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 outpatients. The rates for Acinetobacter baumannii are 
somewhat higher but the absolute numbers are low (1). 
The number of cases of 3-MRGN and 4-MRGN 
 pathogens have increased in recent years, particularly in 
southeastern European countries. In the face of increasing in-
ternational mobility, this trend may well spread to  Germany.

 4-MRGN bacteria principally cause urinary tract 
infections, nosocomial pneumonia, (soft) tissue infec-
tions, intra-abdominal infections, and infections of 
the bloodstream. The treatment of these infections is 
complex and has not yet been standardized to any 
great extent. We present the current state of knowl-
edge as reflected in the specialist literature: What 
treatment options are available, and how strong is the 
evidence for their efficacy?

Summary
Background: Rates of colonization and infection with carbapenem-resistant Gram-negative pathogens are on the rise, particu-
larly in southeastern European countries, and this is increasingly true in Germany as well. The organisms in question include 
enterobacteriaceae such as Klebsiella pneumoniae and Escherichia coli and non-fermenting bacteria such as Pseudomonas 
 aeruginosa and Acinetobacter baumannii. As the carbapenems have been the gold standard to date for the systemic treatment 
of serious infections with Gram-negative bacteria, carbapenem resistance presents new and difficult challenges in therapeutic 
decision-making, particularly because of the high frequency of co-resistance. 

Methods: This review is based on pertinent publications retrieved by a selective search in PubMed and on other applicable 
 literature. 

Results: Multiresistant Gram-negative (MRGN) pathogens are classified in Germany according to their resistance to four 
 different classes of antibiotics; fluoroquinolones, piperacillin, third-generation cephalosporins, and carbapenems. Quadruple 
MRGN pathogens are resistant to all four groups, triple MRGN pathogens to three of them. There are a number of therapeutic 
alternatives to carbapenems that can be applied with the aid of sensitive microbiological and/or molecular genetic testing. The 
following antibiotics are often the only ones that can be used to treat quadruple MRGN pathogens: colistin, aminoglycosides, 
tigecycline, fosfomycin, ceftazidime/avibactam, and ceftolozan/tazobactam. Carbapenems, too, may still be an option in certain 
situations. There is also evidence that combinations of antibiotics against which the pathogen is resistant individually can some-
times be a valid treatment option; these include combinations of colistin with one or two carbapenems. 

Conclusion: The treatment of severe infection with carbapenem-resistant pathogens should be individualized and carried out in 
an interdisciplinary framework, in consideration of antibiotic pharmacokinetics and pharmacodynamics in each case. The treat-
ment options are based on evidence from in vitro studies, retrospective studies, and case series, which must be interpreted with 
caution. Randomized clinical trials are needed to test each of the various combined approaches.
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T he availability of effective antibiotics, one of the 
cornerstones of modern medicine, is increasingly 
coming under threat owing to the rising resistance 

rates among members of the Enterobacteriaceae family 
and the non-fermenting bacteria (e1, e2). Data for 2014 
from the Robert Koch Institute (RKI) show that multire-
sistant gram-negative (MRGN) strains of bacteria have 
become relatively common in Germany. The 3-MRGN 
bacteria Escherichia coli, Klebsiella pneumoniae and 
Pseudomonas aeruginosa are found in 6.6 to 9.8% of 
 patients on ordinary wards, 11.5 to 13.4% in intensive 
care units (ICUs), and 3.2 to 7.1% in outpatient depart-
ments. To date, 4-MRGN bacteria are rare: they are found 
in <0.1 to 3.2% of patients on ordinary wards, <0.1 to 
7.7% in intensive care units, and <0.1 to 1.5% among 
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Method
A selective survey of PubMed was conducted and 
further relevant publications were consulted.

Diagnosis 
The Entero bacteriaceae (primarily E. coli and K. pneu-
moniae) and the non-fermenters P.  aeruginosa and A. 
baumannii were classified into 3-MRGN and 
4-MRGN according to the specifications of the RKI’s 
Committee for Hospital Hygiene and Infection 
 Prevention (Kommission für Krankenhaushygiene und 
Infektionsprävention, KRINKO), depending on their 
antibiogram for the following four (groups of) anti-
biotics: fluoroquinolones, piperacillin(/tazobactam), 
third-generation cephalosporins, and carbapenems. 
These are the the principal antibiotics used to combat 
gram-negative “problematic bacteria”. 4-MRGN bac-
teria are resistant to all four groups of antibiotics, 
3-MRGN to three groups, and 2-MRGN to two groups 
(this last category being used only for neonates and 
children) (2).

4-MRGN Enterobacteriaceae arise mostly from 
3-MRGN strains (extended-spectrum beta-lactamases 
[ESBL] and/or AmpC beta-lactamases [with quino-
lone resistance]) via acquisition of a carbapenemase. 
In Germany, the predominant carbapenemases are 
OXA-48 (oxacillinase), KPC-2 and KPC-3 (K. 
 pneumoniae carbapenemase), VIM-1 (Verona inte-
gron-encoded metallo-beta-lactamase), and NDM-1 
(New Delhi metallo-beta-lactamase). Carbapenemases 
are also found in A. baumannii and, less frequently, in 
P. aeruginosa (3). The carbapenemases commonly 
found in Enterobacteriaceae in this country can now 
be demonstrated simply, quickly, and efficiently by 
means of molecular diagnostic techniques in both 
bacterial cultures and patient samples. Recently, 
systems have come on the market that can also  
detect carbapenemases in blood cultures. One 
should consider using such test systems particularly 
if there is urgent suspicion of severe infection with a 
4-MRGN bacterium, so that hygiene precautions 
and treatment can be modified as necessary. Rapid 
molecular tests of this kind will probably become 
part of the clinical routine; however, interpretation 
of the results and the con sequent adjustment of the 
treatment plan are not a simple matter. The Euro-
pean Centre for Disease Prevention and Control 
(ECDC) lists the following risk factors for coloniz-
ation with carbapenem-resistant Ente robacteriaceae 
(CRE):
●  A stay in hospital (at least one night) in the fore-

going 12 months
●  Dialysis dependence or chemotherapy in the fore-

going 12 months
●  Known previous CRE colonization
●  Epidemiological connection to a CRE-colonized 

patient
If one or more of these criteria are fulfilled, the 

ECDC recommends isolation of the patient until 
screening is negative (4). 

Further known risk factors are local prevalence, a 
known outbreak, age, diabetes mellitus, Charlson 
index >3, ICU stay, invasive procedures, and 
 treatment with cephalosporins, fluoroquinolones, or 
carbapenems (5). Owing to the frequency of several 
of these factors in Germany, preventive isolation on a 
nationwide basis would be difficult to achieve. The 
RKI recommends prophylactic isolation of persons 
suspected as potential carriers of 4-MRGN bacteria 
after possible contact with the health care system in a 
highly endemic country or with known carriers (2). 
The most critical time is the period of at least 24 h 
between starting a bacterial culture and the result. 
However, rapid molecular tests could greatly shorten 
the waiting time.

Treatment options
3-MRGN bacteria
3-MRGN Enterobacteriaceae are susceptible to carba-
penems (treatment of choice for severe infections). 
 Depending on the site and severity of the infection, 
preparations such as trimethoprim/sulfamethoxazole, 
nitrofurantoin, fosfomycin, aminoglycosides, and pos -
sibly even tetracyclines can be used after susceptibility 
has been demonstrated. In the case of non-fermenting 
bacteria the situation is more complex and depends on 
the antibiogram.

4-MRGN bacteria
4-MRGN Enterobacteriaceae are still rare in this 
country, but are associated with high mortality (bac-
teremia in 32.1% of cases, nosocomial pneumonia in 
33.3%, ventilator-associated pneumonia in 35.0%, 
and severe urinary tract infection/pyelonephritis in 
17.3% [e3]). The bacteria most often responsible in 
Germany are K. pneumoniae with carbapenemases 
such as OXA-48, KPC-2, and KPC-3, together with E. 
coli and Enterobacter spp. They are resistant to carba-
penems, piperacillin/tazobactam, third-generation 
cephalosporins, and usually quinolones. Because of 
their (almost) total resistance, they are particularly  
undesirable in patients with severe systemic infec-
tions. The antibiotics listed below are options for the 
treatment of MRGN  pathogens and often emerge as 
the only substances to which 4-MRGN bacteria are 
susceptible. They all  encounter resistance, however, 
so treatment according to antibiogram findings is  
recommended (Table 1): 

Colistin (polymyxin E) 
Colistin acts in a detergent-like manner. Resistance 
testing is complex, and there may be a higher number 
of resistant pathogens than is generally realized 
(e4–e7).

Aminoglycosides
Aminoglycosides are highly efficacious in the urinary 
tract and for treatment of bacteremia, but less useful 
against soft tissue and abdominal infections because of 
their limited tissue penetration (6).
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TABLE 1

Antibiotics that are treatment options for multiresistant gram-negative infections (modified from [36–40]) 

*1 Very little is known about the safety and efficacy of alternative (higher or prolonged) dosages. We therefore recommend careful consideration of the risks and benefits, in consultation with a 
pharmacologist if needed.

  *2 In empirical treatment, it is recommended to give antibiotics in combination (less risk of inadequate effect and development of resistance).
*3  For bacteria with MIC ≤ 0.5 mg/L, daily doses of 5 mg/kg BW were associated with the highest success rates and the lowest rates of nephrotoxicity. MIC of 1–2 µg/mL may necessitate doses 

of 7 mg/kg BW. A dose of 10 mg/kg BW may achieve good results in infection by bacteria with an MIC of 4 µg/mL.
*4  At MIC ≤ 4 µg/mL, 15 mg/kg BW may be adequate; higher doses may be necessary for higher MIC.
*5 Oral fosfomycin should be used only for uncomplicated urinary tract infections.
*6  It has been reported that intravenous administration of 16 g daily, divided into 2 doses, can achieve the pharmacokinetic target values for pathogens with MIC up to 35 µg/mL. Isolates with 

higher MIC may need higher doses of up to 20 g daily, but the data on this are sparse.
*7  Rapid infusion over a 30-min period may be associated with hypokalemia; heart failure can be caused by the high salt content of the infusate.

BW, Body weight; CRE, carbapenem-resistant Ente robacteriaceae; IU, international unit; i. v., intravenous; MIC, minimal inhibitory concentration; p.o. oral

Type Antibiotic and usual 
 dosage

Meropenem *2

1000 mg i. v. every 8 h

Ertapenem *2

1000 mg every 24 h

Colistin
Loading dose 9–12 million 
IU; maintenance dosage 
6–12 million IU divided into 
2 or 3 doses per day *2

Gentamicin *2

5 mg/kg BW i. v. 1 x daily 

Tobramycin *2

5 mg/kg BW i. v. 1 x daily 

Amikacin *2

10 mg/kg BW i. v. 1 x daily

Tigecycline *2

Loading dose 100 mg i. v.; 
maintenance dosage 50 mg 
i. v. every 12 h

Fosfomycin 
Single 3 g dose p.o. *2, *5

Ceftazidime + avibactam *2

2 g Ceftazidime + 
0.5 g  avibactam i. v. 3 x daily
 Newly approved

Ceftolozane + tazobactam
1 g Ceftolozane + 0.5 g 
tazo bactam i. v. every 8 h  
Newly approved

Dosage in  CRE 
 infections *1 

2000 mg i. v. over a 
period of 4 h every 
8 h 

 

 

7–10 mg/kg BW *3

7–10 mg/kg BW *3

15 mg/kg BW *4

Loading dose 
200 mg i. v.;
maintenance dosage 
100 mg i. v. every 
12–24 h 

3 g p.o. every 2–3 
days *5

1–16 g i. v. daily, 
 divided into doses 
every 6–12 h *6

 

Consider higher 
 dosage (3 x 2 g/1 g 
daily; see text) 

Dose reduction 
in presence of

Impaired renal 
function

Impaired renal 
function

Impaired renal 
function

Impaired renal 
function

Liver function 
 disorders

Impaired renal 
function

Impaired renal 
function

Impaired renal 
function

Toxicity

Local (thrombo)phlebitis,  allergy, 
headache,  gastrointestinal symp-
toms, blood count changes, cramp

Gastrointestinal symptoms,
local (thrombo)phlebitis,  allergic 
reactions, headache,  blood count 
changes, elevated liver values, 
fever, cramp

Nephrotoxicity (50–60%), 
 neurotoxic 

Nephrotoxicity, ototoxicity 

Nausea (26%), vomiting (18%),
diarrhea (12%) 

Oral treatment: gastrointestinal 
symptoms, headache, vaginitis
Intravenous: hypokalemia (26%), 
local pain, heart failure *7

Nausea, vomiting, positive 
Coombs test

Nausea, headache, 
 gastrointestinal symptoms, fever, 
positive Coombs test, elevated 
liver values

Clinical considerations

Close monitoring recommended for 
 allergic reactions and other adverse 
 effects (particularly cramps with high-
dose treatment) 

Combination partners in dual 
 carbapenem treatment of carbapenem-
resistant strains  (see text); close 
 monitoring recommended for allergic 
reactions and other adverse effects 
(particularly cramps with combination 
treatment)

Monitoring recommended, particularly 
for kidney function

Administration of a single dose each 
day for as short a time as possible is 
recommended to optimize the action 
and minimize adverse effects. Individ-
ualized treatment with drug monitoring 
is recommended, depending on 
microbiological data (MIC).
Aminoglycosides are recommended, 
particularly for urinary tract infections, 
owing to renal accumulation.

Tigecycline accumulates in the intracel-
lular space and in tissue soon after 
 infusion. Not recommended as mono-
therapy in bacteremia, as peak serum 
values correspond to the MIC of many 
resistant  gram-negative bacteria. Not 
recommended for urinary tract infec-
tions owing to low renal elimination. In-
tensified  gastrointestinal adverse effects 
can be expected at higher doses.

Oral fosfomycin should be used only for 
 (uncomplicated) urinary tract infections. 
Fosfomycin reaches high concen-
trations in lung, bone, heart valves, and 
cerebrospinal fluid.

Rapid development of resistance has 
been described in individual cases; 
therefore, combination treatment is 
 recommended particularly for severe 
 infections.

Less suitable for CRE, good effect 
against Pseudomonas aeruginosa 
 (depending on antibiogram!) 
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Tigecycline
Tigecycline is a bacteriostatic glycylcycline with good 
tissue penetration but low serum concentrations. The 
intermittently reported high mortality (50% versus 
7.7% in the comparison group for ventilator-associated 
pneumonia with bacteremia) may have been due to 
underdosing or the setting of unfavorable limits for 
testing, so a higher dosage is recommended for severe 
infection (e8–e13). P. aeruginosa is viewed as resistant 
to tigecycline. Some strains of A. baumannii show sus-
ceptibility in vitro, but there are no EUCAST clinical 
threshold values (EUCAST, European Committee on 
Antimicrobial Susceptibility Testing) (e14). 

Fosfomycin (epoxide)
Rapid emergence of resistance is a problem with 
 fosfomycin, especially when used alone (rates of up to 
18%). There are no EUCAST clinical threshold values 
for P. aeruginosa and A. baumannii. Intravenous 
 administration may have dangerous adverse effects, 
particularly hypokalemia, hypernatremia, and heart 
failure (e15, e16).

Carbapenems
At minimum inhibitory concentration (MIC) just with-
in the realm of resistance, a high-dose carbapenem may 
still exert a residual action (e17, e18). Arguments have 
been advanced for and against dual carbapenem treat-
ment, where a high-affinity carbapenem (ertapenem) is 
given to bind and exhaust the pathogen’s carba -
penemases so that a second carbapenem can have a 
bactericidal effect.

 Ceftazidime/avibactam 
The recently approved combination of ceftazidime and 
avibactam was developed to combat bacterial resis-
tance caused by ESBL and carbapenemases. Avibac-
tam inhibits Ambler class A and C beta-lactamases and 
some members of class D. In-vitro studies have shown 
efficacy (up to 98%) of ceftazidime/avibactam against 
carbapenem-resistant enterobacteria with KPC and 
OXA-48 carbapenemases. These are the most 
 frequently occurring types of Enterobacteriaceae in 
Germany; some pathogens, however, have type B car-
bapenemases (VIM, NDM), which are not inhibited by 
avibactam (e19–e20). Ceftazidime/avibactam is also 
effective against some strains of carbapenem-resistant 
P. aeruginosa (e21). Case reports and a few studies 
have shown promising results, but some patients have 
failed to respond and development of resistance has 
been described (7–12). 

Ceftolozane/tazobactam 
The combination of ceftolozane and tazobactam has 
also recently been licensed for use. Ceftolozane 
 exhibits high efficacy against P. aeruginosa, while ta-
zobactam inhibits many class A and some class C lacta-
mases. Together, they work well (MIC  ≤ 2 mg/L) 
against many Enterobacteriaceae (E. coli 97.7%, K. 
pneumoniae 87.3%), but have a weaker effect against 

multiresistant strains (ESBL: E. coli 78.9%, K. pneu-
moniae 63.6%) (e22). Ceftolozane/tazobactam is effec-
tive against P. aeruginosa, even when the bacterium is 
resistant to third-generation cephalosporins and/or 
 carbapenems (e21–e23). Early clinical studies have 
demonstrated the success of the treatment (13). For 
 severe infections, particularly in the lungs, a higher 
 dosage may be necessary, e.g., 3 × 2 g/L g. Dosages at 
this level have not yet received approval and are 
 currently under investigation in a phase-3 study (14, 
15).

Combination treatments
Combination treatments aim to take advantage of syn-
ergies to achieve bactericidal effects at concentrations 
below the respective MIC of the substances concerned. 
For example, antibiotics that destroy the cell wall can 
facilitate penetration by other antibiotics, in effect 
lowering their MIC. If this “joint” MIC is below the 
values attainable in vivo, a clinically beneficial result is 
feasible. In vitro, synergies can be quantified by, for 
 instance, checkerboard tests and time-kill curves. Syn-
ergistic actions have been convincingly demonstrated 
for carbapenem-resistant Enterobacteriaceae ( particu-
larly K. pneumoniae), A. baumannii, and P. aeruginosa 
(16). A small number of studies have examined the 
 efficacy of these synergistic effects in vivo, but they are 
largely retrospective and feature considerable 
 limitations (eTable 1).

An observational multicenter cohort study on CRE 
bloodstream infections failed to demonstrate either a 
statistically significant advantage of combination 
treatment or any effect at all of in vitro active anti-
biotic treatment (17). Another retrospective multi-
center study showed superiority of in vitro active 
treatment over inadequate treatment (hazard ratio, HR 
0.45; 95% confidence interval [0.33; 0.62]); however, 
only in the stratified subgroup with high mortality 
score were combination treatments significantly more 
effective (mortality 48% versus 62%, p = 0.02) (18). 
A further retrospective multicenter study on CRE in-
fections showed a trend towards a better outcome 
with the use of at least two antibiotics known to be 
 effective against the index CRE pathogen (odds ratio, 
OR, for clinical recovery 1.58 [0.78; 3.17]; OR for 
28-day mortality 0.62 [0.28; 1.37]) (19). 

Combination with tigecycline
A meta-analysis on the efficacy of tigecycline revealed 
a benefit of combination treatment (30-day mortality: 
OR 1.83 [1.07; 3.12]) and a tendency towards superior-
ity of high-dose treatment (200 mg at first, followed by 
100 mg every 12 h) over the standard dosage (100 mg 
at first, followed by 50 mg every 12 h) (30-day mortal-
ity: OR 2.25 [0.55; 9.24]) (20).

Combination with polymyxin 
One meta-analysis compared colistin monotherapy 
with combination treatments in multiresistant A. 
 baumannii infections. Although microbiological 
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TABLE 2

Overview of treatment options by pathogen and resistance patterns (modified from [e51])

NB: Owing to the limited data and the potential complexity of infections, these suggestions are to be understood as treatment options; the best treatment must be 
 decided on the basis of the individual patient and the bacteria concerned, ideally in an interdisciplinary conference comprising the treating physician together with 
specialists in infectious disease, clinical microbiologists, and pharmacologists
GES, Guiana extended spectrum; MRGN, multiresistant gram-negative

Carbapenemases

4-MRGN/carbapenem-resistant Enterobacteriaceae (Escherichia coli, Klebsiella pneumoniae) 

Metallo-beta-
 lactamase (MBL) 

Klebsiella 
 pneumoniae carba -
penemase (KPC)

Oxacillinase 
(OXA-48)

No typing

KPC/GES 

Salvage therapy

4-MRGN Pseudomonas aeruginosa 

No typing

KPC/GES 

MBL 

4-MRGN Acinetobacter baumannii 

Susceptibility/resistance

Aminoglycoside susceptible 

Quinolone susceptible 

Aminoglycoside  
resistent

Aminoglycoside susceptible 

Quinolone susceptible 

Aminoglycoside 
resistant

In absence of response

Ceftolozane/tazobactam susceptible 

Ceftazidime/avibactam susceptible 

Ceftolozane/tazobactam and
ceftazidime/avibactam resistant 

Ceftazidime/avibactam susceptible

Ceftazidime/avibactam resistant 

Aztreonam susceptible 

Aztreonam resistant 

Ceftazidime/avibactam and aztreonam susceptible 

Colistin susceptible 

Colistin susceptible and tigecycline susceptible 

Salvage therapy

Salvage therapy (alternatives)

Colistin susceptible 

Tigecycline susceptible 

Ceftazidime/avibactam susceptible

Colistin susceptible 

Tigecycline susceptible 

Ceftazidime/avibactam susceptible 

Ceftazidime/avibactam susceptible 

Colistin susceptible 

Ceftazidime/avibactam susceptible 

Fosfomycin susceptible 

Colistin susceptible 

Colistin resistant 

Treatment options

Aminoglycoside + meropenem

Quinolone + meropenem 

Colistin + meropenem 

Tigecycline + meropenem 

 Consider ceftazidime/avibactam +  
aztreonam 

Aminoglycoside + meropenem 

Quinolone + meropenem 

Colistin + meropenem 

Tigecycline + meropenem 

Ceftazidime/avibactam 

Ceftazidime/avibactam 

Colistin + meropenem 

Ceftazidime/avibactam 

Consider fosfomycin + meropenem 

Colistin + ertapenem + meropenem 

Ertapenem + meropenem 

Ceftolozane/tazobactam (+ colistin) 

Ceftazidime/avibactam (+ colistin) 

Colistin + meropenem 

Ceftazidime/avibactam + colistin 

Colistin + meropenem 

Aztreonam 

Colistin + meropenem 

Ceftazidime/avibactam + aztreonam 

Colistin + meropenem (imipenem) 

Colistin + tigecycline 

Colistin + meropenem + ampicillin/ 
sulbactam 

Colistin + meropenem + tigecycline 

Minocycline + meropenem /imipenem 
 (+ colistin) 

Minocycline + colistin 
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 eradication was significantly higher in the combination 
group (OR 2.14 [1.48; 3.07]), this benefit was not re-
flected in mortality (relative risk, RR 0.93 [0.73; 1.17]), 
length of stay in intensive care, or nephrotoxicity (OR 
1.13 [0.74; 1.73]). The greatest limiting factor was the 
wide heterogeneity of the antibiotic combinations used 
(21). A meta-analysis that included other gram-negative 
bacteria concluded that polymyxin monotherapy was 
inferior to a combination of polymyxin with carba -
penem (non-adjusted OR for mortality 1.58 [1.03; 
2.42]) and to combinations with tigecycline, amino -
glycosides, or fosfomycin (non-adjusted OR 1.57 
[1.06; 2.32]) (22). A third meta-analysis, again on the 
topic of CRE infections, also showed superiority of 
combinations including polymyxin to treatment with 
polymyxin alone (OR for mortality 0.36 [0.19; 0.68]) 
(23). However, the authors of these last two meta-
 analyses warn against drawing definitive conclusions 
because of the low data quality (principally due to bias, 
the retrospective nature of the studies, and the absence 
of pathogen MIC). A further meta-analysis revealed no 
statistically significantly greater risk of mortality for 
colistin monotherapy than for combinations of colistin 
with carbapenem, tigecycline, or aminoglycosides. 
Only the heterogeneous subgroup “mixed com-
parators” showed superiority of combination treat-
ments to colistin alone; however, no valid conclusions 
could be drawn (24). The only randomized clinical 
studies compared colistin with colistin + rifampi-
cin—and found no statistically significant difference in 
mortality (OR 1.06 [0.64; 1.76]).

Combination with carbapenem
A retrospective multicenter study on bloodstream in-
fections by carbapenem-resistant K. pneumoniae 
(CRKP) showed a protective effect of combination 
treatments including a carbapenem (OR: 0.11 [0.03; 
0.43]) (25). Another study, however, found that no 
benefit was conferred by carbapenem combination 
treatments. This result was attributed to the high rate of 
isolates with high MIC for meropenem (86% >16 
µg/mL) (17). A pharmacokinetic/pharmacodynamic 
case study confirmed that antibiotic plasma concen-
trations measured in vivo did not suffice to achieve a 
synergistic effect in isolates with a meropenem MIC 
≥ 256 mg/L in vitro. However, the results of the study 
suggested that with the high dosage of meropenem that 
was used (2 g every 8 h, 3 h continuous infusion), plas-
ma levels were attained that could be effective against 
isolates with MIC of up to 32 mg/L (e18).

A prospective study of A. baumannii bloodstream 
infection found superiority of carbapenem + colistin 
to tigecycline + colistin (HR 14-day mortality 6.93 
[1.61; 29.78]) for isolates with tigecycline MIC 
> 2 mg/L (26).

Combination of two carbapenems
The findings of non-controlled case series suggest that 
combinations of two carbapenems (ertapenem plus pro-
longed infusion of meropenem or doripenem) can be 

successful in the treatment of CRKP infections, with 
clinical cure rates of 39 to 77.8% (27, 28). The associ-
ation of clinical success with synergy testing in vitro 
could yield important information (29).

A representative case–control study with good 
documentation of the treatment schemes reported 
statistically significantly higher mortality for patients 
without carbapenem than for patients with dual carba-
penem treatment (47.9% versus 29.2%, p = 0.04); 
however, the two groups did not differ significantly 
with regard to clinical and microbiological cure (30). 
The authors of a small retrospective study found that 
addition of colistin to ertapenem and meropenem in-
creased the bactericidal effect in vitro, particularly in 
the first few hours, but the difference in vivo was not 
significant (31).

Discussion 
In-vitro studies, case reports, and retrospective 
 analyses show promising effects of combination treat-
ments, above all when colistin is given together with 
substances of other classes and for combinations of 
 ertapenem with another carbapenem. The clinical effi-
cacy of such approaches has, however, not yet been 
demonstrated with any certainty. Interpretation is ham-
pered by the following major limitations:
●  In many studies the specification of bacterial resis-

tance is inadequate. The threshold values above 
which isolates are categorized as “resistant” differ 
among various international standards. For in-
stance, an isolate can be classified as “resistant” 
according to the Clin ical and Laboratory Standards 
Institute (CLSI) standard, but “intermediate” by 
the EUCAST standard. By definition, “intermedi-
ate” means that high-dose therapy can be success-
ful. For studies to be comparable, the MIC of the 
pathogens concerned should be stated for all anti-
biotics used, ideally together with details of the de-
tection of the resistance mechanisms. 

●  Retrospective analysis.
●  Heterogeneity of the treatment schemes used. In 

many studies widely differing combinations of 
antibiotics are used, each in a small number of pa-
tients. Even in studies with clearly defined main 
comparators, there are often heterogeneous 
 antibiotic “accompanying medications” .

There are signs that combination treatment is 
beneficial in some constellations. Some studies indi-
cate that colistin should preferably be administered 
together with another antibiotic. This is controversial, 
however, and it remains uncertain which preparation 
constitutes the best colistin combination partner for 
which pattern of antibiogram. 

The benefit of adding carbapenem (when testing 
shows resistance) in combination with one or more 
substances of other classes is equally unclear. 
 Retrospective studies have indicated that double 
 carbapenem treatment is beneficial, but due to the various 
limitations of these studies there is no robust evidence.
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One of the few randomized clinical studies on 
combination treatments showed no additional benefit 
in terms of mortality from administering rifampicin 
together with colistin to patients with A. baumannii in-
fection, despite previous promising in-vitro results 
(32). Therefore, the hypotheses generated by experi-
mental studies, case reports, and retrospective investi-
gations should be verified in prospective randomized 
studies. The pathogens must be clearly defined by 
MIC measurement, and the administration schemes of 
the antibiotics used must be (a) described in stringent 
detail and (b) associated with the antibiograms. Two 
prospective randomized clinical trials (colistin versus 
colistin + meropenem) are already under way (33, 
34). Furthermore, antibiotic concentrations should be 
determined by drug monitoring. In this way clinical 
efficacy could be quantified reliably and treatment 
failure could be attributed to pharmacokinetic, 
 pharmacodynamic, or bacterial factors. In studies of 
synergistic effects, the index pathogens must be tested 
accordingly and the success of treatment must be 
 correlated with the synergy testing.

New antibiotics in clinical studies
The new antibiotics launched in recent years were 
primarily developed with the aim of overcoming  
bacterial resistance. An overview of the substances 
currently in phases 2 to 4 of clinical testing is pro-
vided in eTable 2.

Multidisciplinary individual treatment
The heterogeneity of the pathogens involved (various 
species, widely differing resistance profiles) and the 
 diversity of the accompanying factors exhibited by the 
patients, coupled with the complexity of pharmaco -
kinetics, pharmacodynamics, and drug interactions, 
make it difficult to formulate general treatment recom-
mendations. An S2k guideline was recently published 
in Germany, but the authors explicitly refer to the lack 
of high-quality data from randomized clinical trials 
(35). Therefore, patient– and pathogen-specific factors 
should be weighed up on an individual basis in each 
case. We recommend that whenever possible two or 
more antibiotics shown to be effective in vitro should 
be used to treat severe infections with 
 carbapenem-resistant gram-negative bacteria, with due 
consideration of spectrum of effect, site of effect, indi-
cation, and contraindications. One of the antibiotics can 
be a carbapenem classified as intermediate, in which 
case we advise giving the maximum appropriate dose. 
In general, we recommend that the treatment of patients 
infected with multiresistant pathogens should be 
 managed by an interdisciplinary team including infec-
tious disease specialists, microbiologists, and clinical 
pharmacologists. This can be established in the frame-
work of antibiotic stewardship (ABS). It is then the 
 responsibility of the ABS team to adjust the antibiotic 
treatment to the individual patient on the basis of the 
clinical findings (severity of disease, relevant comor-
bidities), microbiological efficacy (MIC values), and 

pharmacodynamics and pharmacokinetics. Table 2 pro-
vides an overview of the treatment options for selected 
pathogens and patterns of resistance.

Key messages
●  Infections by carbapenem-resistant gram-negative bacteria (4-MRGN) are not yet a 

widespread problem in Germany but are difficult to treat and may have grave conse-
quences.

●  A number of different substances are available for the treatment of 4-MGRN, 
 foremost among them aminoglycosides, fosfomycin, colistin, tigecycline, new 
 cephalosporin/beta-lactamase inhibitor combinations and carbapenems).

●  To date, the data on evidence-based treatment of these infections come predomi-
nantly from in-vitro studies and retrospective clinical studies. Any recommendations 
are thus of limited strength.

●  Prospective randomized clinical trials are required, above all for comparison of 
 different treatments for pathogens with a similar susceptibility pattern.

●  Treatment should be guided by the antibiogram. In the case of severe infections, 
specialists in infectious disease, microbiologists and pharmacologists should be 
consulted if possible.

Conflict of interest statement 
Prof. Wagenlehner has received consultancy fees from Achaogen, Astra 
Zeneca, Bionorica, MSD, Rempex, Pfizer, Rosen-Pharma, Shionogi, and 
Vifor; and payments for conducting clinical studies from Achaogen, 
 Astellas, Astra Zeneca, Bionorica, Calixa, Cerexa, Leo-Pharma, Merlion, 
MSD, Cubist, Rempex, Rosen-Pharma, Shionogi, and Vifor.
Dr. Fritzenwanker has received reimbursement of travel costs from 
 Achaogen.
Dr. Imirzalioglu has received lecture fees from Amplex Diag nostics.
The remaining authors declare that no conflict of interest exists.

Manuscript submitted on 3 March 2017, revised version accepted on  
29 March 2018

Translated from the original German by David Roseveare

References
1. Robert Koch-Institut: ARS (Antibiotika Resistenz Surveillance). 

https://ars.rki.de (last accessed on 6 April 2018).
2.  Kommission für Krankenhaushygiene und Infektionsprävention (KRIN-

KO) beim Robert Koch-Institut (RKI): Hygienemaßnahmen bei Infek-
tionen oder Besiedlung mit multiresistenten gramnegativen Stäbchen. 
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 
2012; 55: 1311–54. 

3.  Robert Koch-Institut: Zur aktuellen Situation bei Carbapenemase-bil-
denden gramnegativen Bakterien. Epidemiologisches Bulletin 2013; 
19; 167–71.

4. Magiorakos AP, Burns K, Rodríguez Baño J, et al.: Infection preven -
tion and control measures and tools for the prevention of entry of 
 carbapenem-resistant Enterobacteriaceae into healthcare settings: 
guid ance from the European Centre for Disease Prevention and 
 Control. Antimicrob Resist Infect Control 2017; 6: 113. 

5. Bassetti M, Peghin M, Pecori D: The management of multidrug-
 resistant Enterobacteriaceae. Curr Opin Infect Dis 2016; 29: 583–94. 

6. Satlin MJ, Kubin CJ, Blumenthal JS, et al.: Comparative effectiveness 
of aminoglycosides, polymyxin B, and tigecycline for clearance of 
 carbapenem-resistant Klebsiella pneumoniae from urine. Antimicrob 
Agents Chemother 2011; 55: 5893–9. 

7. Temkin E, Torre-Cisneros J, Beovic B, et al.: Ceftazidime-avibactam 
as salvage therapy for infections caused by Carbapenem-resistant or-
ganisms. Antimicrob Agents Chemother 2017; 61: e01964–16. 

8. Shields RK, Potoski BA, Haidar G, et al.: Clinical outcomes, drug 
toxicity, and emergence of Ceftazidime-avibactam resistance among 
patients treated for Carbapenem-resistant Enterobacteriaceae infec-
tions. Clin Infect Dis 2016; 63: 1615–8. 

Deutsches Ärzteblatt International | Dtsch Arztebl Int 2018; 115: 345–52 351



M E D I C I N E

9. Wu G, Abraham T, Lee S: Ceftazidime-Avibactam for treatment of 
Carbapenem-resistant Enterobacteriaceae Bacteremia. Clin Infect Dis 
2016; 63: 1147–8. 

10. Shields RK, Nguyen MH, Chen L, et al.: Ceftazidime-Avibactam is 
 superior to other treatment regimens against Carbapenem-resistant 
Klebsiella pneumoniae bacteremia. Antimicrob Agents Chemother 
2017; 61: e00883–17. 

11. King M, Heil E, Kuriakose S, et al.: Multicenter study of outcomes 
with Ceftazidime-Avibactam in patients with Carbapenem-resistant 
Enterobacteriaceae infections. Antimicrob Agents Chemother 2017; 
61: e00449–17. 

12. Krapp F, Grant JL, Sutton SH, Ozer EA, Barr VO: Treating 
 complicat ed carbapenem-resistant enterobacteriaceae infections with 
ceftazid ime/avibactam: a retrospective study with molecular strain 
characterisation. Int J Antimicrob Agents 2017; 49: 770–3. 

13.  Munita JM, Aitken SL, Miller WR, et al.: Multicenter evaluation of Cef-
tolozane/Tazobactam for serious infections caused by Carbapenem-
resistant Pseudomonas aeruginosa. Clin Infect Dis 2017; 65: 158–61. 

14. Xiao AJ, Caro L, Popejoy MW, et al.: PK/PD target attainment with 
Ceftolozane/Tazobactam using Monte Carlo simulation in patients 
with various degrees of renal function, including augmented renal 
clear ance and end-stage renal disease. Infect Dis Ther 2017; 6: 
137–48. 

15. Xiao AJ, Miller BW, Huntington JA, Nicolau DP: Ceftolozane/tazo bac -
tam pharmacokinetic/pharmacodynamic-derived dose justification for 
phase 3 studies in patients with nosocomial pneumonia. J Clin Phar-
macol 2016; 56: 56–66. 

16.  Ozbek B, Mataracı-Kara E, Er S, Ozdamar M, Yilmaz M: In vitro activ -
ities of colistin, tigecycline and tobramycin, alone or in combination, 
against carbapenem-resistant Enterobacteriaceae strains. J Glob 
Antimicrob Resist 2015; 3: 278–82. 

17. Satlin MJ, Chen L, Patel G, et al.: Multicenter clinical and molecular 
epidemiological analysis of bacteremia due to Carbapenem-resistant 
Enterobacteriaceae (CRE) in the CRE Epicenter of the United States. 
Antimicrob Agents Chemother 2017; 61: e02349–16. 

18.  Gutiérrez-Gutiérrez B, Salamanca E, de Cueto M, et al.: Effect of 
 appropriate combination therapy on mortality of patients with blood -
stream infections due to carbapenemase-producing Enterobacteria-
ceae (INCREMENT): a retrospective cohort study. Lancet Infect Dis 
2017; 17: 726–34. 

19.  Alexander EL, Loutit J, Tumbarello M et al.: Carbapenem-resistant 
Enterobacteriaceae infections: results from a retrospective series and 
implications for the design of prospective clinical trials. Open Forum 
Infect Dis 2017; 4: ofx063. 

20. Ni W, Han Y, Liu J, et al.: Tigecycline treatment for Carbapenem-
 resistant Enterobacteriaceae infections: a systematic review and 
meta-analysis. Medicine 2016; 95: e3126. 

21. Chen Z, Chen Y, Fang Y, et al.: Meta-analysis of colistin for the treat-
ment of Acinetobacter baumannii infection. Sci Rep 2015; 5: 17091. 

22.  Zusman O, Altunin S, Koppel F, Dishon Benattar Y, Gedik H, Paul M: 
Polymyxin monotherapy or in combination against carbapenem-
 resistant bacteria: systematic review and meta-analysis. J Antimicrob 
 Chemother 2017; 72: 29–39. 

23.  Ni W, Cai X, Wei C, et al.: Efficacy of polymyxins in the treatment of 
carbapenem-resistant Enterobacteriaceae infections: a systematic 
 review and meta-analysis. Brazilian J Infect Dis 2015; 19: 170–80. 

24.  Paul M, Carmeli Y, Durante-Mangoni E, et al.: Combination therapy 
for carbapenem-resistant Gram-negative bacteria. J Antimicrob 
Chemo ther 2014; 69: 2305–9. 

25.  Cristina ML, Alicino C, Sartini M, et al.: Epidemiology, management, 
and outcome of carbapenem-resistant Klebsiella pneumoniae blood-
stream infections in hospitals within the same endemic metropolitan 
area. J Infect Public Health 2018; 11: 171–7.

26. Cheng A, Chuang YC, Sun HY, et al.: Excess mortality associated 
with Colistin-Tigecycline compared with Colistin-Carbapenem combi-
nation therapy for extensively drug-resistant Acinetobacter baumannii 
bacteremia. Crit Care Med 2015; 43: 1194–204. 

27. Souli M, Karaiskos I, Masgala A, Galani L, Barmpouti E, Giamarellou H: 
Double-carbapenem combination as salvage therapy for untreat able in-
fections by KPC-2-producing Klebsiella pneumoniae. Eur J Clin Micro-
biol Infect Dis 2017; 36: 1305–15. 

28. Cprek JB, Gallagher JC: Ertapenem-containing double-Carbapenem 
therapy for treatment of infections caused by Carbapenem-resistant 
Klebsiella pneumoniae. Antimicrob Agents Chemother 2015; 60: 
669–73. 

29. Oliva A, Gizzi F, Mascellino MT, et al.: Bactericidal and synergistic ac -
tivity of double-carbapenem regimen for infections caused by carbapen-
emase-producing Klebsiella pneumoniae. Clin Microbiol Infect 2016; 22: 
147–53.

30. De Pascale G, Martucci G, Montini L, et al.: Double carbapenem as a 
rescue strategy for the treatment of severe carbapenemase-producing 
Klebsiella pneumoniae infections: a two-center, matched case-control 
study. Crit Care 2017; 21: 173. 

31.  Oliva A, Scorzolini L, Castaldi D, et al.: Double-carbapenem regimen, 
alone or in combination with colistin, in the treatment of infections 
 caused by carbapenem-resistant Klebsiella pneumoniae (CR-Kp). J 
 Infect 2017; 74: 103–6. 

32. Durante-Mangoni E, Signoriello G, Andini R, et al.: Colistin and Rifampi-
cin compared with Colistin alone for the treatment of serious infec tions 
due to extensively drug-resistant Acinetobacter baumannii: a multi-
center, randomized clinical trial. Clin Infect Dis 2013; 57: 349–58. 

33. Dickstein Y, Leibovici L, Yahav D, et al.: Multicentre open-label ran -
domised controlled trial to compare colistin alone with colistin plus me-
ropenem for the treatment of severe infections caused by carbapenem-
resistant Gram-negative infections (AIDA): a study protocol. BMJ Open 
2016; 6: e009956. 

34. Trial for the treatment of extensively drug-resistant gram-negative 
 bacilli. https://clinicaltrials.gov/ct2/show/NCT01597973 (last accessed 
on 22 November 2017).

35.  Bodmann KF, Grabein B, Kresken M, et al.: S2k Leitlinie Kalkulierte 
 parenterale Initialtherapie bakterieller Erkrankungen bei Erwachsenen – 
Update 2018. Paul-Ehrlich-Gesellschaft für Chemotherapie e. V. (PEG) 
2018. www.awmf.org/uploads/tx_szleitlinien/S82–006l_S2k_ 
Parenterale_Antibiotika_2018–1.pdf (last accessed on 8 March 2018).

36. Lübbert C: Epidemiologie und Therapie von Infektionen durch Carba-
penem-resistente Enterobakterien (CRE) in Deutschland. Arzneiverord-
nung der Praxis 2016; 43: 80–91. 

37. Drusano GL, Louie A.: Optimization of aminoglycoside therapy. Anti-
microb Agents Chemother 201; 55: 2528–31. 

38. Florent A, Chichmanian RM, Cua E, Pulcini C: Adverse events associ-
ated with intravenous fosfomycin. Int J Antimicrob Agents 2011; 37: 
82–3. 

39. Goodlet KJ, Nicolau DP, Nailor MD: Ceftolozane/tazobactam and 
 ceftazidime/avibactam for the treatment of complicated intra-abdominal 
infections. Ther Clin Risk Manag 2016; 12: 1811–26. 

40. Morrill HJ, Pogue JM, Kaye KS, LaPlante KL: Treatment options for 
Carbapenem-resistant enterobacteriaceae infections. Open Forum 
 Infect Dis 2015; 2: ofv050. 

Corresponding author 
Prof. Dr. med. Trinad Chakraborty 
Zentrum für medizinische Mikrobiologie 
Koordinator DZIF Gießen-Marburg-Langen  
Justus-Liebig Universität Gießen 
35392 Gießen, Germany 
trinad.chakraborty@mikrobio.med.uni-giessen.de

►Supplementary material 
For eReferences please refer to: 
www.aerzteblatt-international.de/ref2018
eTables: 
www.aerzteblatt-international.de/18m0345

352 Deutsches Ärzteblatt International | Dtsch Arztebl Int 2018; 115: 345–52



M E D I C I N E

Deutsches Ärzteblatt International | Dtsch Arztebl Int 2018; 115: 345–52 | Supplementary material I

e19. Thaden JT, Pogue JM, Kaye KS: Role of newer and re-emerging 
 older agents in the treatment of infections caused by carbapenem-
resistant Enterobacteriaceae. Virulence 2017; 8: 403–16. 

e20. de Jonge BLM, Karlowsky JA, Kazmierczak KM, Biedenbach DJ, 
Sahm DF, Nichols WW: In vitro susceptibility to Ceftazidime-
 Avibactam of Carbapenem-nonsusceptible Enterobacteriaceae 
isolates collected during the INFORM global surveillance study 
(2012 to 2014). Antimicrob Agents Chemother 2016; 60: 3163–9. 

e21. Grupper M, Sutherland C, Nicolau DP: Multicenter evaluation of 
Ceftazidime-avibactam and Ceftolozane-tazobactam inhibitory 
 ac tivity against Meropenem non-susceptible P. aeruginosa from 
blood, respiratory tract and wounds. Antimicrob Agents Chemother 
2017; 61. pii: e00875–17.

e22. Goodlet KJ, Nicolau DP, Nailor MD: Ceftolozane/tazobactam and 
ceftazidime/avibactam for the treatment of complicated intra-
 abdominal infections. Ther Clin Risk Manag 2016; 12: 1811–26. 

e23. Pfaller MA, Bassetti M, Duncan LR, Castanheira M: Ceftolozane/
tazobactam activity against drug-resistant Enterobacteriaceae and 
Pseudomonas aeruginosa causing urinary tract and intraabdomi-
nal infections in Europe: report from an antimicrobial surveillance 
programme (2012–15). J Antimicrob Chemother 2018; 72: 
1386–95. 

e24. Kohira N, West J, Ito A, et al.: In vitro antimicrobial activity of a 
Siderophore Cephalosporin, S-649266, against Enterobacteria-
ceae clin ical isolates, including Carbapenem-resistant strains. 
Antimicrob Agents Chemother 2016; 60: 729–34. 

e25.  Ito A, Nishikawa T, Matsumoto S, et al.: Siderophore Cephalo -
sporin Cefiderocol utilizes ferric iron transporter systems for anti-
bacterial activity against Pseudomonas aeruginosa. Antimicrob 
Agents Chem other 2016; 60: 7396–401.

e26. Ito-Horiyama T, Ishii Y, Ito A, et al.: Stability of novel siderophore 
 Cephalosporin S-649266 against clinically relevant Carbapen-
emases. Antimicrob Agents Chemother 2016; 60: 4384–6. 

e27.  Andreeva E, Melbye H: Usefulness of C-reactive protein testing in 
acute cough/respiratory tract infection: an open cluster-
 randomized clinical trial with C-reactive protein testing in the 
 intervention group. BMC Fam Pract 2014; 15: 80. 

e28.  Wagenlehner FM, Alidjanov JF: Efficacy, pharmacokinetic and 
pharmacodynamic profile of ceftolozane + tazobactam in the treat-
ment of complicated urinary tract infections. Expert Opin Drug 
Metab Toxicol 2016; 12: 959–66. 

e29. Wagenlehner FM, Umeh O, Steenbergen J, Yuan G, Darouiche 
RO: Ceftolozane-tazobactam compared with levofloxacin in the 
treatment of complicated urinary-tract infections, including pyelo-
nephritis: a randomised, double-blind, phase 3 trial (ASPECT-
cUTI). Lancet 2015; 385: 1949–56. 

e30. Solomkin J, Hershberger E, Miller B, et al.: Ceftolozane/Tazobac-
tam plus Metronidazole for complicated intra-abdominal infections 
in an era of multidrug resistance: results from a randomized, 
double-blind, phase 3 trial (ASPECT-cIAI). Clin Infect Dis 2015; 
60: 1462–71.

e31. Wagenlehner FM, Sobel JD, Newell P, et al.: Ceftazidime-avibac-
tam versus Doripenem for the treatment of complicated urinary 
tract infections, including acute pyelonephritis: RECAPTURE, a 
phase 3 randomized trial program. Clin Infect Dis 2016; 63: 
754–62. 

e32. Mazuski JE, Gasink LB, Armstrong J, et al.: Efficacy and safety of 
Ceftazidime-Avibactam plus Metronidazole versus Meropenem in 
the treatment of complicated intra-abdominal infection: Results 
from a randomized,controlled, double-blind, phase 3 program. Clin 
Infect Dis 2016; 62: 1380–9. 

e33. Carmeli Y, Armstrong J, Laud PJ, et al.: Ceftazidime-avibactam or 
best available therapy in patients with ceftazidime-resistant 
Entero bacteriaceae and Pseudomonas aeruginosa complicated 
urinary tract infections or complicated intra-abdominal infections 
(REPRISE): a randomised, pathogen-directed, phase 3 study. 
Lancet Infect Dis 2016; 16: 661–73. 

 eReferences
e1. Siegmund-Schultze N: Spektrum an Problemkeimen wächst. Dtsch 

Arztebl 2016; 113: A-655. 
e2.  Maechler F, Geffers C, Schwab F, Peña Diaz LA., Behnke M, Gast-

meier P: Entwicklung der Resistenzsituation in Deutschland. Medi-
zinische Klin – Intensivmed und Notfallmedizin 2017; 112: 186–91. 

e3. Alexander EL, Loutit J, Tumbarello M, et al.: Carbapenem-resistant 
enterobacteriaceae infections: results from a retrospective series 
and implications for the design of prospective clinical trials. Open 
Forum Infect Dis 2017; 4: ofx063. 

e4. Conly J, Johnston B: Colistin: the phoenix arises. Can J Infect Dis 
Med Microbiol 2006; 17: 267–9.

e5. European Committee on Antimicrobial Susceptibility Testing: EUC-
AST warnings concerning antimicrobial susceptibility testing prod -
ucts or procedures. www.eucast.org/ast_of_bacteria/warnings/ (last 
accessed on 6 September 2017).

e6. Chew KL, La MV, Lin RTP, Teo JWP: Colistin and Polymyxin B sus-
ceptibility testing for Carbapenem-resistant and mcr-positive 
 Enterobacteriaceae: comparison of Sensititre, MicroScan, Vitek 2, 
and Etest with broth microdilution. J Clin Microbiol 2017; 55: 
2609–16. 

e7. Fritzenwanker M, Imirzalioglu C, Gentil K, Falgenhauer L, Wagen-
lehner FM, Chakraborty T: Incidental detection of a urinary Escher-
ichia coli isolate harbouring mcr-1 of a patient with no history of 
 colistin treatment. Clin Microbiol Infect 2016; 22: 954–5.

e8.  McGovern PC, Wible M, El-Tahtawy A, Biswas P, Meyer RD: All-
 cause mortality imbalance in the tigecycline phase 3 and 4 clinical 
trials. Int J Antimicrob Agents 2013; 41: 463–7.

e9. Kombinationstherapie bei Infektionen mit Carbapenem-resistenten 
Erregern. Zeitschrift für Chemother 2014; 21–5. 

e10. Singh RSP, Mukker JK, Drescher SK, Deitchman AN, Derendorf H: 
A need to revisit clinical breakpoints of tigecycline: effect of atypical 
non-linear plasma protein binding. Int J Antimicrob Agents 2017; 49: 
449–55. 

e11. De Pascale G, Montini L, Pennisi M, et al.: High dose tigecycline in 
critically ill patients with severe infections due to multidrug-resistant 
bacteria. Crit Care 2014; 18: R90. 

e12. Ramirez J, Dartois N, Gandjini H, Yan JL, Korth-Bradley J, Mcgov -
ern PC: Randomized phase 2 trial to evaluate the clinical efficacy of 
two high-dosage tigecycline regimens versus Imipenem-Cilastatin 
for treatment of hospital-acquired pneumonia. AAC 2013; 57: 
1756–62.

e13. Giammanco A, Calà C, Fasciana T, Dowzicky MJ: Global assess-
ment of the activity of Tigecycline against multidrug-resistant gram-
negative pathogens between 2004 and 2014 as part of the tigecy -
cline evaluation and surveillance trial. mSphere 2017; 2: e00310–6.

e14. Pontikis K, Karaiskos I, Bastani S, et al.: Outcomes of critically ill in-
tensive care unit patients treated with fosfomycin for infections due 
to pandrug-resistant and extensively drug-resistant carbapenemase-
producing gram-negative bacteria. Int J Antimicrob Agents 2014; 4: 
52–9. 

e15. Grabein B, Graninger W, Rodríguez Baño J, Dinh A, Liesenfeld DB: 
Intravenous fosfomycin—back to the future. Systematic review and 
meta-analysis of the clinical literature. Clin Microbiol Infect 2017; 23: 
363–72. 

e16. del Rio A, Gasch O, Moreno A, et al.: Efficacy and safety of fosfomy-
cin plus imipenem as rescue therapy for complicated bacteremia 
and endocarditis due to methicillin-resistant Staphylococcus aureus: 
a multicenter clinical trial. Clin Infect Dis 2014; 59: 1105–12.

e17. Tumbarello M, Trecarichi EM, De Rosa FG, et al.: Infections caused 
by KPC-producing Klebsiella pneumoniae: differences in therapy 
and mortality in a multicentre study. J Antimicrob Chemother 2015; 
70: 2133–43. 

e18. Del Bono V, Giacobbe DR, Marchese A, et al.: Meropenem for treat -
ing KPC-producing Klebsiella pneumoniae bloodstream infections: 
should we get to the PK/PD root of the paradox? Virulence 2017; 8: 
66–73.

Supplementary material to:

Treatment Options for Carbapenem-Resistant Gram-Negative Infections
by Moritz Fritzenwanker, Can Imirzalioglu, Susanne Herold, Florian M. Wagenlehner, Klaus-Peter Zimmer, and Trinad Chakraborty
Dtsch Arztebl Int 2018; 115: 345–52.  DOI: 10.3238/arztebl.2018.0345



M E D I C I N E

II Deutsches Ärzteblatt International | Dtsch Arztebl Int 2018; 115: 345–52 | Supplementary material

e34. ClinicalTrials.gov: Comparative study of coadministered Ceftaroline 
Fosamil and NXL104 vs. Intravenous Doripenem in adult subjects 
with complicated urinary tract infections. https://clinicaltrials.gov/
ct2/show/NCT01281462?term=ceftaroline+avibactam&rank=2 (last 
accessed on 24 January 2017).

e35. ClinicalTrials.gov: Determine the PK and safety and tolerability of 
ATM-AVI for the treatment of cIAIs in hospitalized adults. 
https://clinicaltrials.gov/ct2/show/NCT02655419?term=aztreon
am+avibactam&rank=2 (last accessed on 24 January 2017).

e36. ClinicalTrials.gov: Efficacy, safety, tolerability of Carbavance com-
pared to Piperacillin/Tazobactam in complicated urinary tract infec-
tions (cUTIs), including acute pyelonephritis (AP), in adults. www.
clinicaltrials.gov/ct2/show/NCT02166476?term=meropenem+va
borbactam&rank=2 (last accessed on 24 January 2017).

e37. Castanheira M, Rhomberg PR, Flamm RK, Jones RN: Effect of the 
β-Lactamase inhibitor Vaborbactam combined with Meropenem 
against serine Carbapenemase-producing Enterobacteriaceae. 
 Antimicrob Agents Chemother 2016; 60: 5454–8. 

e38. Lapuebla A, Abdallah M, Olafisoye O, et al.: Activity of Meropenem 
combined with RPX7009, a novel β-Lactamase inhibitor, against 
gram-negative clinical isolates in New York City. Antimicrob Agents 
Chemother 2015; 59: 4856–60. 

e39. Lucasti C, Vasile L, Sandesc D, et al.: Phase 2, dose-ranging study 
of Relebactam with Imipenem-Cilastatin in subjects with complicat -
ed intra-abdominal infection. Antimicrob Agents Chemother 2016; 
60: 6234–43. 

e40. Abdallah M, Olafisoye O, Cortes C, Urban C, Landman D, Quale J: 
Activity of Eravacycline against Enterobacteriaceae and Acineto -
bacter baumannii, including multidrug-resistant isolates, from New 
York City. Antimicrob Agents Chemother 2015; 59: 1802–5.

e41. Solomkin J, Evans D, Slepavicius A, et al.: Assessing the efficacy 
and safety of Eravacycline vs Ertapenem in complicated intra-
 abdom  inal infections in the Investigating Gram-Negative Infections 
Treated with Eravacycline (IGNITE 1) Trial. JAMA Surg 2017; 152: 
224–32.

e42. Kocsis B, Domokos J, Szabo D: Chemical structure and pharma-
cokinetics of novel quinolone agents represented by Avarofloxacin, 
Delafloxacin, Finafloxacin, Zabofloxacin and Nemonoxacin. Ann Clin 
Microbiol Antimicrob 2016; 15: 34. 

e43. Wagenlehner FME, Wagenlehner CM, Blenk B, et al.: Urinary phar-
macokinetics and bactericidal activity of Finafloxacin (200 and 800 
mg) in healthy volunteers receiving a single oral dose. Chemother-
apy 2011; 57: 97–107.

e44. ClinicalTrials.gov: Finafloxacin for the treatment of cUTI and/or 
 acute pyelonephritis. www.clinicaltrials.gov/ct2/show/
NCT01928433?term=finafloxacin&rank=7 (last accessed on 24 
 January 2017).

e45.  ClinicalTrials.gov: Search of: delafloxacin. www.clinicaltrials.gov/
ct2/results?term=delafloxacin&Search=Search (last accessed on 24 
January 2017).

e46. ClinicalTrials.gov: Search of: zabofloxacin. www.clinicaltrials.gov/
ct2/results?term=zabofloxacin&Search=Search (last accessed on 
24 January 2017).

e47. ClinicalTrials.gov: Search of: nemonoxacin. www.clinicaltrials.gov/
ct2/results?term=nemonoxacin&Search=Search (last accessed on 
24 January 2017).

e48. Walkty A, Adam H, Baxter M, et al.: In vitro activity of plazomicin 
against 5,015 gram-negative and gram-positive clinical isolates ob-
tained from patients in Canadian hospitals as part of the CANWARD 
study, 2011–2012. Antimicrob Agents Chemother; 58: 2554–63. 

e49. ClinicalTrials.gov: Search of: plazomicin. www.clinicaltrials.gov/
ct2/results?term=plazomicin&Search=Search (last accessed on 24 
January 2017).

e50. Rodríguez-Avial I, Pena I, Picazo JJ, Rodríguez-Avial C, Culebras 
E: In vitro activity of the next-generation aminoglycoside plazomicin 
alone and in combination with colistin, meropenem, fosfomycin or 
 tigecycline against carbapenemase-producing Enterobacteriaceae 
strains. Int J Antimicrob Agents; 46: 616–21. 

e51. Gilbert DN, Chambers HF, Eliopoulos GM, et al. (eds.): The Sanford 
guide to antimicrobial therapy. 2017. 



M E D I C I N E

Deutsches Ärzteblatt International | Dtsch Arztebl Int 2018; 115: 345–52X | Supplementary material III

eTABLE 1

Studies on the efficacy of combination treatments

A. baumannii, Acinetobacter baumannii; BSI, bloodstream infection; CI, confidence interval; CRE, carbapenem-resistant Enterobacteriaceae; CRKP, carbapenem-resistant Klebsiella pneu-
moniae; cUTI, complicated urinary tract infection; HAP, hospital-acquired pneumonia; HR, hazard ratio; K. pneumoniae, Klebsiella pneumoniae; MIC, minimal inhibitory concentration; OR, odds 
ratio; P. aeruginosa, Pseudomonas aeruginosa; RCT, randomized clinical trial; uOR, unadjusted odds ratio; UTI, urinary tract infection; VAP, ventilator-associated pneumonia

First author, 
year

Satlin, 
2011 (6)

Gutiérrez- 
Gutiérrez, 
2017 (18)

Alexander;
2017 (19)

Ni,
2016 (20)

Chen,
2015 (21)

Zusman,
2017 (22)

Ni,
2015 (23)

Paul,
2014 (24)

Cristina,
2018 (25)

Cheng,
2015 (26)

De Pascale,
2017 (30)

Study type

Multicenter, 
observational

Multicenter, 
retrospective

Multicenter, 
retrospective

Meta-analysis

Meta-analysis

Systematic 
 review with 
meta-analysis

Meta-analysis

Meta-analysis

Multicenter,
retrospective

Multicenter,
prospective
observational

Two-center 
case–control 
study

Studies/ 
patients

121 patients

437 patients

256 patients

26 studies
1328 patients

5 studies
412 patients

22 studies

25 studies
1086 patients

16 studies

213 patients

176 patients

144 patients

Mortality

51%

43%
(calculated)

28.1%

39.21% 
(5 studies)

49.9%
(calculated)

−

33.8–35.7%
(depending on 
study type)

−

26.29%

25.5%
(calculated)

41.7%
(calculated)

Infections

CRE BSI,
90% thereof 
 K.  pneumoniae

BSI from CRE,
86% thereof 
 K.  pneumoniae

cUTI/pyelonephritis, 
HAP, VAP, BSI

CRE BSI, UTI, HAP

Multiresistant 
A. baumannii

Infections with 
CRE, A. baumannii 
and P. aeruginosa

Infections with CRE

Infections with 
CRKP,
A. baumannii and 
P. aeruginosa

BSI, CRKP

BSI, multiresistant 
A. baumannii

Invasive infection 
by CRKP

Results/major limitations (selected)

No statistically significant benefit of combination treatment 
demonstrated, no statistically significant benefit of  in vitro active 
treatment demonstrated (mortality 56% with polymyxin/tige -
cycline, 33% with aminoglycoside-tigecycline, 62% with carba-
penem, 44%  without carbapenem versus 38% monotherapy)

Statistically significantly lower mortality for combination treat-
ment than for monotherapy only in subgroup with high mortality 
score (48% versus 62%, p = 0.02, overall 34.8% versus 40.9%); 
statistically significant mortality benefit from in vitro active treat-
ment (HR 0.45; 95% CI [0.33; 0.62])

Mortality for active combination treatment 20.8% versus 27.0% 
for monotherapy (not statistically significant). However, only a 
small proportion of patients (20.7%) received active 
 combination treatment.

High mortality for tigecycline monotherapy versus  combination 
treatment (OR 1.83 [1.07; 3.12]), especially for BSI (OR 2.12 
[1.17; 3.86]); lower intensive care mortality for high-dose 
 tigecycline treatment (OR 12.48 [2.06; 75.43])

Combination treatment with colistin improves the microbiologi-
cal effect (OR 2.14 [1.48; 3.07]); however, it achieves no statis-
tically significant improvement in the clinical response rate or 
intensive care mortality.

Polymyxin monotherapy is associated with higher mortality than 
combination of polymyxin with carbapenem (uOR 1.58 [1.03; 
2.42]), or with tigecycline, aminoglycosides, or fosfomycin (uOR 
1.57 [1.06; 2.32]). The combination of colistin with rifampicin 
 revealed no mortality benefit. Only three RCTs, absence of 
 mortality rates for  combination treatment, little information on 
MIC, selection bias

No statistically significant superiority of polymyxins over various 
comparators (OR mortality: 0.79 [0.58; 1.08]), but polymyxin 
combination treatment was associated with lower mortality than 
monotherapy (OR 0.36 [0.19; 0.68]) and the control groups (OR 
0.49 [0.31; 0.75]); no RCT, insufficient information on MIC, 
 dosage, and treatment duration

No statistically significant superiority of colistin  combination 
treatment over monotherapy: the OR for mortality was 0.95 
[0.35; 2,54] for monotherapy versus  combination with carba-
penem, 1.16 [0.41; 3.27] versus combination with tigecycline, 
and 2.62 [0.91; 7.58] versus  combination with aminoglycosides. 

Protective effect of combination treatment with a  carbapenem 
after resistance testing (OR mortality: 0.11 [0.03; 0.43])

Fourteen-day mortality for colistin/tigecycline 35% versus 
 colistin/carbapenem 15%; the excess mortality was caused by 
a subgroup with high  tigecycline MIC.

Mortality for dual carbapenem treatment 29.2% versus 
 non-carbapenem combinations 47.9%; clinical response rate 
and microbiological eradication showed no statistically signifi-
cant difference. No data on carbapenem MIC
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eTABLE 2

Antibiotics undergoing clinical testing

ABSSSI, Acute bacterial skin and skin structure infections; BLI, beta-lactamase inhibitor; CAP, community-acquired pneumonia; cIAI, complicated intra-abdominal infections;  
CTX-M, cefotaximase-Munich; cUTI, complicated urinary tract infection; HAP, hospital-acquired pneumonia; IMP, imipenem carbapenemase; KPC, Klebsiella pneumoniae carbapenemase;  
MRSA, methicillin-resistant Staphylococcus aureus; NDM, New Delhi metallo-beta-lactamase; OXA, oxacillinase; SHV, sulfhydryl variable beta-lactamase;  
TEM, Temoneira beta-lactamase; VAP, ventilator-associated pneumonia; VIM, Verona integron-encoded metallo-beta-lactamase; VRE, vancomycin-resistant enterococci

Antibiotic substance

Cefiderocol

Ceftolozane + tazobactam

Ceftazidime + avibactam

Ceftaroline + avibactam

Aztreonam + avibactam

Meropenem + vaborbactam

Imipenem + relebactam

Eravacycline

Finafloxacin

Delafloxacin

Zabofloxacin

Nemonoxacin

Plazomicin

Substance class

Cephalosporin

Cephalosporin + BLI

Cephalosporin + BLI

Cephalosporin + BLI

Monobactam + BLI

Carbapenem + BLI

Carbapenem + BLI

Fluorocycline

Fluoroquinolone

Fluoroquinolone

Fluoroquinolone

Non-fluorinated 
 quinolone

Aminoglycoside

Development status 
in Germany

Phase 2

Approved

Approved

Phase 2

Phase 2

Phase 3

Phase 2

Phase 3

Phase 2

Phase 3

Phase 2

Phase 2

Phase 3

Antibacterial spectrum

Gram-negative, non-fermenters, e.g., 
TEM, CTX-M, SHV, KPC, OXA, VIM, 
NDM

Gram-negative, non-fermenters, TEM, 
CTX-M, SHV

Gram-negative, non-fermenters, TEM, 
CTX-M, SHV, KPC, OXA-48

Gram-positive, MRSA
Gram-negative, TEM, CTX-M, SHV, 
KPC, OXA-48 (no non-fermenters)

Gram-negative, non-fermenters, TEM, 
CTX-M, SHV, KPC

Gram-positive
Gram-negative, non-fermenters, e.g., 
AmpC, TEM, CTX-M, SHV, KPC

Gram-positive
Gram-negative, non-fermenters, e.g., 
AmpC, TEM, CTX-M, SHV, KPC

Gram-positive, MRSA, VRE
Gram-negative, e.g., KPC, OXA

Gram-positive, MRSA
Gram-negative

Gram-positive, MRSA
Gram-negative

Gram-positive, MRSA
Gram-negative

Gram-positive, MRSA
Gram-negative

Gram-positive, MRSA
Gram-negative (no non-fermenters), 
e.g., VIM, IMP, KPC, OXA

Infection indications

cUTI

cUTI, cIAI

cUTI, cIAI

cUTI

cIAI

cUTI

cUTI, cIAI

cIAI

cUTI

ABSSSI, gonorrhea

CAP

CAP

cUTI, HAP, VAP

Refer-
ence(s)

e24–e26

e27 –e30

e31–e33

e34

e35

e36–e38

e39

e40, e41

e42–e44

e42, e45

e42, e46

e42, e47

e48–e50


