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Amikacin is administered with a carbapenem to treat serious infections caused by carbapenem-resistant
Enterobacteriaceae (CRE). The varying degrees of activity of the individual agents correspond to differences in
activity of the 2 in combination. Amikacin and meropenem are not bactericidal against amikacin-resistant CRE.
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Carbapenem-resistant Enterobacteriaceae (CRE) exhibit resistance to
most available antimicrobial agents and cause significant mortality, and
there is no current treatment standard. Carbapenem-containing combi-
nation regimens have been the front-running choice clinically, along
with recently approved contenders such as ceftazidime-avibactam and
meropenem-vaborbactam which show activity against KPC-producing
CRE (Perez et al., 2016). The present study aimed to evaluate the killing
activity of amikacin (AMK) in combination with meropenem (MEM)
against KPC- or VIM-producing CRE exhibiting moderate resistance to
MEM (MICs 16-32 mg/L) and variable activity ranging from susceptible
to resistant with AMK (MICs 8-64 mg/L).

The selection of isolates and time-kill methodology has been previ-
ously described (Kulengowski et al., 2018). In brief, CRE isolates were
identified as part of routine patient care, and the carbapenemase gene
was confirmed by the Verigene® system. MICs of AMK and MEM were
determined by broth microdilution according to CLSI guidelines, and 4
isolates were chosen for further study. A VIM-producing AMK suscepti-
ble Enterobacter cloacae (MIC 8 mg/L; isolate 169), a KPC-producing
AMK susceptible Klebsiella pneumoniae (MIC 16 mg/L; isolate 32),
a KPC-producing AMK intermediate Klebsiella pneumoniae (MIC
32 mg/L; isolate 22), and a KPC-producing AMK resistant Klebsiella
pneumoniae (MIC 64 mg/L; isolate 37) were selected. The first 3 isolates
exhibited MEM MICs of 16 mg/L, and the AMK-resistant isolate had
an MEM MIC of 32 mg/L. Time-kill assays were performed in at
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least duplicate using clinically achievable concentrations with typical
human dosing regimens. AMK alone (8 and 16 mg/L), MEM alone
(4 and 16 mg/L), and all possible combinations were evaluated
(Kovacevic et al., 2016; Usman et al., 2016). Standard definitions of bac-
tericidal activity, bacteriostatic activity, regrowth, synergy, indifference,
and antagonism were utilized (Kulengowski et al., 2018).

AMK and MEM, when used alone, resulted in regrowth except for
the highest MEM concentration (16 mg/L) against the VIM-producing
isolate, even though the MEM MICs for most isolates were 16 mg/L
(Fig. 1). All combinations maintained bactericidal activity against the 2
amikacin-susceptible CRE (isolates 169 and 32), and synergy was
demonstrated in 5 of 8 combinations (Figs. 1 and 2). Synergy was not
determinable in the remaining 3 combinations because the most active
single agent was within 2-log CFU/mL of the lower limit of quantifica-
tion of the laser colony counter. Against the amikacin-intermediate
isolate, only the highest MEM-AMK combination maintained synergy
and bactericidal activity (Figs. 1 and 2). However, no combination
maintained bactericidal activity against the amikacin-resistant strain,
and none were synergistic (Figs. 1 and 2). Antagonism was never
observed with any isolate.

These data suggest that amikacin and meropenem are only
reliably synergistic and bactericidal when bacterial strains are sus-
ceptible to amikacin (MICs <16 mg/L) and are exhibiting meropenem
MICs of at most 16 mg/L. Previous data with polymyxins in combina-
tion with a carbapenem have suggested that in vitro killing activity
(bactericidal activity and synergy) is dependent on the carbapenem
MIC (Kulengowski et al., 2017). We have not observed a similar rela-
tionship for amikacin in combination with meropenem against other
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Fig. 1. Time Kill curves of meropenem and amikacin alone and in combination against carbapenem-resistant Enterobacteriaceae. Filled circles represent growth controls. Filled squares
represent amikacin alone. Filled triangles represent meropenem alone. Inverted hollow triangles represent amikacin and meropenem in combination. Data points are geometric means
of replicate experiments (n = 2-3). The lower limit of quantification was 10? CFU/mL.
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Fig. 2. Twenty-four-hour change in colony count for meropenem and amikacin alone and in combination against carbapenem-resistant Enterobacteriaceae. Data are differences of
geometric means at time points 0 h and 24 h with standard deviations as error bars of replicate experiments (n = 2-3).

amikacin-susceptible isolates (Kulengowski et al., 2018). Similar to
the present study, Le et al. demonstrated synergy and bactericidal activ-
ity maintained in 2 of 3 KPC-3-producing amikacin intermediate
isolates but not in the 1 amikacin-resistant isolate. Unlike our study,
Le et al. did not analyze amikacin-susceptible isolates near the CLSI
susceptibility breakpoint (16 mg/L). Interestingly, the rate of killing
was faster in the present study with maximal killing at around 2-4 h
except in the VIM-1-producing isolate where maximal killing was at
around 8 h (Fig. 1). In the study by Le et al., maximal killing occurred
at around 8-12 h, but meropenem MICs were reportedly higher
(232 mg/L) (Le et al., 2011). We have previously observed slower
killing rates as meropenem MIC increases with no change in rates of
bactericidal activity or synergy in carbapenem-resistant Enterobacter
cloacae (Kulengowski et al., 2018). Others have also reported in vitro
synergy of amikacin and a carbapenem using an Etest® strip interaction
assay against carbapenem-resistant K. pneumoniae. The improved
activity of doripenem was found to be dependent on the susceptibility
phenotypes of each drug alone since doripenem became significantly
more active with the addition of amikacin only in amikacin-
susceptible strains and not amikacin-resistant strains (Loho et al.,
2018). Another study has quantified the MIC-lowering effect of
amikacin on doripenem and concluded that the addition of amikacin
to doripenem lowers doripenem MICs by 8-16-fold against KPC-
producing K. pneumoniae (Clock et al., 2013 ).

In summary, amikacin in combination with meropenem demon-
strates not only synergy but important bactericidal activity against
amikacin-susceptible CRE, including VIM-producing CRE. Additional
data are needed to ascertain the mechanism of reduced rates of killing
against VIM-producing CRE and KPC-producing CRE with elevated
carbapenem MICs (i.e., >32 mg/L). Additional data are also warranted
in other MBL-producing CRE.
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