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Surveillance des EPC en France : bilan 2004 - 2016
CONTEXTE
La surveillance et la maitrise de la diffusion des entérobactéries productrices de carbapénémases 
(EPC) font partie des priorités du Programme national d’actions de prévention des infections 
associées aux soins (Propias) 20151.

MÉTHODE
Chaque année depuis 2010, Santé publique France réalise un bilan des épisodes impliquant des 
EPC notifiés (1) via le signalement externe des infections nosocomiales, (2) par le centre national de 
référence, ou (3) par des laboratoires de ville ; et pour lesquels la production d’une carbapénèmase 
a été confirmée. Un épisode correspond à un ou plusieurs cas infectés ou colonisés par une EPC et 
reliés par une chaine de transmission épidémiologique. 
L’information d’un lien du cas index avec l’étranger est également recueillie. Un épisode est défini 
comme présentant un lien avec un pays étranger si, dans l’année qui précède son hospitalisation en 
France, le cas présumé « index » a été hospitalisé dans un pays étranger, a résidé à l’étranger ou a 
rapporté un voyage à l’étranger.
Les données présentées dans ce bilan prennent en compte les épisodes signalés jusqu’au 
31 décembre 2016.

RÉSULTATS
ÉVOLUTION DU NOMBRE D’ÉPISODES EPC
Depuis 2004, 3 604 épisodes impliquant des EPC ont été signalés. Le nombre d’épisodes connaît 
une nette augmentation depuis 2009. Depuis 2013, le nombre d’épisodes d’EPC augmente de plus 
de 130 % chaque année. Une saisonnalité est également observée depuis 2013 avec un nombre 
d’épisodes qui augmente en fin d’été. 
Neuf épisodes étaient décrits avant 2009, 10 en 2009, 28 épisodes en 2010, 113 épisodes en 2011, 
233 épisodes en 2012, 400 épisodes en 2013, 650 épisodes en 2014, 938 épisodes en 2015 et 
1 223 épisodes en 2016.
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NOMBRE DE CAS ET SITES INFECTIEUX
Depuis 2004, 5 541 cas ont été identifiés, 82 % d’entre eux étaient colonisés et 18 % infectés.  
On dénombre 1 à 200 cas par épisode et la survenue de cas secondaires dans 11 % des épisodes. 
Sur la période 2013 - 2016, les principales infections étaient des infections urinaires (44  %), 
des  bactériémies (22  %) et des pneumopathies (13  %). Les principales colonisations étaient 
digestives (78 %), urinaires (25%) et pulmonaires (3 %).
La répartition par année des épisodes de cas groupés (épisodes avec au moins un cas secondaire 
identifié) est présentée dans le Tableau 1. Le nombre d’épisodes de cas groupés augmente mais 
leur proportion diminue. Par ailleurs, le nombre de cas moyen par épisode semble se stabiliser 
autour de 4 depuis 2014.

Figure 1  I  Évolution par mois du nombre d’épisodes impliquant des EPC en France signalés 
entre 2009 et 2016, selon la mise en évidence ou non d’un lien avec un pays étranger (N=3 595) 
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Figure 2  I  Répartition des épisodes impliquant des EPC en France signalés entre 2009 et 2016, 
selon les mécanismes de résistance impliqués et l’année de signalement (N=3 595) 

3 14

75

166

321

532

750

963

6 12
29

51

85

148

207

6 6
20 25 22 20 29

48

1 2 6 13 18 26 36
42

1 2 1 2 3 2 31 2 5 31 1

2009 2010 2011 2012 2013 2014 2015 2016

OXA-48-like NDM KPC VIM IMI IMP GES

Avant 2009 : seulement 
9 épisodes signalés

N
o

m
b

re
 d

'é
p

is
o

d
e

s

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

0

BACTÉRIES ET MÉCANISMES DE RÉSISTANCE
Les espèces les plus fréquemment retrouvées sont K. pneumoniae (54 % des épisodes) et E. coli 
(38 %). Le mécanisme OXA-48, est globalement retrouvé dans 78 % des épisodes, suivi du mécanisme 
NDM (14 %). L’évolution de la fréquence des mécanismes est présentée dans la Figure 2.

LIEN AVEC L’ÉTRANGER
La part des épisodes en lien avec l’étranger est en diminution, passant de 71 % en 2010 à 42 % en 
2015. Une légère hausse est observée pour l’année 2016 avec 44 % des épisodes présentant un 
lien avec un pays étranger. Au total depuis 2004, un tel lien a été décrit pour 1 663 épisodes (46 %). 
Les pays les plus fréquemment cités sont le Maroc, l’Algérie, la Tunisie et l’Inde.
Pour ce qui est des épisodes sans lien rapporté avec l’étranger (54 % des épisodes depuis 2004), 
c’est le mécanisme OXA-48 qui est le plus souvent décrit (82 %).

OBJECTIFS NATIONAUX
Concernant les objectifs du Propias, les résultats en 2016 sont encourageants et semblent 
s’améliorer par rapport à 2015. Le taux d’EPC parmi les bactériémies à K.  pneumoniae reste 
inférieur à 1 % (données EARS-Net2), la proportion d’épisodes avec cas secondaires est égale à 9 % 
(objectif Propias ≤ 10 %) et la proportion de cas secondaires sur l’ensemble des cas d’EPC est de 
19 %. Ce dernier chiffre est en diminution par rapport à 2015 (21 %) et est en accord avec l’objectif 
du Propias (≤ 20 %). Les résultats de ces indicateurs nationaux sont présentés dans le Tableau 2.

* Source : données européennes du réseau EARS-Net2.

Tableau 2  I  Objectifs nationaux du Propias pour la maîtrise de la diffusion des EPC en 
établissement de santé, résultats 2015 et 2016

Objectifs du Propias Année 2015 Atteinte  
de l’objectif Année 2016 Atteinte  

de l’objectif
Taux d’ERG parmi les 
bactériémies à Klebsiella 
pneumoniae ≤ 1 % *

≤ 1 % Oui ≤ 1 % Oui

Proportion d’épisodes avec 
cas secondair es ≤ 10 % 10 % Oui 9 % Oui

Proportion de cas 
secondaires sur l’ensemble 
des cas ≤ 20 %

21 % Non 19 % Oui

CONCLUSION ET PERSPECTIVES
Les EPC restent émergentes en France et le nombre d’infections est encore limité. Cependant, 
l’augmentation du nombre d’épisodes recensés dans ce bilan confirme ceux de l’étude européenne 
EuSCAPE3, qui montre que la France est passée en 2 ans du stade 3 de dissémination régionale au 
stade 4 de dissémination interrégionale, dernier stade avant l’endémie. 
La poursuite des moyens mis en œuvre contre la diffusion des EPC, qui seuls permettent, à ce jour, 
de contenir cette émergence, ainsi que la préservation des rares antibiotiques encore actifs sur ces 
souches, constituent un enjeu majeur de santé publique pour les années à venir.
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* Un épisode de cas groupés correspond à un épisode avec au moins un cas secondaire identifié.

Tableau 1  I  Description des épisodes de cas groupés d’EPC en France entre 2011 et 2016 
(N=393 épisodes)

Année
Nombre et proportion 

d’épisodes  
de cas groupés*

Nombre de cas  
maximum  

par épisode

Nombre moyen  
de cas  

par épisode

Nombre médian  
de cas  

par épisode
2011 14 (12 %) 121 14 3,5
2012 36 (15 %) 200 13 3
2013 39 (10 %) 143 9 3
2014 89 (14 %) 23 4 2
2015 97 (10 %) 50 3,5 2
2016 107 (9 %) 21 4 2

RICAI 2017

3 595 cas (2009-2016)



Int.J.Curr.Microbiol.App.Sci (2018) 7(6): 2613-2617 

2616 
 

 

 
 

Table.1 Distribution of ESBL, Ampc, KPC Klebsiella pneumoniae during the study period  
(Mar-Apr 2018) 

 
Specimen Total samples Klebsiella pneumoniae ESBL Ampc KPC 
Sputum 232 48 10 6 2 
Pus 445 39 8 6 1 

 
Table.2 Antimicrobial sensitivity pattern of the 3 KPC strains isolated.  

S - Sensitive, R - Resistant 
 

Diagnosis Gentamycin Ciprofloxacin Ceftazidime Ceftazidime- 
clauvalinic 
acid 

Ertapenem Meropenem Colistin 

Necrotising 
pneumonia 

R (14mm) R (no zone) R(no zone) R(no zone) R(12mm) R(15mm) S 
(17mm) 

Bronchopneumonia R (no zone)  R (no zone) R (no zone)  R (no zone)  R (14mm)  R (16 mm) S 
(16mm) 

Diabetic foot R (no zone)  R (no zone) R (no zone)  R (no zone)  R (no zone)  R (10 mm) S (15 
mm) 

(Zone size for carbapenam resistance is Ertapenam <18mm, Meropenam <19mm as per CLSI 2018) 
 

Bacterial DNA purification was done 
 

Components Quantity 
HELINI RedDye PCR Master mix 10ul 
HELINI Ready to use Primer mix 5ul 
Purified Bacterial DNA 5ul 
Total volume 20ul 
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BACTÉRIES ET MÉCANISMES DE RÉSISTANCE
Les espèces les plus fréquemment retrouvées sont K. pneumoniae (54 % des épisodes) et E. coli 
(38 %). Le mécanisme OXA-48, est globalement retrouvé dans 78 % des épisodes, suivi du mécanisme 
NDM (14 %). L’évolution de la fréquence des mécanismes est présentée dans la Figure 2.

LIEN AVEC L’ÉTRANGER
La part des épisodes en lien avec l’étranger est en diminution, passant de 71 % en 2010 à 42 % en 
2015. Une légère hausse est observée pour l’année 2016 avec 44 % des épisodes présentant un 
lien avec un pays étranger. Au total depuis 2004, un tel lien a été décrit pour 1 663 épisodes (46 %). 
Les pays les plus fréquemment cités sont le Maroc, l’Algérie, la Tunisie et l’Inde.
Pour ce qui est des épisodes sans lien rapporté avec l’étranger (54 % des épisodes depuis 2004), 
c’est le mécanisme OXA-48 qui est le plus souvent décrit (82 %).

OBJECTIFS NATIONAUX
Concernant les objectifs du Propias, les résultats en 2016 sont encourageants et semblent 
s’améliorer par rapport à 2015. Le taux d’EPC parmi les bactériémies à K.  pneumoniae reste 
inférieur à 1 % (données EARS-Net2), la proportion d’épisodes avec cas secondaires est égale à 9 % 
(objectif Propias ≤ 10 %) et la proportion de cas secondaires sur l’ensemble des cas d’EPC est de 
19 %. Ce dernier chiffre est en diminution par rapport à 2015 (21 %) et est en accord avec l’objectif 
du Propias (≤ 20 %). Les résultats de ces indicateurs nationaux sont présentés dans le Tableau 2.

* Source : données européennes du réseau EARS-Net2.

Tableau 2  I  Objectifs nationaux du Propias pour la maîtrise de la diffusion des EPC en 
établissement de santé, résultats 2015 et 2016

Objectifs du Propias Année 2015 Atteinte  
de l’objectif Année 2016 Atteinte  

de l’objectif
Taux d’ERG parmi les 
bactériémies à Klebsiella 
pneumoniae ≤ 1 % *

≤ 1 % Oui ≤ 1 % Oui

Proportion d’épisodes avec 
cas secondair es ≤ 10 % 10 % Oui 9 % Oui

Proportion de cas 
secondaires sur l’ensemble 
des cas ≤ 20 %

21 % Non 19 % Oui

CONCLUSION ET PERSPECTIVES
Les EPC restent émergentes en France et le nombre d’infections est encore limité. Cependant, 
l’augmentation du nombre d’épisodes recensés dans ce bilan confirme ceux de l’étude européenne 
EuSCAPE3, qui montre que la France est passée en 2 ans du stade 3 de dissémination régionale au 
stade 4 de dissémination interrégionale, dernier stade avant l’endémie. 
La poursuite des moyens mis en œuvre contre la diffusion des EPC, qui seuls permettent, à ce jour, 
de contenir cette émergence, ainsi que la préservation des rares antibiotiques encore actifs sur ces 
souches, constituent un enjeu majeur de santé publique pour les années à venir.
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* Un épisode de cas groupés correspond à un épisode avec au moins un cas secondaire identifié.

Tableau 1  I  Description des épisodes de cas groupés d’EPC en France entre 2011 et 2016 
(N=393 épisodes)

Année
Nombre et proportion 

d’épisodes  
de cas groupés*

Nombre de cas  
maximum  

par épisode

Nombre moyen  
de cas  

par épisode

Nombre médian  
de cas  

par épisode
2011 14 (12 %) 121 14 3,5
2012 36 (15 %) 200 13 3
2013 39 (10 %) 143 9 3
2014 89 (14 %) 23 4 2
2015 97 (10 %) 50 3,5 2
2016 107 (9 %) 21 4 2
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Origine géographique des OXA-48 en France (N=778 cas)
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Origine géographique des NDM en France (N=191 cas)
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Options thérapeutiques

• Peu d’options thérapeutiques
• Molécules de "deuxième ligne" : 
– polymyxines, tigécycline, fosfomycine, et (parfois) aminoglycosides

• Certaines souches sensibles à :
– minocycline, doxycycline, chloramphenicol, trimethoprime-sulfamethoxazole, et 

témocilline

• Nouveaux inhibiteurs β-lactamase : 
– Avibactam : inhibe KPC + OXA-48
– Vaborbactam : inhibe KPC
– Pas d’efficacité sur les MBLs



The use of one or another drug may depend on the results of susceptibility testing.
While this is beyond the objective of this review, it should be noted that the determi-
nation of the MIC for some antimicrobials may not be fully reliable, depending on the
methods used; also, a !1 dilution variability in MIC determination is accepted. Finally,
the breakpoints for susceptibility recommended by the Clinical and Laboratory Stan-
dards Institute (CLSI) and the European Committee for Antimicrobal Susceptibility
Testing (EUCAST) differ for some antimicrobials.

Finally, while it is taken for granted that the general principles for the manage-
ment of infectious diseases apply, the paramount importance of these principles
cannot be stressed enough and include support therapy when needed, rapid and
effective source control whenever possible, and consideration of patient character-
istics (immunosuppression, renal function, etc.), the severity of systemic inflamma-
tory response syndrome, and the source of infection for the selection of an
antimicrobial regimen (Figure 1).

THERAPY AGAINST ESBL- AND AmpC-PRODUCING ENTEROBACTERIACEAE
Both ESBL and AmpC producers are typically resistant to some or all cephalosporins,

but they exhibit some differences, as follows. ESBLs are inhibited by !-lactam inhibitors
and do not hydrolyze cephamycins, while AmpC enzymes are not inhibited by classic
!-lactam inhibitors and confer resistance to cephamycins but do not efficiently hydro-
lyze cefepime (3–5). ESBLs are typically encoded by plasmid-borne genes (3, 4), whereas
AmpC can be encoded by plasmid genes or be produced as a result of derepression of
chromosomal genes in some Enterobacteriaceae (typically Enterobacter spp., Serratia
marcescens, Citrobacter freundii, Providencia spp., and Morganella morganii). The latter
will test as susceptible to cephalosporins if AmpC production is not derepressed, but
resistance can develop while on treatment with these drugs (5). Finally, chromosomally
encoded AmpC can be overproduced in Escherichia coli (5). Since some laboratories do
not routinely identify the specific mechanism of resistance to cephalosporins, as this is
not recommended for the purpose of treatment decisions by CLSI or EUCAST (but only
for epidemiological reasons) and the type of cephalosporinase cannot always be
differentiated phenotypically, both ESBL and AmpC producers are reviewed here. Most
available information concerns ESBL-producing Enterobacteriaceae (ESBL-E); potentially
active drugs against these bacteria are reviewed in Table 1.

FIG 1 Aspects to be considered in the decision-making process for antimicrobial therapy of patients with
infections due to ESBL-, AmpC-, or carbapenemase-producing Enterobacteriaceae.
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« individualisé »
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Limites des études

• KPC sur-représentées
• Bactériémies ++++
• Gravité variable
• Immunodépression, comorbidités variables ++++
• ATB : molécules et posologies variables
• Tests microbiologiques hétérogènes
• Pas d’essai randomisé



Faut-il une association ?

• En théorie (in vitro) : Fonction de la molecule

• Eviter monothérapie >> efficacité moindre (synergie) et 
émergence de R rapide +++ avec :
– polymyxines, 
– tigécycline, 
– fosfomycine



AAC 2013

• Revue systématique + méta-analyse 
• Etude synergie (in vitro) de polymyxine + carbapénème 

pour BGN
• Définition de synergie : reduction > 2 log UFC
• 39 études
• Synergie : 

– Acinetobacter baumannii : 77% (95% CI, 64 to 87%)
– Klebsiella pneumoniae : 44% (95% CI, 30 to 59%)  
– Pseudomonas aeruginosa : 50% (95% CI, 30 to 69%) 

• Taux de synergie : Courbes de bactéricidie >> échiquier et E-
tests 

• Association >> moins de R à la colistine (R carbapénème ?)

on A. baumannii, 9 on P. aeruginosa, and 1 each on K. pneumoniae,
S. maltophilia, and E. cloacae.

For A. baumannii, the synergy rate for 144 isolates was 32%,
while for 100 P. aeruginosa isolates the synergy rate was 11%. A
minority of studies reported individual strain FICIs, from which
mean FICIs could be calculated for A. baumannii of 0.8 ! 0.43 (16
isolates) and 1.8 ! 0.5 for P. aeruginosa (74 isolates, including and
mostly influenced by results from Khuntayaporn et al. [11]).
When considering overall synergy or additivity (FICI of "1), rates
were 71% for A. baumannii and 29% for P. aeruginosa. No study
reported antagonism with an FICI of #4. Heterogeneity and the
limited number of studies and isolates did not permit adequate
subgroup analysis.

Etest data. Four studies reporting on A. baumannii provided a
pooled synergy rate of 17.5% (95% CI, 3 to 60%) and a combined
synergy and additivity rate of 42% (95% CI, 14 to 75%). Two
studies testing 240 P. aeruginosa isolates yielded a synergy rate of
2.5% (95% CI, 1 to 6%) and a combined synergy and additivity
rate of 8.5% (95% CI, 0.7 to 55%). One study examining K. pneu-
moniae reported synergy of 6 out of 14 isolates (46%) (56).

Other synergy data. Tateda et al. reported using a breakpoint
checkerboard plate method on 12 P. aeruginosa isolates tested
with imipenem and polymyxin B, with all 12 isolates showing
synergy (12). Three studies (13–15) reported using the area under
the bacterial killing curve (AUBKC) against P. aeruginosa, K.
pneumoniae, or A. baumannii. One study (16) also reported sus-
ceptibility breakpoint index (SBPI) data.

Effect of combination on antimicrobial resistance. Compar-
isons of resistance development between monotherapy and com-
bination therapy were found in one study on 3 A. baumannii
isolates and four studies on 14 P. aeruginosa isolates, all recent
time-kill studies. Poudyal et al. (17) reported that colistin mono-
therapy led to resistance development in almost 100% of strains
after as little as 24 h, while with combination therapy, doripenem
successfully suppressed colistin-resistant populations, as evi-
denced by comparing 72-h population analysis profiles (PAPs).
Bergen et al. (18) reported a 4-log CFU reduction in the develop-
ment of colistin-resistant P. aeruginosa colonies when combined

with doripenem compared to colistin monotherapy. In addition,
resistance under monotherapy appeared earlier (24 h) than that
with combination therapy (72 h), if at all. When tested on 4 colis-
tin heteroresistant strains (19), similar PAPs where produced with
imipenem-colistin combination therapy versus colistin alone. De-
ris et al. (20) reported suppression of resistance with combination
therapy versus 100% resistance development with monotherapy
in 2/4 strains. Resistance suppression was also noted in another
study on 3 P. aeruginosa strains (21).

DISCUSSION
The combination of polymyxins and carbapenems was synergistic
against A. baumannii strains in 77% of isolates and antagonistic in
only 1%. For K. pneumoniae and P. aeruginosa, synergy rates were
also substantial in total and even more so when examining carbap-
enem-resistant, colistin-susceptible isolates representing a more clin-
ically relevant situation and when excluding studies using unrealistic
colistin concentrations. Combination therapy increased bactericidal-
ity for all bacteria (from 24 to 75% for A. baumannii). For A. bau-
mannii, there was an advantage for meropenem or doripenem in
combination over imipenem, while meropenem was the least syner-
gistic carbapenem against P. aeruginosa. A difference between poly-
myxin B and colistin was demonstrated only for K. pneumoniae in a
small number of studies, showing an advantage to polymyxin B. Re-
sistance development for monotherapy versus combination therapy
has been assessed mainly in recent studies that showed either suppres-
sion or delay of colistin resistance development with combination
therapy. With colistin monotherapy, resistance developed sometimes
as early as 24 h (22).

Antibacterial combination methods are not fully standardized,
and there was no single clear definition for synergy or antagonism
in the studies included in this review. Synergy rates were generally
higher in studies using the time-kill method than the checker-
board microdilution or Etest method, as was also shown with
other antibiotic combinations (23). Discordance is not surprising,
since these tests use different outcomes, i.e., inhibition versus kill-
ing. It has yet to be determined which combination testing
method better predicts in vivo efficacy. While Etest and checker-

TABLE 2 Pooled synergy and antagonism rates according to bacterium and carbapenem tested

Bacterium and carbapenem

Synergy Antagonism
No. of
tests

No. of
bacteria

Heterogeneity

Rate 95% CI Rate 95% CI P valuea I2 (%)

A. baumannii
Imipenem 56 35–74 8 4–17 11 82 0.008 48
Meropenem 86 75–93 7 2–17 9 71
Doripenem 88 70–96 9 3–24 6 33

K. pneumoniae
Imipenem 41 23–62 24 7–58 5 58 0.02b 51
Meropenem 34 13–64 9 3–23 6 39
Doripenem 63 39–82 10 2–32 6 19
Ertapenem 11 3–29 12 3–42 2 30

P. aeruginosa
Imipenem 60 18–91 21 11–38 5 39 0.013 66
Meropenem 24 15–38 2 0–16 2 54
Doripenem 62 38–81 5 1–20 5 43

a Heterogeneity P for subgroup comparisons.
b The P value was 0.44 when ertapenem was excluded.
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Our objective was to examine the evidence of in vitro synergy of polymyxin-carbapenem combination therapy against Gram-
negative bacteria (GNB). A systematic review and meta-analysis were performed. All studies examining in vitro interactions of
antibiotic combinations consisting of any carbapenem with colistin or polymyxin B against any GNB were used. A broad search
was conducted with no language, date, or publication status restrictions. Synergy rates, defined as a fractional inhibitory concen-
tration index of <0.5 or a >2-log reduction in CFU, were pooled separately for time-kill, checkerboard, and Etest methods in a
mixed-effect meta-analysis of rates. We examined whether the synergy rate depended on the testing method, type of antibiotic,
bacteria, and resistance to carbapenems. Pooled rates with 95% confidence intervals (CI) are shown. Thirty-nine published stud-
ies and 15 conference proceeding were included, reporting on 246 different tests on 1,054 bacterial isolates. In time-kill studies,
combination therapy showed synergy rates of 77% (95% CI, 64 to 87%) for Acinetobacter baumannii, 44% (95% CI, 30 to 59%)
for Klebsiella pneumoniae, and 50% (95% CI, 30 to 69%) for Pseudomonas aeruginosa, with low antagonism rates for all. Dorip-
enem showed high synergy rates for all three bacteria. For A. baumannii, meropenem was more synergistic than imipenem,
whereas for P. aeruginosa the opposite was true. Checkerboard and Etest studies generally reported lower synergy rates than
time-kill studies. The use of combination therapy led to less resistance development in vitro. The combination of a carbapenem
with a polymyxin against GNB, especially A. baumannii, is supported in vitro by high synergy rates, with low antagonism and
less resistance development. These findings should be examined in clinical studies.

Colistin is an antibiotic of the polymyxin family that demon-
strated a resurgence in the past decade for the treatment of

multidrug-resistant (MDR) Gram-negative bacteria (GNB) (1, 2).
Its efficacy as monotherapy is probably inferior to that of beta-
lactams (3). The clinical use of colistin is hindered by side effects,
mainly nephrotoxicity (3, 4), in addition to unclear optimal dos-
ing (5). In order to improve clinical success, various combination
therapies have been used with colistin (6). One of the antibiotic
classes most commonly used in combination with colistin is the
carbapenems. The main rationale for this combination, as for
other antimicrobial combinations, lies in the existence of in vitro
synergy.

Several studies examined the in vitro interactions between car-
bapenems and colistin or polymyxin B, with various results. Het-
erogeneity in their results might be due to testing of different
bacteria, different MICs of these bacteria for the various carbap-
enems and polymyxins, or different methods (e.g., checkerboard
microdilution, time-kill, and Etest) used for combination studies.
Moreover, since synergy studies are usually done in a specific cen-
ter and on a limited number of bacterial isolates, the generaliza-
tion of the data to other geographical areas or bacteria might not
be possible.

This review aims to examine available data on the in vitro in-
teractions of polymyxins and carbapenems. We aimed to examine
whether in vitro combination interactions are affected by type of
carbapenem or polymyxin, tested bacteria, and study methods.

MATERIALS AND METHODS
Data sources and study selection. We included studies examining the in
vitro interactions of antibiotic combinations consisting of any carbap-

enem with colistin or polymyxin B against any GNB. All methods for in
vitro combination assessment were eligible for inclusion. No language or
year restrictions were applied.

PubMed was searched with the following search string: (colistin OR
colisti* OR colistimethate OR polymyxin) AND (imipenem OR mero-
penem OR doripenem OR ertapenem OR carbapenem) AND (pharma-
cokinetic OR pharmacodynamic OR synergy OR synerg* OR antagonis*
OR additive) AND (in vitro OR checkerboard OR time-kill OR Etest OR
Etest OR microdilution OR agar dilution OR susceptibility). In order to
reduce publication bias, Interscience Conference on Antimicrobial
Agents and Chemotherapy (ICAAC), Infectious Diseases Society of
America (IDSA), and European Congress of Clinical Microbiology and
Infectious Diseases (ECCMID) conference proceedings for the years 2007
to 2012 were also reviewed. References of all included studies were re-
viewed for more eligible studies. The last search was run on 30 March
2013. Each study was screened and reviewed for eligibility independently
by two authors.

Outcomes. The primary outcome was the in vitro effects of combina-
tion therapy on bacterial kill or inhibition. For time-kill analysis, synergy
was defined as a !2-log reduction in CFU for a combination compared to
the most active single agent, while antagonism was defined as a !2-log
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Synergie contre 50% des isolats 
résistants aux carbapénèmes (95% CI = 
30 to 69%)

colistin, the A. baumannii synergy rate was 79%, with bactericid-
ality rising from 22% for the most active single agent to 76%, while
the K. pneumoniae synergy rate was 62%, with the bactericidality
rate rising from 9 to 70% with monotherapy and combination
therapy. P. aeruginosa rates remained unchanged. Only one study

each examined Enterobacter cloacae, Stenotrophomonas malto-
philia, and Escherichia coli. These were not included in the meta-
analysis.

Checkerboard microdilution data. Twenty-three studies re-
ported checkerboard microdilution testing, of which 11 reported

FIG 2 Synergy rates for polymyxin and carbapenem combination by type of bacteria. Study names are comprised of first author and either publication year or
convention name and year. Subgroups within studies (according to resistance profile, antibiotic used, etc.; see Materials and Methods) are listed separately and
denoted by continuous numbering in parentheses.
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combination therapy showed synergy rates of 77% (95% CI, 64 to 87%) for Acinetobacter baumannii, 44% (95% CI, 30 to 59%)
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less resistance development. These findings should be examined in clinical studies.

Colistin is an antibiotic of the polymyxin family that demon-
strated a resurgence in the past decade for the treatment of

multidrug-resistant (MDR) Gram-negative bacteria (GNB) (1, 2).
Its efficacy as monotherapy is probably inferior to that of beta-
lactams (3). The clinical use of colistin is hindered by side effects,
mainly nephrotoxicity (3, 4), in addition to unclear optimal dos-
ing (5). In order to improve clinical success, various combination
therapies have been used with colistin (6). One of the antibiotic
classes most commonly used in combination with colistin is the
carbapenems. The main rationale for this combination, as for
other antimicrobial combinations, lies in the existence of in vitro
synergy.

Several studies examined the in vitro interactions between car-
bapenems and colistin or polymyxin B, with various results. Het-
erogeneity in their results might be due to testing of different
bacteria, different MICs of these bacteria for the various carbap-
enems and polymyxins, or different methods (e.g., checkerboard
microdilution, time-kill, and Etest) used for combination studies.
Moreover, since synergy studies are usually done in a specific cen-
ter and on a limited number of bacterial isolates, the generaliza-
tion of the data to other geographical areas or bacteria might not
be possible.

This review aims to examine available data on the in vitro in-
teractions of polymyxins and carbapenems. We aimed to examine
whether in vitro combination interactions are affected by type of
carbapenem or polymyxin, tested bacteria, and study methods.

MATERIALS AND METHODS
Data sources and study selection. We included studies examining the in
vitro interactions of antibiotic combinations consisting of any carbap-

enem with colistin or polymyxin B against any GNB. All methods for in
vitro combination assessment were eligible for inclusion. No language or
year restrictions were applied.

PubMed was searched with the following search string: (colistin OR
colisti* OR colistimethate OR polymyxin) AND (imipenem OR mero-
penem OR doripenem OR ertapenem OR carbapenem) AND (pharma-
cokinetic OR pharmacodynamic OR synergy OR synerg* OR antagonis*
OR additive) AND (in vitro OR checkerboard OR time-kill OR Etest OR
Etest OR microdilution OR agar dilution OR susceptibility). In order to
reduce publication bias, Interscience Conference on Antimicrobial
Agents and Chemotherapy (ICAAC), Infectious Diseases Society of
America (IDSA), and European Congress of Clinical Microbiology and
Infectious Diseases (ECCMID) conference proceedings for the years 2007
to 2012 were also reviewed. References of all included studies were re-
viewed for more eligible studies. The last search was run on 30 March
2013. Each study was screened and reviewed for eligibility independently
by two authors.

Outcomes. The primary outcome was the in vitro effects of combina-
tion therapy on bacterial kill or inhibition. For time-kill analysis, synergy
was defined as a !2-log reduction in CFU for a combination compared to
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Received 10 June 2013 Returned for modification 7 July 2013
Accepted 2 August 2013

Published ahead of print 5 August 2013

Address correspondence to Oren Zusman, orenzu1@clalit.org.il.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.01230-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.01230-13

5104 aac.asm.org Antimicrobial Agents and Chemotherapy p. 5104–5111 October 2013 Volume 57 Number 10

 on M
arch 31, 2019 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

AAC 2013



Association pour bactériémies ?
TABLE 4 Observational studies providing comparative data on monotherapy and combination therapy for bloodstream infections due to carbapenem-resistant Enterobacteriaceaea

Reference Design, no. of sites Included infections Carbapenemase(s)
Mortality
definition

No. of deaths/no. of
patients treated
with MT (%)

No. of deaths/no. of
patients treated
with CT (%)

CT protective or not;
adjusted OR (95% CI) for
mortality with CTb

212 Retrospective, 1 site (Turkey) BSI due to CRE Mostly K. pneumoniae
OXA-48

28-day 2/5 (40) 16/31 (51.5) MV analysis not performed

213 Prospective, 9 sites (Italy) BSI due to ERTr K. pneumoniae (BSI subanalysis) Mostly KPC In-hospital 4/9 (44.4) 11/25 (44) CT not protective (OR not
provided)

214 Retrospective, 2 sites (Greece) BSI due to CR K. pneumoniae Mostly KPC, some VIM 28-day 32/72 (44.4) 28/103 (27.2) CT protective; 0.48 (0.28–0.81)
215 Retrospective, 3 sites (Brazil) Infections due to KPC-producing K. pneumoniae

(BSI subanalysis)
KPC 30-day 15/34 (44.1) 24/44 (54.4) CT not protective (OR not

provided)
216 Retrospective, 2 sites (USA) BSI due to CR K. pneumoniae Most (probably) KPC 30-day 18/68 (26.4) 28/73 (38.3) CT not protective; with BL, 1.8

(0.6–5.6); without BL, 1.1
(0.3–3.6)

217 Retrospective, 16 sites
(worldwide)

BSI due to CPE 74% KPC 30-day 85/208 (40.9) 47/135 (34.8) CT protective only in high-risk
patients; 0.54 (0.32–0.89)

218 Prospective, 1 site (Spain) BSI due to KPC-producing K. pneumoniae, COLr KPC 30-day 14/32 (43.8) 18/72 (25) CT protective in septic shock
219 Retrospective, 1 site (India) Children, BSI due to CRE; includes inactive drugs 66% K. pneumoniae,

72% NDM
30-day Not specified Not specified Crude OR ! 0.23 (0.05–1.0);

MV analysis not performed
220 Retrospective, 1 site (Spain) BSI due to OXA-48 producers OXA-48 30-day 2/7 (28.5) 13/27 (48.1) MV analysis not performed
221 Retrospective, 1 site (Greece)c BSI due to CS and CR K. pneumoniae in ICU Mostly KPC 30-day 18/57 (31.5) 7/38 (18.4) CT protective; 0.23

(0.07–0.75); also with shock
222 Retrospective, 2 sites (USA) BSI due to KPC-producing K. pneumoniae;

includes inactive drugs
KPC 28-day 11/19 (57.8) 2/15 (13.3) CT protective; 0.07

(0.009–0.71)
223 Retrospective, 8 sites (USA) BSI due to CRE Mostly KPC 30-day 21/55 (38.1) 22/43 (51.1) CT not protective (OR not

provided)
224 Retrospective, 4 sites (Greece) BSI due to CR K. pneumoniae, neutropenic

patients
Mostly KPC 14-day 5/10 (50) 11/30 (36.6) CT protective; 0.25 (0.07–0.81)

225 Prospective, 13 sites (Italy) BSI due to CR K. pneumoniae, hematological
patients

Not identified 21-day 69/77 (89.6) 40/72 (55.5) CT protective; 0.52 (0.35–0.77)

226 Retrospective, 3 sites (Italy) BSI due to KPC-producing K. pneumoniae KPC 30-day 25/46 (54.3) 27/71 (34.1) CT with COL plus TIG-MER
protective; 0.11 (0.02–0.60)

227 Retrospective, 5 sites (Italy)d Infections due to KPC-producing K. pneumoniae
(BSI subanalysis)

KPC 30-day 80/156 (51.3) 93/291 (32) MV analysis not performed
for BSI

228 Retrospective, 11 sites (South
America)

BSI due to CRE Mostly KPC 28-day 5/8 (62.5) 17/29 (58.6) MV analysis not performed

229 Retrospective, 1 site (Greece) BSI due to KPC-producing K. pneumoniae KPC Infection
related

7/15 (46) 0/20 (0) CT not included in MV

aSuperiority of specific combinations or drugs in monotherapy was not evaluated and cannot be discarded. MT, monotherapy; CT, combination therapy; OR, odds ratio; CI, confidence interval; BSI, bloodstream infection;
CRE, carbapenem-resistant Enterobacteriaceae; MV, multivariable; ERTr, ertapenem resistant; CR, carbapenem resistant; BL, !-lactam; CPE, carbapenemase-producing Enterobacteriaceae; COLr, colistin resistant; CS,
carbapenem susceptible; TIG-MER, tigecycline-meropenem.

bWhen the adjusted OR was provided for MT (with CT as a reference), the inverse was calculated.
cPatients with carbapenem-susceptible and -resistant K. pneumoniae isolates are compared in this study; here we extracted the data for carbapenem-resistant isolates only.
dIncludes patients from reference 225.
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Association pour autres types d’infection ?

TABLE 5 Observational studies providing comparative data for monotherapy and combination therapy for different types of infection due to carbapenem-resistant Enterobacteriaceaea

Reference Design, no. of sites Included infections Carbapenemase(s)
Mortality
definition

No. of deaths/no. of
patients treated
with MT (%)

No. of deaths/no. of
patients treated
with CT (%)

CT protective or not;
adjusted OR (95% CI)
for mortality with CTb

213 Prospective, 9 sites (Italy) Infections due to ERTr K. pneumoniae Mostly KPC In-hospital 8/37 (21.6) 17/54 (31.4) CT not protective (OR
not provided)

215 Retrospective, 3 sites (Brazil) Infections due to KPC-producing K.
pneumoniae

KPC 30-day 21/57 (36.8) 32/61 (52.4) CT not protective (OR
not provided)

227 Retrospective, 5 sites (Italy)c Infections due to KPC-producing K.
pneumoniae

KPC 30-day 118/307 (38.4) 107/354 (30.2) CT protective; 0.52
(0.35–0.77)

230 Retrospective, 17 sites (Taiwan) ICU infections due to CR K. pneumoniae/E. coli Mostly AmpC/ESBL plus
porin loss

30-day 7/23 (30.4) 5/10 (50) CT not protective (OR
not provided)

231 Prospective, 1 site (Brazil) Infections due to CRE Mostly KPC Infection related 6/29 (20.6); for UTI,
6/28 (21.4)

38/78 (38.7); for UTI,
6/23 (26)

CT not protective (OR
not provided)

232 Retrospective, 1 site (Colombia) Children, CR K. pneumoniae infections Not studied Not specified 2/19 (10.5) 9/22 (40.9) MV analysis not
performed

233 Retrospective, 1 site (Brazil) HAI due to KPC-producing K. pneumoniae,
cancer patients

KPC 30-day 8/22 (36.6) 21/38 (55.2) CT not protective (OR
not provided)

234 Prospective, 1 site (Greece) CR K. pneumoniae infections, ICU KPC Infection related Not specified Not specified CT not protective (OR
not provided)

235 Retrospective, 1 site (South Africa) Infections due to OXA-48 producers OXA-48 In-hospital 2/6 (33.3) 5/13 (38.4) MV analysis not
performed

236 2 sites (Brazil) VAP due to CRE Not specified 30-day 40/66 (60.6) 6/17 (35.2) CT not protective (OR
not provided)

aSuperiority of specific combinations or drugs in monotherapy cannot be discarded. MT, monotherapy; CT, combination therapy; OR, odds ratio; CI, confidence interval; ERTr, ertapenem resistant; CR, carbapenem resistant;
ESBL, extended-spectrum !-lactamase; CRE, carbapenem-resistant Enterobacteriaceae; UTI, urinary tract infection; MV, multivariable; ICU, intensive care unit; VAP, ventilator-associated pneumonia; HAI, health care-
associated infections.

bWhen the adjusted OR was provided for MT, the inverse was calculated.
cIncludes patients from reference 225.

Therapy
for

M
D

R-
and

XD
R-Resistant

Enterobacteriaceae
ClinicalM

icrobiology
Review

s

A
pril2018

Volum
e

31
Issue

2
e00079-17

cm
r.asm

.org
17

 on August 21, 2018 by guest http://cmr.asm.org/ Downloaded from 



www.thelancet.com/infection   Vol 18   April 2018 391

Articles

Lancet Infect Dis 2018;  
18: 391–400

Published Online 
February 15, 2018 
http://dx.doi.org/10.1016/ 
S1473-3099(18)30099-9

See Comment page 358

Institute of Infectious Diseases, 
Rambam Health Care Campus, 
Haifa, Israel (M Paul MD, 
Y Dishon Benattar MA, 
Y Dickstein MD, R Bitterman MD, 
H Zayyad MD, F Koppel BA); 
Faculty of Medicine, Technion, 
Israel Institute of Technology, 
Haifa, Israel (M Paul); First 
Department of Medicine 
(Prof G L Daikos MD, 
A Skiada MD) and Intensive 
Care Unit (I Pavleas MD), Laikon 
General Hospital, Athens, 
Greece; National and 
Kapodistrian University of 
Athens, Athens, Greece 
(Prof G L Daikos, A Skiada, 
A Antoniadou MD); Internal 
Medicine, University of 
Campania ‘L Vanvitelli’, and 
AORN dei Colli-Monaldi 
Hospital, Napoli, Italy 
(E Durante-Mangoni MD, 
R Andini MD, P C Pafundi, 
R Zampino MD); Unit of 
Infectious Diseases 
(D Yahav MD, N Eliakim-Raz MD) 
and Department of Medicine E 
(N Eliakim-Raz, O Zusman MD, 
V Daitch MA, T Babich MA, 
Prof L Leibovici MD), Rabin 
Medical Center, Beilinson 
Hospital, Petah Tikva, Israel; 
Sackler Faculty of Medicine, Tel 
Aviv University, Ramat-Aviv, 
Israel (D Yahav, 
Prof Y Carmeli MD, 
N Eliakim-Raz, A Nutman MD, 
O Zusman, V Daitch, T Babich, 
Prof L Leibovici); Division of 
Epidemiology and Preventive 
Medicine (Prof Y Carmeli,  
A Nutman, I Levi MA) and 
Microbiology Laboratory 
(A Adler MD), Tel Aviv Sourasky

Colistin alone versus colistin plus meropenem for treatment 
of severe infections caused by carbapenem-resistant 
Gram-negative bacteria: an open-label, randomised 
controlled trial
Mical Paul, George L Daikos, Emanuele Durante-Mangoni, Dafna Yahav, Yehuda Carmeli, Yael Dishon Benattar, Anna Skiada, Roberto Andini, 
Noa Eliakim-Raz, Amir Nutman, Oren Zusman, Anastasia Antoniadou, Pia Clara Pafundi, Amos Adler, Yaakov Dickstein, Ioannis Pavleas, 
Rosa Zampino, Vered Daitch, Roni Bitterman, Hiba Zayyad, Fidi Koppel, Inbar Levi, Tanya Babich, Lena E Friberg, Johan W Mouton, 
Ursula Theuretzbacher, Leonard Leibovici

Summary
Background Colistin–carbapenem combinations are synergistic in vitro against carbapenem-resistant Gram-negative 
bacteria. We aimed to test whether combination therapy improves clinical outcomes for adults with infections caused 
by carbapenem-resistant or carbapenemase-producing Gram-negative bacteria.

Methods A randomised controlled superiority trial was done in six hospitals in Israel, Greece, and Italy. We included 
adults with bacteraemia, ventilator-associated pneumonia, hospital-acquired pneumonia, or urosepsis caused by 
carbapenem-non-susceptible Gram-negative bacteria. Patients were randomly assigned (1:1) centrally, by computer-
generated permuted blocks stratified by centre, to intravenous colistin (9-million unit loading dose, followed by 
4·5 million units twice per day) or colistin with meropenem (2-g prolonged infusion three times per day). The trial 
was open-label, with blinded outcome assessment. Treatment success was defined as survival, haemodynamic 
stability, improved or stable Sequential Organ Failure Assessment score, stable or improved ratio of partial pressure 
of arterial oxygen to fraction of expired oxygen for patients with pneumonia, and microbiological cure for patients 
with bacteraemia. The primary outcome was clinical failure, defined as not meeting all success criteria by intention-
to-treat analysis, at 14 days after randomisation. This trial is registered at ClinicalTrials.gov, number NCT01732250, 
and is closed to accrual.

Findings Between Oct 1, 2013, and Dec 31, 2016, we randomly assigned 406 patients to the two treatment groups. 
Most patients had pneumonia or bacteraemia (355/406, 87%), and most infections were caused by Acinetobacter 
baumannii (312/406, 77%). No significant difference between colistin monotherapy (156/198, 79%) and combination 
therapy (152/208, 73%) was observed for clinical failure at 14 days after randomisation (risk difference –5·7%, 95% CI 
–13·9 to 2·4; risk ratio [RR] 0·93, 95% CI 0·83–1·03). Results were similar among patients with A baumannii infections 
(RR 0·97, 95% CI 0·87–1·09). Combination therapy increased the incidence of diarrhoea (56 [27%] vs 32 [16%] patients) 
and decreased the incidence of mild renal failure (37 [30%] of 124 vs 25 [20%] of 125 patients at risk of or with kidney 
injury).

Interpretation Combination therapy was not superior to monotherapy. The addition of meropenem to colistin did not 
improve clinical failure in severe A baumannii infections. The trial was unpowered to specifically address other bacteria.

Funding EU AIDA grant Health-F3-2011-278348.

Introduction
Carbapenem resistance among Gram-negative bacteria is 
increasing worldwide. These isolates are resistant to most 
other classes of antibiotics. A European survey1 revealed 
inter-regional or endemic spread of carbapenemase-
producing Enterobacteriaceae in 13 of 38 European 
countries in 2015, compared with six of 38 in 2013, and a 
similar or higher spread of Acinetobacter baumannii, 
with 12 of 27 European countries reporting more than 50% 
carbapenem resistance among A baumannii isolates.2

The polymyxins, colistin and polymyxin B, retain 
coverage against carbapenem-resistant Gram-negative 
bacteria in most locations worldwide.1,2 Clinicians treating 

patients with carbapenem-resistant Gram-negative 
bacteria express little confidence in polymyxins’ efficacy. 
The high mortality following infections caused by 
carbapenem-resistant Gram-negative bacteria has led to 
the search for optimal antimicrobial combinations to 
maximise bacterial killing. In vitro, polymyxin–
carbapenem combinations show various degrees of 
synergy and increased bactericidal activity compared with 
polymyxins alone, especially for A baumannii.3 As for 
many antibiotics, colistin resistance emerges with colistin 
monotherapy exposure, whereas colistin–doripenem 
combination therapy reduced and delayed resistance 
development in time-kill studies assessing A baumannii 
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to carbapenems), colistin resistance development 
(defined as development of colistin resistance in the 
index or other clinical isolates), functional capacity at 
discharge among survivors, and adverse events. Follow-
up was completed at day 28 or death.

Statistical analysis
The trial hypothesis was that combination therapy would 
be superior to monotherapy, reducing clinical failure 
from 45% with colistin monotherapy (based on previous 
data10,13) to 30% with combination therapy (15% absolute 
difference). A sample of 324 patients (162 per arm) was 
calculated to detect this reduction (uncorrected χ² test, 
type I error 0·05, power 0·8). Considering a non-
evaluability rate of 10%, we originally planned to recruit 
360 patients. No interim analyses were planned or done. 
Total mortality and safety data were reported to a safety 
committee and the overall percentage of patients 
fulfilling per-protocol criteria was reviewed yearly. In the 
second safety analysis, observing deaths within 48 h of 
randomisation and early treatment modifications, we 
defined a per-protocol analysis excluding early deaths 
and treatment mod ifications, and to preserve a power 
of 80% for this analysis set, we targeted 324 patients who 
could be analysed per protocol.

The primary analysis was by intention to treat, as 
randomly assigned. A per-protocol analysis included 
patients surviving more than 48 h after randomisation 
and receiving the allocated treatment regimen without 
modification for at least 5 days or until death. Predefined 
subgroup analyses included a subgroup of patients who 
received inappropriate empirical anti biotic treatment, 
and a subgroup excluding patients with urosepsis and 
non-definite ventilator-associated pneumonia. We had 
planned an analysis of patients whose index pathogen’s 
MIC to meropenem was 16 mg/L or less, but this 
subgroup was too small for a meaningful comparison. 
We added a post-hoc analysis by type of index pathogen. 
Dichotomous and categorical outcomes were compared 
with a two-sided χ² test and ordinal outcomes (eg, RIFLE 
score) with linear-by-linear association tests (presented 
as p for trend). For dichotomous efficacy outcomes, risk 
ratios (RR) with 95% CI were calculated with the 
Cochran’s Mantel-Haenszel method for estimation of the 
common treatment effect, accounting for stratification 
by centre. Risk difference for the primary outcome by 
intention to treat, with 95% CI computed by use of the 
methods described by Deek and Higgins,14 was similarly 
stratified by centre. Normally distributed continuous 
variables are presented with means and SD and 
compared with a t test; skewed variables are presented 
with medians and IQRs and compared by use of the 
Mann-Whitney U test. Survival to day 28 was compared 
with Kaplan-Meier analysis and log-rank test. Analyses 
were done with SPSS 23.

The trial was registered with ClinicalTrials.gov, number 
NCT01732250.

Role of the funding source
This study was conducted as part of the EU-Commission-
funded AIDA project on the preservation of old 
antibiotics. The funder of the study had no role in study 
design, data collection, data analysis, data interpretation, 
or writing of the report. The corresponding author had 
full access to all the data in the study and had final 
responsibility for the decision to submit for publication.

Results
Patients were enrolled between Oct 1, 2013, and 
Dec 31, 2016. Of the 802 patients screened for eligibility, 
406 were included in the trial: 198 were randomly 

Colistin 
(n=198)

Colistin and meropenem 
(n=208)

(Continued from previous page)

Appropriate empirical antibiotic treatment 
within 2 days*

106 (54%) 103 (50%)

48-h mortality 12 (6%) 15 (7%)

Modification of assigned regimen in first 
5 days

17 (9%) 8 (4%)

Receipt of additional antimicrobials permitted by protocol

Glycopeptide or daptomycin 29 (15%) 22 (11%)

Other antibacterial† 14 (7%) 11 (5%)

Antifungal 4 (2%) 5 (2%)

Total cumulative colistin for patients alive 
on day 14 (million units)

99·0 (72·0–135·0), n=134 106·5 (72·5–153·0), n=138

Receipt of nephrotoxic medications during 
treatment‡

87 (44%) 94 (45%)

Data are mean (SD), n (%), or median (IQR). n values indicated for outcomes assessed only for survivors, or if patient 
data are missing. BMI=body-mass index. SOFA=Sequential Organ Failure Assessment. *Covering treatment given in 
the first 48 h of infection, before reporting of final culture results. †Other antibacterials include penicillins, linezolid, 
cefazolin, or metronidazole. ‡Including non-steroidal anti-inflammatory drugs, aciclovir, ganciclovir or foscarnet, 
diuretics, angiotensin-converting enzyme inhibitors or angiotensin receptor antagonists, ciclosporin, tacrolimus, 
amphotericin B, methotrexate, or cisplatin. 

Table 1: Patient and infection characteristics

Figure 2: Survival analysis to day 28 after randomisation 
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• RCT de upériorité dans 6 hôpitaux (Israël, 
Grèce, Italie) : 406 patients

• Bactériémie, PAVM, HAP, IU à EPC
• Colistine vs colistine + meropénème (2gx3/j) 
• Evaluation à J14
• Pneumonie et bactériémie +++ (87%)
• Acinetobacter baumannii (77%) 
• Pas de différence y compris en cas d’infection 

sévère à AB
• Plus d’EI si association

– Diarrhées 27% vs 16% patients 
– Insuffisance rénale 30% vs 20% patients 
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Effect of appropriate combination therapy on mortality of 
patients with bloodstream infections due to 
carbapenemase-producing Enterobacteriaceae 
(INCREMENT): a retrospective cohort study
Belén Gutiérrez-Gutiérrez*, Elena Salamanca*, Marina de Cueto, Po-Ren Hsueh, Pierluigi Viale, José Ramón Paño-Pardo, Mario Venditti, 
Mario Tumbarello, George Daikos, Rafael Cantón, Yohei Doi, Felipe Francisco Tuon, Ilias Karaiskos, Elena Pérez-Nadales, Mitchell J Schwaber, 
Özlem Kurt Azap, Maria Souli, Emmanuel Roilides, Spyros Pournaras, Murat Akova, Federico Pérez, Joaquín Bermejo, Antonio Oliver, 
Manel Almela, Warren Lowman, Benito Almirante, Robert A Bonomo, Yehuda Carmeli, David L Paterson, Alvaro Pascual, Jesús Rodríguez-Baño, 
and the REIPI/ESGBIS/INCREMENT Investigators†

Summary
Background The best available treatment against carbapenemase-producing Enterobacteriaceae (CPE) is unknown. 
The objective of this study was to investigate the effect of appropriate therapy and of appropriate combination therapy 
on mortality of patients with bloodstream infections (BSIs) due to CPE.

Methods In this retrospective cohort study, we included patients with clinically significant monomicrobial BSIs due to 
CPE from the INCREMENT cohort, recruited from 26 tertiary hospitals in ten countries. Exclusion criteria were 
missing key data, death sooner than 24 h after the index date, therapy with an active antibiotic for at least 2 days when 
blood cultures were taken, and subsequent episodes in the same patient. We compared 30 day all-cause mortality 
between patients receiving appropriate (including an active drug against the blood isolate and started in the first 5 days 
after infection) or inappropriate therapy, and for patients receiving appropriate therapy, between those receiving active 
monotherapy (only one active drug) or combination therapy (more than one). We used a propensity score for receiving 
combination therapy and a validated mortality score (INCREMENT-CPE mortality score) to control for confounders in 
Cox regression analyses. We stratified analyses of combination therapy according to INCREMENT-CPE mortality score 
(0–7 [low mortality score] vs 8–15 [high mortality score]). INCREMENT is registered with ClinicalTrials.gov, number 
NCT01764490. 

Findings Between Jan 1, 2004, and Dec 31, 2013, 480 patients with BSIs due to CPE were enrolled in the INCREMENT 
cohort, of whom we included 437 (91%) in this study. 343 (78%) patients received appropriate therapy compared with 
94 (22%) who received inappropriate therapy. The most frequent organism was Klebsiella pneumoniae (375 [86%] of 
437; 291 [85%] of 343 patients receiving appropriate therapy vs 84 [89%] of 94 receiving inappropriate therapy) and the 
most frequent carbapenemase was K pneumoniae carbapenemase (329 [75%]; 253 [74%] vs 76 [81%]). Appropriate 
therapy was associated with lower mortality than was inappropriate therapy (132 [38·5%] of 343 patients died vs 
57 [60·6%] of 94; absolute difference 22·1% [95% CI 11·0–33·3]; adjusted hazard ratio [HR] 0·45 [95% CI 0·33–0·62]; 
p<0·0001). Among those receiving appropriate therapy, 135 (39%) received combination therapy and 208 (61%) 
received monotherapy. Overall mortality was not different between those receiving combination therapy or 
monotherapy (47 [35%] of 135 vs 85 [41%] of 208; adjusted HR 1·63 [95% CI 0·67–3·91]; p=0·28). However, combination 
therapy was associated with lower mortality than was monotherapy in the high-mortality-score stratum (30 [48%] of 
63 vs 64 [62%] of 103; adjusted HR 0·56 [0·34–0·91]; p=0·02), but not in the low-mortality-score stratum (17 [24%] of 
72 vs 21 [20%] of 105; adjusted odds ratio 1·21 [0·56–2·56]; p=0·62).

Interpretation Appropriate therapy was associated with a protective effect on mortality among patients with BSIs due 
to CPE. Combination therapy was associated with improved survival only in patients with a high mortality score. 
Patients with BSIs due to CPE should receive active therapy as soon as they are diagnosed, and monotherapy should 
be considered for those in the low-mortality-score stratum.

Funding Spanish Network for Research in Infectious Diseases, European Development Regional Fund, Instituto de 
Salud Carlos III, and Innovative Medicines Initiative. 
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Introduction
Among antibiotic-resistant organisms, carbapenemase-
producing Enterobacteriaceae (CPE) are probably the 
most worrying threat because the therapeutic options 

against these bacteria are very few.1 Most CPE are 
resistant to all first-line anti-Gram-negative antibiotics, 
such as cephalosporins, β-lactam–β-lactamase inhibitors, 
carbapenems, and fluoroquinolones. Alternative drugs, 
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CPE consecutively admitted to 37 tertiary hospitals in 
12 countries. Patients with BSIs due to CPE included in 
this study were recruited from 26 centres in ten countries. 
Participant sites were selected according to their 
ex perience in research into BSIs and CPE.

Patients were sought at each site by review of 
microbiology reports and bacteraemia databases. Data 
were collected by review of patients’ charts until day 30 
after blood cultures were taken; if needed, patients or 
relatives were contacted by telephone and mortality 
registers consulted. For this analysis, patients with 
clinically significant, monomicrobial BSIs due to CPE 
were eligible. Exclusion criteria were missing key data, 
death sooner than 24 h after the index date, therapy with 
an active antibiotic for at least 2 days when blood cultures 
were taken, and subsequent episodes in the same patient.

The study was approved by the Hospital Universitario 
Virgen Macarena institutional review board (code 1921), 
which waived the need to obtain written informed consent. 
Approval was also gained at participating centres according 
to local requirements. STROBE recommendations were 
followed (appendix pp 1–2).

Procedures
We did a two-step analysis: first, we analysed the effect of 
patients receiving appropriate therapy, and then second, 
within those receiving appropriate therapy only, we 
analysed the effect of combination therapy considering the 
mortality risk according to the INCREMENT-CPE mortality 
score.12 The main outcome variable was 30 day all-cause 
mortality, measured from the day on which the blood 
cultures were taken (index date or day 0). We used mortality 
at day 30 instead of clinical cure at day 14 (as stated in the 
protocol) as the main outcome because all recent studies 

assessed mortality.4–6,9,10 The main exposure variable was 
antimicrobial treatment. We considered antibiotic therapy 
appropriate if administered 5 days after infection or sooner 
and including an active drug against the blood isolate. If 
the active drug was started in 2 days or sooner, we 
considered it early appropriate therapy. We defined comb-
ination therapy as a regimen including more than one in-

See Online for appendix

437 included in this analysis

43 excluded
20 missing key data

4 died sooner than 24 h after index
date

19 given an active drug for at least
2 days before index date

480 patients with BSIs due to CPE 
enrolled in INCREMENT cohort

343 received appropriate
therapy

94 received inappropriate
therapy

135 received combination
therapy

208 received monotherapy

Figure 1: Flow chart of included patients with BSIs due to CPE
BSI=bloodstream infection. CPE=carbapenemase-producing Enterobacteriaceae.

Appropriate 
therapy 
(n=343)

Inappropriate 
therapy 
(n=94)

p value

Age (years) 66 (55·5–76·0) 66 (50–77) 0·76

Male sex 197 (57%) 58 (62%) 0·46

Enterobacteriaceae ·· ·· 0·27

Klebsiella pneumoniae 291 (85%) 84 (89%) ··

Other 52 (15%) 10 (11%) ··

Enterobacter cloacae 24 (7%) 4 (4%) ··

Escherichia coli 14 (4%) 3 (3%) ··

Enterobacter aerogenes 10 (3%) 3 (3%) ··

Citrobacter spp 3 (1%) 0 ··

Serratia marcescens 1 (<1%) 0 ··

Type of carbapenemase ·· ·· 0·64

OXA-48 57 (17%) 12 (13%) ··

KPC 253 (74%) 76 (81%) ··

Metallo-β-lactamases 33 (10%) 6 (6%) ··

VIM 30 (9%) 6 (6%) ··

Other 3 (1%) 0 ··

Nosocomial acquisition 298 (87%) 87 (93%) 0·13

Source other than urinary 
or biliary tract

272 (79%) 76 (81%) 0·74

Vascular catheter 87 (25%) 13 (14%) ··

Pneumonia 34 (10%) 9 (10%) ··

Intra-abdominal 37 (11%) 7 (7%) ··

Skin and skin structures 11 (3%) 5 (5%) ··

Other 10 (3%) 3 (3%) ··

Unknown 93 (27%) 39 (41%) ··

ICU admission 123 (36%) 36 (38%) 0·66

Charlson comorbidity 
index score

2 (1–4) 2 (2–4) 0·74

Pitt bacteraemia score 2 (1–5) 3 (0–5) 0·50

Severe sepsis or septic 
shock

172 (50%) 57 (61%) 0·07

Mental status: not alert 156 (45%) 43 (46%) 0·96

Leukaemia or metastatic 
cancer

52( 15%) 13 (14%) 0·75

Chronic liver disease 41 (12%) 16 (17%) 0·20

Chronic kidney disease 80 (23%) 18 (19%) 0·39

High-mortality-risk centre 105 (31%) 41 (44%) 0·02

Study period 2004–11 
(reference 2012–13)

237 (69%) 67 (71%) 0·68

30 day mortality 132 (38%) 57 (61%) 0·0001

Data are n (%) or median (IQR). OXA=oxacillinase. KPC=Klebsiella pneumoniae 
carbapenemase. VIM=Verona integron-encoded metallo-β-lactamase. 
ICU=intensive care unit. 

Table 1: Characteristics of patients with bloodstream infections due to 
carbapenemase-producing Enterobacteriaceae

• Cohorte rétrospective (score de propension) sur Bactériémies 
monomicrobienne à EPC

• 26 hôpitaux (10 pays)

• Exclusion : décès <24h, ATB efficace >48h, infection récidivantes

• Comparaison mortalité à J30 des patients ayant reçu au moins 1 
molécule efficace in vitro vs plusieurs molécules

• Score INCREMENT de mortalité  (contrôle des biais), modèle de Cox

• ATB adaptée (< 5 j) associée à moindre mortalité vs ATB non adaptée : 
38.5% de décès vs 60.6% (p<0.0001)

• Pas de différence de mortalité globale entre association d'ATB  et 
monothérapie (35% vs 41%; p=0.28)
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Définitions 

• Haut risque :
– Choc septique 

– Ou, pour bactériémie, un score de mortalité INCREMENT ≥ 8 points
• Sepsis sévère ou choc septique à l'hospitalisation : 5 points 

• Score de Pitt ≥ 6 : 4 points 

• Score de Charlson ≥ 2 : 3 points 

• Infection autre qu'urinaire ou biliaire : 3 points 

• Risque faible : Score de mortalité INCREMENT < 8 points
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In sensitivity analyses, results were similar when we 
considered isolates classified as intermediate non-active 
(the proportion of intermediate isolates is shown in the 
appendix [p 7]), although the OR was rendered 

insignificant in the high-mortality-score stratum: in the 
low-mortality-score stratum, the adjusted OR was 1·22 
(95% CI 0·56–2·62; p=0·62), whereas in the high-
mortality-score stratum, the adjusted HR was 0·61 
(0·37–1·00; p=0·05). When we reclassified the variable 
therapy as only one active drug, one active drug plus at 
least one inactive drug, and more than one active drug to 
check for potential synergistic effects of inactive drugs, 
only more than one active drug showed a protective effect 
on mortality in the high-mortality-score stratum 
(HR 0·54 [95% CI 0·32–0·89]; p=0·01; appendix p 8). We 
estimated the specific effect of combination regimens 
including carbapenems in the low-mortality-score 
stratum; the adjusted OR was 1·21 (0·31–3·90; p=0·75).

We could match 202 (59%) patients (101 pairs) receiving 
monotherapy or combination therapy using the 
propensity score in the mortality score strata (appendix 
p 9). Mortality for matched patients in the low-mortality-
score stratum was nine (16%) of 55 patients receiving 
monotherapy versus 16 (29%) of 55 receiving combination 
therapy (OR 2·00 [95% CI 0·81–4·96]; p=0·13) and in the 
high-mortality-score stratum was 32 (70%) of 46 versus 
23 (50%) of 46 (0·47 [0·20–1·09]; p=0·07).

The antimicrobials administered and their associated 
mortality are shown in table 5. The most frequent drugs 
used in monotherapy were colistin, meropenem or 
imipenem (carbapenems), and tigecycline. In combination 
regimens, tigecycline, colistin, and aminoglycosides were 
the most common. The proportion of patients receiving 
high doses of specific antimicrobials is shown in the 
appendix (p 9). We compared different combinations 
of antimicrobials with colistin mono therapy in the 
high-mortality-score stratum. The propensity and 
mortality score-adjusted HR obtained for tigecycline 
included in a combination compared with colistin 
monotherapy was 0·45 (95% CI 0·23–0·86; p=0·02), for 
colistin was 0·47 (0·24–0·92; p=0·03), for aminoglycosides 
was 0·42 (0·20–0·88; p=0·02), and for carbapenems was 
0·56 (0·26–1·23; p=0·15; appendix p 12).

Discussion
Results from this study showed that delayed active 
treatment after 5 days is associated with increased 
mortality in patients with BSIs due to CPE and that 
combination therapy is associated with lower mortality 
than is monotherapy only in patients with a high mortality 
score. BSIs due to CPE frequently affect patients who are 
severely ill; therefore, the effect of the underlying 
conditions in mortality is important12,19 and might mask 
the influence of antibiotic therapy. Investigators of 
previous studies5,6,10,20 except for those of one study4 could 
not find that active initial therapy is associated with 
mortality. In this study, the negative effect of mortality per 
day of delay was small. This finding, together with the 
fact that administration of active therapy in the first 5 days 
(but not in the first 2) was associated with lower mortality 
than was therapy administered after the first 5 days or 

OR or HR (95% CI) p value

Low mortality score (0–7)*†

Combination therapy 1·21 (0·56–2·56) 0·62

High-mortality-risk centre 2·95 (1·37–6·32) 0·005

Study period 2004–11 
(reference 2012–13)

1·62 (0·73–3·85) 0·25

Propensity score 0·86 (0·20–3·38) 0·84

High mortality score (8–15)‡

Combination therapy 0·56 (0·34–0·91) 0·02

High-mortality-risk centre 1·94 (1·27–2·96) 0·002

Study period 2004–11 
(reference 2012–13)

1·61 (1·00–2·61) 0·05

Propensity score 1·98 (0·85–4·62) 0·11

OR=odds ratio. HR=hazard ratio. *Proportional hazards assumptions not fulfilled 
for low mortality score, so we used logistic regression. †ORs presented. ‡HRs 
presented. 

Table 4: Multivariate analysis of mortality-associated variables 
according to INCREMENT-CPE mortality score strata

All patients (n=343) Low-mortality 
score (0–7; n=177)

High-mortality score 
(8–15; n=166)

Monotherapy

Any 85/208 (41%) 21/105 (20%) 64/103 (62%)

Colistin 40/74 (54%) 12/32 (38%) 28/42 (67%)

Meropenem or imipenem 16/43 (37%) 5/25 (20%) 11/18 (61%)

Other active β-lactams 3/19 (16%) 2/17 (12%) 1/2 (50%)

Cefepime 1/13 (8%) 0/11 1/2 (50%)

Aztreonam 1/4 (25%) 1/4 (25%) 0/0

Ceftazadime 1/2 1/2 0/0

Tigecycline 14/37 (38%) 0/15 14/22 (64%)

Aminoglycosides 11/27 (41%) 1/9 (11%) 10/18 (56%)

Others 1/8 (13%) 1/7 (14%) 0/1 

Cloramphenicol 1/1 (100%) 1/1 (100%) 0/0

Ciprofloxacin 0/4 0/3 0/1

Fosfomycin 0/1 0/1 0/0

Levofloxacin 0/2 0/2 0/0

Combination therapy*†

Any 47/135 (35%) 17/72 (24%) 30/63 (48%)

Tigecycline included 29/82 (35%) 10/45 (22%) 19/37 (51%)

Colistin included 28/74 (38%) 11/36 (31%) 17/38 (45%)

Aminoglycosides included 19/56 (34%) 4/27 (15%) 15/29 (52%)

Carbapenem included 14/37 (38%) 4/19 (21%) 10/18 (56%)

Fosfomycin included 3/9 (33%) 1/4 (25%) 2/5 (40%)

Others 6/17 (35%) 3/11 (27%) 3/6 (50%)

Data are n/N (%). *The most common combination therapies used were colistin plus tigecycline (10/32 [31%]), 
aminoglycoside plus tigecycline (7/20 [35%]), and colistin plus carbapenem (7/16 [44%]). †Drugs listed are not 
mutually exclusive with each other. 

Table 5: Mortality of patients receiving appropriate therapy according to antimicrobials administered 
and INCREMENT-CPE mortality score strata 
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however, to control for the site effect, we classified 
centres into those with low (low-mortality-risk centres) 
and high (high-mortality-risk centres) mortality using 
TreeNet considering all other variables; therefore, sites 
classified as high-risk centres were those with high 
mortality after consideration of patients’ features. We did 
multivariate analyses using Cox regression after 
assessing the proportional hazards assumption. We 
included variables with a univariate p of 0·2 or less for 
mortality and manually selected them in a backward 
stepwise manner according to their association and 
biological value. We calculated the variance inflation 
factor value for every variable included to control for the 
potential occurrence of collinearity between the 
pro pensity score and other potential confounders. We 
selected the best model according to the likelihood 
ratio test.

For the analyses of combination therapy, we calculated a 
propensity score for receiving of combination therapy 
using a non-parsimonious logistic regression model in 
which the outcome variable was combination therapy. We 
investigated the INCREMENT-CPE mortality score as an 
effect modifier. We did stratified analyses according to the 
INCREMENT-CPE mortality score (0–7 [low mortality 
score] vs 8–15 [high mortality score]) because we found a 
significant interaction of combination therapy and 
INCREMENT-CPE mortality score (this analysis had not 
been planned when the study was registered). We did 
sensitivity analyses in subgroups and using different 
definitions (considering as active only antibiotics for which 
the bacteria were susceptible; classifying therapy into only 
one active drug, one active plus at least one inactive drug, 
and more than one active drug; and considering only 
combinations including a carbapenem). Finally, we 
matched patients given monotherapy and combination 
therapy (1:1) using calipers of 0·2 width of the SD of the 
logit of the propensity score and the INCREMENT 
mortality score strata. We compared mortality in matched 
pairs with a Cox regression analysis using a robust variance 
estimator (approximate jack-knife estimator of the variance) 
and with conditional logistic regression. We did analyses 
using R software (version 3.0.1), SPSS 15.0, Classification 
and Regression Tree software 7.0, and TreeNet version 7.0.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. BG-G and JR-B had full access to all 
the data in the study. The corresponding author had final 
responsibility for the decision to submit for publication. 

Results
Between Jan 1, 2004, and Dec 31, 2013, 480 patients with 
BSIs due to CPE were included in the INCREMENT 
cohort. After application of the exclusion criteria, we 
included 437 (91%) in this study (figure 1). The number 
of patients per site ranged from two (<1%) to 56 (13%); 
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HR 0·76 (95% CI 0·53–1·08); p=0·12 

HR 1·18 (95% CI 0·62–2·23); p=0·61

HR 0·60 (95% CI 0·39–0·93); p=0·02 

Figure 2: Monotherapy versus combination therapy
HR=hazard ratio.
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Effect of appropriate combination therapy on mortality of 
patients with bloodstream infections due to 
carbapenemase-producing Enterobacteriaceae 
(INCREMENT): a retrospective cohort study
Belén Gutiérrez-Gutiérrez*, Elena Salamanca*, Marina de Cueto, Po-Ren Hsueh, Pierluigi Viale, José Ramón Paño-Pardo, Mario Venditti, 
Mario Tumbarello, George Daikos, Rafael Cantón, Yohei Doi, Felipe Francisco Tuon, Ilias Karaiskos, Elena Pérez-Nadales, Mitchell J Schwaber, 
Özlem Kurt Azap, Maria Souli, Emmanuel Roilides, Spyros Pournaras, Murat Akova, Federico Pérez, Joaquín Bermejo, Antonio Oliver, 
Manel Almela, Warren Lowman, Benito Almirante, Robert A Bonomo, Yehuda Carmeli, David L Paterson, Alvaro Pascual, Jesús Rodríguez-Baño, 
and the REIPI/ESGBIS/INCREMENT Investigators†

Summary
Background The best available treatment against carbapenemase-producing Enterobacteriaceae (CPE) is unknown. 
The objective of this study was to investigate the effect of appropriate therapy and of appropriate combination therapy 
on mortality of patients with bloodstream infections (BSIs) due to CPE.

Methods In this retrospective cohort study, we included patients with clinically significant monomicrobial BSIs due to 
CPE from the INCREMENT cohort, recruited from 26 tertiary hospitals in ten countries. Exclusion criteria were 
missing key data, death sooner than 24 h after the index date, therapy with an active antibiotic for at least 2 days when 
blood cultures were taken, and subsequent episodes in the same patient. We compared 30 day all-cause mortality 
between patients receiving appropriate (including an active drug against the blood isolate and started in the first 5 days 
after infection) or inappropriate therapy, and for patients receiving appropriate therapy, between those receiving active 
monotherapy (only one active drug) or combination therapy (more than one). We used a propensity score for receiving 
combination therapy and a validated mortality score (INCREMENT-CPE mortality score) to control for confounders in 
Cox regression analyses. We stratified analyses of combination therapy according to INCREMENT-CPE mortality score 
(0–7 [low mortality score] vs 8–15 [high mortality score]). INCREMENT is registered with ClinicalTrials.gov, number 
NCT01764490. 

Findings Between Jan 1, 2004, and Dec 31, 2013, 480 patients with BSIs due to CPE were enrolled in the INCREMENT 
cohort, of whom we included 437 (91%) in this study. 343 (78%) patients received appropriate therapy compared with 
94 (22%) who received inappropriate therapy. The most frequent organism was Klebsiella pneumoniae (375 [86%] of 
437; 291 [85%] of 343 patients receiving appropriate therapy vs 84 [89%] of 94 receiving inappropriate therapy) and the 
most frequent carbapenemase was K pneumoniae carbapenemase (329 [75%]; 253 [74%] vs 76 [81%]). Appropriate 
therapy was associated with lower mortality than was inappropriate therapy (132 [38·5%] of 343 patients died vs 
57 [60·6%] of 94; absolute difference 22·1% [95% CI 11·0–33·3]; adjusted hazard ratio [HR] 0·45 [95% CI 0·33–0·62]; 
p<0·0001). Among those receiving appropriate therapy, 135 (39%) received combination therapy and 208 (61%) 
received monotherapy. Overall mortality was not different between those receiving combination therapy or 
monotherapy (47 [35%] of 135 vs 85 [41%] of 208; adjusted HR 1·63 [95% CI 0·67–3·91]; p=0·28). However, combination 
therapy was associated with lower mortality than was monotherapy in the high-mortality-score stratum (30 [48%] of 
63 vs 64 [62%] of 103; adjusted HR 0·56 [0·34–0·91]; p=0·02), but not in the low-mortality-score stratum (17 [24%] of 
72 vs 21 [20%] of 105; adjusted odds ratio 1·21 [0·56–2·56]; p=0·62).

Interpretation Appropriate therapy was associated with a protective effect on mortality among patients with BSIs due 
to CPE. Combination therapy was associated with improved survival only in patients with a high mortality score. 
Patients with BSIs due to CPE should receive active therapy as soon as they are diagnosed, and monotherapy should 
be considered for those in the low-mortality-score stratum.
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Introduction
Among antibiotic-resistant organisms, carbapenemase-
producing Enterobacteriaceae (CPE) are probably the 
most worrying threat because the therapeutic options 

against these bacteria are very few.1 Most CPE are 
resistant to all first-line anti-Gram-negative antibiotics, 
such as cephalosporins, β-lactam–β-lactamase inhibitors, 
carbapenems, and fluoroquinolones. Alternative drugs, 
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– Seuil CLSI : 
• ≤1 mg/L pour méropénem, imipénem, et doripénem  
• ≤ 0.5 mg/L pour ertapénem 

– Seuil EUCAST : 
• ≤ 2 mg/L pour imipénem and méropénem 
• ≤ 1 mg/L pour doripénem  
• ≤ 0.5 mg/L pour ertapénem  
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Use of Monte Carlo Simulation to
Design an Optimized Pharmacodynamic

Dosing Strategy for Meropenem

Joseph L. Kuti, PharmD, Prachi K. Dandekar, PharmD,
Charles H. Nightingale, PhD, and David P. Nicolau, PharmD

Consideration of pharmacodynamic principles
when designing antimicrobial dosage regimens

can result in optimized antibacterial exposure, im-
proved outcomes, and reduced costs.1-3 Only recently,

however, has the pharmaceutical industry applied
pharmacodynamic concepts to dosing strategies early
in antimicrobial drug development. Consequently,
dosage regimens for older compounds originated ex-
clusively from pharmacokinetic and clinical trial data.
Pharmacodynamically influenced regimens, such as
extended-interval aminoglycosides and continuous-
infusion β-lactams, were derived from postapproval in
vitro/in vivo animal models of infection as well as
healthy volunteer pharmacokinetic studies.4,5 Unfortu-
nately, supportive clinical data were often limited to
case reports or results from institution-specific clinical
programs because randomized clinical trials consume
significant resources and are therefore costly.6,7 These
large expenses, simultaneously with apprehension that
the dosage regimens being tested may not be any better
than those already approved, make application of
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Prolonging the infusion of meropenem over 3 hours increases
the percentage of the dosing interval that drug concentrations
remain above the minimum inhibitory concentration (MIC),
thereby maximizing the pharmacodynamics of this agent and
adhering to drug stability constraints. Monte Carlo simula-
tion was employed to determine pharmacodynamic target
attainment rates for several prolonged infusion (PI)
meropenem dosage regimens as compared with the tradi-
tional 30-minute infusion (TI) against Enterobacteriaceae,
Acinetobacter species, and Pseudomonas aeruginosa popula-
tions. Percent time above the MIC (%T>MIC) exposures for
1000 mg TI q8h, 2000 mg TI q8h, 500 mg PI q8h, 1000 mg PI
q12h, 1000 mg PI q8h, 2000 mg PI q12h, and 2000 mg PI q8h
were simulated for 10,000 subjects. Variability in pharma-
cokinetic parameters and MIC distributions were derived
from studies in healthy volunteers and the MYSTIC surveil-
lance program, respectively. The probabilities of attaining
bacteriostatic (30% T>MIC) and bactericidal (50% T>MIC)
exposures were high for all dosage regimens against popula-

tions of Enterobacteriaceae. Against Acinetobacter species
and Pseudomonas aeruginosa, the 2000-mg PI q8h dosage
regimen provided the highest target attainment rates. For
mild to moderate infections caused by Enterobacteriaceae,
prolonged infusion regimens of 500 mg PI q8h and 1000 mg
PI q12h would provide equivalent target attainment rates to
the traditional 30-minute infusion while requiring less drug
over 24 hours. For more serious infections presumably
caused by Acinetobacter species or Pseudomonas aeruginosa,
a dose of 2000 mg PI q8h is recommended because of its high
bactericidal target attainment rate against these pathogens.
Further study of these dosage recommendations in clinical
trials is suggested.

Keywords: Meropenem; Monte Carlo simulation; pharma-
codynamics; dosage regimens; antimicrobial
drug development
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pharmacodynamic principles to older antimicrobials
difficult to justify for the industry.

Monte Carlo simulation has been proposed as an ac-
ceptable method to evaluate the probability of experi-
mental dosage regimens in attaining prespecified
pharmacodynamic targets against specific pathogens.8-10

By using a probability density function to generate ran-
dom concentration values, thousands of single-point
estimates can be made and their probabilities plotted to
examine the entire range of possible drug exposures.
The results of these simulations provide investigators
with reasonable confidence of which dosage regimens
have the highest probabilities of positive outcomes and
thus which substantiate further development in larger
clinical trials.

Meropenem, an intravenous carbapenem with mi-
crobiological activity against both Gram-positive and
Gram-negative bacteria, including Pseudomonas
aeruginosa, was approved in the United States in 1996
as a 1000-mg dose infused over 5 or 30 minutes every 8
hours.11 Like other β-lactam antibiotics (i.e., penicillins
and cephalosporins), meropenem displays time-
dependent or concentration-independent killing,
whereby bactericidal killing best correlates with the
duration of time that drug concentrations remain above
the minimum inhibitory concentration (MIC) for the
organism. The pharmacodynamic parameter used to
measure this endpoint is the percentage of the dosing
interval that drug concentrations remain above the MIC
(%T>MIC).12 For the carbapenems, bacteriostatic and
bactericidal responses were observed when drug con-
centrations remained above their MIC for approxi-
mately 20% to 30% and 40% to 50% of the dosing in-
terval, respectively.13 Thus, a pharmacodynamic target
is now available when designing dosage regimens.

Selection of dosing regimens that have a high target
attainment rate, and thus maximize pharmacodynamic
exposure, may provide increasing benefits in the form
of quicker rates of response, especially in the
immunocompromised host.7,14 Ideally, administration
by continuous infusion should be considered to maxi-
mize the %T>MIC for β-lactam antibiotics. However,
carbapenem antibiotics, such as meropenem,
imipenem-cilastatin sodium, and ertapenem, are only
stable for approximately 4 to 6 hours at room tempera-
ture and are thus inappropriate candidates for continu-
ous infusion unless administered in a cold pouch.15,16

Recently, another pharmacodynamically influenced
dosing strategy has been suggested for meropenem,
prolonging the infusion of the drug to 3 hours. As com-
pared with a 30-minute infusion, this methodology in-
creases the %T>MIC while adhering to the confines of
room-temperature stability (Figure 1).17,18

The objective of this study was to compare
pharmacodynamic target attainment rates of several
dosage regimens when the infusion is prolonged over 3
hours as compared with the traditional 30-minute infu-
sion against populations of Enterobacteriaceae, Pseu-
domonas aeruginosa, and Acinetobacter species.
These results will assist in determining which pro-
longed infusion regimens may be candidates for further
development in clinical trials.

METHOD

Pharmacokinetics

Steady-state pharmacokinetic data for prolonged infu-
sion (PI) meropenem regimens of 500 mg and 2000 mg
over 3 hours every 8 hours were derived from 6 healthy
volunteers (Table I).17 These data indicated that when
administered as a 3-hour infusion, meropenem dis-
played linear pharmacokinetics and dose proportion-
ality over the range of doses studied. Thus, different
doses and dosing intervals could be evaluated using
the same results for half-life (t1/2), volume of distribu-
tion (Vd), and clearance (CL). Comparative pharma-
cokinetic data for the 30-minute traditional infusion
(TI), specifically t1/2 and Vd, were collected from a pre-
viously published study in 12 healthy volunteers and
are also listed in Table I.19 The values of these parame-
ters were similar to those found in patients receiving
the prolonged infusion.

Probability distributions for t1/2, CL, and Vd were de-
veloped using Crystal Ball 2000 (Decisioneering, Inc.,
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Figure 1. Simulated concentration-time profiles of meropenem
2000 mg administered as the traditional 30-minute infusion and as a
prolonged 3-hour infusion. Administration as a prolonged infusion
will increase the %T>MIC (percent time minimum inhibitory
concentration).

tainty of achieving bacteriostatic (30% T>MIC) expo-
sure against susceptible isolates (Figure 2). However,
for bactericidal (50% T>MIC) exposure, doses of 1000
mg PI q8h, 2000 mg TI q8h, and 2000 mg PI q8h achieve
the highest attainment for all susceptible isolates (Fig-
ure 3). Furthermore, the regimen of 2000 mg PI q8h will
achieve adequate bactericidal exposure against organ-
isms considered to be meropenem intermediate resis-
tant (MIC = 8 µg/mL).

DISCUSSION

In this analysis, we performed Monte Carlo simulation
to compare pharmacodynamic target attainment rates
of a newly proposed dosing strategy for meropenem
against various bacteria populations. Historically, in-
vestigators have used single-point estimates of
pharmacokinetic parameters (e.g., average values of
half-life, volume of distribution, or area under the
curve) and pathogen MIC (e.g., MIC50 or MIC90) to calcu-
late the predicted exposure of a specified dosing regi-
men.21,22 While not incorrect, simply applying single-
point estimates to compare different antibiotics or
dosing regimens does not adequately determine the
likelihood of achieving therapeutic pharmacodynamic
exposure. Monte Carlo simulation allows incorpora-
tion of variability in pharmacokinetic parameters
among potential patients when predicting exposure. In
addition, the range of possible MIC values in a given
bacterial population are considered, thereby providing
results that would be applicable to the empiric treat-
ment of an infection, before the susceptibility of the
pathogen is known.
β-Lactam antibiotics, such as the carbapenems, are

known to display concentration-independent or time-
dependent bactericidal killing once drug concentra-
tions are greater than two to four times the MIC.1,12

Thus, the most efficient dosing regimens for these
agents would be to maintain drug concentrations above
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Table IV Target Attainment Rates (%) for a Bactericidal Response (50% Time above the MIC) for
Meropenem Dosage Regimens against Enterobacteriaceae, Acinetobacter spp., and Pseudomonas aeruginosa

Meropenem Dosage Regimens

1000 mg 2000 mg 500 mg 1000 mg 1000 mg 2000 mg 2000 mg
Species TI q8h TI q8h PI q8h PI q12h PI q8h PI q12h PI q8h

Escherichia coli 100 100 100 99.9 100 100 100
Klebsiella pneumoniae 97.9 98.4 97.6 97.0 98.4 98.0 98.4
Enterobacter cloacae 100 100 100 99.5 100 99.9 100
Serratia spp. 97.1 97.1 97.1 97.1 97.1 97.1 97.1
Acinetobacter spp. 82.9 87.3 80.7 72.4 86.8 83.3 91.1
Pseudomonas aeruginosa 74.9 79.9 73.5 64.6 78.6 75.7 84.0

PI, prolonged infusion; TI, traditional infusion; MIC, minimum inhibitory concentration.
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Figure 3. Target attainment rate for 50% time above the minimum
inhibitory concentration (MIC) for each meropenem dosage regimen
at each MIC.
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Figure 2. Target attainment rate for 30% time above the minimum
inhibitory concentration (MIC) for each meropenem dosage regimen
at each MIC.

• Modèle stochastique 
• PTA cible : 80% pour isolats avec CMI 8 mg/L si administration de méropénem à 2g toutes les 8 h en perfusion prolongée
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Carbapenemase-producing Klebsiella pneumoniae: (when) might we still

consider treating with carbapenems?

G. L. Daikos1 and A. Markogiannakis2
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Abstract

Infections caused by carbapenemase-producing Klebsiella pneumoniae (CPKP) are increasing in frequency worldwide. CPKP isolates exhi-

bit extensive drug resistance phenotypes, complicate therapy, and limit treatment options. Although CPKP isolates are often highly

resistant to carbapenems, a proportion of these have relatively low MICs for carbapenems, raising the question of whether this class of

agents has any therapeutic potential against CPKP infections. Results from animal studies and patient outcome data indicate that carba-

penems retain meaningful in vitro activity against CPKP isolates with carbapenem MICs of £4 mg/L. Accumulating clinical experience also

suggests that the therapeutic efficacy of carbapenems against CPKP isolates with MICs of £4 mg/L is enhanced when these agents are

administered in combination with another active antibiotic. The results of human pharmacokinetic/pharmacodynamic studies are in line

with the above observations; it is highly probable that a high-dose/prolonged-infusion regimen of a carbapenem would attain a time

above the MIC value of 50% for CPKP isolates with MICs up to 4 mg/L, ensuring acceptable drug exposure and favourable treatment

outcome. The analyses summarized in this review support the notion that carbapenems have their place in the treatment of CPKP

infections and that the currently proposed EUCAST clinical breakpoints could direct physicians in making treatment decisions.
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Introduction

Klebsiella pneumoniae is a notorious recipient of resistance

genes, and over the last two decades a number of

resistance mechanisms have accumulated in this pathogen.

Resistance to b-lactams is mainly mediated by extended-

spectrum b-lactamases, with the TEM, SHV and CTX-M

types being predominant [1]. More recently, resistance to

carbapenems, mediated by b-lactamases with carbapenem-

hydrolysing activity (carbapenemases), has emerged. The

most prevalent among these enzymes are the serine carba-

penemases KPC and OXA-48, and the metallo-b-lactamases

VIM, IMP, and NDM [2,3]. Carbapenemase-producing

K. pneumoniae (CPKP) isolates have undergone extensive

dissemination in many countries, and continues to spread in

new geographical locations, indicating an ongoing dynamic

process [4–7].

Certain types of carbapenemases show geographical asso-

ciations. KPC-producing K. pneumoniae isolates were first

found in North Carolina, and subsequently emerged in Eur-

ope, Latin America, and China [7–9]. In countries such as

Greece and Israel, and in the eastern USA, KPC-producing

K. pneumoniae isolates have become endemic [8–10]. The

metallo-b-lactamases VIM and IMP are scattered globally,

with VIM predominating in southern Europe and IMP in the

Far East, and NDM being widespread in India and Pakistan

[3,11,12]. OXA-48-producing K. pneumoniae isolates were

first described in Turkey, and subsequently emerged in the

Middle East, India, Europe, and North Africa [7,13].

CPKP isolates affect mainly hospitalized patients with

underlying diseases and poor functional status [14–16].
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group was similar to that observed in patients infected with

non-carbapenemase-producing K. pneumoniae (73%). In addi-

tion, we analyzed data from 138 patients who had received

appropriate treatment other than carbapenem monotherapy

[15,17,18,23,24,25,58,59]. The lowest mortality rate (only

three of 26 died) was observed among those patients who

received combination therapy with two active drugs, one of

which was a carbapenem (when its MIC was £4 mg/L) and

the other of which was an aminoglycoside (11 patients), or

colistin (14 patients), or tigecycline (one patient), as com-

pared with that observed in patients who received other

active drug(s) besides carbapenems (46 of 112 patients had

adverse outcome; OR 5.3, 95% CI 1.5–18.9, p 0.006, Fisher’s

exact test). These data indicate that carbapenems provide

some therapeutic benefit against CPKP isolates when the

MIC is £4 mg/L. Therefore, for clinical purposes, the carba-

penem MICs should be reported as tested, and the presence

or absence of a carbapenemase should not in itself influence

the categorization of the isolates as resistant or susceptible.

Human PK and PD Studies

The aforementioned experimental and clinical outcome data

are supported by human PK/PD studies. Carbapenems are

known to display time-dependent bactericidal killing when free

drug concentrations remain above the MIC for approximately

40–50% of the time between dosing intervals. Previous reports

have provided PK data for several dosing regimens of merope-

nem; in particular, the traditional 30-min infusion of 1 g every

8 h (1 g TI every 8 h), the prolonged 3-h infusion of 1 g every

8 h (1 g PI every 8 h), and the high-dose/prolonged 3-h infu-

sion of 2 g every 8 h (2 g PI every 8 h) [36,44–48]. As shown

in Fig. 1, when the traditional 1 g TI every 8 h regimen was

used, the serum meropenem concentration fell below 2 mg/L

(EUCAST breakpoint) 5 h after administration. In contrast,

prolonging the infusion time to 3 h (1 g PI every 8 h) resulted

in serum concentrations above 2 mg/L for the whole time

interval between dosages, which were further increased to

concentrations above 4 mg/L when the meropenem dose was

doubled (2 g PI every 8 h).

Moreover, Monte Carlo simulation models of different

dosing regimens of carbapenems indicate that prolonging the

infusion time from 30 min to 3 h increases the probability of

bactericidal target attainment at each MIC value. As shown

in Fig. 2, the probabilities of attaining T > MIC targets for at

least 50% of the dosing intervals for an MIC of 4 mg/L were

69%, 93% and 100% for the 1 g TI every 8 h, 1 g PI every

8 h and 2 g PI every 8 h dosing regimens, respectively. For

an MIC of 8 mg/L, only the high-dose/prolonged-infusion reg-

imen displayed a relatively high probability (85%) of bacterici-

dal target attainment [36]. Considering these observations in

combination with the MIC distributions of CPKP isolates, the

high-dose/prolonged-infusion regimen of meropenem

achieves the bactericidal PK/PD targets with a high degree of

certainty for carbapenemase-producing Enterobacteriacae that

have MICs of £4 mg/L. An additional factor that should be

taken into consideration is the fact that CPKP isolates affect

mainly critically ill and immunocompromised patients, as

there is evidence that the probability of clinical response as a

function of %T > MIC may be different in this population.

Therefore, it is preferable to use the high-dose/prolonged-

infusion regimen of carbapenems in CPKP infections, in

order to achieve drug exposure for at least 75% T > MIC

[49]. Moreover, depending on the severity of infection and

the immune status of the host, the therapeutic efficacy of

carbapenems against CPKP infections could be enhanced by

adding another active agent, as discussed above. It is

FIG. 1. Simulated concentration–time profiles of three different dos-

ing regimens of meropenem. TI, traditional 30-min infusion; PI, pro-

longed 3-h infusion. Adapted from [35,45,47].

FIG. 2. Simulated target attainment probabilities for 50% time above

the MIC (50% T > MIC) of three different regiments of meropenem.

TI, traditional 30-min infusion; PI, prolonged 3-h infusion. Adapted

from [36].
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(32 patients)
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(7 patients)
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A B S T R A C T

Objectives: To evaluate the impact of high-dose (HD) carbapenem-based combination therapy on clin-
ical outcome in patients with monomicrobial carbapenem-resistant Klebsiella pneumoniae (CR-KP)
bloodstream-infection (BSI).
Methods: Post hoc analysis of all adult patients with CR-KP BSI who were treated with a combination
antibiotic regimen, collected over a six-year period in six large Italian teaching hospitals. To control for
confounding effects of HD carbapenem combination on 14-day mortality, a multivariate Cox regression
analysis was performed. Due to imbalances between patients, a propensity score for receiving HD
carbapenem was added to the model.
Results: 595 patients with CR-KP BSI were analysed, 77% of isolates showed a carbapenem MIC ≥16 mg/
L, 428 (71.9%) received HD carbapenem-based combination therapy. Overall, 127 patients (21.3%) died
within 14 days after BSI onset. Multivariate analysis showed the Charlson comorbidity index (HR 1.31,
95%CI 1.20–1.43, P < 0.001), septic shock at BSI onset (HR 3.14, 95%CI 2.19–4.50, P < 0.001), and colistin-
resistant strain (HR 1.52, 95%CI 1.02–2.24, P = 0.03) were independently associated with 14-day mortality,
whereas admission to surgical ward (HR 0.44, 95%CI 0.25–0.78, P = 0.005) and HD carbapenem use (HR
0.69, 95%CI 0.47–1.00, P = 0.05) were protective factors. When adjusted for the propensity score, HD
carbapenem use showed a greater protective effect (HR 0.64, 95%CI 0.43–0.95, P = 0.03). Stratifying the
model for carbapenem MIC, the benefit of HD carbapenem was also observed for strains with carbapenem
MIC ≥16 mg/L.
Conclusions: In patients receiving combination therapy for CR-KP BSI, the use of HD carbapenem seems
to be associated with better outcome, even in the presence of high-level carbapenem resistance.

© 2017 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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activity against Gram-negative bacteria (regardless of their in vitro
activity against the infecting organism) [16], and others consider
combination therapy as regimens including two or more in vitro
active drugs [6]. As our objective was to assess the impact on
outcome of meropenem use in carbapenem-resistant infections, we
chose combinations with at least one in vitro active drug, because
clinicians usually choose the meropenem companion based on in
vitro susceptibility tests.

In a retrospective study of 141 CR-KP BSIs collected at two New
York City hospitals from 2006–2013, the aim of the authors was to
assess patient outcome according to the number of in vitro active
drugs used, and whether an extended-spectrum β-lactam
(meropenem or extended-spectrum cephalosporin) was adminis-
tered [15]. Of the 111 isolates for which meropenem MICs were
available, 90% had a meropenem MIC ≥16 mg/L. A lower propor-
tion of patients treated with meropenem died (24% vs. 37%), but
the difference was not statistically significant, including after ad-
justing for meropenem MIC (≤8 mg/L or ≥16 mg/L) or meropenem
dosing category (conventional, or high-dose administered by ex-
tended infusion). There was also no difference between single and
multiple in vitro active drug used [15].

We reached different results by analysing a larger number of pa-
tients, investigating only the role of high-dose meropenem
administered by extended infusion among patients treated with a
combination regimen, and using the propensity score for account-
ing of possible imbalances. Indeed, in our univariate analysis, the
14-day mortality rate was not statistically significantly different
between patients treated with and without HD meropenem (19.9%
vs. 25.1%, P = 0.18). However, the use of meropenem remained a pro-
tective factor in the multivariate model, and the level of significance
increased after adjusting the analysis for the propensity score. Fur-
thermore, we stratified our multivariate model for the meropenem
MIC and observed a benefit of HD meropenem combination for
strains with meropenem MIC ≥16 mg/L, which represented 77% of

overall strains. This could be explained by recent observation that
high-dose/prolonged-infusion regimens of meropenem can reach
the pharmacokinetic/pharmacodynamic target in patients with BSI
caused by CR-KP with meropenem MICs up to 32–64 mg/L, but not
for higher values [17,18]. Unfortunately, the lack of a punctual
meropenem MIC in our strains with meropenem MIC ≥16 mg/L pre-
vented us from establishing for which level of carbapenem resistance
the use of carbapenems is still useful. Thus, the impact of
carbapenem MIC on outcome in patients treated with carbapenems
for CR-KP BSI should be further investigated.

Our study has some limitations. The study was not originally
designed to analyse the impact of treatment on outcome, but to
create an observational registry of severe infections with CR-KP.
The adjustment of multivariate analysis for the most important
confounding factors and for the propensity score should minimise
this limitation. However, we acknowledge that the inclusion of pro-
pensity score still leads to residual confounding. Nevertheless,
although there are some methodological drawbacks (retrospec-
tive observational study, lack of punctual meropenem MIC), the
study has some important strengths: i) it is focused only on pa-
tients receiving carbapenem vs. non-carbapenem combination
treatments; ii) it comprises a large number of patients with true
CR-KP infection, as we selected only those with BSI; iii) the
meropenem administration schedule was homogeneous (use of high
doses by extended infusion); and iv) being an observational study,
it reflects what happens in real life.

To conclude, in a population of patients receiving combination
therapy for CR-KP BSI, with 77% of isolates showing a carbapenem
MIC ≥16 mg/L, the use of carbapenem seems to be associated with
better outcome. Further studies, particularly clinical trials, should
be performed to assess the level of carbapenem resistance for which
the carbapenems are still useful.

Funding: No funding.
Competing interests: None.

Fig. 1. Cox regression analysis of survival stratified for carbapenem MIC. CMT: combination with meropenem treatment: 0 no, 1 yes. Panel A and Panel B show cumulative
survival at 14 days from CR-KP BSI onset for patients who did or did not receive carbapenem combination therapy, it was adjusted for all the covariates included in the Cox
regression model and the propensity score. The model was further stratified according to the meropenem MIC ≤8 mg/L (Panel A), MIC ≥16 mg/L (Panel B), the overall aHR
for the variable carbapenem combination therapy (CMT) was: 0.63, 95%CI 0.41–0.96, P = 0.03.
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• Analyse post hoc cohorte italienne (6 ans)

• Patients BSI EPC (Kl pn)
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– Forte dose de carbapénèmes (HR 0.69, P = 0.05)
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meropenem!1%MIC ertapenem, respectively]. Conversely, erta-
penem MICs did not have an influence on the combination activity.

Discussion
CR-Kp have spread worldwide and carry an increased risk of mor-
tality compared with susceptible strains.2 Although considered as
the first therapeutic option against CR-Kp,2,13 polymyxin- and
tigecycline-based combinations have raised concerns in terms of
toxicity, poor penetration in some tissues and emergence of
resistance.5,14,15

Therefore, we aimed at investigating the in vitro activity of
colistin-sparing and colistin-based regimens against CR-Kp strains.

Among colistin-free combinations, we showed a high level of
synergy for gentamicin-based combinations, whereas merope-
nem! ertapenem was synergic in 30.7% of the strains using the
CB method. However, we noted that the FICI values in six add-
itional strains were close (i.e. FICI 0.625) to the 0.5 cut-off value for
defining synergy; therefore, we could not rule out that a slight syn-
ergy could also be observed when testing this combination. To fur-
ther evaluate these findings, we performed killing curves and we
were able to show a potent bactericidal and synergistic activity at
24 h at the concentrations 1%MIC meropenem!1%MIC erta-
penem and 2%MIC meropenem!1%MIC ertapenem. Since CB
and killing studies did not produce comparable results, we could
confirm that killing studies should be preferred because they are
able to provide quantitative results.

Interestingly, we found that the activity of the double-
carbapenem regimen was related to meropenem MIC value.
In fact, the degree of synergy was higher for isolates with lower
meropenem MICs, up to an MIC value !128 mg/L, whereas erta-
penem MICs did not have an influence on the antibacterial effect.

Based on these results, we could speculate that ertapenem,
acting as a suicide inhibitor by saturating the serine-
carbapenemase, exerts its action in a concentration-independent
manner, thus leading meropenem to bind to the bacterial target,
which appears to be dependent on meropenem MIC.

The finding that the activity of the double-carbapenem regi-
men might be influenced by the exact value of meropenem MICs
highlights the importance of performing in vitro synergy analyses
whenever a CR-Kp infection is confirmed, in order to guide treat-
ment decisions and predict the potential efficacy of the selected
antimicrobial combination. In fact, traditional antimicrobial sus-
ceptibility reports appear to be no longer informative for clinicians,
especially when carbapenem resistance is expressed as MIC
.16 mg/L, as occurs when an automated system is considered.16

In our experiments, colistin-containing combinations exhibited
a high level of synergism, even in the presence of colistin resistance
(n"16), especially with regard to colistin! rifampicin and colis-
tin! tigecycline. Furthermore, we were able to show that the triple
combination colistin!meropenem! tigecycline at subinhibitory
concentrations was highly effective, confirming its role in the treat-
ment of CR-Kp infections.

Although the presence of synergy in colistin-containing com-
binations against colistin-susceptible strains could be explained by
the direct antibacterial activity of the drug together with the per-
turbation of membrane permeability, the high level of synergy in
colistin-resistant strains might appear surprising.17

The ability of colistin to alter (i.e. enhance) membrane perme-
ability might cause hydrophobic and/or large molecules to enter
bacteria and exert their antimicrobial action, thus explaining the
synergy of unconventional colistin combinations.18 This detergent-
like action of colistin has been hypothesized with regard to colis-
tin! rifampicin, colistin!meropenem/doripenem and colistin

Table 2. Quantitative evaluation of meropenem! ertapenem interaction and mean AUBC for 33 CR-Kp strains by killing studies

Concentrations
Bactericidal activity at 24 h,

n (%)a (n"33)
Synergistic activity at 24 h,

n (%)b (n"33) DLog10 cfu/mLc
AUBC,

mean+SD

0.5%MIC MEM 0 (0) NA 2.04 154.4+12.9
0.5%MIC ETP 0 (0) NA 2.49 161.3+22.01
1%MIC MEM 2 (6) NA 2.20 134.5+40.1
1%MIC ETP 0 (0) NA 2.61 140.4+23.9
2%MIC MEM 0 (0) NA 2.04 126.4+5.4
0.5%MIC MEM!0.5%MIC ETP 5 (15.1) 5 (15.1) 1.43 101.2+29.5
0.5%MIC MEM!1%MIC ETP 13 (39.3) 20 (60.6) #1.36d 79.82+30.8
1%MIC MEM!1%MIC ETP 27 (81.8) 30 (90.9) #3.56d 54.9+26.1e

2%MIC MEM!1%MIC ETP 33 (100) 33 (100) #4.98d 44.2+15.3e

Growth control NA NA NA 197.8+10.02

MEM, meropenem; ETP, ertapenem; NA, not applicable.
a"99.9% reduction of the initial bacterial count at the 24 h timepoint.
b"100-fold decrease in cfu/mL between the combination and its most active constituent after 24 h.
cDifference between the starting inoculum (5.46+0.07 log10 cfu/mL) and the number of residual viable colonies after 24 h of incubation with the
combination.
dA negative sign denotes a reduction in inoculum compared with time 0.
eBacterial regrowth at 24 h was observed for four strains at 1%MIC meropenem!1%MIC ertapenem, but was not observed at 2%MIC
meropenem!1%MIC ertapenem.
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Double carbapenem as a rescue strategy
for the treatment of severe
carbapenemase-producing Klebsiella
pneumoniae infections: a two-center,
matched case–control study
Gennaro De Pascale1,6*, Gennaro Martucci2, Luca Montini1, Giovanna Panarello2, Salvatore Lucio Cutuli1,
Daniele Di Carlo3, Valentina Di Gravio1, Roberta Di Stefano4, Guido Capitanio2, Maria Sole Vallecoccia1,
Piera Polidori4, Teresa Spanu5, Antonio Arcadipane2 and Massimo Antonelli1

Abstract

Background: Recent reports have suggested the efficacy of a double carbapenem (DC) combination, including
ertapenem, for the treatment of carbapenem-resistant Klebsiella pneumoniae (CR-Kp) infections. We aimed to
evaluate the clinical impact of such a regimen in critically ill patients.

Methods: This case–control (1:2), observational, two-center study involved critically ill adults with a microbiologically
documented CR-Kp invasive infection treated with the DC regimen matched with those receiving a standard treatment
(ST) (i.e., colistin, tigecycline, or gentamicin).

Results: The primary end point was 28-day mortality. Secondary outcomes were clinical cure, microbiological eradication,
duration of mechanical ventilation and of vasopressors, and 90-day mortality. Forty-eight patients treated with DC were
matched with 96 controls. Occurrence of septic shock at infection and high procalcitonin levels were significantly more
frequent in patients receiving DC treatment (p < 0.01). The 28-day mortality was significantly higher in patients receiving
ST compared with the DC group (47.9% vs 29.2%, p = 0.04). Similarly, clinical cure and microbiological eradication were
significantly higher when DC was used in patients infected with CR-Kp strains resistant to colistin (13/20 (65%) vs 10/32
(31.3%), p = 0.03 and 11/19 (57.9%) vs 7/27 (25.9%), p = 0.04, respectively). In the logistic regression and multivariate
Cox-regression models, the DC regimen was associated with a reduction in 28-day mortality (OR 0.33, 95% CI 0.13–0.87
and OR 0.43, 95% CI 0.23–0.79, respectively).

Conclusions: Improved 28-day mortality was associated with the DC regimen compared with ST for severe CR-Kp
infections. A randomized trial is needed to confirm these observational results.

Trial registration: ClinicalTrials.gov NCT03094494. Registered 28 March 2017.

Keywords: Double carbapenem, Klebsiella pneumoniae, Critically ill patients, Infections, Multidrug-resistant bacteria,
Meropenem, Ertapenem
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In our study, we aimed at enhancing such evidence by
comparing a larger cohort of DC-treated patients with a
matched cohort of similar patients.
Given residual antimicrobial susceptibility, more than

half of our patients receiving DC (35 [72.9%]) were
treated with another active drug, mainly colistin. This
approach is reasonable, and recent data suggest that the
coadministration of colistin may increase the in-vivo and
in-vitro activity of DC, and should be preferred in critic-
ally ill patients where an early clinical response is war-
ranted [33, 38]. Similarly, in line with expert opinion, 52
of 96 controls were managed with a combined targeted

therapy [39–41]. A carbapenem-sparing regimen has
been proposed by Sbrana et al. [39], observing that the
administration of tigecycline plus gentamicin or colistin
was effective for the treatment of 24 CR-Kp infections in
trauma patients, with a 14% mortality rate, further sug-
gesting the usefulness of this approach when tigecycline
is administered at a higher than standard dose (i.e.,
50 mg every 12 hours after a 100 mg loading dose) [42].
On the other hand, recent data advocate the efficacy of
combining high dosages of meropenem with colistin or
tigecycline for the treatment of Acinetobacter infections
[41]. These antibiotic associations have been seen to re-
duce mortality in patients with life-threatening infec-
tions due to extensively drug-resistant Acinetobacter and
Klebsiella, but the benefits of meropenem can be ex-
pected only in the presence of MIC values close to sus-
ceptibility breakpoints. This kind of effect did not seem
to have influenced the outcome of our cohort treated
with DC because all of the strains were resistant to mer-
openem. In any event, we also have to address the idea
of limiting the use of colistin in settings where KPC in-
fections are frequent, given the alarming increase of co-
listin resistance in high-endemicity areas [43, 44].
Of note, we found a longer duration of antibiotic ther-

apy in the DC group: such a result may be interpreted in
light of the clinical profile of the DC group, in which pa-
tients, despite a higher percentage of septic shock,
bacteremia rate, and PCT levels, showed higher survival
together with a longer period of ICU support.
Moreover, the discrepancy in the effect of DC therapy

between 28-day and 90-day mortality may be explained
by the higher clinical impact of the septic episode on the
short-term outcomes, along with the role of potential
unmeasured confounders that may have influenced the
90-day mortality.
Our study has several limitations. First, although

both centers adopted an electronic medical record,
due to the observational nature we cannot exclude
that unmeasured confounders may have influenced
the strong association between DC use and improved
survival. Second, synergistic assays for confirming DC
in-vitro efficacy were not done routinely, although
CR-Kp strains were studied according to genetic test-
ing. Third, we did not check plasmatic carbapenem
concentrations, so we can only assume that by opti-
mizing dosages and administration modalities we
achieved bactericidal meropenem levels at the infec-
tion site. Fourth, due to the use of the Vitek system,
we cannot exclude that a small proportion of strains
could display meropenem MIC values closer to the
susceptibility breakpoint. Finally, we did not use ei-
ther fosfomycin or ceftazidime–avibactam [45] be-
cause both molecules were not available at our
centers during the observation period.

Table 4 Multivariable logistic regression analysis of factors
associated with 28-day mortality
Variable p value OR (95% CI)

SAPS II score <0.01 1.08 (1.04 –1.23)

SOFA score ≤0.01 1.36 (1.33–1.63)

Double carbapenem treatment 0.02 0.33 (0.13–0.87)

We included all variables in the multivariable logistic regression if they
reached p ≤ 0.1 on univariate analysis. A stepwise selection procedure was
used to select variables for inclusion in the final model
ROC curve analysis was used to assess the goodness of the final logistic
regression model (AUC ± SE = 0.85 ± 0.034 with 95% CI 0.78–0.91; chi-square
statistics p < 0.001)
AUC area under the curve, OR odds ratio, ROC receiver operating characteristic,
SAPS Simplified Acute Physiology Score, SOFA Sequential Organ Failure
Assessment, SE standard error

a

b

Fig. 2 Kaplan–Meier curves showing the impact of DC therapy (black
line) versus ST (gray line) on a 28-day mortality and b 90-day mortality.
DC double carbapenem, ST standard treatment
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• Problème écologique ?
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Detection and treatment options for Klebsiella pneumoniae
carbapenemases (KPCs): an emerging cause

of multidrug-resistant infection

Elizabeth B. Hirsch1,2 and Vincent H. Tam1,2 *
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Bacteria producing Klebsiella pneumoniae carbapenemases (KPCs) are rapidly emerging as a cause of
multidrug-resistant infections worldwide. Bacterial isolates harbouring these enzymes are capable of hydrolys-
ing a broad spectrum of b-lactams including the penicillins, cephalosporins, carbapenems and monobactam.
Detection of isolates harbouring carbapenemases can be inconsistent using automated systems, often requir-
ing subsequent confirmatory tests. Phenotypic methods utilizing boronic acid disc tests have demonstrated
promising results and appear practical for use in clinical microbiology laboratories. Treatment of infection
caused by KPC bacteria is particularly worrisome as the carbapenems are often agents of the last resort for
resistant Gram-negative infections. The optimal treatment of infections caused by KPC bacteria is not well
established and clinical outcome data remain sparse. We reviewed the current literature regarding clinical
outcomes following KPC infections, with a specific effort to summarize the clinical data available for specific
antimicrobial agents. A total of 15 papers involving 55 unique patient cases were reviewed. While the total
number of patients is relatively small, some useful insights could still be gathered to guide clinicians in the man-
agement of KPC infections. Tigecycline and the aminoglycosides were associated with positive outcomes in the
majority of cases. Clinical success rates were low when the polymyxins were used as monotherapy, but were
much higher when they were used in combination. Studies examining combination therapy and well-controlled
clinical trials are needed to ascertain the optimal treatment of infections caused by KPC bacteria.

Keywords: carbapenems, susceptibility, b-lactamases, plasmids

Introduction
In the last 5 years, the spread of isolates producing Klebsiella
pneumoniae carbapenemases (KPCs) has become a significant
problem. These b-lactamases are able to hydrolyse the carbape-
nems and confer resistance to a broad spectrum of antibiotics;
treatment of infection caused by these pathogens is thus a con-
siderable challenge for clinicians. The optimal treatment of KPC
infections has yet to be determined and few clinical data are
available on which to base antibiotic recommendations. In
areas such as the north-eastern USA, Israel, Columbia, Greece
and Puerto Rico, where KPCs are now considered endemic,
many outbreaks have occurred.1 Reports surrounding these
outbreaks have been more focused on molecular epidemiology
or in vitro susceptibilities, but not on specific antimicrobial regi-
mens and patient outcomes.2 – 4 Recently, the epidemiology
and molecular genetics of KPCs have been elegantly reviewed.1

The purpose of this review is to provide practical information
regarding detection and treatment of KPC infection that may
be useful to clinicians at the bedside.

Characterization of carbapenemases
The Ambler classification scheme separates b-lactamases into
four major classes (A–D) based on amino acid sequence hom-
ology.5,6 Classes A, C and D are b-lactamases with serine at their
active site, while class B (also known as metallo-b-lactamases)
have zinc at their active site.7 Carbapenemases include enzymes
from classes A, B and D.6 This article will focus specifically on
the KPC enzymes, which fall under Ambler class A and Bush
functional group 2f enzymes.8 KPC enzymes differ from the other
2f enzymes by two specific characteristics: (i) they are found on
transferable plasmids; and (ii) they are able to hydrolyse the
aminothiazoleoxime cephalosporins such as cefotaxime.6

KPCs are predominantly found in K. pneumoniae; however, they
have also been found in many other Enterobacteriaceae including
Escherichia coli, Enterobacter species, Salmonella enterica, Proteus
mirabilis and Citrobacter freundii.6 – 8 The identification of a KPC
enzyme outside the Enterobacteriaceae family was first reported
in 2007 in Pseudomonas aeruginosa9 and most recently in an
Acinetobacter baumannii strain from Puerto Rico.10 The KPC

# The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved.
For Permissions, please e-mail: journals.permissions@oxfordjournals.org
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Tigecycline Treatment for Carbapenem-Resistant
Enterobacteriaceae Infections

A Systematic Review and Meta-Analysis

Wentao Ni, MD, Yuliang Han, MD, Jie Liu, MD, Chuanqi Wei, MD, Jin Zhao, MD,
Junchang Cui, MD, Rui Wang, PhD, and Youning Liu, MD

Abstract: Carbapenem-resistant Enterobacteriaceae (CRE) infections
are prevalent worldwide; they have few effective treatments and this
jeopardizes public health. Clinicians often use tigecycline to combat
CRE, but its clinical efficacy remains controversial. Therefore, to
compare the efficacy and safety of tigecycline in treating CRE infections
compared with that of other antimicrobial agents, and to evaluate
whether combination therapy and high-dose regimens are beneficial,
we performed a systematic review and meta-analysis.

PubMed and Embase were searched for controlled trials or cohort
studies reporting the efficacy and/or safety of tigecycline-based regi-
mens to treat CRE infections. Statistical analyses were performed using
the Comprehensive Meta-Analysis V2.2. All meta-analyses were per-
formed based on fixed- or random-effects model, and the I2 method was
used to assess heterogeneity.

Twenty-one controlled studies and 5 single-arm studies were included
in this systematic review. With regard to the controlled studies, the
tigecycline groups did not differ significantly from the control groups
in terms of overall mortality (Odds ratio (OR)¼ 0.96 [95% confidence
interval (CI)¼ 0.75–1.22; P¼ 0.73]), clinical response rate (OR¼ 0.58
[95% CI¼ 0.31–1.09; P¼ 0.09]), or microbiological response rate
(OR¼ 0.46 [95% CI¼ 0.15–1.44; P¼ 0.18]). Subgroup analyses showed
that 30-day mortality was significantly lower in patients who received
tigecycline combination therapy than in those who received monotherapy
(OR¼ 1.83 [95% CI¼ 1.07–3.12; P¼ 0.03]) and other antibiotic regi-
mens (OR¼ 0.59 [95% CI¼ 0.39–0.88; P¼ 0.01]), respectively. In
addition, high-dose tigecycline regimens differed significantly from
standard dose schedules in terms of ICU mortality (OR¼ 12.48 [95%
CI¼ 2.06–75.43; P¼ 0.006]). The results of the 5 single-arm studies
corroborated the findings of the controlled studies.

Our results indicated that the efficacy of tigecycline in treating CRE
infections is similar to that of other antibiotics. Tigecycline combination
therapy and high-dose regimens may be more effective than monotherapy
and standard-dose regimens, respectively. Nonetheless, considering that
the current available evidence is limited, well-designed randomized
controlled trials are urgently needed to clarify the comparative efficacy
of tigecycline in treating CRE infections.

(Medicine 95(11):e3126)

Abbreviations: CI = confidence interval, CRE = carbapenem-

resistant Enterobacteriaceae, ICU = intensive care unit, NOS =

Newcastle–Ottawa scale, OR = odds ratio, RCT = randomized
controlled trial.

INTRODUCTION

E nterobacteriaceae, such as Klebsiella pneumoniae, Escher-
ichia coli, and Enterobacter cloacae, are frequently

involved in hospital-associated infections. In particular, strains
that produce extended-spectrum b-lactamases are common.1

Carbapenems are the most broadly used first-line antibiotics for
such infections. However, widespread use of these drugs has
resulted in the emergence of carbapenem-resistant strains, most
of which produce carbapenemases and are, therefore, resistant
to the drug.2 In recent years, these versatile carbapenemases
have spread worldwide among the Enterobacteriaceae, especi-
ally K pneumoniae. For this reason, nosocomial outbreaks of
carbapenem-resistant Enterobacteriaceae (CRE) are frequent
worldwide, leading to prolonged hospital stays and higher
mortality rates.3

As these multiple resistant strains can acquire resistance to
nearly all classes of antibiotics available in the clinic, selection
of the appropriate antimicrobial treatment has become difficult.
In fact, such limitations have forced clinicians to reuse poly-
myxins, a group of polypeptide antibiotics discovered in the
1940s.4 However, the severe nephrotoxicity of these drugs
contraindicates their use in many cases, especially among
critically ill patients with renal insufficiency.5 Tigecycline,
the first member of the glycylcycline class of antibiotics, has
shown promising in vitro activity against CRE.6 It binds with
high affinity to bacterial ribosomes and is unaffected by the
typical mechanisms that render bacteria resistant to the tetra-
cycline class.7 Several clinical studies have investigated the
efficacy of tigecycline in treating CRE infections; yet these
have yielded variable results. Suboptimal concentrations of the
drug have been found in both serum and pulmonary epithelial
lining fluid, and this has prompted many physicians to use either
combination therapy or high-dose tigecycline to treat CRE
infections.8–10 However, whether combination therapy or
high-dose regimens are more effective is not clear.
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tigecycline in 5 different KPC-producing K pneumoniae strains
increased from ! 0.5 mg/mL to 0.8 to 1.0 mg/mL after
tigecycline treatment.

DISCUSSION
Tigecycline has been approved by the United States Food

and Drug Administration to treat complicated skin and skin
structure infections, complicated intra-abdominal infections,
and community-acquired pneumonia. In contrast, the present
systematic review indicated that bacteremia was the most
common manifestation of CRE infection, followed by urinary
tract infection and nosocomial pneumonia. Thus, the use of
tigecycline to treat CRE infections can be described as off-label.

A previously published meta-analysis indicated that tigecycline
is no more effective than standard antimicrobial agents in
treating serious infections, and the FDA has warned against
the off-label use of tigecycline to treat nosocomial pneumonia
because randomized trials have indicated that it confers an
increased mortality risk.39–42 However, these trials included
only a few infections caused by multiple drug-resistant bacteria.
Owing to the scarcity of effective drugs for CRE infections,
tigecycline should not be incautiously abandoned without com-
prehensive and objective evaluation.

To our knowledge, this is the first systematic review to
assess the efficacy of tigecycline in treating CRE infections.
Although the overall mortality did not differ between

FIGURE 2. The efficacy of tigecycline, as compared with other antibiotics, in treating infections caused by carbapenemase-producing
Enterobacteriaceae and carbapenem-resistant Enterobacteriaceae.
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Tigécycline aussi efficace que les autres
traitements

Probable intérêt aux associations et à de fortes 
doses

Mais hétérogénéité
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Aminoglycosides

• EPC fréquemment sensibles 

• Sauf en cas de 16S rRNA methyltransférases >> résistance à tous 
les AG

• Méthyltransférases particulièrement fréquentes chez les NDM, et 
en augmentation chez les KPC (Doi et al IDCNA 2016 ; Mezzatesta et al JAC 2013)

• Utilisation en association ou en monothérapie pour les infections à 
EPC

• Pas de RCT 

• A n’utiliser qu’en cas d’impasse ou de choc (toxicité +++)



Fosfomycine

• Très très très peu de données cliniques

• Emergence de R, y compris lors de l’utilisation en association pour 
les infections à KPC

• Difficile de le positionner compte tenu du manque d’information
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a  b  s  t  r  a  c  t

Fosfomycin  is  active  in  vitro  against  extensively  drug-resistant  (XDR)  and  pandrug-resistant  (PDR)  Pseu-
domonas  aeruginosa  and  Klebsiella  pneumoniae  carbapenemase-producing  strains;  however,  the  in vivo
effectiveness  against  such  pathogens  is  almost  unknown.  A multicentre,  observational,  prospective  case-
series  study  was  performed  in  11  ICUs.  All  consecutive  fosfomycin-treated  patients  suffering  from  XDR
or  PDR  fosfomycin-susceptible,  microbiologically  documented  infections  were  recorded.  Clinical  and
microbiological  outcomes  were  assessed.  A  safety  analysis  was  performed.  In total,  68  patients  received
fosfomycin  during  the  study  period,  48  of whom  were  considered  suitable  for  effectiveness  analysis
based  on  predefined  criteria.  Bacteraemia  and  ventilator-associated  pneumonia  were  the main  infections.
Carbapenemase-producing  K. pneumoniae  and  P.  aeruginosa  were  isolated  in  41  and  17 cases,  respectively.
All  isolates  exhibited  an  XDR  or PDR  profile,  being  fosfomycin-susceptible  by  definition.  Fosfomycin  was
administered  intravenously  at a median  dose  of  24  g/day  for  a median  of  14  days,  mainly  in  combination
with  colistin  or  tigecycline.  Clinical  outcome  at Day  14  was  successful  in  54.2%  of  patients,  whilst  failure,
indeterminate  outcome  and  superinfection  were  documented  in  33.3%,  6.3%  and  6.3%,  respectively.  All-
cause  mortality  at  Day  28  was  37.5%.  Bacterial  eradication  was  observed  in  56.3%  of  cases.  Fosfomycin
resistance  developed  in  three  cases.  The  main  adverse  event  was  reversible  hypokalaemia.  In  conclusion,
fosfomycin  could  have  a place  in  the  armamentarium  against  XDR  and  PDR  Gram-negative  infections  in
the  critically  ill.  Resistance  development  during  therapy,  which  has  been  a  matter  of  concern  in  previous
studies,  did  not  occur  frequently.  The  necessity  of  combination  with  other  antibiotics  requires  further
investigation.

© 2013 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

The steadily increasing nightmare of antimicrobial resis-
tance worldwide, and in particular the emergence of extensively
drug-resistant (XDR) and pandrug-resistant (PDR) strains of
Pseudomonas aeruginosa,  Acinetobacter baumannii and Klebsiella

∗ Corresponding author. Tel.: +30 210 776 3719; fax: +30 210 778 1250.
E-mail addresses: kostis pontikis@yahoo.gr, kpont73@gmail.com (K. Pontikis).

pneumoniae, along with the current shortage of new antimicrobials
has led to the revival of old antibiotics such as colistin and fos-
fomycin [1]. Despite the rather successful clinical experience with
colistin [2], ultimately resistance development is reported, partic-
ularly among K. pneumoniae strains, attributed to its expanding
nosocomial use [3,4]. On the other hand, fosfomycin, an antibiotic of
the 1970s, whilst active in vitro against carbapenemase-producing
P. aeruginosa (CPPA) and K. pneumoniae (CPKP) strains, is almost
totally unexplored in XDR infections [5]. This lack of evidence,
along with anecdotal reports of fosfomycin administration in Greek

0924-8579/$ –  see front matter ©  2013 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
http://dx.doi.org/10.1016/j.ijantimicag.2013.09.010
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Table 4
Patient outcomes in the effectiveness population (n = 48).a

Infection Clinical outcome at Day 14 Microbiological outcome at Day 14 All-cause mortality

Successful Failure Superinfection Indeterminate Eradication Persistence Indeterminate Day 14 Day  28

Primary bacteraemia (n = 18) 11 (61.1) 6 (33.3) 0 1 (5.6) 13 (72.2) 4 (22.2) 1 (5.6) 4 (22.2) 7 (38.9)
CR-BSI  (n = 7) 1 (14.3) 3 (42.9) 2 (28.6) 1 (14.3) 3 (42.9) 1 (14.3) 3 (42.9) 4 (57.1) 4 (57.1)
VAP  (n = 12) 8 (66.7) 3 (25.0) 1 (8.3) 0 5 (41.7) 4 (33.3) 3 (25.0) 2 (16.7) 4 (33.3)
VAP  + IAI (n = 1) 1 (100) 0 0 0 1 (100) 0 0 0 0
VAP  + pleural empyema (n = 1) 1 (100) 0 0 0 0 1 (100) 0 0 0
UTI  (n = 1) 1 (100) 0 0 0 0 0 1 (100) 0 0
IAI  (n = 6) 3 (50.0) 2 (33.3) 0 1 (16.7) 3 (50.0) 3 (50.0) 0 1 (16.7) 3 (50.0)
Lung  abscess (n = 1) 0 1 (100) 0 0 1 (100) 0 0 0 0
Meningitis (n = 1) 0 1 (100) 0 0 1 (100) 0 0 0 0
Total  (n = 48) 26 (54.2) 16 (33.3) 3 (6.3) 3 (6.3) 27 (56.3) 13 (27.1) 8 (16.7) 11 (22.9) 18 (37.5)

CR-BSI, catheter-related bloodstream infection; VAP, ventilator-associated pneumonia; IAI, intra-abdominal infection; UIT, urinary tract infection.
a Data are no. (%) of patients.

Table 5
Subgroup analysis.a

Clinical outcome at Day 14 Microbiological outcome at Day 14 All-cause mortality

Successful Failure Indeterminate Superinfection Eradication Persistence Indeterminate Day 14 Day  28

By sepsis classificationb

Sepsis (n = 16) 9 (56.3) 5 (31.3) 1 (6.3) 1 (6.3) 13 (81.3) 3 (18.8) 0 0 3 (18.8)
Severe  sepsis (n = 10) 6 (60.0) 2 (20.0) 1 (10.0) 1 (10.0) 5 (50.0) 1 (10.0) 4 (40.0) 4 (40.0) 4 (40.0)
Septic  shock (n = 20) 10 (50.0) 8 (40.0) 1 (5.0) 1 (5.0) 8 (40.0) 9 (45.0) 3 (15.0) 6 (30.0) 10 (50.0)

By  fosfomycin administration timingc

Early administration (n = 22) 14 (63.6) * 5 (22.7) 1 (4.5) 2 (9.1) 11 (50.0) 7 (31.8) 4 (18.2) 4 (18.2) 8 (36.4)
Late  administration (n = 26) 12 (46.2) 11 (42.3) 2 (7.7) 1 (3.8) 16 (61.5) 6 (23.1) 4 (15.4) 7 (26.9) 10 (38.5)

By  resistance profile of the pathogen
XDR (n = 32) 16 (50.0) 12 (37.5) 2 (6.3) 2 (6.3) 17 (53.1) 10 (31.3) 5 (15.6) 9 (28.1) 11 (34.4)
PDR  (n = 16)d 10 (62.5) 4 (25.0) 1 (6.3) 1 (6.3) 10 (62.5) 3 (18.8) 3 (18.8) 2 (12.5) 7 (43.8)

By  bacterial species among monomicrobial infections
Klebsiella pneumoniae (n = 23) 13 (56.5) 8 (34.8) 0 2 (8.7) 15 (65.2) 4 (17.4) 4 (17.4) 6 (26.1) 10 (43.5)
Pseudomonas aeruginosa (n = 6) 5 (83.3) 1 (16.7) 0 0 4 (66.7) 2 (33.3) 0 2 (33.3) 3 (50.0)

XDR, extensively drug-resistant; PDR, pandrug-resistant.
a Data are no. (%) of patients.
b Sepsis classification was  not known for two patients.
c Early administration, ≤24 h from infection onset; late administration, >24 h from infection onset.
d Fifteen cases of PDR K. pneumoniae infection and 1 case of PDR P. aeruginosa infection.
* P-value = 0.26 compared with late administration.

• Etude multicentrique, 48 patients en réanimation
• VAP et BSI +++, Bactéries XDR
• Traités par fosfomycine (sensibles), dose médiane 24 g/j
• ATB associés : colistine et tigécycline +++
• Mortalité à J28 37.5%,
• Apparition de R dans 3 cas



Témocilline et KPC

• Témocilline active sur faible proportion de E-KPC (seuil BSAC ≤8 
mg/L et ≤32 mg/L en cas d’IU), 

• Et en cas de R aux carbapénèmes due à l’association imperméabilité 
+ BLSE ou AmpC

• Pas d’efficacité sur OXA-48 (marquer de l’enzyme)
• 1 étude expérimentale avec résultats encourageants (modèle murin 

de péritonite à E. coli KPC avec CMI ≤ 16mg/L) (Alexandre et al. JAC 2016)

• Pas de données cliniques !!!



Aztreonam et MBL

• Aztreonam pas hydrolysé par les MBLs 

• In vitro : activité bactéricide lente contre Kl pn sécrétrice de VIM-1 

• Modèles animaux : efficacité sur les souches NDM et VIM

• Problème : fréquente co-résistance des MBL avec BLSE >> 

rendant Aztreonam inefficace

• Très peu de données cliniques



C3G et Oxa 48

• Peu d’activité hydrolytique vis à vis des cépahlosporines (Pas de R 
aux céphalosporines),

• Souvent associée à BLSE 
• Attention, certaines Oxa48 ont des CMI basses aux carbapénèmes 

(si non associées aux BLSE)
• Ceftazidime actif dans modèles expérimentaux vis à vis d’Oxa 48 si 

absence de BLSE et AmpC 
• Pas de données cliniques



Revue des séries et cas cliniques des infections à EPC traités par Ceftazidime-avibactam

Ceftazidime-Avibactam

Ceftazidime-
avibactam actif 
sur la plupart des 
KPC et OXA-48 
selon seuils 
définis (≤8/4 
mg/L)

no. of sites; inclusion 
Reference criteria 

n Types of infections and pathogens Mortality definition (no. of 
deaths/no. of patients treated 
[%] [CAZ-AVI vs other regimens]) 

Clinical cure (no. of patients with cure/no. of 
patients treated [%] [CAZ-AVI vs other regimens]) 

Retrospective cohort, 
hematological,

31 4 sites; BSI due to CRE, 
85% K. pneumoniae; 60% OXA-48 producers and 
40% KPC producers; sources: 14 (45.1%) primary, 
6 (19.3%) HAP 

Day 30; 2/8 (25) vs 12/23 (52.2); 
P = 0.24 

Day 14; 6/8 (75) vs 8/23 (34.8); P = 0.03 

Retrospective cohort, 1 site; 
BSI due 
to CR K. pneumoniae, ≤3 days 
of 
therapy

109 All K. pneumoniae;97% KPC; 50% in ICU; Source: 
50 (45.8%) IAI, 28 (25.6%) primary BSI 

30-day; 1/13 (7.6) vs 30/96 
(31.2) 

Day 30; 11/13 (85) vs 30/96 (40.6); P � 0.006; 
adjusted OR � 8.64 (95% CI � 1.61–43.39) 

Retrospective, 1 site; CRE 
infections treated with CAZ-AVI 

37 84% K. pneumoniae; 78.3% KPC 30-day; 9/37 (24.3) 23/37 (62); for monotherapy, 58%; for combination 
therapy, 64%; 10 (27%) recurrences, with 3 isolates 
developing resistance 

Retrospective, 1 site; CRE 
infections treated with CAZ-AVI 

6 All K. pneumoniae, KPC; all susceptible to CAZ-AVI In-hospital; 3/6 (50) 4/6 (66.6); 2 relapses, no development of resistance 

Retrospective cohort, 15 sites; 
CRE 
infections treated with CAZ-
AVI, salvage therapy 

38 34 K. pneumoniae;23 KPC, 13 OXA-48; type of 
infection: 15 (39.4%) IAI, 7 (18.4%) HAP 

In-hospital; overall, 15/38 
(39.5); for IAI, 6/15 (40); for 
HAP, 5/7 (71.4) 

28 (73.7); for monotherapy, 69.2%; for combination 
therapy, 76%; 2 relapses, no resistance detected 

Retrospective cohort, 9 health 
care systems in USA; CRE 
infections 
treated with CAZ-AVI for ≤24 h 

60 83% K. pneumoniae; type of infection: 38% BSI, 
28% UTI, 27% HAP 

In-hospital; overall, 19/60 (32); 
for monotherapy, 30%; for 
combination therapy, 33%; for 
BSI, 39%; for UTI, 12%; for 
pneumonia, 56% 

39/60 (65); for monotherapy, 67%; for combination 
therapy, 63% 

Prospective cohort, 18 
hospitals in USA; CRE infections 

137 97% K. pneumoniae, 96% KPC-producers; type of 
infection: 46% BSI, 22% HAP, 14% UTI 

30-day, adjusted; 8% vs 32% 
(difference, 23%; 95% CI, 9–35%) 

30-day adjusted probability of better outcome 
(using desirable outcome ranking), 64% (95% CI, 57–
71%) with ceftazidime-avibactam 



Ceftazidime-Avibactam

• Absence d’activité in vitro vis à vis des MBL 

• Intérêt de l'association avec Aztreonam sur les MBL (si pas de 

BLSE, AmpC, OXA-48, etc.)

• Données cliniques nécessaires 

• Mais peut être la nouvelle pierre d’angle dans le traitement des 

infections sévères à KPC ou OXA-48 



AAC 2017



Niveau de risque, type d’ATB, et sensibilité aux ATB ATBs

Haut risque, association ATB

Sensible à β-lactamine (selon sensibilité) Backbone : ceftazidime-avibactam (+++) ou méropénem-vaborbactam ; alternative : 

meropénem (si CMI < 8 mg/L), ceftazidime ou aztreonam

En combinaison avec : colistine, tigécycline, aminoglycoside, ou fosfomycine (si isolat 

intermédiaire à ATB backbone, choisir 2 ATBs) 

Aucune donnée sur besoin d’association d’Atb en cas d’utilisation de ceftazidime-avibactam

ou méropénem-vaborbactam

Résistant à toutes les β-lactamines (y compris isolats avec CMI 

méropénem ≥8 mg/L), sensible à 2 ATBs dont colistine

Backbone: colistine

En combinaison avec : tigécycline, aminoglycoside (haut risque de néphrotoxicité), ou 

fosfomycine

Résistant à toutes les β-lactamines et colistine, sensible à 2 ATBs Backbone: tigécycline ou aminoglycoside

En combinaison avec : tigécycline, aminoglycoside, ou fosfomycine

Pan-résistant ou sensible à 1 seul ATB Méropénem + ertapénem ou ceftazidime-avibactam + aztreonam

Associer tout ATB efficace ; tester association in vitro pour synergie

Risque faible, monothérapie

Selon sensibilité Ceftazidime-avibactam, méropénem-vaborbactam, méropénem, ceftazidime, aztreonam, 

colistine, tigécycline, aminoglycoside (si intermédiaire, choisir autre ATB ou association) 

Avis « d’experts » (Aujourd’hui)



Meropénem-vaborbactam

• Vaborbactam : nouvel inhibiteur de β-lactamase 

• Restore efficacité du méropénème vis à vis des KPC mais pas vis-
à-vis des MBL (NDM ou VIM) et OXA 48

• Essai phase III : différentes infections à EPC 

• Meilleure efficacité du  meropénem-vaborbactam vs best available 
therapy (57.1% des 28 patients versus 26.7% des 15 patients; 
différence absolue, 30.5%; IC95% = 1.5-59.4%), 

• Moins de néphrotoxicité

Kaye et al. poster 1862, IDWeek 2017



Plazomicine

• Nouvel aminoglycoside (non commercialisé) 

• Actif sur la plupart des EPC (échappe aux enzymes de résistance)

• Inactif en cas de méthyltransférases

• Essai de phase 3 (HAP/VAP et BSI) par CPE : plazomicine (n=17) vs 
colistine + tigécycline ou meropénem (n=20) 

• Mortalité 11.8% vs 40%, respectivement (différence, 28%; IC95 : 
0.7-52.5) 

• Moins de toxicité rénale avec plazomicine

Connolly et al. abstr OS0250F, ECCMID 2017



Cefiderocol

• Une céphalosporine type sidérophore 
• Active contre BGN MDR (EPC compris) 
• Avec une posologie de 2g x3/j on obtient ≥50% temps au dessus de 

la CMI pour des CMI allant jusqu’à 8 mg/L  
• Si administrée sur 3h : efficace vis à vis des KPC et des Kl pn NDM 

(modèle murin de pneumonie)
• Essai de phase III vs Imipenème dans les IUc : Non infériorité 

démontrée et possible supériorité

Portsmouth et al abstr OS0250D, ECCMID 2017



Relebactam

• Nouvel inhibiteur de β-lactamase 

• Actif vis à vis de KPC et BLSE 

• Moins actif vis à vis des OXA-48 

• Inactif vis à vis des MBLs 

• Etudes phase III en association avec Imipénème dans IIA et les IUc

Hecker et al J Med Chem 2015



Et bien sûr

• Associer

–Prise en charge chirurgicale

–Drainage

–Contrôle de la source ….



En résumé

• Choix individuel

• Faire CMI pour toutes les molécules

• Carbapénèmes si CMI < 8mg/L

• Multithérapie sauf infection facile à traiter (rare)

• Privilègier carbapénème/CAZ AVI + colistine (fonction de la sensibilité)
– Si KPC double carbapénème

– Si metallo : Azactam+avibactam

– Si Oxa-48 : Ceftazidime-avibactam

• Toujours à forte dose



MERCI BEAUCOUP !


