) 

Staphylococcus aureus plus Klebsiella pneumoniae 2 (3) 
Pseudomonas aeruginosa plus Stenotrophomonas maltophilia 2 (3) 

Citrobacter spp. 1 (1) 
Chryseobacterium indologenes 1 (1) 

Escherichia coli 1 (1) 
Haemophilus influenzae 1 (1) 

Morganella morganii 1 (1) 
Pseudomonas aeruginosa plus Escherichia coli 1 (1) 

Pseudomonas aeruginosa plus Klebsiella pneumoniae 1 (1) 
Pseudomonas aeruginosa plus Proteus spp. 1 (1) 

Pseudomonas aeruginosa plus Serratia marcescens 1 (1) 
Staphylococcus aureus plus Enterobacter aerogenes 1 (1) 

Pseudomonas aeruginosa plus Acinetobacter spp. plus Enterobacter aerogenes 1 (1) 
Pseudomonas aeruginosa plus Klebsiella pneumoniae plus Proteus spp. 1 (1) 

Stenotrophomonas maltophilia plus Enterobacter aerogenes plus Proteus spp.  1 (1) 

• Observationelle, multicentrique
• 11 réanimations, Italie, 1ère vague COVID 2020

• 171/586 (29%) PAVM
- Délai median entrée réa-PAVM = 10j (95% CI 6-17)
- Incidence 18 PAVM/1000 j ventilés (95% CI 16–21)

• Pathogènes les + frequents 
- Pseudomonas aeruginosa (27/77, 35%)
- Staphylococcus aureus (18/77, 23%)
- Klebsiella pneumoniae (15/77, 19%) 
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ventilation, and higher incidence of ARDS, than in the 
two other groups. !ese factors were identified as inde-
pendent risk factors for VAP. On the other hand, SARS-
CoV-2 pneumonia patients had lower severity scores 
at ICU admission, and less comorbidities than the two 
other groups. However, after careful adjustment for con-
founding factors, the incidence of VA-LRTI remained 
significantly higher in patients with SARS-CoV-2 

pneumonia, as compared to the other groups. Nev-
ertheless, as suggested by the less strong association 
between SARS-CoV-2 pneumonia and VA-LRTI using 
cause specific regression model, the higher incidence 
of VA-LRTI in patients with SARS-CoV-2 pneumonia 
is probably related, at least in part, to the longer dura-
tion of mechanical ventilation. Some immunosuppres-
sive treatments commonly prescribed to patients with 

Table 3 Incidence of!"rst episodes of!ventilator-associated lower respiratory tract infections

Values are number of !rst events (28-day cumulative incidence expressed as %, considering extubations (death or alive) as competing events)

SHR calculated using marginal Fine and Gray’s models for clustered (center) data

ARDS Acute respiratory Distress Syndrome, SAPS II Simpli!ed Acute Physiology Score II, VALRTI ventilator-associated respiratory tract infection; VAT, ventilator-
associated tracheobronchitis, VAP ventilator-associated pneumonia
a p value for global comparison between the three groups (Gray’s test considering extubations as competing events)
b p values < 0.05 for comparison with SARS-CoV-2 after applying Bonferroni correction
c Treating VAP as a competing event (in addition to extubations)
d Treating VAT as a competing event (in addition to extubations)
e Adjusted for prede!ned confounders (age, gender, SAPS II, MacCabe classi!cation, Immunosuppression, recent hospitalization, recent antibiotic, and ARDS), and 
calculated after handling missing values on covariates by multiple imputation (m = 20)

Unadjusted SHR (95%CI) Adjusted SHR (95%CI)e

SARS-
CoV-2 
(n = 568)

In!uenza 
(n = 482)

No viral 
infection 
(n = 526)

p  valuea SARS-CoV-2 vs. 
In!uenza

SARS-CoV-2 vs. 
No viral infec-
tion

SARS-CoV-2 vs. 
In!uenza

SARS-CoV-2 vs. 
No viral infec-
tion

VALRTI 287 (50.5) 146 (30.3) 133 (25.3)  < 0.0001 1.87 (1.53–2.27)b 2.27 (1.84–2.79)b 1.60 (1.26–2.04)b 1.7 (1.2–2.39)b

VATc 82 (14.4) 39 (8.1) 46 (8.8) 0.0001 1.83 (1.25–2.68)b 1.69 (1.18–2.43)b 1.50 (0.89–2.54) 1.25 (0.7–2.2)

VAPd 205 (36.1) 107 (22.2) 87 (16.5)  < 0.0001 1.74 (1.38–2.2)b 2.38 (1.84–3.06)b 1.57 (1.2–2.04)b 1.84 (1.26–2.7)b

Fig. 1 The 28-day cumulative incidence of ventilator-associated lower respiratory tract infections. Cumulative incidence estimated using Kalbfleish 
and Prentice method, considering extubation (dead or alive) within 28 days as competing event. VA-LRTI ventilator-associated respiratory tract infec-
tion, MV mechanical ventilation

• Multicentrique, rétrospective, 36 réanimations, Europe
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SARS-CoV-2 pneumonia, such as corticosteroids, might 
have also increased the risk for VA-LRTI. Although the 
rate of patients who received corticosteroids was not 
di!erent between SARS-CoV-2 and influenza patients, 
the duration and dose of corticosteroids were higher in 

SARS-CoV-2 patients than in the two other groups. Sec-
ond, one would expect lower rates of ICU-acquired infec-
tion in patients with SARS-CoV-2 pneumonia because 
strict hygiene measures are used to avoid cross-trans-
mission of the virus [14]. In contrast, previous studies 

Table 4 Patient characteristics at!the day of!VALRTI diagnosis

Data are presented as no./No.(%) or median (interquartile range)

CPIS Clinical Pulmonary infection Score, PaO2/FiO2 arterial oxygen partial pressure/fractional inspired oxygen, SOFA Sequential Organ Failure Assessment
a 11 missing values
b 19 missing values
c 30 missing values

SARS-CoV-2 pneumonia In!uenza pneumonia No viral infection

VAT (n = 82) VAP (n = 205) VAT (n = 39) VAP (n = 107) VAT (n = 46) VAP (n = 87)

SOFA  scorea 6 (4–11) 8 (5–11) 6 (4–10) 8 (5–12) 6 (4–8) 7 (5–9)

Diagnostic procedure

 Endotracheal aspirates 68/82 (82.9) 125/205 (61.6) 28/39 (71.8) 59/105 (56.2) 35/46 (77.8) 62/87 (72.9)

 Bronchoalveolar lavage 14/82 (17.1) 78/205 (38.4) 11/39 (28.2) 46/105 (43.8) 10/46 (22.2) 23/87 (27.1)

Modified  CPISb 5 (3–7) 6 (5–7) 5 (3–7) 6 (5–7) 5 (4–6) 6 (5–8)

PaO2/FiO2
c 175 (131–220) 135 (92–180) 180 (138–254) 150 (115–191) 218 (160–303) 180 (140–228)

Antibiotic treatment 67/82 (81.7) 191/205 (93.2) 31/39 (79.5) 98/105 (93.3) 36/46 (78.3) 82/87 (94.3)

Appropriate antibiotic treatment 40/81 (49.4) 145/200 (72.5) 16/37 (43.2) 69/102 (67.6) 26/44 (59.1) 54/87 (62.1)

Table 5 Microorganisms responsible for!ventilator-associated lower respiratory tract infections

Data are presented as N (%)

MRSA methicillin-resistant Staphylococcus aureus, MSSA methicillin-sensitive Staphylococcus aureus

SARS-CoV-2 pneumonia
(n = 287)

In!uenza pneumonia
(n = 146)

No viral infection
(n = 133)

Gram-positive cocci 56 (19.5) 16 (11) 23 (17.3)

 MSSA 27 (9.4) 7 (4.8) 13 (9.8)

 MRSA 8 (2.8) 5 (3.4) 5 (3.8)

 Enterococcus spp. 9 (3.1) 2 (1.4) 2 (1.5)

 Streptococcus pneumoniae 8 (2.8) 1 (0.7) 2 (1.5)

 Streptococcus spp. 4 (1.4) 1 (0.7) 1 (0.8)

Gram-negative bacilli 240 (83.6) 131 (89.7) 109 (82)

 Pseudomonas aeruginosa 64 (22.3) 33 (23.1) 23 (17.3)

 Enterobacter spp. 54 (18.8) 23 (15.8) 17 (12.8)

 Klebsiella spp. 33 (11.5) 21 (14.4) 21 (15.8)

 Escherichia coli 24 (8.4) 12 (8.2) 8 (6.1)

 Acinetobacter baumannii 21 (7.3) 22 (15.1) 14 (10.5)

 Stenotrophomonas maltophilia 10 (3.5) 3 (2.1) 7 (5.3)

 Serratia marcescens 9 (3.1) 2 (1.4) 6 (4.5)

 Citrobacter freundii 6 (2.1) 1 (0.7) 1 (0.8)

 Citrobacter spp 8 (2.8) 3 (2.1) 4 (3)

 Proteus mirabilis 5 (1.7) 1 (0.7) 1 (0.8)

 Haemophilus influenza 3 (1) 6 (4.1) 6 (4.5)

 Morganella morganii 3 (1) 4 (2.7) 1 (0.8)

Other 15 (5.2) 9 (6.2) 5 (3.8)

Polymicrobial 28 (9.8) 8 (5.5) 10 (7.5)

Multidrug-resistant isolates 67 (23.3) 56 (38.4) 45 (33.8)



Pseudomonas aeruginosa : virulence ET résistances



• Gros génome > 6.3 M pdb 

• Nombreux gènes de virulence 

- Adhésines  

- Transport et de translocation de facteurs de virulence 

- Pompes d’efflux d’antibiotiques

- Détecteurs de l’environnement

• 260 gènes de virulence conservés

• + gènes de virulence concentrés dans des ilots de pathogénicité

Virulence/résistance

Génome et virulence



Virulence/résistance

Modifié à partir de Hauser, Nat Rev Microbiol. March 2011; Vol. 9 no. 3 

Arsenal de facteurs de virulence
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Sawa  T et al, Crit Care. 2014 Dec 13;18(6):668

Facteur de virulence (SST3/ExoU) et virulence clinique

= facteur
de gravité
clinique



• Analyse post-hoc multicentrique (Espagne)

• Bactériémies P. aeruginosa

• Génotypage 

• exotoxines SST3 

(exoU exoS, exoT)

Virulence/résistance

Peña C et al, Clin Infect Dis. 2015 Feb 15;60(4):539-48

Virulence clinique
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Peña C et al, Clin Infect Dis. 2015 Feb 15;60(4):539-48

Virulence clinique

Souches porteuses de exoU (21%)
Surmortalité précoce (< j5)
OR ajusté  : 1.90 (1.15–3.14) p = 0.01

&
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d’après Sherrard LJ et al, Lancet 2014

(multi)-résistance de P. aeruginosa
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Sherrard Lancet 2014

(multi)-résistance de P. aeruginosa - biofilm

Series

www.thelancet.com   Vol 384   August 23, 2014 707

Mobile antibiotic resistance genes, associated with 
plasmids and transposons, can be shared among bacteria 
occupying the same environment by horizontal gene 
transfer. Due to the highly diverse cystic fi brosis 
pulmonary bacterial community, the opportunity for 
horizontal gene transfer between bacteria is enhanced. 
Roberts and colleagues59 showed that 25 cystic 
fi brosis–associated H infl uenzae isolates could transfer at 
least one macrolide-encoding resistance gene to 
Gram-positive or Gram-negative bacteria in vitro. The 
outcome was increased MICs of azithromycin or 
erythromycin in the recipient bacteria. Bacteriophages 
might also contribute to the distribution of antibiotic 
resistance genes via transduction. Antibiotics used in the 
treatment of cystic fi brosis respiratory infection, including 
tobramycin and ciprofl oxacin, increased phage production 
by S aureus and P aeruginosa.62,63 Phages detected in cystic 
fi brosis sputum are associated with putative antibiotic 
resistance genes including those coding for !-lactamases.64 
Furthermore, in polymicrobial infections, !-lactamase 
positive bacteria might enable !-lactam-susceptible 
isolates to persist in the presence of !-lactam antibiotics.

Other factors a! ecting antimicrobial resistance
Long-term persistence of bacteria in the presence of 
antibiotics might not only result from expression or 
acquisition of genetic mechanisms of resistance but also 
be a" ected by the microenvironment that exists and 
develops in cystic fi brosis airways.

Secretion of the bicarbonate ion (HCO3) might be 
defective in cystic fi brosis, resulting in more viscous 
mucus in a" ected organs.65 In an animal model of cystic 
fi brosis, airway surface liquid had a lower pH in the 
cystic fi brosis lung than controls due to the defective 
transport of HCO3 into the airways.2 This study reported 
that in the lower pH environment, bacterial killing 
decreased because airway surface liquid antimicrobial 
function was inhibited. Therefore, an acidic cystic 
fi brosis airway surface liquid might also adversely a" ect 
the ability of antibiotics to inhibit bacterial growth.

Steep oxygen gradients and anaerobic niches develop 
within the cystic fi brosis mucus layer because of an 
increase in airway epithelial oxygen consumption, 
coupled with poor oxygen di" usion within the mucus 
plaques.66 Anaerobically grown P aeruginosa isolates were 
less susceptible to colistin, !-lactam, and aminoglycoside 
antibiotics than were aerobically grown isolates.67 
Furthermore, low oxygen concentrations a" ect the activity 
of aminoglycosides, which need oxidative phosphorylation 
for uptake into a bacterial cell where they exert a 
bactericidal e" ect. Moreover, hypoxia increases expression 
of e#  ux pumps in P aeruginosa that causes an increased 
resistance to penicillin and cephalosporin antibiotics.68

Biofi lm formation is a feature of chronic airways infection 
in cystic fi brosis.69 Bacteria growing in biofi lms are 
embedded in a matrix of exopolymeric substances 
including exopolysaccharide, DNA, and protein and have 

been shown to be much more resistant to antibiotics than 
organisms growing planktonically.69 Wu and colleagues70 
showed that when cystic fi brosis-associated S maltophilia 
was grown as a biofi lm, signifi cantly fewer isolates were 
susceptible to several antibiotics including !-lactams and 
fl uoroquinolones than when they were grown 
planktonically.70 Many reasons exist for this level of 
increased resistance (fi gure 3). For example, the biofi lm 
matrix could act as a physical barrier to antimicrobial 
agents, or negatively charged components in the biofi lm 
could bind to positively charged antibiotics (eg, 
aminoglycosides) preventing their di" usion.66,71 Further-

more, antibiotics such as !-lactams target rapidly dividing 
bacterial cells but bacteria in the biofi lm environment have 
a reduced growth rate (fi gure 3).72,73 Gillis and colleagues74 
reported the involvement of e#  ux pumps, MexAB-OprM, 
and MexCD-OprJ in the formation of P aeruginosa biofi lm, 
in the presence of azithromycin, which leads to increased 
resistance.74 Additionally, bacteria might interact through 
the production of quorum-sensing (QS) signals (a cell–cell 
signalling system that allows bacteria to communicate in a 
polymicrobial infection). QS has been linked with the 
regulation of biofi lm growth, virulence, and motility in 
bacteria and QS signalling molecules have been reported in 
cystic fi brosis sputum (fi gure 3).75

The e$  cacy of antibiotics will evidently be a" ected by 
the concentration that reaches their target area. Bacteria 
might be exposed to subinhibitory antibiotic concentrations 
after systemic administration. Moriarty and colleagues76 
also showed that the concentration of ceftazidime and 
tobramycin in cystic fi brosis sputum was lower than the 
concentration in serum from the same patient after 
intravenous administration of the antibiotics. P aeruginosa 
mutants with high-level ciprofl oxacin resistance were 
selected after exposure to a subinhibitory concentration of 

Figure !: Antibiotic resistance and interactions between bacteria growing as a biofi lm
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Peña C et al, Clin Infect Dis. 2015 Feb 15;60(4):539-48

Multirésistance P. aeruginosa et surmortalité

Souches multirésistantes
Surmortalité globale (< j30)
OR ajusté  : 1.40 (1.01–1.94) p= 0.04

• Analyse post-hoc multicentrique (Espagne)

• Bactériémies P. aeruginosa

• Génotypage 

• exotoxines SST3 

(exoU exoS, exoT)
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Clones “à risque” : multirésistants et ± virulents

Oceania. Finally, ST175 (serotype O4) is widely distributed in several European
countries. Interestingly, even though susceptible isolates have probably been
studied less than MDR isolates, the available information suggests that these clones
are infrequent among susceptible isolates. Apart from the 3 major high-risk clones,
ST277 is of particular significance, being widely disseminated in Brazil (79). ST244 is
also frequently detected in several countries but is not always linked to MDR/XDR
profiles (72, 80). Other recently reported emerging high-risk clones include ST308
and ST395 (81, 82).

The link between high-risk clones and horizontally acquired resistance mechanisms
is overwhelming, and most ESBL- or MBL-producing P. aeruginosa isolates belong to a
few clones, with ST235 being the most frequent, followed by ST111 (3). A recent
genomic analysis suggested that the specific presence in ST235 of DprA, a determinant
involved in homologous recombination present in transformable species, likely in-
creases the ability of this high-risk clone to acquire and maintain foreign resistance
elements at a higher rate than other P. aeruginosa clones (79). A significant relationship
between high-risk clones and mutation-driven resistance mechanisms has also been
reported. For example, the mechanisms responsible for the XDR phenotype of the
ST175 clone, which is widespread in Spanish and French hospitals, are combinations of
specific mutations in AmpR (G154R), OprD (Q142X), and MexZ (G195E) and 3 quinolone-
resistance determining region (QRDR) mutations (GyrA T83I and D87N and ParC S87W)
(30). An analysis of the resistomes of large worldwide collections of P. aeruginosa strains
also showed that mutation-driven mechanisms were frequent among ST111 and ST235
clones; most of them had QRDR mutations (frequently GyrA T83I and ParC S87L) and
often showed a mutated oprD (31, 83, 84).

FIG 1 World distribution (A) and European distribution (B) of ST235, ST111, and ST175 based on published data. (Reproduced from reference 3 with permission
from Elsevier.)

TABLE 2 Characteristics of the three major global P. aeruginosa high-risk clones

Characteristic ST111 ST175 ST235
O-antigen serotype O12 O4 O11
Type III secretion system ExoS ExoS ExoU
Virulencea !! ! !!!
Worldwide distribution !! ! !!!
Transferable resistance !! ! !!!
Mutational resistance !! !!! !!
aCapacity to produce more severe and/or higher mortality in acute infections according to results from
animal models and clinical experience (5, 60, 65, 85, 86).

Horcajada et al. Clinical Microbiology Reviews

October 2019 Volume 32 Issue 4 e00031-19 cmr.asm.org 8
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Nathwani Antimicrob Resist Infect Control 2014

Surmortalité (toutes) infections P. aeruginosa MDR?
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Antimicrobial Resistance Collaborators Lancet 2022

Surmortalité (toutes) infections P. aeruginosa MDR?
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as the burden attributable to and associated with specific 
pathogen–drug combinations by age group (neonatal, 
post-neonatal, age 1–4 years, and age 5 years or older) and 
super-region (pp 106–18).

Among the seven leading pathogen–drug combinations 
for deaths attributable to resistance, the proportion of 
isolates estimated to be resistant varied substantially by 
country and territory (figure 7A–G). For meticillin-
resistant S aureus, resistance was generally highest 
(60% to less than 80%) in countries in north Africa and 
the Middle East (eg, Iraq and Kuwait) and lowest (less 
than 5%) in several countries in Europe and sub-Saharan 
Africa (figure 7A). For isoniazid and rifampicin co-
resistant (MDR excluding XDR) M tuberculosis, isolate 
resistance was highest (primarily 10% to less than 30%) 
in eastern Europe and under 5% in many countries 
around the world (figure 7B). To show where data are 
available and how the modelled estimates di!er from the 
input data, figure 7 also shows the raw, unadjusted 
prevalence of resistance for each of the seven leading 
pathogen–drug combinations.

Discussion
The global burden associated with drug-resistant 
infections assessed across 88 pathogen–drug combina-
tions in 2019 was an estimated 4·95 million (95% UI 
3·62–6·57) deaths, of which 1·27 million (0·911–1·71) 

deaths were directly attributable to drug resistance. In 
other words, if all drug-resistant infections were replaced 
by no infection, 4·95 million deaths could have been 
prevented in 2019, whereas if all drug-resistant infections 
were replaced by drug-susceptible infections, 1·27 million 
deaths could have been prevented. Compared with all 
underlying causes of death in GBD 2019, AMR would 
have been the third leading GBD Level 3 cause of death 
in 2019, on the basis of the counterfactual of no infection; 
only ischaemic heart disease and stroke accounted for 
more deaths that year.14 Using the counterfactual of 
susceptible infection, AMR would have been the 12th 
leading GBD Level 3 cause of death globally, ahead of 
both HIV and malaria (more information on GBD causes 
by level presented in the appendix pp 18, 67–75).14 By any 
metric, bacterial AMR is a leading global health issue.12 
Additionally, our analysis showed that AMR all-age death 
rates were highest in some LMICs, making AMR not 
only a major health problem globally but a particularly 
serious problem for some of the poorest countries in the 
world. 

All six of the leading pathogens contributing to the 
burden of AMR in 2019 (E coli, S aureus, K pneumoniae, 
S pneumoniae, A baumannii, and P aeruginosa) have 
been identified as priority pathogens by WHO34 and 
AMR has been highlighted in the political arena through 
the Global Action Plan on AMR,8 the UN Interagency 
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Figure !: Global deaths (counts) attributable to and associated with bacterial antimicrobial resistance by pathogen, 2019
Estimates were aggregated across drugs, accounting for the co-occurrence of resistance to multiple drugs. Error bars show 95% uncertainty intervals.

Global Burden of Disease 2019

• > n = 4 million (big data multi-source)
• Les 6 pathogènes ± ESKAPE

- Escherichia coli
- Staphylococcus aureus
- Klebsiella pneumoniae
- Streptococcus pneumoniae, 

Acinetobacter baumannii
- Pseudomonas aeruginosa

• Décès attribuables à la multi-résistance
∼ 929 000 (660 000–1 270 000) 

• Décès associés à la multi-résistance
∼ 3·57 million (2·62–4·78)



Pronostic

L’enjeu = traitement des infections sévères à P. aeruginosa



Pronostic

Kumar Chest 2009

Enjeu = adéquation de l’antibiothérapie (probabiliste) initiale

Pneumopathies 

Intra-abdo 

Peau-tissus mou 

Urinaires 

KT 

Bactériémies 

appropriée 
inappropriée 

Survie (%) 

• choc septique
• cohorte rétrospective
• Nord-américaine
• n= 5715



Pronostic

Kumar A et al, Chest. 2009 Nov;136(5):1237-1248

Inadéquation et P. aeruginosa

Inadéquation et P. aeruginosa = surmortalité jusqu’à x 10

• choc septique
• cohorte rétrospective
• Nord-américaine
• n= 5715



Pronostic

Vazquez-Guillame Crit Care Med 2014

P. aeruginosa au cours du choc septique



Que faire ?



Choisir un antibiotique actif contre P. aeruginosa ?



ß-lactamines
- ticarcilline ± clavu
- pipéracilline ± tazo
- aztréonam
- cefsulodine
- céfopérazone
- ceftazidime
- cefpirome
- céfépime
- ceftolozane-tazobactam
- ceftazidime-avibactam
- imipénème
- méropénème
- cefiderocol

Aminosides
- gentamicine
- nétilmicine
- tobramycine
- amikacine

Fluoroquinolones
- ciprofloxacine
- lévofloxacine
- delafloxacine

Autres
- colistine
- polymyxine B
- rifampicine
- fosfomycine

Antibiotiques avec une activité contre Pseudomonas



Facteurs de risque de (multi-) résistance



FdR Résistances

Ong Crit Care Med 2011

Pression ATB

A phenotype switch from susceptible
to resistant for one or more antibiotics
occurred in 46 patients. Acquisition of
resistance to ciprofloxacin occurred in 13
of 100 episodes (13%) of ciprofloxacin-
susceptible Enterobacter colonization,
corresponding to an acquisition rate of
1.2 (95% CI, 0.6–1.9) per 100 patient-
days at risk. Eleven of 13 patients had

been exposed to ciprofloxacin for a total
of 220 days, which yields an acquisition
rate of 5.0 (95% CI, 2.1–7.9) per 100 days
of antibiotic exposure. A similar inci-
dence rate was observed for ceftriaxone
(4.8 per 100 days of exposure; 95% CI,
0.7–8.9), whereas the incidence rate for
cotrimoxazol was lower (2.0 per 100 days
of exposure; 95% CI, 0.4!3.7). Incidence

rates could not be reliably calculated for
other antibiotics because of limited num-
bers of events (Table 2).

In three patients (2.8%), a genotypic
match in Diversilab typing was found.
These patients were excluded in multivar-
iate analyses for the reason of possible
cross-transmission. Patients with antibi-
otic exposure were not associated with
higher risks for acquiring antibiotic re-
sistance compared to patients without ex-
posure (Table 3). Exposure to any cepha-
losporin also was not significantly
associated with development of ceftazi-
dime resistance (adjusted HR, 1.9; 95%
CI, 0.4!2.5).

DISCUSSION

In this study, a phenotypical switch
from susceptible to resistant for at least
one antibiotic occurred in 41 ICU pa-
tients colonized with P. aeruginosa and
46 colonized with Enterobacter species.
For respiratory tract colonization with P.
aeruginosa, exposure to meropenem was,
after adjustment for covariates, associ-
ated with the highest risk of resistance
development (adjusted HR, 11.1; 95% CI,
2.4!51.5). Among 124 patients colonized
with meropenem-susceptible P. aerugi-
nosa, meropenem exposure was 14.4
DDD per 100 patient-days, yielding 2.3
resistance acquisition events per 100 days
of antibiotic exposure. In contrast, no
single event of meropenem resistance ac-
quisition was documented among 108 pa-
tients colonized with meropenem-sus-
ceptible Enterobacter species, despite

Table 2. Antibiotic use and incidences of acquired antibiotic resistance in Pseudomonas aeruginosa and Enterobacter species

Antibiotic

Number of
Susceptible
Episodesa

Eventsb

(%)
Patient-

Days

Eventsb

per 100
Patient-Days

(95% CI)

Number of
Antibiotic-Exposed
Episodes (Days of

Exposure)

Defined Daily
Doses per 100
Patient-Days

(95% CI)

Eventsc in
Antibiotic-
Exposed
Episodes

Eventsc per 100
Days of Antibiotic
Exposure (95% CI)

Pseudomonas (n " 126)
Ciprofloxacin 123 11 (8.9) 1803 0.6 (0.3!1.0) 42 (315) 25.9 (23.8!27.9) 8 2.5 (0.8!4.3)
Ceftazidime 119 29 (24.4) 1427 2.0 (1.3!2.8) 45 (268) 19.0 (17.0!21.0) 17 6.3 (3.4!9.3)
Meropenem 124 12 (9.7) 1713 0.7 (0.3!1.1) 24 (221) 14.4 (12.8!16.1) 5 2.3 (0.3!4.2)
Piperacillin-tazobactam 124 18 (14.5) 1594 1.1 (0.6!1.7) 23 (229) 13.6 (11.9!15.3) 6 2.6 (0.6!4.7)

Enterbacter (n " 108)
Ciprofloxacin 100 13 (13.0) 1058 1.2 (0.6!1.9) 31 (220) 29.7 (27.0!32.5) 11 5.0 (2.1!7.9)
Ceftazidime 83 14 (16.9) 920 1.5 (0.7!2.3) 18 (121) 7.9 (6.1!9.6) 2 1.7 (!0.6 to 3.9)
Meropenem 108 0 (0.0) 1305 0 22 (262) 24.7 (22.3!27.0) 0 0
Piperacillin-tazobactam 87 11 (12.6) 1080 1.0 (0.4!1.6) 14 (89) 6.1 (4.7!7.6) 2 2.2 (!0.8 to 5.3)
Cotrimoxazol 100 8 (8.0) 1271 0.6 (0.2!1.1) 36 (293) 18.5 (16.4!20.6) 6 2.0 (0.4!3.7)
Gentamicin 102 9 (8.8) 1106 0.8 (0.3!1.3) 4 (11) 0.6 (0.2!1.1) 1 9.1 (!7.9 to 26.1)
Ceftriaxone 66 12 (18.2) 643 1.9 (0.8!2.9) 17 (104) 12.8 (10.2!15.3) 5 4.8 (0.7!8.9)
Tobramycin 88 7 (8.0) 979 0.7 (0.2!1.2) 16 (130) 6.7 (5.1!8.2) 1 0.8 (!0.7 to 2.3)

CI, confidence interval.
aFirst isolate susceptible for antibiotic; bacquired resistance events in both antibiotic-exposed and nonexposed episodes; cacquired resistance events in

antibiotic-exposed episodes.

Table 3. Cox regression analysis in patients with Pseudomonas aeruginosa and Enterobacter species

Pseudomonas (n " 121) Enterobacter (n " 105)

Crude HR
(95% CI)

Adjusted HR
(95% CI)

Crude HR
(95% CI)

Adjusted HR
(95% CI)

Ciprofloxacin vs. no ciprofloxacin 2.8 (0.7!10.9) 4.1 (1.1!16.2)a 1.7 (0.6!4.7) 1.5 (0.5!4.3)b

Ceftazidime vs. no ceftazidime 2.8 (1.3!6.1) 2.5 (1.1!5.5)c 1.0 (0.3!3.4) 0.8 (0.2!3.1)d

Meropenem vs. no meropenem 8.7 (2.2!33.9) 11.1 (2.4!51.5)e — —
Piperacillin-tazobactam vs. no

piperacillin-tazobactam
2.0 (0.7!5.6) 0.8 (0.2!3.2)f 1.1 (0.2!5.3) 1.3 (0.3!6.5)g

Cotrimoxazol vs. no cotrimoxazol n/a n/a 3.1 (0.6!15.8) 3.1 (0.6!15.8)h

Gentamicin vs. no gentamicin n/a n/a 2.5 (0.3!20.0) 4.8 (0.5!45.4)i

Ceftriaxone vs. no ceftriaxone n/a n/a 1.6 (0.5!4.7) 2.4 (0.7!8.9)j

Tobramycin vs. no tobramycin n/a n/a 0.6 (0.1!5.4) 0.4 (0.04!4.7)k

CI, confidence interval; HR, hazard ratio; n/a, not applicable.
aAdjusted for gender, previous use of antibiotics, and intensive care unit day of first colonization;

badjusted for simultaneous use of other antibiotics, previous use of antibiotics, intensive care unit day of
first colonization, and surgical or not surgical patient; cadjusted for intensive care unit day of first
colonization; dadjusted for age, gender, simultaneous use of other antibiotics, previous use of antibiotics,
and surgical or not surgical patient; eadjusted for Acute Physiology and Chronic Health Evaluation II score;
fadjusted for age, gender, Acute Physiology and Chronic Health Evaluation II score, simultaneous use of
other antibiotics, previous use of antibiotics, intensive care unit day of first colonization, and surgical or not
surgical patient; gadjusted for age, gender, simultaneous use of other antibiotics, intensive care unit day of
first colonization, and surgical or not surgical patient; hno adjustment required; iadjusted for age,
Acute Physiology and Chronic Health Evaluation II score; jadjusted for age, Acute Physiology and
Chronic Health Evaluation II score, simultaneous use of other antibiotics, and previous use of
antibiotics; kadjusted for age, gender, Acute Physiology and Chronic Health Evaluation II score,
intensive care unit day of first colonization, and surgical or not surgical patient. Number of
episodes, excluding episodes with possible cross-transmission.

2461Crit Care Med 2011 Vol. 39, No. 11



Méta-analyses restreintes aux pénèmes vs. autres ATB :

• Emergences résistances

- 4 RCT 

- (OR, 5.17; 95% CI, 1.96–13.65)

FdR Résistances

Kalil AC et al, Clin Infect Dis. 2016 Sep 1;63(5):e61-e111

Pression ATB : carbapénèmes méta-analyses IDSA HAP/VAP

58 
 

 
Meta-analysis of mortality in trials studying carbapenem vs. non-carbapenem regimens for the treatment of VAP [52]. 

 

 

Meta-analysis of carbapenem resistance development with the use of carbapenem vs. non-carbapenem regimens for 
VAP/HAP. 

 

 

Probability of developing carbapenem resistance with the use of carbapenems vs. non-carbapenems 
 
Carbapenem vs. Other (7 studies: N=1,214 patients) 
Outcome: Acquired Resistance  

Relative Risk (RR) = 1.40 (0.95, 2.06); P = 0.083; N = 1,214  
Number Needed to Harm (NNH) = 50  

Real-life Application for the NNH:  
# NNT adjusted according the patient’s expected event rate (PEER) or baseline risk.  
If acquired resistance rate in your hospital is 2%: NNH = 125  
If acquired resistance rate in your hospital is 3%: NNH = 83  
If acquired resistance rate in your hospital is 5%: NNH = 50  
If acquired resistance rate in your hospital is 7%: NNH = 36  
If acquired resistance rate in your hospital is 10%: NNH = 25  

Real-life Application for the Relative Risk Increase (RRI):  
# Bayesian posterior probability that carbapenems increase acquired resistance by a specific 
clinical threshold (RRI).  
RRI>0%: 96%  
RRI>2.5%: 94%  
RRI>5%: 93.0%  
RRI>7.5%: 91.0%  
RRI>10%: 89.0% 



FdR Résistances

Kalil Clin Infect Dis 2016

FdR (MDR) P. aeruginosa (Recommandations IDSA 2016)

decide whether or not to initiate antibiotic therapy (strong
recommendation, moderate-quality evidence).

VI. In Patients With Suspected HAP/VAP, Should C-Reactive Protein
(CRP) Plus Clinical Criteria, or Clinical Criteria Alone, Be Used to
Decide Whether or Not to Initiate Antibiotic Therapy?
Recommendation

1. For patients with suspected HAP/VAP, we recommend
using clinical criteria alone rather than using CRP
plus clinical criteria, to decide whether or not to initiate
antibiotic therapy (weak recommendation, low-quality
evidence).

VII. In Patients With Suspected HAP/VAP, Should the Modi!ed Clinical
Pulmonary Infection Score (CPIS) Plus Clinical Criteria, or Clinical
Criteria Alone, Be Used to Decide Whether or Not to Initiate Antibiotic
Therapy?
Recommendation

1. For patients with suspected HAP/VAP, we suggest using
clinical criteria alone, rather than using CPIS plus clinical
criteria, to decide whether or not to initiate antibiotic therapy
(weak recommendation, low-quality evidence).

TREATMENT OF VENTILATOR-ASSOCIATED
TRACHEOBRONCHITIS

VIII. Should Patients With Ventilator-Associated Tracheobronchitis
(VAT) Receive Antibiotic Therapy?
Recommendation

1. In patients with VAT, we suggest not providing antibiotic
therapy (weak recommendation, low-quality evidence).

INITIAL TREATMENT OF VAP AND HAP

IX. Should Selection of an Empiric Antibiotic Regimen for VAP Be
Guided by Local Antibiotic-Resistance Data?
Recommendations

1. We recommend that all hospitals regularly generate and dis-
seminate a local antibiogram, ideally one that is speci!c to
their intensive care population(s) if possible.

2. We recommend that empiric treatment regimens be in-
formed by the local distribution of pathogens associated
with VAP and their antimicrobial susceptibilities.
Values and preferences: These recommendations place a high
value on targeting the speci!c pathogens associated with VAP
as narrowly as possible to assure adequate treatment while
minimizing overtreatment and its undesirable consequences.
Remarks: The frequency with which the distribution of path-
ogens and their antimicrobial susceptibilities are updated
should be determined by the institution. Considerations
should include their rate of change, resources, and the amount
of data available for analysis.

X. What Antibiotics Are Recommended for Empiric Treatment of
Clinically Suspected VAP?
Recommendations (See Table 3 for Speci!c Antibiotic
Recommendations)

1. In patients with suspected VAP, we recommend including
coverage for S. aureus, Pseudomonas aeruginosa, and other
gram-negative bacilli in all empiric regimens (strong recom-
mendation, low-quality evidence).
i. We suggest including an agent active against MRSA for the

empiric treatment of suspected VAP only in patients with
any of the following: a risk factor for antimicrobial resistance
(Table 2), patients being treated in units where >10%–20%
of S. aureus isolates are methicillin resistant, and patients in
units where the prevalence of MRSA is not known (weak
recommendation, very low-quality evidence).

ii. We suggest including an agent active against methicillin-
sensitive S. aureus (MSSA) (and not MRSA) for the empiric
treatment of suspected VAP in patients without risk factors
for antimicrobial resistance, who are being treated in ICUs
where <10%–20% of S. aureus isolates are methicillin resis-
tant (weak recommendation, very low-quality evidence).

2. If empiric coverage for MRSA is indicated, we recommend
either vancomycin or linezolid (strong recommendation,
moderate-quality evidence).

3. When empiric treatment that includes coverage for MSSA
(and not MRSA) is indicated, we suggest a regimen including
piperacillin-tazobactam, cefepime, levo"oxacin, imipenem,
or meropenem (weak recommendation, very low-quality evi-
dence). Oxacillin, nafcillin, or cefazolin are preferred agents
for treatment of proven MSSA, but are not necessary for
the empiric treatment of VAP if one of the above agents is
used.

4. We suggest prescribing 2 antipseudomonal antibiotics from
different classes for the empiric treatment of suspected VAP
only in patients with any of the following: a risk factor for

Table 2. Risk Factors for Multidrug-Resistant Pathogens

Risk factors for MDR VAP
Prior intravenous antibiotic use within 90 d
Septic shock at time of VAP
ARDS preceding VAP
Five or more days of hospitalization prior to the occurrence of VAP
Acute renal replacement therapy prior to VAP onset

Risk factors for MDR HAP
Prior intravenous antibiotic use within 90 d

Risk factors for MRSA VAP/HAP
Prior intravenous antibiotic use within 90 d

Risk factors for MDR Pseudomonas VAP/HAP
Prior intravenous antibiotic use within 90 d

Abbreviations: ARDS, acute respiratory distress syndrome; HAP, hospital-acquired
pneumonia; MDR, multidrug resistant; MRSA, methicillin-resistant Staphylococcus aureus;
VAP, ventilator-associated pneumonia.

Management of Adults With HAP/VAP • CID 2016:63 (1 September) • e63

ATB I.V. dans les 90 j



Quel traitement(s) ?



ATB
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choix ATB anti-pseudomonaux ? (Recommandations IDSA 2016)
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SUMMARY OF RANDOMIZED CONTROLLED STUDIES EVALUATING EMPIRIC ANTIBIOTIC TREATMENTS FOR HAP AND VAP WITH PSEUDOMONAS COHORT 
 

Rx A Rx B N Mech 
Vent 

Pseudomonas 
patients 

All Patient and Pseudomonas (PA) 
Clinical Response Pseudomonas Patient Mortality All-patient Mortality 

A B Diff A B Diff A B Diff 

Alvarez-Lerma 

2001 [24] 
Meropenem Ceftaz-Amikacin 140 100% 

27/140 

(19%) 

47/69 

(68%) 

39/71 

(55%) 
.04 NR -- -- 

16/69 

(23%) 

20/71 

(28%) 
NS 

Sieger 1997 [25]  Meropenem Ceftaz-Tobra 
211 70% 

12/211 

(6%) 

76/106 

(72%) 

62/105 

(59%) 

.10 NR -- -- 13/104 

(13%) 

23/107 

(21%) 

.06 

Brown 1984 [26]  Moxalactam Carbenicillin-Tobra 
48 85%

a

 
7/34 

(21%) 

11/18 

(61%)
a 

7/16 (44%)
a 

NS NR 
 

-- 11/18 

(61%) 

9/16 (56%) NS 

Kljucar 1987 [27]  Ceftazidime Ceftaz-Tobra 
33 100% 

18/33 

(55%) 

12/16 

(75%) 

12/17 

(71%) 

NS NR -- -- 0/16 

(0%) 

1/17 (5.9%) NS 

Kljucar 1987 [27]  Ceftazidime Azlocillin-Tobra 
33 100% 

23/33 

(70%) 

12/16 

(75%) 

8/17 

(47%) 

NS NR -- -- 0/16 

(0%) 

2/17 (12%) NS 

Chastre 2008 [28] Doripenem Imipenem 

531 100% 
56/409 

(14%) 

147/249 

(59%)
c

 

PA 16/20 

(80%) 

146/252 

(58%)
c

 

PA 6/14 

(43%) 

NS 7/20 

(35%) 

6/14 

(43%) 

NS 27/249 

(11%) 

24/252 

(10%) 

NS 

Kollef 2012 [79] Doripenem  

x 7 days 

Imipenem  

x 10 days 274 100% 
27/167 

(16%) 

36/79 

(46%) 

PA  (41%) 

50/88 

(57%) 

PA (60%) 

NS 6/17 

(35.3%) 

0/10 

(0%) 

95% CI 

12.6-58 

26/115 

(23%) 

18/112 

(16%) 

NS 

Hartenauer  

1990 [29] 

Ceftazidime Imipenem 
45 100% 

7/45 

(16%) 

17/21 

(81%)
c 

16/24 

(67%)
c 

NS NR -- -- -- -- -- 

Torres 2000 [30] Ciprofloxacin Imipenem 
149 100% 

26/75 

(35%) 

40/57 

(70%)
c 

34/52 

(65%)
c 

NS NR -- -- 8/41 

(20%)
d 

4/34 

(12%)
d 

NS 

Fink 1994 [31] Ciprofloxacin Imipenem 
405

b

 79% 
91/402 

(22%) 

74/121 

(61%)
e 

71/130 

(55%)
e 

NS NR -- -- 43/202 

(21%) 

38/200 

(19%) 

NS 

Shorr 2005 [32] Levofloxacin Imipenem 
222 100% 

34/222 

(15%) 

65/111 

(59%) 

70/111 

(63%) 

NS NR -- -- -- -- -- 

Réa Neto 2008 

[33] 

Doripenem 

(+ Aminoglycoside if 

Pseudomonas) 

Piperacillin-

tazobactam 

(+ Aminoglycoside if 

Pseudomonas) 

448 22%
c

 
54/285 

(19%) 

20/29 

(69%)
f 

15/26 (58%)
f 

NS 6/32 

(19%) 

8/44 

(18%) 

NS 30/217 

(14%) 

31/212 

(15%) 

NS 

Beaucaire 1995 

[35] 

Isepamicin Amikacin 

113
d

 100% 
35/130 

(27%) 

23/44 

(52%) 

25/41 

(61%) 

NS NR -- -- 17/56 

(30%) 

15/57 

(26%) 

NS 

Ahmed 2007 [36] Cefepime-levofloxacin Pip-tazo + Amikacin 
93 100% 

37/93 

(40%) 

-- -- -- -- -- -- 13/38 

(35%) 

15/38 

(40%) 

NS 

Beaucaire 1999 

[37] 

Cefipime/ 

Amikacin 

Ceftazidime/ 

Amikacin 
275 100% 

16/275 

(6%) 

68/141 

(48%) 

60/134 

(45%) 

NS NR   29/141 

(20%) 

21/134 

(16%) 

-- 
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SUMMARY OF RANDOMIZED CONTROLLED STUDIES EVALUATING EMPIRIC ANTIBIOTIC TREATMENTS FOR HAP AND VAP WITH PSEUDOMONAS COHORT 
 

Rx A Rx B N Mech 
Vent 

Pseudomonas 
patients 

All Patient and Pseudomonas (PA) 
Clinical Response Pseudomonas Patient Mortality All-patient Mortality 

A B Diff A B Diff A B Diff 

Croce 1993 [80] Cefoperazone Ceftazidime  
 39 100% 

6/59 
(10%) 

10/19 
(53%) 

12/20 
(60%) 

-- NR -- -- -- -- -- 

Croce 1993 [80] Cefoperazone/ 
Gentamicin 

Ceftazidime/ 
Gentamicin 

70 100% 
13/137 
(10%) 

10/35 
(29%) 

12/35 
(34%) 

-- NR -- -- -- -- -- 

Reeves 1989 [38] Ceftriaxone Cefotaxime 
51 90% 

2/51 
(4%) 

12/25 
(48%) 

19/26 
(73%) 

-- NR -- -- 2/25 
(8%) 

4/26 
(15%) 

-- 

Saginurh 1997 
[39] 

Ceftazidime  Ciprofloxacin 
149 52% 

4/149 
(3%) 

14/34 
(41%) 

17/30 
(57%) 

-- NR -- -- 6/77i 
(8%) 

8/62 i 
(13%) 

-- 

Alvarez-Lerma 
2001[40] 

Pip/Tazo + Amikacin Ceftazidime + 
Amikacin 

124 85% 
13/124 
(10%) 

44/88 
(50%) 

16/36 
(28%) 

-- NR -- -- 27/88 
(31%) 

8/36 
(22%) 

 

Bruin-Bruisson 
1998[41] 

Pip/Tazo + Amikacin Ceftazidime + 
Amikacin 

197 100% 
42/190 
(22%) 

28/58 
(48%) 

23/69 
(33%) 

-- NR -- -- 8/51 
(15%) 

12/61 
(20%) 

-- 

Freire 2010 [42] Tigecycline +/- 
Ceftazidime 

Imipenen +/- 
Vancomycin 

934 34% 

18/253 VAP 
(7%) 

 
24/626 Non-VAP 

(4%) 

59/127 
(46%) VAP 
217/313 

(69%) Non-
VAP 

PA 7/11 
(63.6%) 

Non-VAP 
PA 3/11 
(27.3%) 

VAP 

67/116 
(58%) VAP 
223/313 

(71%) Non-
VAP 

PA 8/13 
(69.2%) 

Non-VAP 
PA 6/7 

(85.7%) VAP 

-- NR -- -- Overall 
66/467 
(14.1%) 

 
25/131 

(19%) VAP 
 

41/336 
(12.2%) 

Non-VAP 

Overall 
57/467 
(12.2%) 

 
15/122 
(12%) 
VAP 

 
43/345 
(12.5%) 

Non-VAP 

NS 

Giamarellos-
Bourboulis 2008 
[43] 

Clarithro + usual 
therapy 

Usual therapy 
200 100% 

29/200 
(15%) 

61/100 
(61%) 

54/100 
(54%) 

-- NR -- -- 28/100 
(28%) 

31/100 
(31%) 

NS 

Damas (A) 2006 
[48] 

Cefepime Cefepime - Amikacin 
39 100% 

7/39 
(18%) 

37/53 
(70%) 

26/40 
(65%) 

NS NR -- -- 2/20 
(10%) 

4/19 
(21%) 

 

Damas (B) 2006 
[48] 

Cefepime Cefepime - 
Levofloxacin 

40 100% 
9/40 
(23%) 

-- -- -- NR -- -- 2/20 
(10%) 

4/20 
(16%) 

 

Heyland 2008 
[44] 

Meropenem Meropenem-cipro 
739 100% 

47/739 
(6%) 

203/369 
(55%) 

220/369 
(60%) 

NS NR -- -- 67/370 
(18%) 

71/369 
(19%) 

NS 

Manhold 1998 
[49] 

Cipro Ceftazidime - 
Gentamicin 

18d 100% 
2/18  
(11%) 

2/10 (20%) 4/8 (50%) -- NR -- -- 8/10 (80%) 4/8 (50%) -- 

Awad SS 2014 
[81] 

Ceftobiprole Ceftazidime-Linezolid 
781 38% 

101/781 
(13%) 

195/391 
(49.9%) 

206/390 
(52.8%) 

NS NR   HAP 
16.7% 

HAP 
18.0% 

NS 
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SUMMARY OF RANDOMIZED CONTROLLED STUDIES EVALUATING EMPIRIC ANTIBIOTIC TREATMENTS FOR HAP AND VAP WITH PSEUDOMONAS COHORT 
 

Rx A Rx B N Mech 
Vent 

Pseudomonas 
patients 

All Patient and Pseudomonas (PA) 
Clinical Response Pseudomonas Patient Mortality All-patient Mortality 

A B Diff A B Diff A B Diff 

(HAP, including 

210 VAP) 

HAP 

171/287 

(59.6%) 

VAP 24/104 

(23.1%) 

PA 17/27 

(63%) 

HAP 

167/284 

(58.8%) 

VAP 19/70 

(27.1%) 

PA 24/34 

(71%) 

 

VAP 

26.9% 

 

VAP 

19.8% 

Kim 2012 [82] 

(HAP) 

Imipenem + 

Vancomycin with De-

escalation 

Non-carbapenem + 

Non-vancomycin, No 

de-escalation 

109 50% 
13/108 

(12%) 

NR NR  NR -- -- 21/53 

(39.6%) 

14/55 

(25.9%) 

NS 

Joshi 2006 

[50](NP) 

Pip/Tazo + 

Tobramycin 

Imipenem + 

Tobramycin 
437 69% 

35/437  

(8%) 

121/222 

(54.5%) 

111/215 

(51.6%) 

NS NR -- -- 23/222 

(10%) 

17/215 

(8%) 

NS 

West 2003 [83] 

(NP) 

Levofloxacin 

(+ Ceftazidime for 

Pseudomonas) 

Imipenem 

+ Amikacin or other 

AG for Pseudomonas) 
438 71% 

34/438 

(8%) 

135/204 

(66.2%) 

PA 11/17 

(64.7%) 

143/206 

(69.4%) 

PA 7/17 

(41.2%) 

NS NR -- -- 38/220 

(17.3%) 

32/218 

(14.7%) 

NS 

Zanetti 2003 [84] 

(NP) 

Cefipime Imipenem 

281 66% 
59/148 

(40%) 

76/108 

(70%) 

PA 23/27 

(75%) 

75/101 

(74%) 

PA 23/32 

(72%) 

NS NR -- -- 28/108 

(26%) 

19/101 

(19%) 

NS 

Jaccard 1998 [85] 

(NP or peritonitis) 

Imipenem Pip/Tazo 

154 

NP 
 

45/154 

(29%) 

23/79 

(29%) 

PA 12/24
 
 

(50%)
 g
 

13/75 

(17%) 

PA19/21 

(90%)
 g
 

 NR   6/79 

(8%) 

7/75 

(9%) 

NS 

Thomas 1994 [45] Cefotaxime Ceftriaxone 
93 -- -- 

-- -- -- -- -- -- 12/40 

(30%) 

13/53 

(25%) 

NS 

Cometta 1994 

[86] 

Imipenem Imipenem + netilmicin 
177

 h
  55% 

34/177 

(19%) 

16/91 

(17.6%) 

14/86 

(16.3%) 

 NR -- -- 13/91 

(14%) 

12/86 

(14%) 

NS 

Giamarellou 1990 

[87] 

Pefloxacin Imipenem 
71 72% 25 of 88 pathogens 

23/35 

(65.7%) 

19/35 

(52.8%) 

 NR   1/25 

(4%) 

4/29 

(14%) 

NS 

NR = Not Reported; NP = Nosocomial pneumonia; HAP = Hospital-acquired pneumonia; VAP = Ventilator-associated pneumonia 
a 

clinical response defined as radiographic clearing 
b 

hospital days after pneumonia diagnosis 
c
 clinically evaluable population 

d
 microbiologically confirmed and clinically evaluable population 

e
 excludes patients with community acquired pneumonia and those with “indeterminate” clinical responses 

f
 clinically evaluable population with confirmed VAP 

g
 P=0.004 for PA group 



Aucune molécule parmi les antipseudomonaux
n’est retenue comme supérieure à une autre

(sauf échecs et néphrotoxicité des monothérapies par aminosides)
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• ∼ 30 % non-multisensibles

• 1 chance sur 2 de perdre le pari entre CAZ et IMP

• ∼ 7% multirésistantes

ATB

Réseau REA-Raisin, France. Résultats 2015. Saint-Maurice : Santé publique France, 2017

(Multi)résistances en réanimation – France (2015 et 2016)

SANTE PUBLIQUE FRANCE / Surveillance des infections nosocomiales en réanimation adulte.  
Réseau REA-Raisin, France. Résultats 2016 / p. 34 

 

 
I TABLEAU 35 I   

Indicateurs de résistance aux antibiotiques (2016) 
Micro-organisme Indicateur n n’ % 
Staphylococcus aureus (1 531) Oxacilline 1 512 230 15,2 
 Glycopeptides 1 460 8 0,5 
 PanR  probable 1 484 1 0,1 
  confirmé  4 0,3 
Enterococcus faecalis      (405) Ampicilline 382 45 11,8 
 Glycopeptides (ERG) 379 6 1,6 
 PanR  probable 379 3 0,8 
  confirmé  0 0,0 
Enterococcus faecium   (166) Ampicilline 159 107 67,3 
 Glycopeptides (ERG) 162 5 3,1 
 PanR  probable 158 0 0,0 
  confirmé  1 0,6 
Entérobactéries          (5 342) Amoxicilline/acide clavulanique 5 187 3 206 61,8 
 Céphalosporine 3e génération 5 183 1 472 28,4 
 Carbapénème 5 107 93 1,8 
 BLSE 5 342 895 16,8 
 PanR  probable 5 125 21 0,4 
  confirmé  20 0,4 
Pseudomonas aeruginosa  (2 233) Pipéracilline/tazobactam 2 187 619 28,3 
 Ceftazidime 2 191 426 19,4 
 Carbapénème 2 169 505 23,3 
 Colistine 1 510 40 2,6 
 PanR  probable 2 158 27 1,3 
  confirmé  7 0,3 
Acinetobacter baumannii    (146) Ceftazidime 140 62 44,3 
 Carbapénème 140 41 29,3 
 Colistine 97 2 2,1 
 PanR  probable 144 2 1,4 
  confirmé  1 0,7 
Candida  (649) Fluconazole 465 48 10,3 
 Candida albicans  283 8 2,8 
 Candida glabrata  50 22 44,0 
 Candida krusei  10 6 60,0 
 Candida parapsilosis  35 4 11,4 
 Candida tropicalis  32 3 9,4 
 Candida autres  55 5 9,1 

 
Rappel : Les souches intermédiaires "I" sont assimilées à des profils "R" dans la surveillance. 

SANTE PUBLIQUE FRANCE / Surveillance des infections nosocomiales en réanimation adulte.  
Réseau REA-Raisin, France. Résultats 2016 / p. 34 

 

 
I TABLEAU 35 I   

Indicateurs de résistance aux antibiotiques (2016) 
Micro-organisme Indicateur n n’ % 
Staphylococcus aureus (1 531) Oxacilline 1 512 230 15,2 
 Glycopeptides 1 460 8 0,5 
 PanR  probable 1 484 1 0,1 
  confirmé  4 0,3 
Enterococcus faecalis      (405) Ampicilline 382 45 11,8 
 Glycopeptides (ERG) 379 6 1,6 
 PanR  probable 379 3 0,8 
  confirmé  0 0,0 
Enterococcus faecium   (166) Ampicilline 159 107 67,3 
 Glycopeptides (ERG) 162 5 3,1 
 PanR  probable 158 0 0,0 
  confirmé  1 0,6 
Entérobactéries          (5 342) Amoxicilline/acide clavulanique 5 187 3 206 61,8 
 Céphalosporine 3e génération 5 183 1 472 28,4 
 Carbapénème 5 107 93 1,8 
 BLSE 5 342 895 16,8 
 PanR  probable 5 125 21 0,4 
  confirmé  20 0,4 
Pseudomonas aeruginosa  (2 233) Pipéracilline/tazobactam 2 187 619 28,3 
 Ceftazidime 2 191 426 19,4 
 Carbapénème 2 169 505 23,3 
 Colistine 1 510 40 2,6 
 PanR  probable 2 158 27 1,3 
  confirmé  7 0,3 
Acinetobacter baumannii    (146) Ceftazidime 140 62 44,3 
 Carbapénème 140 41 29,3 
 Colistine 97 2 2,1 
 PanR  probable 144 2 1,4 
  confirmé  1 0,7 
Candida  (649) Fluconazole 465 48 10,3 
 Candida albicans  283 8 2,8 
 Candida glabrata  50 22 44,0 
 Candida krusei  10 6 60,0 
 Candida parapsilosis  35 4 11,4 
 Candida tropicalis  32 3 9,4 
 Candida autres  55 5 9,1 

 
Rappel : Les souches intermédiaires "I" sont assimilées à des profils "R" dans la surveillance. 

Réseau REA-Raisin, France. Résultats 2016. Saint-Maurice : Santé publique France, 2018
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Goodlet Antimicrob Agents Chemother 2017

Sensibilités in-vitro P. aeruginosa (USA, souches respi, réanimation)

30-40 % Résistances
aux β-lactamines

anti-pseudomonas “socles”

= pari probabiliste difficile

entre :
• Céfépime

• Ceftazidime

• Meropénème (Imipénème)

n=156



ATB

Goodlet Antimicrob Agents Chemother 2017

Résistances croisées in-vitro (USA, toutes souches ou respi réa)

Résistance(s) à un antipseudomonas “socle”

non-récupérée(s) par un autre choix



Associations ?



Associations ?

Goodlet KJ et al, Antimicrob Agents Chemother. 2017 Nov 22;61(12). pii: 
e01350-17

Associations in-vitro vs. P. aeruginosa (US, souches respi, réa)

n=156

n Monotherapy 
n + CIP

n + TOB



Associations ?

Vardaka Int J of Antimicrob Agents 2013

Mono vs. bithérapie P. aeruginosa

β-lact vs. même β-lact + FQ ou aminoside

ttt probabiliste mortalité



Associations ?

Hu Int J of Antimicrob Agents 2013

Mono vs. bithérapie P. aeruginosa (bactériémies)

β-lact vs. même β-lact + FQ ou aminoside



• Aucune méta-analyse ne met en évidence un avantage sur la mortalité

• MAIS :
- beaucoup d’études rétrospectives

- de cohortes non randomisées

- patients peu graves

- majorité de “bactériemies” (uro-sepsis drainés ou sur KT retirés)

- peu de foyers à haut inoculum non-éradicables type pneumonie grave

- souvent association avec aminosides à une époque de doses non optimisées

Nécessité RCT monotherapie versus associations, 

infections sévères à P. aeruginosa 

Associations ?

Controverse des associations antibiotiques…et P. aeruginosa



Associations ?

Liang SY and Kumar A, l Curr Infect Dis Rep. 2015 Jul;17(7):493

Associations… pour les infections graves uniquement?
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SUBGROUP ANALYSES BY STUDY DESIGN AND THERAPY TYPE 
 No. of 

studies 
Pooled OR 

(95% CI) 
P-value for 
difference 

P-value for 
heterogeneity; I2 (%) 

Study design     
Prospective study 2 0.64 (0.27-

1.48) 
0.291 0.099;69.3 

Retrospective 
study 

8 1.0 (0.59-1.69) 0.991 0.032;54.4 

Therapy type     
Definitive therapy 8 0.90 (0.53-

1.54) 
0.704 0.027;55.6 

Appropriate 
empirical therapy 

2 0.80 (0.22-
2.89) 

0.734 0.023;80.6 

OR, odds ratio; CI, confidence interval 
 

 

MORTALITY OUTCOMES 

  
Mortality Rate by Therapy 

n of Deaths/Total n of Patients (%) 
  

 Sample Size, n Monotherapy Combination Rx 
Odds Ratio (95% 

Confidence Interval) 
P 

Intensive care 
unit mortality 

2446 437/1223 (35.7%) 352/1223 (28.8%) 0.75 (0.63-0.88) .0006 

Hospital 
mortality 

2446 584/1223 (47.8%) 457/1223 (37.4%) 0.69 (0.59-0.81) <.0001 

Death from:      
Refractory 
shock 

2446 311/1223 (25.4%) 258/1223 (21.1%) 0.78 (0.65-0.95) .01 

Sepsis-
related 
organ failure 

2446 184/1223 (15%) 137/1223 (11.2%) 0.71 (0.56-0.90) .005 

Nonsepsis-
related 
organ failure 

2446 89/1223 (7.3%) 62/1223 (5.1%) 0.68 (0.49-0.95) .02 
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ATB anti- P. aeruginosa (Recommandations IDSA 2016)

antimicrobial resistance (Table 2), patients in units where
>10% of gram-negative isolates are resistant to an agent
being considered for monotherapy, and patients in an ICU
where local antimicrobial susceptibility rates are not available
(weak recommendation, low-quality evidence).

5. We suggest prescribing one antibiotic active against P. aer-
uginosa for the empiric treatment of suspected VAP in pa-
tients without risk factors for antimicrobial resistance who
are being treated in ICUs where !10% of gram-negative iso-
lates are resistant to the agent being considered for mono-
therapy (weak recommendation, low-quality evidence).

6. In patients with suspected VAP, we suggest avoiding amino-
glycosides if alternative agents with adequate gram-negative
activity are available (weak recommendation, low-quality
evidence).

7. In patients with suspected VAP, we suggest avoiding colistin
if alternative agents with adequate gram-negative activity are
available (weak recommendation, very low-quality evidence).
Values and Preferences: These recommendations are a com-
promise between the competing goals of providing early ap-
propriate antibiotic coverage and avoiding super!uous
treatment that may lead to adverse drug effects, Clostridium
dif!cile infections, antibiotic resistance, and increased cost.
Remarks: Risk factors for antimicrobial resistance are pro-
vided in Table 2. The 10%–20% threshold for deciding

whether or not to target MRSA and the 10% threshold for
deciding whether or not to prescribe 1 antipseudomonal
agent or 2 were chosen by the panel with a goal of trying
to assure that "95% of patient receive empiric therapy ac-
tive against their likely pathogens; when implementing
these recommendations, individual ICUs may elect to mod-
ify these thresholds. If patient has structural lung disease in-
creasing the risk of gram-negative infection (ie,
bronchiectasis or cystic "brosis), 2 antipseudomonal agents
are recommended.

XI. Should Selection of an Empiric Antibiotic Regimen for HAP
(Non-VAP) Be Guided by Local Antibiotic Resistance Data?
Recommendations

1. We recommend that all hospitals regularly generate and dis-
seminate a local antibiogram, ideally one that is tailored to
their HAP population, if possible.

2. We recommend that empiric antibiotic regimens be based
upon the local distribution of pathogens associated with
HAP and their antimicrobial susceptibilities.
Remarks: The frequency with which the distribution of path-
ogens and their antimicrobial susceptibilities are updated
should be determined by the institution. Considerations
should include their rate of change, resources, and the
amount of data available for analysis.

Table 3. Suggested Empiric Treatment Options for Clinically Suspected Ventilator-Associated Pneumonia in Units Where Empiric Methicillin-Resistant
Staphylococcus aureus Coverage and Double Antipseudomonal/Gram-Negative Coverage Are Appropriate

A. Gram-Positive Antibiotics With
MRSA Activity

B. Gram-Negative Antibiotics With
Antipseudomonal Activity: !-Lactam–Based Agents

C. Gram-Negative Antibiotics With Antipseudomonal
Activity: Non-!-Lactam–Based Agents

Glycopeptidesa

Vancomycin 15 mg/kg IV q8–12h
(consider a loading dose of 25–30
mg/kg ! 1 for severe illness)

Antipseudomonal penicillinsb

Piperacillin-tazobactam 4.5 g IV q6hb
Fluoroquinolones

Ciprofloxacin 400 mg IV q8h
Levofloxacin 750 mg IV q24h

OR OR OR
Oxazolidinones

Linezolid 600 mg IV q12h
Cephalosporinsb

Cefepime 2 g IV q8h
Ceftazidime 2 g IV q8h

Aminoglycosidesa,c

Amikacin 15–20 mg/kg IV q24h
Gentamicin 5–7 mg/kg IV q24h
Tobramycin 5–7 mg/kg IV q24h

OR OR
Carbapenemsb

Imipenem 500 mg IV q6hd

Meropenem 1 g IV q8h

Polymyxinsa,e

Colistin 5 mg/kg IV ! 1 (loading dose) followed by 2.5
mg ! (1.5 ! CrCl + 30) IV q12h (maintenance dose) [135]
Polymyxin B 2.5–3.0 mg/kg/d divided in 2 daily IV doses

OR
Monobactamsf

Aztreonam 2 g IV q8h

Choose one gram-positive option from column A, one gram-negative option from column B, and one gram-negative option from column C. Note that the initial doses suggested in this table may
need to be modified for patients with hepatic or renal dysfunction.

Abbreviations: CrCl, creatinine clearance; IV, intravenous; MRSA, methicillin-resistant Staphylococcus aureus.
a Drug levels and adjustment of doses and/or intervals required.
b Extended infusions may be appropriate. Please see section XIII on pharmacokinetic/pharmacodynamic optimization of antibiotic therapy.
c On meta-analysis, aminoglycoside regimens were associated with lower clinical response rates with no differences in mortality.
d The dose may need to be lowered in patients weighing <70 kg to prevent seizures.
e Polymyxins should be reserved for settings where there is a high prevalence of multidrug resistance and local expertise in using this medication. Dosing is based on colistin-base activity (CBA);
for example, One million IU of colistin is equivalent to about 30 mg of CBA, which corresponds to about 80 mg of the prodrug colistimethate. Polymyxin B (1 mg = 10 000 units) [136].
f In the absence of other options, it is acceptable to use aztreonam as an adjunctive agent with another !-lactam–based agent because it has different targets within the bacterial cell wall [137].
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http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/

Leone Anaesth Crit Care Pain Med 2018

	

	

Recommandations	formalisées	d’experts		

PNEUMONIES	ASSOCIÉES	AUX	SOINS	DE	RÉANIMATION	

RFE	commune	SFAR	–	SRLF	
Société	Française	d’Anesthésie	et	de	Réanimation	

Société	de	Réanimation	de	Langue	Française	
	

En	collaboration	avec	les	Sociétés	ADARPEF	et	GFRUP	
Association	des	Anesthésistes	Réanimateurs	Pédiatriques	d'Expression	Française,	

Groupe	Francophone	de	Réanimation	et	Urgences	Pédiatriques	
	

HEALTHCARE	ASSOCIATED	PNEUMONIA	IN	INTENSIVE	CARE	UNIT	

	

 

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
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Traitement PASR : antibiothérapie probabiliste / associations

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
Leone Anaesth Crit Care Pain Med 2018

R3.2 – Il faut traiter par monothérapie en probabiliste les pneumonies associées 
aux soins du patient immunocompétent sous ventilation mécanique, 

en dehors de la présence de
facteurs de risque de bactéries multirésistantes, de bacilles à Gram négatif 
non fermentants*, 
facteurs de risque élevé de mortalité (choc septique, défaillances d’organes)

GRADE 1+, ACCORD FORT 

* FdR non-fermentants (Pseudomonas aeruginosa…)
• antibiothérapie dans les 90 jours précédant l’épisode de pneumonie
• hospitalisation de plus de 5 jours précédant l’épisode de pneumonie
• séance d’épuration extra-rénale lors du diagnostic de pneumonie
• choc septique, SDRA

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
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http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/ Leone 
Anaesth Crit Care Pain Med 2018

Traitement PASR : propositions thérapeutiques (Avis d’experts)

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
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Traitement PASR : durée courte ≤ 8j vs. > 8j

aucune différence
de mortalité

plus de récidives
(microbiologiques surtout)
de PAVM à P. aeruginosa

sans différence de mortalité

Pugh Cochrane Database Syst Rev 2015
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Traitement PASR : durée

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
Leone Anaesth Crit Care Pain Med 2018

R3.5 – Il ne faut pas prolonger plus de 7 jours la durée du traitement 
antibiotique pour les pneumonies associées aux soins, y compris pour les 
pneumonies à bacille à Gram négatif non fermentant 

en dehors de certaines situations 
(immunodépression, empyème, pneumonie nécrosante ou abcédée) 

GRADE 1-, ACCORD FORT 

http://sfar.org/pneumonies-associees-aux-soins-de-reanimation/
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STUDIES DESCRIBING PK/PD TARGETS ASSOCIATED WITH IMPROVED PATIENT OUTCOMES WITH SUGGESTED DOSING REGIMENS FOR PATIENTS WITHOUT RENAL OR HEPATIC DYSFUNCTION 

Drug  PK/PD target associated with 
improved outcome of HAP/VAP 

Reference Suggested dosing for patients without renal or hepatic dysfunction 

Aminoglycosides Cmax/MIC 8-10  
AUC/MIC 100  

[53, 54] Gentamicin and Tobramycin 7mg/kg and Amikacin 30mg/kg 24-hourly [55]   
 

Levofloxacin AUC/MIC > 87  [56] 750mg daily or 500mg 12-hourly [57, 58] 
Vancomycin AUC/MIC > 400  [59] 30mg/kg loading dose followed by dose based on CrCL  [60] 
Tigecycline (not approved for HAP/VAP) AUC/MIC > 0.9  [61] 200mg loading dose followed by 50-100mg 12-hourly [61] 

 
 
 

Cefoperazone (Discontinued in the US, EU, and 
Australia) 

50% T>MIC  [62] 2g 8-hourly using a 4-hour infusion [62] 
 
 
 

Ceftazidime 45% T>MIC  [63] 2g 8-hourly using a 4-hour infusion [64] 
Ceftazidime and Cefepime  100% T>MIC  

 

[65] 2g 8-hourly using a 4-hour infusion [66] 

Meropenem 54% T>MIC for microbiological 

response  

Cmin:MIC > 5 for clinical response  

[67] 1g 8-hourly using a 3-hour infusion [68] 

Meropenem 75% T>MIC [69] 1g 8-hourly using a 3-hour infusion [68] 

*PK/PD – pharmacokinetic/pharmacodynamic; Cmax – maximum concentration in a dosing interval; MIC – minimum inhibitory concentration; AUC – area under the concentration-time curve; T>MIC – time for which the 
antibiotic concentration is maintained above the MIC (expressed as a percentage of dosing interval); Cmin – minimum concentration in a dosing interval; CrCL – creatinine clearance 
**Recommended doses are based on cited articles andexpert opinion. Extended infusions of beta-lactams are suggested based on PK/PD simulation analyses 
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Cibles PK/PD



• Paramètre PK/PD d’efficacité = T > CMI

Optimisation

Optimisation β-lactamines : modes d’administration

perfusions prolongées
AUGMENTATION   T > CMI

perfusions continues après charge
AUGMENTATION   T > CMI

administrations pluriquotidiennes
AUGMENTATION   T > CMI

Cmax

Crés

CMIT >	CMI

T’	>	CMI

Cmax

Crés

CMIT >	CMI

T’	>	CMI

Cmax

Crés

CMIT >	CMI

T’	>	CMI

[ATB] [ATB] [ATB]

t t t



Optimisation

Nicolau Crit Care 2008

Optimisation β-lactamines : augmentation de doses ?

Augmente le pic ET le temps > CMI



Optimisation

Nicolau Crit Care 2008

Optimisation β-lactamines : perfusions prolongées

Perfusion en bolus sur 30 min

Perfusion prolongée sur 3h

CMI

Temps (h)

Augmente le le temps > CMI



Optimisation

Chant Crit Care 2013

Continue/prolongée vs. intermittente : PIP/TAZ, carbapénèmes



Optimisation

Lodise CID 2007

Optimisation β-lactamine : PIP/TAZ (Tazocilline®) prolongée

perfusions prolongées 4g sur 4h / 8h

infections à P. aeruginosa



Optimisation

Chant Crit Care 2013

β-lactamine Continue Prolongée ! vs. intermittente
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analysis the di!erence between prolonged and short-
term infusion was not significant. Adverse events were 
not reported in 12 RCTs, were provided for both groups 
together in two RCTs, and as individual events (for any 
system but not the patient) in one RCT. There was no 
di!erence in reported adverse events between the 
compared groups (seven RCTs, 980 patients, RR 0·88, 
95% CI 0·71–1·09, I"=0%). Data regarding emergence of 
resistance were provided by four RCTs. In two of them 
resistant strains were not isolated in either treatment 
group. No di!erence in development of resistance was 
observed in the other two RCTs (RR 0·60, 95% CI 
0·15–2·38).

Discussion
The risk of death in patients with sepsis treated with 
prolonged infusion of antipseudomonal #-lactams was 
30% lower compared with patients treated with short-
term infusion. Although some subgroup or sensitivity 
analyses did not show a significant reduction in mortality, 
an insu$cient number of patients or studies was 
included in most of these analyses. Clinical cure was not 
significantly higher with prolonged infusions. We should 
acknowledge that fewer RCTs provided data on clinical 
cure than mortality. Furthermore, clinical cure is a more 
subjective outcome. Data regarding microbiological 
eradication were also missing, further contributing to the 

subjective interpretation of clinical cure. The timing of 
the determination of this outcome varied between studies 
and this might have also contributed to the lack of 
statistical significance. Discrepancies between clinical 
cure and mortality have been reported in other meta-
analyses.40,41 Data regarding adverse events and resistant 
strains were not studied regularly in the included RCTs.

Compared with other similar published works, this 
meta-analysis is not limited by the inclusion of non-
randomised studies, inclusion of RCTs on concentration-
dependent antibiotics or on antibiotics with narrower or 
di!erent antibacterial spectrum, or inconsistency.7,10–13,42–47 
To our knowledge, this study included the largest number 
of patients from geographically diverse regions. 
Additionally, all studied antibiotics are active against a 
variety of Gram-positive and Gram-negative bacteria, 
including Acinetobacter baumannii and Pseudomonas 
aeruginosa. However, the studied antibiotics are 
potentially not active against multidrug-resistant Gram-
negative and Gram-positive bacteria. Additional studies 
are required to assess the potential benefit of prolonged 
#-lactam infusion in such cases.

The di!erence in e!ect of the prolonged infusion might 
have been even higher than the observed due to several 
factors. Such an example is the higher total dose 
administered in some of the studies in the short-term 
group. Additionally, in several RCTs piperacillin with 

Figure !: Forest plot of mortality among patients treated with prolonged versus short-term infusion of antipseudomonal antibiotics
The areas of squares are proportional to the weight given to each study. Risk ratios are the centres of each square. df=degrees of freedom.

0·69 (0·42–1·14)
0·37 (0·14–0·98)
Not estimable
0·75 (0·45–1·24)
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β-lactamines Prolongées vs. intermittentes (sepsis)
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Bauer AAC 2013

Optimisation β-lactamine : Cefépime prolongée

82.25), and APACHE II score (OR ! 1.12; 95% CI ! 1.04 to 1.22).
The multivariable model is shown in Table 3. Extended infusion
was the reference group for the infusion type variable. The odds of
in-hospital death among patients who received intermittent infu-
sion were 16.7 times higher than those who received extended
infusion, after adjusting for APACHE II score and ICU admission
at the time of positive culture collection (95% CI ! 1.57 to
949.35). The odds of in-hospital death were 8.9 times higher
among patients who were in the ICU at the time of positive culture
(95% CI ! 1.45 to 100.85) and were 1.13 times higher for each
unit increase in APACHE II score, after adjusting for confounding
variables.

DISCUSSION
In this study of patients who received extended-infusion cefepime
treatment for P. aeruginosa pneumonia and/or bacteremia, we
observed a significant decrease in mortality and ICU length of
stay. We also observed a trend toward decreased hospital length of
stay and hospital costs among patients who received extended
infusion. Antimicrobial stewardship programs are challenged
with the treatment of P. aeruginosa infections especially in the
setting of increasing antimicrobial resistance. Stewardship princi-
ples include selecting the most appropriate agent, dose, and fre-
quency and have been shown to influence clinical outcomes in
patients with nosocomial infections (2–4). P. aeruginosa is the
leading cause of Gram-negative nosocomial pneumonia and the
second most common cause of nosocomial bacteremia (12, 13). P.
aeruginosa is challenging to treat due to multiple resistance mech-
anisms often resulting in higher MICs in combination with the
lack of new antibiotics with antipseudomonal activity (14). For
these reasons, antimicrobial stewardship must optimize available
antibiotics in an effort to achieve positive outcomes in P. aerugi-
nosa infections.

Historically, "-lactams have been administered via intermit-
tent infusion, resulting in high peak concentrations that do not
enhance bactericidal activity, and during the dosing interval, con-
centrations may fall below the susceptible MIC (15–17). Like
other "-lactams, cefepime displays time-dependent bactericidal
activity whereby efficacy is optimized when 60% fT # MIC (17).
At our institution, cefepime is frequently used in the treatment of
suspected or confirmed P. aeruginosa infections. Although the
percent susceptibility indicates that 91 and 76% of P. aeruginosa
isolates are susceptible to cefepime in our institution and ICU,
respectively, the results of the Monte Carlo simulation demon-
strated that only 2 g every 8 h provided a !90% probability of
target attainment for the full range of MIC values at our institu-
tion. Our antimicrobial stewardship program (ASP) believed it
was imperative to combine hospital-specific MIC data and phar-
macodynamic modeling to determine the regimen that would re-
sult in optimal outcomes for our patients. It is important to note
that the percent susceptibility remained consistent during the
study time period.

Studies have demonstrated unfavorable results with traditional
dosing regimens and the ability to achieve pharmacodynamic tar-
gets. One such study integrated population pharmacokinetics and
microbiologic surveillance to generate an empirical cefepime dos-
ing strategy against P. aeruginosa. Authors of the study concluded
that a standard regimen of 2 g every 12 h infused over 30 min
achieved the pharmacodynamic target 4 to 38% of the time. In
comparison, a nonstandard regimen of 2 g every 8 h infused over
6 h resulted in pharmacodynamic target achievement 18 to 63% of
the time (19).

With the aim of improving clinical outcomes for patients with
Gram-negative infections, our antimicrobial stewardship pro-
gram implemented extended infusion of piperacillin-tazobactam,
cefepime, and doripenem. In this study, we report our experience
with cefepime extended-infusion treatment for patients with P.
aeruginosa infections. We observed a significant decrease in mor-
tality favoring the extended-infusion group. A similar result was
observed by Lodise et al. with extended-infusion piperacillin-ta-
zobactam in patients with P. aeruginosa infections. Among the
patients with an APACHE II score of !17, the 14-day mortality
rate was significantly lower among patients who received extended-

TABLE 2 Comparisonof clinical and economic outcomes for patients with P. aeruginosa bacteremia and/or pneumonia who received cefepime
intermittent-or extended-infusion treatment

Clinical or economic outcome

Infusion treatmenta

PbIntermittent (n ! 54) Extended (n ! 33)

Mortality 11 (20) 1 (3) 0.03

LOS
Hospital 14.5 (6–30) 11 (7–20) 0.36
Infection related 12 (6–21) 10 (6–16) 0.45
ICU 18.5 (5.5–32.5) 8 (4–20) 0.04

Duration (days) of mechanical ventilation 14.5 (5–30) 10.5 (8–18) 0.42

Cost (US$)
Total hospital costs 51,231 (17,558–107,031) 28,048 (13,866–68,991) 0.13
Infection-related hospital costs 15,322 (8,343–27,337) 13,736 (10,800–23,312) 0.78

a Data are presented as “number (%)” or “median (interquartile range)” as appropriate. n, Number of patients.
b P values determined by the Fisher exact test or the Wilcoxon rank-sum test as appropriate.

TABLE 3 Exactlogistic regression model for the occurrence of mortality

Variable OR (95% CI) P

Infusion type 0.06 (0.001–0.64) 0.01
ICU admission at time of culture collection 8.88 (1.45–100.85) 0.01
APACHE II score 1.13 (1.03–1.27) 0.01

Bauer et al.
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2 g sur 4h / 8 h vs. 2g sur 30’ /8h

infections à P. aeruginosa
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CA-SFM Pseudomonas aeruginosa (quel que soit l’ATB)
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V2.0 Mai 2019 Pseudomonas spp.

Pénicillines

Concentrations

critiques

(mg/L)      
    S           

Charge 

du

disque

(µg)

Diamètres 

critiques

(mm)

      S         

Notes 

Chiffres arabes pour les commentaires portant sur les concentrations critiques (CMI)

Lettres pour les commentaires portant sur les diamètres critiques d’inhibition                     

Pipéracilline1 16 16 30 18 18 1. Concentrations critiques valables uniquement pour des fortes posologies (avec ou 

sans tazobactam, 4 g x 4). 

2. Concentration fixe de tazobactam (4 mg/L). 
3. Concentrations critiques valables uniquement pour des fortes posologies (avec ou 

sans clavulanate, 3g x 6). 

A. Un résultat «sensible» à la ticarcilline et «intermédiaire» ou «résistant» pour 

l'association ticarcilline-acide clavulanique est dû à l'induction de la céphalosporinase 

par l'acide clavulanique (antagonisme). Il n'y a pas lieu de changer la catégorisation de 

la ticarcilline ni de l'association ticarcilline-acide clavulanique.

4. Concentration fixe d’acide clavulanique (2 mg/L).

Pipéracilline-tazobactam2 162 162 30-6 18 18

Ticarcilline3/A 16 16 75 18 18

Ticarcilline-acide clavulanique3 164 164 75-10 18 18

Céphalosporines

Concentrations

critiques

(mg/L)      
    S           

Charge 

du

disque

(µg)

Diamètres 

critiques

(mm)

      S         

Notes 

Chiffres arabes pour les commentaires portant sur les concentrations critiques (CMI)

Lettres pour les commentaires portant sur les diamètres critiques d’inhibition                     

Une synergie entre un disque contenant de l’acide clavulanique et un disque de ceftazidime, d’aztréonam ou de céfépime permet la détection de certaines bêta-lactamases 

à spectre étendu (BLSE).

Céfépime 81 8 30 21 21 1. Concentrations critiques valables uniquement pour des fortes posologies (2 g x 3). 

2. Concentrations critiques valables uniquement pour des fortes posologies (2g x 3) ou 

4 g en perfusion continue.

3. Pour la mesure de la CMI, la concentration d’avibactam est de 4 mg/L.

Pour évaluer la sensibilité, la concentration du tazobactam est fixée à 4 mg/L.
Une diminution de sensibilité à l’imipénème (diamètre < 20 mm) et une résistance à 
l’association ceftolozane-tazobactam (< 24 mm) est évocatrice de la production de 
carbapénèmase.

Ceftazidime 82 8 10 17 17

Ceftazidime-avibactam 83 83 10-4 17 17

Ceftolozane-tazobactam 4 4 30-10 24 24
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Kashuba AAC 1999

Optimisation aminosides : premier pic élevé

Pneumopathie BGN sous aminosides

(1er Pic > 10 x CMI de la bactérie)



Optimisation

Duszynska Crit Care 2013

Amikacine : premier pic

Délai (j) du pic optimal (> 10x CMI)

PAVM (30% P. aeruginosa)



Optimisation

Taccone Crit Care 2010

Optimisation aminosides : premier pic élevé et dose/poids

25-30 mg/kg…poids REEL !



Pachouras AAC 2009

Optimisation colimycine : modélisation

9 MUI qq soit fonction rénale (Cmax 8)

Puis posologie 2 x 4,5 MUI/j normoR (10 MUI/j max)

Cl<50: 7 MUI/j 

Cl<10: 3 MUI/j

Optimisation



Dalfino Clin Infect Dis 2012

Optimisaiton colimycine : clinique
Optimisation



Molécules à spectre élargi (…contre les souches résistantes) ?
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Nouvelles β-lactamines/inhibiteurs β-lactamase (BL/BLI)

Winkler et al identified reduced activity of relebactam

against the class A carbapenemase, GES-2 (Ki app,
19± 2 lM), potentially revealing a limitation to class A

carbapenemase inhibition by relebactam [32].

3.1 Imipenem–Relebactam

The mechanism of action of relebactam is not well
described in the literature; however, relebactam is pre-

dicted to have a mechanism of action similar to avibactam
because of their similar chemical structures [12, 17, 31].

Avibactam rapidly acylates b-lactamases and slowly

reversibly de-acylates from these enzymes, producing a
regenerated enzyme and an active inhibitor capable of

rebinding [33]. Acylation occurs between the active site

serine residue of the b-lactamase and the carbonyl at
position 7 in the cyclic urea core of avibactam [24]. The

recyclization of the 5-membered ring is unlike other b-
lactamase inhibitors such as clavulanic acid, which have
4-membered rings and require much more energy to reform

their ring structures [31].

Barnes et al determined that relebactam has more potent
activity against PER-2, a b-lactamase produced by P.

aeruginosa, compared to avibactam (Ki app 5.8± 0.6 and

29± 3 lM, respectively) [34]. However, when comparing
imipenem–relebactam to ceftazidime–avibactam, cef-

tazidime is hydrolyzed by PER unlike imipenem [34]. In a

similar study, both relebactam and avibactam were deter-
mined to have activity against PDC-3, an ESBL produced

by P. aeruginosa (Ki app 3.4± 0.4 and 2.5± 0.3 lM,

respectively) [35].

3.2 Meropenem–Vaborbactam

Crystallography studies have shown that the catalytic ser-
ine residue of both CTM-M-15 and AmpC covalently

bound to the boron atom of vaborbactam [11]. These

studies also demonstrated insight into the coordination of
vaborbactam in the active site of these b-lactamase

enzymes [11]. The boron atom in vaborbactam mimics the

carbonyl carbon of the b-lactam ring, which forms an
association with the serine residue in b-lactamases ulti-

mately mimicking the tetrahedral transition state of b-lac-
tam hydrolysis [11, 17]. Even though vaborbactam forms a
covalent bond with theses enzymes, this association is

reversible, and therefore vaborbactam serves as a com-

petitive inhibitor and is not hydrolyzed [5, 31].

4 Mechanisms of Resistance

Carbapenem resistance can arise due to various mecha-

nisms such as decreased permeability via reduced expres-
sion of OMPs, expression of efflux systems, alteration of

PBPs thus decreasing affinity of b-lactams, and most

importantly the production of carbapenemases [2]. In 2011,
the Clinical and Laboratory Standards Institute (CLSI)

reduced the carbapenem MIC (minimum inhibitory con-

centration) breakpoints four-fold against Enterobacteri-
aceae, including imipenem and meropenem [2]. This

change was made because of resistance mechanisms that

were undetected at higher MIC breakpoints [2].

Table 3 Activities of b-lactamase inhibitors against various b-lactamase enzymes

b-lactamase inhibitor

Relebactam Vaborbactam Avibactam Clavulanic acid Sulbactam Tazobactam

Class A

TEM ? ? ? ? ? ?

SHV ? ? ? ? ? ?

CTX-M ? ? ? ? ? ?

KPC ? ? ? - - -

Class B

MBL - - - - - -

Class C

AmpC ? ? ? - ±a -

Class D

OXA ± -b ± - - -

Reference [5] [5] [5, 24] [25, 26] [27] [27]

- no inhibitory activity, ? inhibitory activity, MBL metallo-b-lactamase
aEnterobacteriaceae resist inhibition by sulbactam, although Klebsiella spp., Salmonella spp., and Proteus spp. normally do not harbor chro-
mosomal blaAmpC genes
bLimited data available

70 G. G. Zhanel et al.

nouveaux BLI anciens BLI
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Comparatif sensibilités aux BL/BLI de souches méropénème-R

USA
n=290

S TOL-TAZ
79-87%

S CAZ-AVI 
54-72%

%R aux autres Blact anti-PA
(en + de R-MEM)

ceftazidime-avibactam 
(CAZ/AVI)

Ceftolozane/tazobactam
(TOL/TAZ)
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Xiao J Clin Pharmacol 2016

TOL/TAZ probabilités d’atteindre la cible PK/PD ∼ dose et site

plasmatique

pulmonaire

1:0,5 g sur 60’ / 8h 2:1 g sur 60’ / 8hSimulations
Monte-Carlo
Cible Optimale ≥50%T>CMI 
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Natesan JAC 2017

Perfusions prolongées hautes doses ceftolozane/tazobactam ?

Simulations



Les essais randomisés contrôlés d’AMM de nouveaux ATB sont des essais

• fréquemment peu-graves (ou moins graves) afin de recruter en nombre

• concernant des infections à tous BGN confondus

- P. aeruginosa en proportion variable souvent faible

- P. aeruginosa multirésistants en nombre encore plus faible

Le reste =petites séries, case-reports…registres ?

= aucune conclusion forte spécifique à P. aeruginosa

Nouveaux ATB

Limites des données des essais randomisés d’antibiothérapie



• plus grande proportion de P. aeruginosa

• patients de réanimation : infections plus graves

• comparateurs robustes

Nouveaux ATB

Essais randomisés contrôlés de VAP ?



Nouveaux ATB

Kolleff Lancet ID 2019

ceftolozane/tazobactam vs. mero PAVM PASR-V (ASPECT-NP)Articles
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(table 2), and in those in whom previous antibacterial 
therapy for the current episode of nosocomial pneumonia 
was unsuccessful before study entry (figure 2A), the 
95% CI for the between-group di!erence did not cross 
zero, with lower mortality in the ceftolozane–tazobactam 
group than in the meropenem group. In patients with 
ventilator-associated pneumonia, there was no di!erence 
between groups in mortality (table 2). Mortality was 
generally similar in both treatment groups in all 
geographical regions (appendix p 17) and in patient 
subgroups (figure 2A), including patients with augmented 
renal clearance and patients who received adjunctive 
Gram-negative therapy. A post-hoc sensitivity analysis of 
mortality in patients in the intention-to-treat population 
who did not receive adjunctive therapy or previous Gram-
negative therapy also supported the results noted for the 
primary and key secondary outcomes (appendix pp 18–19). 
An additional post-hoc analysis showed that among 
patients with infections caused by ESBL-producing 
Enterobacteriaceae, 18 (21%) of 84 in the ceftolozane–
tazobactam group and 21 (29%) of 73 in the meropenem 
group had died by 28 days (point di!erence 7·3% [95% CI 
–6·1 to 20·8]). 

Ceftolozane–tazobactam was also non-inferior to 
meropenem in terms of the proportion of patients with 
clinical cure at the test-of-cure visit (table 2). Study drug 
was discontinued because of insu"cient therapeutic 
e!ects in 23 (6%) of 361 patients in the ceftolozane–
tazobactam group and 15 (4%) of 359 patients in the 
meropenem group. The frequency of per-patient clinical 
cure was generally similar between treatment groups 

across geographical regions (appendix p 17) and in key 
predefined patient subgroups (figure 2B), including 
patients with augmented renal clearance and those in 
whom previous antibacterial therapy for the current 
episode of nosocomial pneumonia was unsuccessful 
before study entry. Results for the other secondary 
e"cacy endpoints were also similar between treatment 
groups (table 2). Various definitions of augmented renal 
clearance did not significantly a!ect results for 
secondary endpoints (appendix p 21). In the clinically 
evaluable population, clinical relapse at late follow-up 
was noted in six (3%) of 218 patients in the ceftolozane–
tazobactam group and in ten (5%) of 221 in the 
meropenem group. Per-pathogen clinical cure in the 
microbiological intention-to-treat population was 
similar between treatment groups for patients infected 
with Enterobacteriaceae and P aeruginosa (table 3). Per-
pathogen outcomes were also similar between treatment 
groups in a sensitivity analysis restricted to patients in 
the microbiological intention-to-treat population 
infected with pathogens susceptible to both study drugs 
at baseline (appendix p 20). 

The frequency of per-pathogen microbiological era- 
dication (including presumed eradication) in the micro- 
biological intention-to-treat population was similar in 
both treatment groups for Enterobacteriaceae (145 [74%] 
of 195 patients in the ceftolozane–tazobactam group vs 
129 [70%] of 185 in the meropenem group; point 
di!erence 4·6% [95% CI –4·4 to 13·6]), ESBL-producing 
Enterobacteriaceae (56 [67%] of 84 vs 52 [71%] of 73; 
–4·6% [–18·6 to 9·9]), and P aeruginosa (47 [75%] of 63 vs 

Ceftolozane–tazobactam group Meropenem group % di!erence (95% CI)*

28-day all-cause mortality (ITT population)† 

Overall 87/362 (24·0%) 92/364 (25·3%) 1·1 (–5·1 to 7·4)‡

Ventilator-associated pneumonia 63/263 (24·0%) 52/256 (20·3%) –3·6 (–10·7 to 3·5)§

Ventilated hospital-acquired pneumonia 24/99 (24·2%) 40/108 (37·0%) 12·8 (0·2 to 24·8)§

28-day all-cause mortality (microbiological ITT population)† 53/264 (20·1%) 63/247 (25·5%) 4·4 (–2·8 to 11·8)‡

Clinical cure at test of cure (ITT population)†

Overall 197/362 (54·4%) 194/364 (53·3%) 1·1 (–6·2 to 8·3)‡

Ventilator-associated pneumonia 147/263 (55·9%) 146/256 (57·0%) –1·1 (–9·6 to 7·4)§

Ventilated hospital-acquired pneumonia 50/99 (50·5%) 48/108 (44·4%) 6·1 (–7·4 to 19·3)§

Clinical cure at test of cure (clinically evaluable population)¶

Overall 139/218 (63·8%) 143/221 (64·7%) –1·3 (–10·2 to 7·7)‡

Ventilator-associated pneumonia 105/159 (66·0%) 111/172 (64·5%) 1·5 (–8·7 to 11·6)§

Ventilated hospital-acquired pneumonia 34/59 (57·6%) 32/49 (65·3%) –7·7 (–25·0 to 10·6)§

Microbiological eradication at test of cure (microbiological 
ITT population)†

193/264 (73·1%) 168/247 (68·0%) 4·5 (–3·4 to 12·5)‡

Data are n/N (%). ITT=intention-to-treat. *Di!erences in mortality were calculated as the meropenem group minus the ceftolozane–tazobactam group, whereas di!erences 
in the other outcomes were calculated as the ceftolozane–tazobactam group minus the meropenem group. †Patients with missing or indeterminate data were reported as 
deceased or not meeting the criteria for clinical cure or microbiological eradication (depending on the endpoint). ‡Weighted proportional di!erence stratified by diagnosis 
(ventilator-associated pneumonia vs ventilated hospital-acquired pneumonia) and age (<65 years vs "65 years), with stratified Newcombe CIs. §Unstratified Newcombe CIs; 
inferences drawn from these intervals might therefore not be reproducible. ¶Data were reported as observed—ie, patients with missing or indeterminate responses were 
excluded.

Table !: Primary and secondary e"cacy outcomes in various analysis populations

• ERC double aveugle, 263 hôpitaux, 34 pays
• Patients de réanimation, ventilés (PAVM ou PASR-ventilée), 726 patients
• 3 g ceftolozane-tazobactam or 1 g meropenem I.V. / 8 h, 8-14j

Non-inferiorité

graves
Mortalité 20-25% 
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41 [63%] of 65; 11·5% [–4·5 to 26·7]). A post-hoc analysis 
in which we excluded presumed eradication also 
suggested that microbiological eradication was similar 
between treatment groups (appendix p 22), as was 
the prospectively assessed occurrence of superinfections 
and new infections (appendix p 23). 

All cause-mortality at 28 days was similar in the 
ceftolozane–tazobactam group (16 [33%] of 49) and 
meropenem group (seven [29%] of 24) among patients in 
the microbiological intention-to-treat population who 
were infected with pathogens at baseline that were not 
susceptible to assigned study treatment (weighted 
proportional di!erence –5·7% [95% CI –25·9 to 18·1]). 
The corresponding data were four (25%) of 16 in the 
ceftolozane–tazobactam group and none of seven in the 
meropenem group (–25·0% [–49·5 to 13·4]) among 
patients with ceftazidime non-susceptible P aeruginosa, 
and 18 (22%) of 81 and 20 (28%) of 72 among those with 
ceftazidime non-susceptible Enterobacteriaceae (5·6% 
[–8·1 to 19·2]). In a post-hoc sensitivity analysis restricted 
to patients in the microbiological intention-to-treat group 
in whom all baseline pathogens were susceptible to both 
study drugs, mortality with ceftolozane–tazobactam was 
lower than in the overall microbiological intention-to-
treat population, whereas we noted no such di!erence 
in mortality among patients given meropenem 
(appendix p 20).

In the safety population, the proportion of patients 
with at least one adverse event, the frequencies of specific 
adverse events and adverse events leading to study drug 
discontinuation, and the severity of adverse events were 
similar between groups (table 4; appendix p 29). Serious 
adverse events were slightly more common in the 
ceftolozane–tazobactam group than in the meropenem 
group (table 4; appendix p 27). Most study drug 
discontinuations related to adverse events were because 
of fatal adverse events rather than investigator decisions 
(24 [65%] of 37 discontinuations in the ceftolozane–
tazobactam group and 28 [67%] of 42 in the meropenem 
group). In the study overall, fatal adverse events were 
distributed across several system organ classes; the most 
commonly reported fatal adverse events were multiorgan 
failure, septic shock, brain oedema, and acute cardiac 
failure (appendix p 28).

Treatment-related adverse events were reported in 
38 (11%) patients in the ceftolozane–tazobactam group 
and 27 (8%) in the meropenem group. The most 
commonly reported treatment-related adverse events 
were abnormal liver function tests, Clostridioides di!cile 
colitis, and diarrhoea in the ceftolozane–tazobactam 
group (table 4). Serious treatment-related adverse events 
occurred in eight (2%) patients in the ceftolozane–
tazobactam group and in two (1%) in the meropenem 
group (appendix p 32). No death was considered to be 
related to study treatment.

Discussion
In this randomised, controlled trial, we showed that 
ceftolozane–tazobactam was non-inferior to meropenem 
in terms of 28-day mortality and clinical response 
in patients with nosocomial pneumonia, a clinically 
challenging infection that is associated with a high risk of 
treatment failure and death.1,3,8,30 Both study drugs had 

Ceftolozane–tazobactam 
group

Meropenem
group

% di!erence 
(95% CI)*

Gram-negative pathogens 157/259 (60·6%) 137/240 (57·1%) 3·5 (–5·1 to 12·1)

Enterobacteriaceae 120/195 (61·5%) 105/185 (56·8%) 4·8 (–5·1 to 14·5)

ESBL-producing 
Enterobacteriaceae

48/84 (57·1%) 45/73 (61·6%) –4·5 (–19·3 to 10·7)

Pseudomonas aeruginosa 36/63 (57·1%) 39/65 (60·0%) –2·9 (–19·4 to 13·8)

Multidrug-resistant 
P aeruginosa

13/24 (54·2%) 6/11 (54·5%) –0·4 (–31·2 to 31·7)

Extensively drug-resistant 
P aeruginosa

4/10 (40·0%) 2/5 (40·0%) 0·0 (–43·6 to 40·3)

Data are n/N (%). *Unstratified Newcombe CIs; inferences drawn from these intervals might therefore not be 
reproducible.

Table !: Per-pathogen clinical cure at test-of-cure visit in the microbiological intention-to-treat 
population

Ceftolozane–tazobactam 
group (n=361)

Meropenem 
group (n=359)

At least one adverse event

Overall 310 (86%) 299 (83%)

Severe 143 (40%) 136 (38%)

Serious 152 (42%) 129 (36%)

Leading to study drug discontinuation 37 (10%) 42 (12%)

Resulting in death 105 (29%) 101 (28%)

At least one treatment-related adverse event

Overall 38 (11%) 27 (8%)

Severe 5 (1%) 3 (1%)

Serious 8 (2%) 2 (1%)

Leading to study drug discontinuation 4 (1%) 5 (1%)

Resulting in death 0 0

Most frequent* treatment-related adverse events

Clostridioides di!cile colitis 4 (1%) 1 (<1%)

Diarrhoea 4 (1%) 6 (2%)

Liver function test abnormalities† 12 (3%) 5 (1%)

Increased aspartate aminotransferase 3 (1%) 3 (1%)

Increased !-glutamyl-transferase 3 (1%) 0

Increased alanine aminotransferase 2 (1%) 4 (1%)

Unspecified‡ 8 (2%) 2 (1%)

Atrial fibrillation 2 (1%) 0

C di!cile infection 2 (1%) 1 (<1%)

Erythema 2 (1%) 0

Vomiting 2 (1%) 1 (<1%)

*Treatment-related adverse events that occurred in at least 0·5% of patients in the ceftolozane–tazobactam group. 
†More than one subcategory of liver function test abnormality was reported in some patients. ‡Reported as either 
“hepatic enzyme increased” or “abnormal liver function test results”.

Table ": Adverse events in the safety population

25%
P. aeruginosa



ceftazidime/avibactam vs. meropenem PAS±PAVM (REPROVE) 

Nouveaux ATB

Torres Lancet ID 2018

• ERC, double aveugle, 136 centres, 23 pays
• Pneumonies nosocomiales (dont PAVM)
• CAZ (2g)/AVI (0,5g) sur 2h vs.MEM 1g sur 30 min /8h, 7-14j



Nouveaux ATB

Torres Lancet ID 2018

• ERC, double aveugle, 136 centres, 23 pays
• Pneumonies nosocomiales (dont PAVM)
• CAZ (2g)/AVI (0,5g) sur 2h vs.MEM 1g sur 30 min /8h, 7-14j

Articles

8 www.thelancet.com/infection   Published online December 15, 2017   http://dx.doi.org/10.1016/S1473-3099(17)30747-8

meropenem group were clinically cured in the clinically 
modified intention-to-treat population, whereas in the 
clinically evaluable population, 15 (71%) of 21 patients in 
the ceftazidime-avibactam group and 13 (57%) of 23 in 
the meropenem group were clinically cured.

All-cause mortality was similar across treatment 
groups at both the test-of-cure visit and day 28. In the 
clinically modified intention-to-treat population, 
29 (8·1%) of 356 died in the ceftazidime-avibactam and 
25 (6·8%) of 370 in the meropenem group died by the 
test-of-cure visit (di!erence 1·4 [95% CI –2·48 to 5·35]), 
whereas 30 (8·4%) and 27 (7·3%), respectively, died by 
day 28 (di!erence 1·1 [95% CI –2·84 to 5·18]). In the 
clinically evaluable population, 11 (4·3%) of 257 died in 
the ceftazidime-avibactam group and eight (3·0%) of 
270 died in the meropenem group by the test-of-cure visit 
(di!erence 1·3 [95% CI –2·01 to 4·89]), whereas 
12 (4·7%) and nine (3·3%), respectively, died by day 
28 (di!erence 1·3 [95% CI –2·14 to 5·04]).

Per-patient favourable microbiological response rates at 
the test-of-cure visit were generally lower than clinical 
cure rates, but were similar between the ceftazidime-
avibactam and meropenem groups and consistent across 
the microbiologically modified intention-to-treat 
(95" [55·6%] of 171 vs 118 [64·1%] of 184; di!erence –8·6 
[95% CI –18·65 to 1·64]), extended microbiologically 
evaluable (80 [64·0%] of 125 vs 89 [67·9%] of 131; di!erence 
–3·9 [95% CI –15·49 to 7·66]), and microbiologically 
evaluable (70 [65·4%] of 107 vs 83 [70·3%] of 118; di!erence 
–4·9 [95% CI –17·10 to 7·28]) populations. In patients 
infected with ceftazidime-non-susceptible pathogens, per-
patient favourable microbiological response rates were 
similar between groups at the end-of-treatment and test-
of-cure visits in the microbiologically modified intention-
to-treat, extended microbiologically evaluable, and 
micro biologically evaluable populations (appendix p 67), 

and were similar to the overall per-patient favourable 
microbiological response rates.

Favourable per-pathogen microbiological response 
(eradication or presumed eradication) rates at the test-of-
cure visit were similar between groups, with numerical 
di!erences with wide CIs among individual bacterial 
species (table 2). Per-pathogen eradication rates at the 
test-of-cure visit in the extended microbiologically 
evaluable population for common Enterobacteriaceae 
ranged from 75·0% to 90·9% for ceftazidime-avibactam, 
and from 60·0% to 88·9% for meropenem; the 
corresponding eradication rates for P aeruginosa were 
42·9% and 40·0%, respectively (table 2).

In the extended microbiologically evaluable population, 
persistence with increasing minimum inhibitory 
concentrations (#four-times increase) at the end-of-
treatment or test-of-cure visit was noted in two (2%) patients 
in the ceftazidime-avibactam group and 11 (8%) patients in 
the meropenem group. Multi-locus sequence typing 
showed that organisms with increasing minimum 
inhibitory concentrations with the same genotype as the 
baseline isolate occurred in one patient in the ceftazidime-
avibactam group (K pneumoniae), and 11 patients in the 
meropenem group (nine with P aeruginosa, one with 
K pneumoniae, one with both P aeruginosa and 
K pneumoniae). Rates of emergent infections in the 
extended microbiologically evaluable population were low 
across both treatment groups (appendix p 73). New 
infections were identified in five (4%) patients in the 
ceftazidime-avibactam group and six (5%) patients in the 
meropenem group. Three (2%) superinfections and 
three (2%) new infections were identified with P aeruginosa, 
all in the meropenem group.

Overall, one or more adverse events occurred in 
302 (75%) patients in the ceftazidime-avibactam group 
and 299 (74%) patients in the meropenem groups 

Patients with clinical cure (clinically evaluable population) Patients with favourable microbiological response* 
(extended microbiologically evaluable population)

Ceftazidime-
avibactam (n=257)

Meropenem 
(n=270)

% di!erence (95% CI) Ceftazidime-
avibactam (n=125)

Meropenem 
(n=131)

% di!erence (95% CI)

Enterobacteriaceae

Klebsiella pneumoniae 31/37 (83·8%) 39/49 (79·6%) 4·2 (–13·49 to 20·50) 29/37 (78·4%) 39/49 (79·6%) –1·2 (–19·60 to 15·96)

Enterobacter cloacae 20/21 (95·2%) 7/11 (63·6%) 31·6 (4·79 to 61·30) 18/21 (85·7%) 7/11 (63·6%) 22·1 (–8·07 to 53·69)

Escherichia coli 8/11 (72·7%) 14/18 (77·8%) –5·1 (–39·26 to 25·79) 10/11 (90·9%) 16/18 (88·9%) 2·0 (–29·11 to 26·44)

Proteus mirabilis 11/11 (100·0%) 7/8 (87·5%) 12·5 (–16·54 to 48·07) 9/11 (81·8%) 6/8 (75·0%) 6·8 (–30·73 to 46·51)

Serratia marcescens 10/12 (83·3%) 8/8 (100·0%) –16·7 (–45·58 to 19·48) 9/12 (75·0%) 5/8 (62·5%) 12·5 (–27·47 to 51·82)

Enterobacter aerogenes 4/6 (66·7%) 2/5 (40·0%) 26·7 (–31·92 to 70·73) 5/6 (83·3%) 3/5 (60·0%) 23·3 (–31·30 to 68·33)

Gram-negative pathogens other than Enterobacteriaceae

Pseudomonas aeruginosa 27/42 (64·3%) 27/35 (77·1%) –12·8 (–32·25 to 8·01) 18/42 (42·9%) 14/35 (40·0%) 2·9 (–19·13 to 24·32)

Haemophilus influenzae 10/11 (90·9%) 11/13 (84·6%) 6·3 (–26·19 to 36·09) 11/11 (100·0%) 12/13 (92·3%) 7·7 (–20·08 to 34·00)

Gram-positive aerobes

Staphylococcus aureus 11/14 (78·6%) 16/22 (72·7%) 5·8 (–25·24 to 32·67) 5/14 (35·7%) 17/22 (77·3%) –41·6 (–67·04 to –8·36)

*Eradication or presumed eradication of the baseline pathogens.

Table !: Per-pathogen clinical cure rates and favourable microbiological response rates at test-of-cure visit

P. aeruginosa (30%)
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certain MDR pathogens.5,6 The combination is approved in the
USA and Europe for the treatment of serious infections due to
Gram-negative bacteria7,8 and has completed Phase III trials in
adult patients with cIAI (RECLAIM 1 and 2, NCT01499290; RECLAIM
3, NCT01726023),9,10 cUTI (RECAPTURE 1 and 2, NCT01595438 and
NCT01599806),11 NP including ventilator-associated pneumonia
(VAP; REPROVE, NCT01808092)12 and cUTI or cIAI caused by
ceftazidime-non-susceptible pathogens (REPRISE, NCT01644643).13

This post hoc exploratory analysis evaluated the clinical activity
of ceftazidime/avibactam against MDR Enterobacteriaceae and
P. aeruginosa isolates14 pooled from the ceftazidime/avibactam
Phase III clinical trials.

Patients and methods

Study design

Baseline isolate and microbiological and clinical response data were pooled
from five ceftazidime/avibactam adult Phase III trials (summarized in
Table S1, available as Supplementary data at JAC Online).9–13 These analy-
ses used data from the microbiologically modified ITT (mMITT) populations,
defined variously by study (Table S2), but generally including all patients
with confirmed presence of relevant infection and at least one study-
qualifying Gram-negative pathogen.9–13

In each trial, patients with Cockcroft–Gault-estimated creatinine clear-
ance .50 mL/min were randomized to receive either 2000/500 mg of cef-
tazidime/avibactam by 2 h intravenous (iv) infusion every 8 h (plus
metronidazole in patients with cIAI) or a comparator drug [carbapenems in
all trials, except in the REPRISE trial, in which a carbapenem-based best
available therapy was administered to most patients (Table S1)].
Treatment duration varied from 5 to 21 days between trials (Table S1).

Pathogen characterization
Specimens for bacterial culture obtained from patients during each trial
included samples from abdominal infection sites, blood, urine or the re-
spiratory tract.9–13 Isolates were characterized by local laboratories. A cen-
tral laboratory (Covance Central Laboratory Services, Indianapolis, IN, USA)
confirmed identification and performed susceptibility testing using CLSI
broth microdilution methodology.15,16 Susceptibility data were interpreted
according to CLSI MIC breakpoints.16 MDR for Enterobacteriaceae and
P. aeruginosa was defined as resistance to !3 of the respective antimicro-
bial classes, accounting for noted exemptions (Table S3).14 Comparator
susceptibility data have been reported previously.9–13 As different

comparators were used across the clinical trials, pooled comparator sus-
ceptibility analyses were not conducted for the MDR clinical trial isolates.

Study measures
Endpoints in each trial included clinical and microbiological responses
assessed at the test-of-cure (TOC) visit. Timing of the TOC visit (Table S1)
and the definitions of microbiological and clinical response varied by study
(Tables S4 and S5).9–13 In general, a favourable per-pathogen microbio-
logical response was microbiologically confirmed eradication or presumed
eradication of the baseline pathogen and clinical cure was investigator-
assessed resolution of signs and symptoms of the baseline infection with-
out need for further antibiotics. Per-pathogen favourable microbiological
response rates and clinical cure rates at TOC in the mMITT population were
pooled for ceftazidime/avibactam and comparators for this analysis of MDR
pathogens.

Statistical methods
All analyses were performed using SASVR software Version 9.1 or higher (SAS
Institute, Inc., Cary, NC, USA).

Results

Patients

The pooled mMITT population included 2585 patients from
countries across North and South America, Europe, Asia and
Africa.9–13

Baseline pathogens and susceptibility profiles
In the pooled dataset, 1051 of 2240 (46.9%) patients
with Enterobacteriaceae and 95 of 272 (34.9%) patients with
P. aeruginosa had MDR pathogens (Table S6). The numbers
of patients with MDR pathogens were similar in the ceftazidime/
avibactam and comparator groups (Table S6). The MIC90 value of
ceftazidime/avibactam for MDR Enterobacteriaceae (all isolates)
was lower than the EUCAST and CLSI susceptible breakpoint
of "8 mg/L (Table 1) and susceptibility overall was 99.2%.
Ceftazidime/avibactam MIC90 values for 29 Enterobacter cloacae
and 56 P. aeruginosa MDR isolates were 32 mg/L (89.7% suscep-
tible) and 64 mg/L (66.1% susceptible), respectively (Table 1).

Table 1. Ceftazidime/avibactam MIC range, MIC50 and MIC90 for MDR pathogens of key interest isolated in the ceftazidime/avibactam treatment
arms of the Phase III trials (pooled mMITT population)

Pathogen Number of isolates Number of patients MIC range (mg/L) MIC50 (mg/L) MIC90 (mg/L) Susceptibility (%)

Enterobacteriaceae (all) 509 509 "0.008 to .256 0.12 1 99.2
E. coli 323 323 "0.008 to 8 0.12 0.5 100
K. pneumoniae 123 123 "0.008 to .256 0.5 1 98.4
E. cloacae 29 29 0.25 to .256 1 32 89.7
Proteus mirabilis 17 17 "0.008 to 1 0.06 0.5 100

P. aeruginosa 56 56 1 to .256 8 64 66.1

Data analysis was performed on isolates pooled from the ceftazidime/avibactam arms of RECLAIM 1 and 2, RECLAIM 3, RECAPTURE 1 and 2, REPRISE
and REPROVE.9–13 Susceptibility was interpreted based on EUCAST/CLSI MIC breakpoints for Enterobacteriaceae and P. aeruginosa (isolates with MICs
"8 mg/L considered susceptible). MIC range indicates the upper and lower MICs recorded for each pathogen or isolate grouping (values that include
‘"’ or ‘.’ indicate isolates with MICs outside of the tested concentration range).

Stone et al.
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Table 2. Favourable per-pathogen microbiological response rates at TOC for ceftazidime/avibactam and comparators against MDR pathogens of key interest across the Phase III trials
(pooled mMITT population)

Indication

Patients with favourable response, n/N (%)

all Enterobacteriaceae E. coli K. pneumoniae E. cloacae P. mirabilis other Enterobacteriaceae P. aeruginosa

CAZ/AVI comparator CAZ/AVI comparator CAZ/AVI comparator CAZ/AVI comparator CAZ/AVI comparator CAZ/AVI comparator CAZ/AVI comparator

All (pooled) 399/509 388/542 256/323 247/329 97/123 95/153 20/29 24/29 12/17 11/14 22/31 19/28 32/56 21/39
(78.4) (71.6) (79.3) (75.1) (78.9) (62.1) (69.0) (82.8) (70.6) (78.6) (71.0) (67.9) (57.1) (53.8)

cIAI 144/176 175/200 115/141 141/160 18/22 14/19 5/7 7/9 3/3 3/3 5/9 11/11 5/5 7/7
(81.8) (87.5) (81.6) (88.1) (81.8) (73.7) (71.4) (77.8) (100) (100) (55.6) (100) (100) (100)

cUTI 218/285 174/287 134/173 97/159 61/77 61/101 8/14 11/14 7/11 5/8 10/13 4/10 19/28 10/14
(76.5) (60.6) (77.5) (61.0) (79.2) (60.4) (57.1) (78.6) (63.6) (62.5) (76.9) (40.0) (67.9) (71.4)

NP/VAP 37/48 39/55 7/9 9/10 18/24 20/33 7/8 6/6 2/3 3/3 7/9 4/7 8/23 4/18
(77.1) (70.9) (77.8) (90.0) (75.0) (60.6) (87.5) (100) (66.7) (100) (77.8) (57.1) (34.8) (22.2)

CAZ/AVI, ceftazidime/avibactam.
Patients could have .1 pathogen. A patient was only counted once for a specific pathogen if that patient had multiple isolates of the same species. The ‘all Enterobacteriaceae’ count
included patients with at least one of the listed Enterobacteriaceae. A patient was only counted once in this category even if they had more than one species of Enterobacteriaceae;
for this reason, the ‘all Enterobacteriaceae’ count may not match the sums of the isolates for each individual species.
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"is study had several limitations, including the small 
sample size. Under certain circumstances, for example, when 
the parent drug of a BL/BLI combination has established safety 
and e#cacy, regulatory agencies allow streamlined drug de-
velopment programs for antibacterials that target unmet med-
ical need. "ese programs aim to generate limited clinical data 
in the target population, supplemented with preclinical and 
pharmacokinetic/pharmacodynamic studies and the parent 
compound’s existing safety and e#cacy data. Streamlined 

development programs acknowledge that large noninferiority 
trials in MDR infections are not feasible. Patients must meet 
regulatory de$nitions for the speci$c infection types included, 
be ill enough to require salvage therapy but not too ill to par-
ticipate and contribute meaningful data, and be hospitalized at 
experienced clinical trial sites. "e scarcity of patients with con-
$rmed carbapenem-nonsusceptible infections who meet these 
requirements and consent for such trials was re%ected in the 
small number of eligible, enrolled participants. Most exclusions 

Table 2. Primary and Secondary Prospective Efficacy Endpoints (in the Modified Microbiologic Intent-to-Treat Population) and Secondary Prospective 
Safety Endpoints (in the Safety Population)

Endpoint

IMI/REL (n = 21) Colistin + IMI (n = 10)
Unadjusted 
Difference Adjusted Differencea

n % (95% CI)b n % (95% CI)a % % 90% CI

Primary endpoint
 Favorable overall responsec 15 71.4 (49.8, 86.4) 7 70.0 (39.2, 89.7) 1.4 –7.3 (–27.5, 21.4)
   Hospital-acquired bacterial pneumonia/ 

ventilator-associated bacterial pneumonia
7/8 87.5 (50.8, 99.9) 2/3 66.7 20.8

  Complicated intraabdominal infection 0/2d 0.0 0/2e 0.0 0.0
  Complicated urinary tract infection 8/11 72.7 (42.9, 90.8) 5/5 100.0 (51.1, 100.0) –27.3 (–52.8, 12.8)
Secondary endpoints
 Favorable clinical response (day 28) 15f 71.4 (49.8, 86.4) 4g 40.0 (16.7, 68.8) 31.4 26.3 (1.3, 51.5)
 28-day all-cause mortality 2 9.5 (1.4, 30.1) 3 30.0 (10.3, 60.8) –20.5 –17.3 (–46.4, 6.7)
 Treatment-emergent nephrotoxicityh 3/29 10.3 (2.8, 27.2) 9/16 56.3 (33.2, 76.9) –45.9 (–69.1, –18.4)

CIs are not presented if the number of patients with assessment was <4.

Abbreviations: CI, confidence interval; IMI, imipenem/cilastatin; IMI/REL, imipenem/cilastatin plus relebactam.
aBased on the Miettinen and Nurminen method stratified by infection site.
bBased on the Agresti and Coull method.
cOverall response defined as hospital-acquired bacterial pneumonia/ventilator-associated bacterial pneumonia (HAP/VAP), survival through day 28; complicated intraabdominal infection 
(cIAI), clinical response at day 28; complicated urinary tract infection (cUTI), composite clinical and microbiological response 5–9 days after the end of therapy (EOT). 
dOne of these patients had cIAI due to Citrobacter freundii encoding Klebsiella pneumoniae carbapenemase KPC-2 and the plasmid-borne AmpC CMY-48; this patient died on day 3 due to 
pneumonia, with the cIAI not deemed contributory to this death (indeterminate overall response). The other patient had cIAI due to Pseudomonas. aeruginosa encoding the chromosomal 
AmpC PDC-30, with persistence at the on-therapy visit (OTX) and failure at EOT, the on-therapy visit (EFU), and day 28 (unfavorable overall response).
eOne of these patients had cIAI due to P. aeruginosa encoding the chromosomal AmpC PDC-1, with indeterminate response at OTX, response of “improved” at EOT, and indeterminate 
response at EFU and day 28 (indeterminate overall response). The other patient had cIAI due to P. aeruginosa isolate encoding the chromosomal AmpC PDC-39, with investigator-assessed 
response of “improved” at OTX, “cure” at EOT, and “sustained cure” at EFU and day 28; based on prospectively defined rules, prior to unblinding the patient was imputed as having had an 
unfavorable overall response due to having received confounding, protocol-prohibited antibacterial therapy. 
fTwo HAP/VAP patients with favorable overall response (ie, alive at day 28) had an unfavorable clinical response at day 28, while 2 cUTI patients had favorable clinical response at day 28 but 
(due to lack of microbiologic response) did not have a favorable overall response. 
gOf 3 patients with favorable overall response (defined differently for each infection type, see footnote “c”) but lack of day 28 favorable clinical response, 1 patient with HAP/VAP experienced 
confirmed clinical failure but was still alive by day 28, 1 patient with HAP/VAP due to P. aeruginosa and Delftia acidovorans had an indeterminate clinical response (ie, extenuating circum-
stances precluded response classification, but the patient still required mechanical ventilation and had hypoxemia) but was still alive by day 28, and 1 patient with cUTI was lost to follow-up 
by day 28 but had favorable composite clinical and microbiological response 5–9 days after EOT. 
hAssessed in evaluable safety population patients (IMI/REL, n = 29; colistin + IMI, n = 16).

Table 3. Summary of Adverse Events During Intravenous Therapy and the 14-Day Follow-up Period in the Safety Population

Patients With AEs IMI/REL (n = 31) Colistin + IMI (n = 16)
Unadjusted Difference  

(95% Confidence Interval)a

At least 1 AE, n (%) 22 (71.0) 13 (81.3) –10.3 (–33.1, 18.0)
Drug-related AEs, n (%) 5 (16.1) 5 (31.3) –15.1 (–42.3, 9.2)
Serious AEs, n (%) 3 (9.7) 5 (31.3) –26.1 (–47.8,1.3)
Serious drug-related AEs, n (%) 0 (0.0) 0 (0.0) 0.0 (–19.7, 11.2)
Deaths, n (%) 2 (6.5) 3 (18.8) –12.3 (–37.8, 6.5)
Drug-related deaths, n (%) 0 (0.0) 0 (0.0) 0.0 (–19.7, 11.2)
Discontinued drug due to AE, n (%) 0 (0.0) 3 (18.8) –18.8 (–43.3, –6.2)
Discontinued drug due to drug-related AE, n (%) 0 (0.0) 2 (12.5) –12.5 (–36.3, –0.3)

Abbreviations: AE, adverse event; IMI, imipenem/cilastatin; IMI/REL, imipenem/cilastatin plus relebactam.
aBased on the Miettinen and Nurminen method.
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IMI/REL

(N=21)

Colistin + IMI

(N=10)

Unadjusted 

difference

Adjusted differenceb

n/N % (95% CI)a n/N % (95% CI)a % % 90% CI

Citrobacter freundii 0/1 0.0 0/0 - NC NC NC

Enterobacter cloacae 1/1 100.0 0/0 - NC NC NC

Klebsiella oxytoca 0/0 - 1/1 100.0 NC NC NC

Klebsiella pneumoniae 1/3 33.3 1/1 100.0 -66.7 -66.7 NC

KPC-positive Enterobacteriaceaec 1/4d 25.0d (3.4, 71.1) 1/1 100.0 -75.0 -66.7 NC

Pseudomonas aeruginosa 13/16 81.3 (56.2, 94.2) 5/8 62.5 (30.4, 86.5) 18.8 3.1 -19.8, 38.2

Favorable overall response against P. aeruginosa was observed in 13/16 (81%) of IMI/REL and 5/8 (63%) of colistin+IMI patients 
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as well as PBP1a, PBP1b, and PBP2 [16]. Cefiderocol’s 
potent inhibition of PBP3 was demonstrated by compar-
ing its 50% inhibitory concentrations  (IC50s) (mean PBP3 
 IC50 of E. coli = 0.04!mg/L; mean PBP3  IC50 of P. aerugi-
nosa = 0.06!mg/L) to the  IC50s of ceftazidime (mean PBP3 
 IC50 of E. coli = 0.45!mg/L; mean PBP3  IC50 of P. aerugi-
nosa = 0.09!mg/L) [16].

4  Mechanisms of!Resistance

"-Lactam and specifically carbapenem resistance in Gram-
negative bacilli can arise due to a variety of mechanisms, 
including "-lactamases, PBP mutations, e#ux, and reduced 
permeability due to outer membrane porin loss or mutation 
[20].

"-Lactamases are the most important contributors to 
"-lactam resistance in Enterobacteriales [21]. "-Lactamases 
are frequently classified into four Ambler (molecular) 
classes (namely classes A, B, C, and D) based on di$er-
ences in their protein sequences and their ability to hydro-
lyze specific "-lactam classes [22]. Classes A, C (AmpC), 
and D "-lactamases have serine-based active sites. Class 
B enzymes, known as metallo-"-lactamases, have zinc-
based active sites. Carbapenemases are classified into three 
of the four Ambler classes: class A (e.g., KPC), class B 
(e.g., NDM, VIM, and IMP), and class D (e.g., OXA-48) 
enzymes. Currently KPCs have the greatest global distri-
bution of all carbapenemases associated with Enterobacte-
riales [23, 24]. AmpC "-lactamases and ESBLs (a subset 

of class A "-lactamases) may confer carbapenem resistance 
to isolates of Gram-negative bacilli when combined with 
porin loss/mutation, overexpression of e#ux pumps, and/or 
alterations in PBPs. In P. aeruginosa, downregulation of the 
outer membrane porin OprD, which significantly reduces the 
uptake of "-lactams to the periplasmic space, in combination 
with an AmpC or class A or class D "-lactamase is the most 
common mechanism of carbapenem resistance [25].

Cefiderocol’s novel mechanism of periplasmic entry 
via active iron transport systems has been shown to over-
come "-lactam resistance associated with outer membrane 
permeability mutations in P. aeruginosa. Ito et!al. studied 
OprD-deficient strains to assess the influence on the uptake 
of cefiderocol in P. aeruginosa PAO1 [26]. The minimum 
inhibitory concentration (MIC) of cefiderocol increased two-
fold from 0.12!mg/L (wild-type PAO1) to 0.25!mg/L in the 
OprD-deficient mutant. The same study also examined the 
e$ect of PiuA iron transporter deficiency on the periplas-
mic uptake of cefiderocol P. aeruginosa. A mutation to the 
piuA transporter increased the cefiderocol MIC 0.12–2!mg/L 
[26], suggesting that piuA iron transporter mutations could 
be a potential mechanism of resistance development against 
cefiderocol in P. aeruginosa. Ito et!al. also assessed the 
uptake of cefiderocol into a strain of E. coli (BW25113) 
with mutations in its cirA and fiu iron transporter genes [27]. 
Cefiderocol MICs were unchanged or increased twofold 
when mutations to each iron transporter gene were assessed 
individually (wild-type MIC = 0.06!mg/L; cirA mutation 
MIC = 0.06!mg/L; fiu mutation MIC = 0.12!mg/L). However, 
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a strain with mutations in both cirA and fiu transporter genes 
increased the cefiderocol MIC to 1!mg/L.

In addition to intrinsic and acquired plasmid-mediated 
resistance mechanisms, suboptimal exposure of bacterial 
cells to an antimicrobial agent may facilitate resistance 
development [28]. One method to assess potential resistance 
development with therapy is to perform serial passage stud-
ies in which bacteria grown in broth media are exposed to 
sub-MIC antimicrobial concentrations for multiple bacterial 
generations [29]. Kohira et!al. conducted a ten-generation 
serial passage study using cefiderocol, ceftazidime, and 
meropenem, against three strains of K. pneumoniae (ATCC 
13883, VA-357 and VA-364) and two strains of P. aeruginosa 
(PAO1 and SR27001) [30]. Cefiderocol MICs increased by 
fourfold or less against all five strains tested. The researchers 
reported that acquisition/selection of cefiderocol resistance 
was similar to that of ceftazidime and meropenem [30]. More 
data are required utilizing PD models to assess cefiderocol’s 
resistance development potential compared to other agents 
as well as other siderophore candidates.

5  Microbiology

Cefiderocol is in development to target carbapenem-resistant 
and MDR Gram-negative bacilli including isolates produc-
ing ESBLs and carbapenemases (Tables!1, 2) [7, 8, 11, 16, 
31–45]. The MIC values presented in these tables are modal 
MIC values compiled from a review of available in!vitro 
studies using reference or defined antimicrobial suscepti-
bility testing methods [46, 47]. It is important to state that 
in!vitro susceptibility testing with cefiderocol is performed 
utilizing iron-depleted media. Clinical and Laboratory 
Standards Institute (CLSI) MIC methodology describes 
how to make iron-depleted media. The MICs of cefiderocol 
increase significantly if the iron is not depleted correctly. 
Performing cefiderocol MICs using iron-depleted media 
forces the bacteria to transport cefiderocol into the peri-
plasmic space rather than compete with the superphysiologi-
cal iron concentrations that occur in broth. These in!vitro 
iron-depleted conditions mimic the clinical situation where 
patients with infectious diseases have very low free iron 
concentrations (the majority is bound to iron-binding pro-
teins). Susceptible, intermediate and resistant breakpoints 

Fig. 3  Mechanism of action of cefiderocol against Gram-negative bacilli
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2.4. Data analysis

The Cochrane risk-of-bias tool [29] was used to assess the
quality of the included RCTs and their associated risk of bias.
Statistical analyses were performed using Review Manager v.5.3
(The Nordic Cochrane Centre, Copenhagen, Denmark) with the
random-effects model. Pooled odds ratios (ORs) and 95% con!-
dence intervals (CIs) were calculated for outcome analyses.

3. Results

3.1. Study selection

The search results yielded a total of 437 studies from the online
databases, of which 146 studies were excluded as duplicates.
Moreover, 274 studies were found to be irrelevant after the title
and abstract were screened, and 14 studies were excluded for
having the same population or no complete data available
(NCT03869437) after the full-text was screened. Finally, three
RCTs were included in this meta-analysis (Fig. 1 Fig. 1).

3.2. Study characteristics

These three RCTs included one phase 2 trial [25] and two phase
3 trials (CREDIBLE-CR and APEKS-NP trials) [26,27]. All of them
were multicentre and multinational studies and focused on adult
patients (Table 1 Table 1). One study enrolled patients with cUTI
not caused by carbapenem-resistant pathogens [25] and another
investigated a population with Gram-negative nosocomial pneu-
monia [26]. The third study assessed patients with serious
bacterial infections caused by carbapenem-resistant Gram-nega-
tive pathogens [27]. The comparators included imipenem/cilasta-
tin (each 1 g, every 8 h) [25], meropenem (2 g every 8 h) [26] and
best available therapy [27]. The experimental group treated with
ce!derocol and the control group consisted of 549 and 347
patients, respectively. Overall, males accounted for 57.0% and 58.4%
of the population in the ce!derocol and control groups,
respectively (Table 2 Table 2). In the ce!derocol and control
groups, patients aged >65 years comprised 56.8% and 55.9% of the
population, respectively (Table 2). Renal function was better in
patients in the phase 2 trial [25] than those in the phase 3 trials
[26,27]. Nosocomial pneumonia was the most common type of
infection both in the ce!derocol (38.2%) and control (53.7%)
groups, followed by cUTI (55.8% and 41.0% in the ce!derocol and
control groups, respectively) and bloodstream infection or sepsis
(6.0% and 5.3% in the ce!derocol and control groups, respectively)

(Table 2). Table 3 Table 3 summarises the microbiological
distribution in the three RCTs. Overall, Escherichia coli was the
most common pathogen in the ce!derocol group (35.7%), followed
by Klebsiella pneumoniae (25.4%), A. baumannii (12.4%) and
P. aeruginosa (11.2%). Similar !ndings were observed in the control
group (E. coli 33.3% > K. pneumoniae 26.5% > A. baumannii 13.4% >
P. aeruginosa 12.7%). Except for the risk of performance and
detection biases owing to the open-label design in the study by
Bassetti et al. [27], the other studies had a low risk of bias in all
!elds (Fig. 2 Fig. 2).

3.3. Clinical ef!cacy

No signi!cant difference in the clinical response rate at the TOC
visit was observed between ce!derocol and the comparators
(OR = 1.04, 95% CI 0.73–1.48; I2 = 0%) (Fig. 3 Fig. 3). In a subgroup
analysis, no signi!cant difference was observed in the clinical
response at TOC between ce!derocol and comparators in patients
with nosocomial pneumonia (OR = 0.92, 95% CI 0.59–1.43; I2 = 0%)
or cUTI (OR = 1.28, 95% CI 0.67–2.44; I2 = 0%). Analysis based on
different pathogens showed no signi!cant difference in the clinical
response at TOC between ce!derocol and comparators in patients
with E. coli (OR = 1.20, 95% CI 0.59–2.44; I2 = 0%), K. pneumoniae
(OR = 1.24, 95% CI 0.65–2.37; I2 = 0%), P. aeruginosa (OR = 0.98, 95%
CI 0.39–2.46; I2 = 0%) and A. baumannii (OR = 0.73, 95% CI 0.32–1.64;
I2 = 0%).

3.4. All-cause mortality

In the pooled analysis of two RCTs [26,27], all-cause mortality at
Days 14 and 28 did not differ between the ce!derocol and control
groups (14-day mortality, OR = 1.25, 95% CI 0.69–2.26; I2 = 0%; and
28-day mortality, OR = 1.12, 95% CI 0.69–1.82; I2 = 0%). A similar
trend was observed for patients with nosocomial pneumonia
(14-day mortality, OR = 1.31, 95% CI 0.61–2.81; I2 = 13%; and 28-day
mortality, OR = 1.29, 95% CI 0.52–2.80; I2 = 30%).

3.5. Microbiological response

Ce!derocol was associated with a similar microbiological
response as comparators at TOC assessment (OR = 1.44, 95% CI
0.84–2.47; I2 = 63%) (Fig. 4 Fig. 4). A similar trend was observed for
infections by K. pneumoniae (OR = 1.64, 95% CI 0.65–4.17; I2 = 55%),
P. aeruginosa (OR = 0.61, 95% CI 0.24–1.55; I2 = 0%) and A. baumannii
(OR = 1.08, 95% CI 0.45–2.58; I2 = 0%). In contrast, ce!derocol was
associated with a higher microbiological eradication rate than that

Table 1
Characteristics of the included studies.

Study, year
published

Study design Study
duration

Study site Study population No. of patients
(ITT population)

Dose regimen

Ce!derocol Comparator Ce!derocol Comparator

Portsmouth et al.,
2018 [25]

Double-blind,
non-inferiority,
phase 2 trial

2015–2016 65 hospitals in
15 countries

Adults with Gram-
negative cUTI

300 148 1-h infusion of
ce!derocol (2 g)
every 8 h for 7–14
days

1-h infusion of
imipenem/
cilastatin (1 g each)
every 8 h for 7–14
days

Wunderink et al.,
2021 (APEKS-NP
trial) [26]

Randomised,
double-blind,
non-inferiority,
phase 3 trial

2017–2019 76 hospitals in
17 countries

Adults with Gram-
negative NP

148 150 3-h infusion of
ce!derocol (2 g)
every 8 h for 7–14
days

3-h infusion of
meropenem (2 g)
every 8 h for 7–14
days

Bassetti et al., 2021
(CREDIBLE-CR
trial) [27]

Randomised,
open-label,
pathogen-focused,
descriptive, phase 3
study

2016–2019 95 hospital in
16 countries

Adults with NP, BSI
or sepsis, or cUTI
and a CR-Gram-
negative pathogen

101 49 3-h infusion of
ce!derocol (2 g)
every 8 h for 7–14
days

Best available
therapy for 7–14
days

ITT, intention-to-treat; cUTI, complicated urinary tract infection; NP, nosocomial pneumonia; BSI, bloodstream infection; CR, carbapenem-resistant.
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of the comparator for E. coli infections (OR = 1.91, 95% CI 1.13–3.22;
I2 = 0%).

3.6. Risk of adverse events

Ce!derocol was associated with a similar risk of AEs as
comparators: treatment-emergent AEs (TEAEs), OR = 0.76, 95% CI
0.49–1.19; I2 = 25%; serious AEs, OR = 1.01, 95% CI 0.62–1.65;
I2 = 42%; treatment discontinuation owing to TEAE, OR = 0.98,
95% CI 0.53–1.84; I2 = 0%; drug-related AEs, OR = 0.74, 95% CI 0.48–
1.13; I2 = 0%; and treatment discontinuation owing to drug-related
AE, OR = 0.84, 95% CI 0.22–3.21; I2 = 0%) (Fig. 5 Fig. 5).

4. Discussion

In this meta-analysis, three RCTs were reviewed to compare
ce!derocol with other antibiotic regimens in terms of ef!cacy and
safety for the treatment of acute bacterial infections. Ce!derocol

achieved a clinical response comparable with that of the
comparators, and this !nding was supported by the following
evidence. First, the overall clinical response of ce!derocol in the
treatment of acute bacterial infections was similar to that of the
comparative antibiotics. Second, the similarity of clinical response
between ce!derocol and the comparators remained unchanged
after various subgroup analyses, including nosocomial pneumonia,
cUTI and various pathogens. Third, the 14- or 28-day all-cause
mortality rates of ce!derocol against acute bacterial infections,
including nosocomial pneumonia, were comparable with those of
the comparators. In summary, this evidence indicates that
ce!derocol can be as effective as other antibiotics in the treatment
of adult patients with acute bacterial infections.

This meta-analysis demonstrates that the ef!cacy of ce!derocol
was comparable with that of comparators in terms of not only
clinical ef!cacy but also microbiological response, as evidenced by
their similar microbiological eradication rates. Moreover, the
subgroup analysis of K. pneumoniae, P. aeruginosa and A. baumannii

Table 2
Baseline demographic characteristics of the study populations.

Study, published
year

Male (%) Mean ! S.D. age (years) CLCr (mL/min): no (%) of patients Clinical diagnosis: no. (%) of patients

Ce!derocol Comparator Ce!derocol Comparator Ce!derocol Comparator Ce!derocol Comparator

Portsmouth et al.,
2018a [25]

119 (47.2) 48 (40.3) 62.3 ! 16.1 61.3 ! 18.5 >80: 126 (50) >80: 51 (43) cUTI with PN: 65
(25.8)

cUTI with PN: 29
(24.4)

>50–80: 78 (31) >50–80: 41 (34) cUTI without PN:
122 (48.4)

cUTI without PN:
55 (46.2)

30–50: 41 (16) 30–50: 23 (19) Acute
uncomplicated PN:
65 (25.8)

Acute
uncomplicated PN:
35 (29.4)

<30: 7 (3) <30: 4 (3)
Wunderink et al.,
2021 (APEKS-NP
trial)a [26]

99 (68.3) 101 (68.7) 64.6 ! 14.6 65.4 ! 15.1 >80: 55 (37) >80: 61 (41) VAP: 59 (40.7) VAP: 64 (43.5)

>50–80: 43 (30) >50–80: 35 (24) HAP: 59 (40.7) HAP: 60 (40.8)
30–50: 27 (19) 30–50: 31 (21) HCAP: 27 (18.6) HCAP: 23 (15.6)
<30: 20 (14) <30: 20 (14)

Bassetti et al., 2021
(CREDIBLE-CR
trial)b [27]

66 (65.3) 35 (71.4) 63.1 ! 19.0 63.0 ! 16.7 >80: 38 (38) >80: 22 (45) NP: 45 (44.6) NP: 22 (44.9)

>50–80: 20 (20) >50–80: 12 (24) BSI or sepsis: 30
(29.7)

BSI or sepsis: 17
(34.7)

30–50: 23 (23) 30–50: 8 (16) cUTI: 26 (25.7) cUTI: 10 (20.4)
<30: 20 (20) <30: 7 (14)

S.D., standard deviation; CLCr, creatinine clearance; cUTI, complicated urinary tract infection; PN, pyelonephritis; VAP, ventilator-associated pneumonia; HAP, hospital-
acquired pneumonia; HCAP, healthcare-associated pneumonia; NP, nosocomial pneumonia; BSI, bloodstream infection.

a Modi!ed intention-to-treat population.
b Intention-to-treat population.

Table 3
Microbial distribution in the study populations.

Pathogen No. (%) of indicated pathogen isolated

Portsmouth et al., 2018 [25] Wunderink et al., 2021 (APEKS-NP
trial) [26]

Bassetti et al., 2021 (CREDIBLE-CR trial) [27]

Ce!derocol
(n = 252)

Comparator
(n = 119)

Ce!derocol
(n = 145)

Comparator
(n = 147)

Ce!derocol (n = 87) Comparator (n = 40)

Escherichia coli 152 (60.3) 79 (66.4) 19 (13.1) 22 (15.0) 2 (2.3) 1 (2.5)
Klebsiella pneumoniae 48 (19.0) 25 (21.0) 48 (33.1) 44 (29.9) 27 (31.0) 12 (30.0)
Acinetobacter baumannii 0 (0) 0 (0) 23 (15.9) 24 (16.3) 37 (42.5) 17 (42.5)
Pseudomonas aeruginosa 18 (7.1) 5 (4.2) 24 (16.6) 24 (16.3) 12 (13.8) 10 (25.0)
Stenotrophomonas
maltophilia

0 (0) 0 (0) 1 (0.7) 3 (2.0) 5 (5.7) 0 (0)

Enterobacter cloacae 9 (3.6) 1 (0.8) 7 (4.8) 8 (5.4) 2 (2.3) 0 (0)
Proteus mirabilis 17 (6.7) 2 (1.7) NA NA 0 (0) 0 (0)
Others 8 (3.2) 7 (5.9) 38 (26.2) 42 (28.6) A. nosocomialis: 2 (2.3), E. cloacae: 2

(2.3)
0 (0)

NA, not applicable.
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revealed similar results. Moreover, ce!derocol exhibited a higher
microbiological eradication rate against E. coli than the compara-
tor. The favourable microbiological response of ce!derocol has
been supported by many in vitro studies [12,13,30,31]. In previous
surveillance reports, the concentrations of ce!derocol inhibiting
90% of isolates tested (MIC90) were 0.5 mg/L and 1 mg/L for clinical
isolates of Enterobacterales from North America and Europe,
respectively [13,30]. In addition, the MIC90 values of ce!derocol
against P. aeruginosa and A. baumannii were only 0.5 mg/L and
1 mg/L, respectively [30]. Another global surveillance showed
similar !ndings, with MIC90 values of ce!derocol against E. coli, K.
pneumoniae, Serratia marcescens, Citrobacter freundii, Enterobacter
aerogenes and Enterobacter cloacae isolates all !1 mg/L, and only 8

isolates (1.3%) among these 617 clinical isolates had MICs of "8 mg/
L [31]. Moreover, ce!derocol exhibited good in vitro activity
against MDR- or carbapenem-resistant Gram-negative pathogens
[14,30–33], and the activity (MIC90) of ce!derocol was even more
potent than other novel antibiotics such as ceftolozane/tazobac-
tam and ceftazidime/avibactam against imipenem-resistant P.
aeruginosa (1, 4 and 16 mg/L, respectively) and imipenem-resistant
A. baumannii (8, >64 and >64 mg/L, respectively) [12].

Finally, thismeta-analysis assessed therisk ofAEsassociatedwith
ce!derocol. We found that ce!derocol had a similar risk of AEs (i.e.
TEAEs, serious AEs, treatment discontinuation owing to TEAE, drug-
related AEs and discontinuation of study drug owing to drug-related
AE) to the comparators. In the study by Portsmouth et al. [25],
gastrointestinal disorders such as diarrhoea (4%) and constipation
(3%) were the most common AEs in the ce!derocol group. In the
CREDIBLE-CR trial [27], the most frequently reported TEAEs in the
ce!derocol group were diarrhoea (19%), followed by pyrexia (14%),
septic shock (13%) and vomiting (13%). In the APEKS-NP trial [26], the
two most common TEAEs in the ce!derocol group were urinary tract
infection (16%) and hypokalaemia (11%). Thus, these !ndings suggest
that ce!derocol is as tolerable as other antibiotics.

This meta-analysis had several limitations. First, the number of
studies and patients was limited. More large-scale RCTs are needed
to con!rm our !ndings. Second, ce!derocol was developed to
manage infections caused by MDR- or carbapenem-resistant
Gram-negative pathogens. Because the associated data were
limited, we did not assess the association between in vitro activity
and clinical response for each speci!c pathogen, particularly for
MDR micro-organisms. However, this de!cit could be partially
compensated for by the results of the CREDIBLE-CR trial [27], in
which all pathogens were carbapenem-resistant Gram-negative
bacteria. In addition, the APEKS-NP trial [26] reported that the
clinical cure at TOC in the subgroup of patients with meropenem
MICs of >8 mg/L was 57% (17/30) and 58% (15/26) in the ce!derocol
and meropenem groups, respectively (treatment difference,–1.0,
95% CI–27.0 to 25.0). Moreover, the microbiological eradication
rate in this subgroup was 40% (12/30) and 31% (8/26) in the
ce!derocol and meropenem groups, respectively (treatment
difference, 9.2, 95% CI–15.7 to 34.2). Finally, numerically more
mortalities occurred in the ce!derocol group than the best-
available therapy group, which was largely driven by patients with

Fig. 2. Summary of the risk of bias in each domain.

Fig. 3. Forest plot of clinical response rate between ce!derocol and comparators.

Fig. 4. Forest plot of microbiological eradication rate between ce!derocol and comparators.
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MIC values of imipenem in P. aeruginosa isolates fourfold [78]. Despite the theoretical
notion that relebactam shows activity against OXAs, a surveillance study fails to show that
imipenem/relebactam has activities against OXA-positive isolates [80].

An RCT that compared imipenem-cilastatin/relebactam (500 mg–500 mg/250 mg IV,
QID), for 7 to 14 days with piperacillin/tazobactam 4 g/500 mg IV, QID, in treating VAP
patients showed apparently lower all-cause mortality at day 28 (15.9% vs. 21.3%) [63].
In this study, the most common pathogens were Enterobacterales (41.1%), P. aeruginosa
(18.9%), and Acinetobacter (15.7%) but the susceptibility patterns of these microorganisms
were not mentioned. Another RCT that included patients with various type of infections
(around 50% UTI) due to imipenem-resistant Gram-negative bacteria compared imipenem-
cilastatin/relabactam (500 mg–500 mg/250 mg IV, QID), with 150 mg based colistin IV,
BD, and imipenem-cilastatin (500 mg–500 mg IV, QID). Favorable clinical response rates at
day 28 were 71.4% for the former and 40.0% for the latter in the microbiological modified
intention to treat population [81].

Table 5. Possible applications of new antibiotics against Gram-negative bacteria based on resistant mechanisms.

ESBL and AmpC KPC OXA-48 MBL
Carbapenem

Nonsusceptible
A. baumanii

Carbapenem
Nonsusceptible

P. aeruginosa

Plazomicin ++ ++ ++ +/� a � �

Eravacycline ++ ++ ++ + b ++ �

Temocillin ++ (urine
breakpoint only)

++ (urine
breakpoint only) � � � �

Cefiderocol ++ ++ ++ ++ ++ ++

Ceftazidime/avibactam ++ ++ ++ � � +/�
Ceftolozane/tazobactam ++ � � � � +/� c

Meropenem/vaborbactam ++ ++ � � ? ?

Imipenem/relebactam ++ ++ � � � +/� d

++: Activity (>90% of the isolates); +: activity in 70 to 90% of the isolates; +/�: activity in around the half of the; �: no activity; ?:
no surveillance data available. a 42.1% susceptible isolates [12]; b 70% susceptible isolates [32]; c good activity against isolates with
elevated efflux, derepressed AmpC or loss of OprD, but not when the underlying mechanism is MBL production [82]; d not for isolates
with class B or D carbapenemase activity [83].

4. Discussion
The eight antibiotics reviewed here add to the armamentarium of antibiotics against

carbapenem-resistant Gram-negative microorganisms. Almost all of these new antibi-
otics are approved for cUTI (all except eravacycline) and most of them for cIAI (eravacy-
cline, ceftazidime/avibactam, ceftolozane/tazobactam, and imipenem/relebactam). Cef-
tazidime/avibactam was the first antibiotic approved for HAP/VAP by the FDA in 2018,
and over the years, ceftolozane/tazobactam (2019), imipenem/relebactam (2020), and ce-
fiderocol (2020) were also approved by the FDA for this indication.

Local epidemiology of multidrug-resistant microorganisms plays a role in choosing
these new antibiotics. In our setting, where the prevalence of Enterobacterales resistant
to third-generation cephalosporins of less than 10%, and to carbapenem of less than 1%
(EARS-Net Surveillance Atlas of Infectious Diseases 2019), these new antibiotics are clearly
not suitable as an empirical treatment. Targeted treatment can be performed only after
susceptibility tests (ASTs) and eventual molecular testing have been performed. Table 5
can assist in making a choice of antibiotics in treating multidrug-resistant microorgan-
isms. There are enough options for treating cUTI, cIAI, or HAP/VAP due to KPC CPE (all
except ceftolozane/tazobactam can be used). The options become more limited to treat
HAP/VAP due to OXA-48 CPE (only cefiderocol and ceftazidime/avibactam), and even
more limited to treat HAP/VAP due to MBL CPE (only cefiderocol), but the combination cef-
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[131, 136–138], but their role and activity against CAPT-
resistant isolates are less clear.

Until cefiderocol or other new antibiotics (such as combi-
nations with Class D carbapenemase inhibitors [52]) become 
widely available, or in cases of cefiderocol resistance, 

synergistic combinations may represent the only option 
for CAPT-resistant A. baumannii. Polymyxin-based syn-
ergistic combinations (e.g., with rifampicin, carbapenems, 
ampicillin/sulbactam, fosfomycin, glycopeptides, tigecycline 
and minocycline) are the most studied, but have been tried 

Abbrevia!ons; IMI/REL= imipenem/relebactam, CAZ/AVI= ce"azidime/avibactam, C/T= ce"olozan/tazobactam, MVB= 
meropenem/vaborbactam

C/T 2

CAZ/AVI 2 

CAPT-resistant P. aeruginosa

Carbapenemase-nega!ve1 Carbapenemase-posi!ve1

Cefiderocol 4

Fosfomycin 5

High-dose amikacin 6

Synergis!c 
combina!ons 7

C/T and CAZ/AVI- resistant due to 
AmpC muta!ons

Mechanism of carbapenem 
resistance?

MBL-carbapenemaseGES-carbapenemase

CAZ/AVI 2

IMI/REL 3
Second-line op!ons

Fig. 2!   Treatment options for CAPT-resistant P. aeruginosa depend-
ing on the mechanism of resistance to carbapenems. 1 The prevalence 
of carbapenemases varies substantially in di!erent regions, but may 
be very high in some settings [31–33, 41]. MBL are the predomi-
nant carbapenemases in P. aeruginosa, but GES carbapenemases 
are increasingly being reported [45–47] Neither IMI/REL nor CAZ/
AVI or C/T is active against MBL-producing P. aeruginosa [55, 59, 
76], while GES carbapenemases may inactivate IMI/REL [46, 47] 
and C/T [45, 111] but not CAZ/AVI [45, 111]. Because rare or novel 
"-lactamase variants may not be detectable by some rapid methods 
[23, 25–27], susceptibility should always be confirmed with tradi-
tional growth-based methods and combination therapy may be rea-
sonable pending such confirmation, especially in severe infections 
[17]. 2 Both CAZ/AVI and C/T are una!ected by the most com-
mon mechanism of resistance in P. aeruginosa (OprD porin muta-
tions, overexpression of e#ux pumps, overexpression of AmpC) 
[101, 102]. Resistance to CAZ/AVI and C/T is usually the result of 
structural modifications of AmpC (+ overexpression of AmpC) or 
horizontally acquired carbapenemases [108, 109]. GES-type carbap-
enemases may confer resistance to C/T but not to CAZ/AVI [45]. 3 
IMI/REL is una!ected by the most relevant mutation-driven "-lactam 
resistance mechanisms of P. aeruginosa [110]. Moreover, IMI/REL 
is not a!ected by AmpC mutations that confer resistance to ceftazi-
dime/avibactam and ceftolozane/tazobactam [110]. IMI/REL is inef-
fective against MBL- and GES-producing P. aeruginosa strains [46, 

47]. 4 Cefiderocol is stable against hydrolysis by all carbapenemases 
(including MBL) and its mechanism of bacterial cell entry is inde-
pendent from porin channels and e#ux pumps. Therefore, cefiderocol 
appears to be a useful option when no other antibiotic is active [114, 
115]. 5 Alternative antibiotics (if available) may be preferable taking 
into account the concerns for emergence of resistance during treat-
ment with fosfomycin [96, 117]. When fosfomycin is used it should 
be combined with a second antibiotic. 6 High-dose aminoglycoside 
therapy (such as amikacin 50$mg/kg/day) may be a useful option for 
CACT-resistant P. aeruginosa with borderline MIC (e.g., amikacin 
MIC = 16$mg/dl) and can be combined with hemodialysis to reduce 
nephrotoxicity [184, 186, 187]. 7 Until cefiderocol becomes widely 
available, synergistic combinations (e.g., based on colistin [120, 121], 
fosfomycin [122, 123], aminoglycosides [45] and C/T [45, 122]) 
may sometimes represent the only treatment option, but PK/PD and 
clinical studies are needed. Other options are ine!ective for CAPT-
resistant P. aeruginosa: The activity of MVB against P. aeruginosa is 
similar to that of meropenem alone [61].: Plazomicin is no better than 
other aminoglycosides against P. aeruginosa [10].: Similar to other 
tetracyclines, P. aeruginosa is resistant to eravacycline [91].: Aztre-
onam/avibactam cannot overcome resistance against most MBL-pro-
ducing P. aeruginosa [112], but may be useful against selected strains 
with borderline/intermediate MICs to aztreonam or ceftazidime/avi-
bactam [81, 113]

• co-resistant to 
• carbapenems,
• aminoglycosides, 
• Polymyxins
• and tigecycline 
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Infection grave foyer probable P. aeruginosa
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