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Acinetobacter baumannii is among the most dangerous pathogens and emergence of resistance is highly problematic. Our
objective was to identify and rationally optimize �-lactam-plus-aminoglycoside combinations via novel mechanism-based
modeling that synergistically kill and prevent resistance of carbapenem-resistant A. baumannii. We studied combinations
of 10 �-lactams and three aminoglycosides against four A. baumannii strains, including two imipenem-intermediate
(MIC, 4 mg/liter) and one imipenem-resistant (MIC, 32 mg/liter) clinical isolate, using high-inoculum static-concentration
time-kill studies. We present the first application of mechanism-based modeling for killing and resistance of A. baumannii
using Monte Carlo simulations of human pharmacokinetics to rationally optimize combination dosage regimens for im-
munocompromised, critically ill patients. All monotherapies achieved limited killing (<2.3 log10) of A. baumannii ATCC
19606 followed by extensive regrowth for aminoglycosides. Against this strain, imipenem-plus-aminoglycoside combina-
tions yielded more rapid and extensive killing than other �-lactam-plus-aminoglycoside combinations. Imipenem at 8 mg/
liter combined with an aminoglycoside yielded synergistic killing (>5 log10) and prevented regrowth of all four strains.
Modeling demonstrated that imipenem likely killed the aminoglycoside-resistant population and vice versa and that amin-
oglycosides enhanced the target site penetration of imipenem. Against carbapenem-resistant A. baumannii (MIC, 32 mg/
liter), optimized combination regimens (imipenem at 4 g/day as a continuous infusion plus tobramycin at 7 mg/kg of body
weight every 24 h) were predicted to achieve >5 log10 killing without regrowth in 98.2% of patients. Bacterial killing and
suppression of regrowth were best achieved for combination regimens with unbound imipenem steady-state concentra-
tions of at least 8 mg/liter. Imipenem-plus-aminoglycoside combination regimens are highly promising and warrant fur-
ther evaluation.

Antimicrobial resistance in Gram-negative bacteria is one of
the three greatest threats to human health (1–3). Acinetobac-

ter baumannii is one of the three most challenging Gram-negative
pathogens, especially in intensive care units. In approximately
14,000 critically ill patients, A. baumannii infections were highly
associated (P � 0.001) with increased mortality (4). A. baumannii
often causes bloodstream, respiratory tract (including ventilator-
associated pneumonia), and wound infections (including burns
and combat wounds); these are associated with high morbidity (1,
2, 5) and up to 87% mortality (6). Multidrug-resistant A. bauman-
nii strains have caused major outbreaks in the United States and
worldwide (7, 8).

In the past, �-lactams and aminoglycosides were successfully
used to treat susceptible A. baumannii (9), but unfortunately,
strains have emerged that are resistant to virtually all antibiotics in
monotherapy (10, 11). While carbapenems were hitherto consid-
ered the treatment of choice against severe A. baumannii infec-
tions, carbapenem-resistant A. baumannii isolates are rapidly in-
creasing (11). Aminoglycoside monotherapy can cause significant
killing of A. baumannii but is followed by rapid and extensive
resistance emergence in vitro and in patients (12–14). The high
rates of A. baumannii resistance highlight the urgent need for al-
ternative treatment options, such as rationally optimized combi-
nation therapies.

A small number of in vitro and animal infection model studies
assessed �-lactam-plus-aminoglycoside combinations and usu-
ally studied only one �-lactam and/or one aminoglycoside (12, 15,
16). We are aware neither of a systematic evaluation of mono-

therapies and combinations for a series of �-lactams and amin-
oglycosides in A. baumannii nor of any study which used time
course modeling to optimize monotherapies or combinations
against A. baumannii.

�-Lactam antibiotics are widely used and very safe, and clini-
cians worldwide are well trained in the safe use of aminoglycosides
(17). Aminoglycoside and �-lactam antibiotics have different
mechanisms of action and resistance; there is no efflux pump
which affects both of these antibiotic classes in A. baumannii (18).
This suggests that �-lactams may kill aminoglycoside-resistant
bacteria and vice versa (subpopulation synergy [19, 20]). Addi-
tionally, disruption of the outer membrane by an aminoglycoside
may enhance the target site penetration of �-lactams, since the
outer membrane of A. baumannii is approximately 2- to 7-fold
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less permeable than that of Pseudomonas aeruginosa and approx-
imately 50-fold less permeable than that of Escherichia coli
(21, 22).

The first objective of this study was to identify synergistic bac-
terial killing and prevention of resistance for combinations of a
�-lactam with an aminoglycoside against A. baumannii. The sec-
ond objective was to quantify the extent, time course, and poten-
tial mechanisms of synergy via novel mechanism-based modeling
of antibiotic combinations. Our final objective was to rationally
optimize combination dosage regimens for immunocompro-
mised, critically ill patients with bacteremia caused by carbap-
enem-resistant A. baumannii. These Monte Carlo simulations uti-
lized novel mechanism-based models for bacterial killing and
resistance and human population pharmacokinetic models to
prospectively optimize combination dosage regimens for future
studies in animal infection models and ultimately humans.

(Part of this work was presented as an oral presentation [23]
at the 53rd Interscience Conference on Antimicrob Agents and
Chemotherapy, Denver, CO, 10 to 13 September 2013; as a
poster presentation at the 2014 Annual Scientific Meeting of
the Australasian Society of Clinical and Experimental Pharma-
cologists and Toxicologists, Melbourne, Australia, 7 to 11 De-
cember 2014; and as an oral presentation at the 17th annual
meeting of the Population Approach Group in Australia and
New Zealand, Melbourne, Australia, 28 to 30 January 2015.)

MATERIALS AND METHODS
Bacterial isolates, media, and susceptibility testing. The A. baumannii
strain ATCC 19606 and three clinical A. baumannii isolates (FADDI-
AB014, FADDI-AB016, and FADDI-AB034) from the collection at
Monash University were used for all experiments. All susceptibility
testing and static-concentration time-kill experiments (SCTK) were
performed in cation-adjusted Mueller-Hinton broth (CAMHB; BBL,
BD, Sparks, MD). Viable counting was conducted on cation-adjusted
Mueller-Hinton II agar (CAMHA; Medium Preparation Unit, The
University of Melbourne). Stock solutions of imipenem (Merck Sharp
& Dohme Pty, New South Wales, Australia), isepamicin (Waterstone
Technology, LLC, Carmel, IN), amikacin (Sigma-Aldrich, St. Louis,
MO), and tobramycin (AK Scientific, Inc., Union City, CA) were pre-
pared in sterile distilled water and filter sterilized with a Millex-GV
0.22-�m polyvinylidene difluoride (PVDF) syringe filter (Merck Mil-
lipore Ltd., Cork, Ireland). The MICs were determined in triplicate
according to the Clinical and Laboratory Standards Institute guide-
lines (24), and EUCAST breakpoints were used to define carbapenem
resistance (25).

Static-concentration time-kill experiments. All A. baumannii strains
were evaluated via in vitro SCTK experiments over 2 days. We studied
monotherapy and combination therapies of 10 �-lactams and three ami-
noglycosides in A. baumannii ATCC 19606. Subsequent SCTK experi-
ments assessed imipenem plus two aminoglycosides (tobramycin and
isepamicin) in three imipenem-intermediate or imipenem-resistant
clinical isolates. The antibiotic concentrations studied included the
highest clinically achievable average unbound plasma concentrations
at steady state. A tobramycin concentration of 4 mg/liter and isepami-
cin concentrations of 8 to 16 mg/liter represent the average unbound
plasma concentrations in humans over a 24-h dosing interval for to-
bramycin at 7 mg/kg of body weight and 15 or 25 mg/kg isepamicin
given once daily (17, 26). Additional experimental arms with 12 mg/
liter tobramycin and 64 mg/liter isepamicin represent the average free
plasma concentration of aminoglycosides during the first 6 h. For the
highest clinically approved imipenem doses of 4 g per day, our Monte
Carlo simulations predicted the unbound average steady-state concen-

trations to range from 7.61 to 22.6 mg/liter in adult critically ill pa-
tients (27).

The SCTK experiments were performed at a high initial inoculum
using previously described methods (20, 28, 29). Serial broth samples
were taken before dosing and at multiple time points over 2 days. At 24
h, the bacterial suspension was centrifuged, supernatant was removed,
and bacteria were resuspended in fresh, prewarmed broth with the
targeted antibiotic concentration. To further offset the thermal degra-
dation of carbapenems, a carbapenem amount of 50% of the original
dose was supplemented at 6 and 30 h. Our liquid chromatography-
tandem mass spectrometry (LC-MS/MS) data (30) showed approxi-
mately 54% degradation of imipenem at 1 and 100 mg/liter in CAMHB
after 24 h of incubation at 35°C. This supplementation procedure
ensured that the targeted antibiotic concentration was achieved every
24 h and that the average carbapenem concentration was maintained
throughout the experiment. Bacteria in all broth samples were washed
twice by centrifugation and resuspension in fresh sterile saline. Viable
counts were determined by manual plating of 100 �l of an undiluted or
appropriately diluted suspension in saline onto CAMHA plates (20,
28, 29)

Mechanism-based modeling of antibiotic combinations. To charac-
terize the extent, time course, and potential mechanisms of synergy for
a �-lactam plus an aminoglycoside, mechanism-based pharmacody-
namic (PD) modeling was performed. These mechanism-based mod-
els of bacterial killing and resistance are ideally suited to be used with
human population pharmacokinetic models to predict and rationally
optimize combination dosage regimens in humans.

Life cycle growth model. A life cycle growth model (Fig. 1A) was
used to describe the underlying biology of bacterial replication (31,
32). Bacterial replication for each population was defined via two
states. Bacteria which are growing and preparing for replication reside
in state 1, and bacteria which are immediately before replication reside
in state 2. The transition from state 1 to state 2 was governed by a
first-order growth rate constant (k12) which determines the mean gen-
eration time (MGT), since replication was assumed to be fast (k21 was
fixed at 50 h�1) (31). We considered models with a longer mean gen-
eration time for the resistant populations.

Antibiotic combinations. The model for the combinations of imi-
penem and an aminoglycoside contained three pre-existing populations;
including a double-susceptible (SS), an imipenem-resistant aminoglyco-
side-intermediate (RI), and an imipenem-intermediate aminoglycoside-
resistant (IR) bacterial population (Fig. 1B). As each population was de-
scribed by two states (i.e., compartments) in the life cycle growth models,
the full model contained six compartments. The total concentration of all
viable bacteria (CFUall) was described as follows:

CFUall � CFUSS1 � CFUSS2 � CFURI1 � CFURI2 � CFUIR1 � CFUIR2

(1)

Each CFUNNx term represents the concentration of viable bacteria for
population NN in state x. The rate of bacterial growth was assumed to be
inhibited at high concentrations of hypothetical signal molecules (Csig) as
described by the term Inhk12 (31).

Inhk12 � � Imax, sig12 . Csig

Csig � IC50, sig
� (2)

Imax,sig12 is the maximum extent of inhibition of the rate of replication at
high Csig, and IC50,sig is the signal molecule concentration associated with
50% of Imax,sig12.

The maximum rate of killing by imipenem or an aminoglycoside in the
present data set was higher than the maximum rate of growth. Therefore,
we specified killing by either antibiotic via a direct killing process de-
scribed by a Hill function. The differential equation for the concentration
of bacteria belonging to the double-susceptible population in state 1
(CFUSS1) comprised killing by imipenem and the aminoglycoside (initial
conditions, model parameters, and variables described below):
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d(CFUSS1)

dt
� 2 · PLAT · k21 · CFUSS2 � k12ss · (1 � Inhk12) · CFUSS1

� � Kmax,IPM · CIPM
HillIPM

CIPM
HillIPM � KC50,SS,IPM

HillIPM

�
Kmax,SS,AGS · CAGS

HillAGS

CAGS
HillAGS � KC50,SS,AGS

HillAGS� · CFUSS1 (3)

where CIPM is the imipenem concentration and CAGS the aminoglycoside
concentration (i.e., tobramycin, isepamicin, or amikacin) in broth.
CFUSS2 is the bacterial concentration in state 2 of the double-susceptible
population. The plateau factor (PLAT) represents the probability of suc-
cessful replication and is defined as 1 � [CFUall/(CFUall � CFUmax)],
with CFUmax being the maximum population size. The factor 2 in equa-
tion 3 represents the doubling of bacteria during replication. When CFUall

is much smaller than CFUmax, PLAT approaches 100%. As the CFUall

approaches CFUmax, the probability of successful replication approaches
50%, yielding stasis of the bacterial population (i.e., on average, one of two
doublings is successful). The maximum killing rate constants (Kmax), the
associated concentrations (KC50) causing 50% of Kmax, and the Hill coef-
ficients for the respective antibiotic and population are illustrated in Fig.
1B. We assumed that killing by imipenem and the aminoglycoside af-
fected both states and thus included the same killing terms for states 1 and

2. This yields the differential equation for state 2 of the double-susceptible
population (CFUSS2):

d(CFUSS2)

dt
� �k21 · CFUSS2 � k12ss · (1 � Inhk12) · CFUSS1

� � Kmax,IPM · CIPM
HillIPM

CIPM
HillIPM � KC50,SS,IPM

HillIPM

�
Kmax,SS,AGS · CAGS

HillAGS

CAGS
HillAGS � KC50,SS,AGS

HillAGS� · CFUSS2 (4)

The differential equations for the two resistant populations (i.e., IR and
RI) contained the same terms as those for CFUSS1 and CFUSS2 but con-
tained different estimates for Kmax, KC50, and k12 compared to the dou-
ble-susceptible population.

Mechanism-based modeling of synergy. We considered and evalu-
ated subpopulation synergy (i.e., antibiotic A killing the bacteria resistant
to antibiotic B and vice versa) and mechanistic synergy (i.e., antibiotic A
enhancing the killing by antibiotic B of one or multiple bacterial popula-
tions) as previously described (20). Mechanistic synergy was imple-
mented by assuming that the aminoglycoside could enhance the target site
penetration of imipenem due to disruption of the outer membrane (33,
34). This was implemented in the model by estimating a lower KC50,IPM in

FIG 1 (A) Life cycle growth model utilized for each of the three populations to describe bacterial replication. (B) Subpopulation model with three bacterial
populations that was applied for each of the four studied A. baumannii strains. The IPMs/AGSs population is susceptible to imipenem and the aminoglycoside,
the IPMr/AGSi population is imipenem resistant and has intermediate susceptibility to the aminoglycoside, and the IPMi/AGSr population is aminoglycoside
resistant and has intermediate susceptibility to imipenem. The maximum killing rate constants (Kmax) and the antibiotic concentrations (KC50) causing 50% of
Kmax are explained in Table 3. Subpopulation synergy (i.e., imipenem killing the aminoglycoside-resistant population and vice versa) was present for all strains.
Mechanistic synergy (i.e., the aminoglycoside enhancing the target site penetration of imipenem) was additionally present for strains ATCC 19606 and
FADDI-AB034.
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the presence of a certain aminoglycoside concentration (e.g., �4 mg/liter
tobramycin). This was implemented in the model code via an IF condition
which used the KC50,IPM for combination therapy if the aminoglycoside
concentration was at least 4 mg/liter and the KC50,IPM for monotherapy
for lower aminoglycoside concentrations.

Initial conditions. We estimated the total inoculum (log CFU0) and
the log10 mutation frequency for each of the two resistant populations.
The initial condition of the double-susceptible population was calculated
as the difference between CFU0 and the initial conditions of the two less-
susceptible populations. All bacteria were initialized in state 1, and the
initial conditions for CFUSS2, CFURI2, and CFUIR2 were set at 0 (31).

Observation model. The log10 viable counts were fitted using an ad-
ditive residual error model on a log10 scale. For observations below 100
CFU/ml (equivalent to fewer than 10 colonies per plate), the number of
colonies per plate was directly fitted using a previously developed residual
error model (28). Viable counts below the limit of counting (i.e., below 1
log10 CFU/ml) and model-predicted viable counts less than 0 log10

CFU/ml were plotted as 0.
Estimation. All PD model parameters were simultaneously estimated

using all viable-count data from the respective strain via the importance
sampling algorithm (pmethod � 4) in parallelized S-ADAPT (version
1.57). The analysis was facilitated by the SADAPT-TRAN tool (35, 36).
The between-curve variability of the PD parameters was fixed to a coeffi-
cient of variation of 10% during the end of the estimation (28). Compet-
ing models were assessed by the objective function (�1� log likelihood),
plausibility of the parameter estimates, standard diagnostic plots, and
visual predictive checks (37, 38).

Monte Carlo simulations. We simulated 10,000 adult critically ill pa-
tients with normal renal function for each dosage regimen via Monte
Carlo simulations using Berkeley Madonna (version 8.3.18). These pa-
tients completely lacked any effect of the immune system and were as-
sumed to have bacteremia caused by the most difficult-to-treat, carbapenem-
resistant isolate, FADDI-AB034. This isolate had an imipenem MIC of 32
mg/liter, which represents the 97th percentile of the MIC distribution for A.
baumannii by EUCAST (http://mic.eucast.org/Eucast2/, last accessed on 23
September 2014).

For our Monte Carlo simulations, we combined the mechanism-based
combination PD model with published population pharmacokinetic (PK)
models of tobramycin and imipenem in critically ill patients (26, 27).
These Monte Carlo simulations accounted for between-patient variability
in the PK of each antibiotic and the between-curve variability of the pop-
ulation PD model parameters. The population PK of imipenem and to-
bramycin was described by two-compartment, linear models for imi-
penem and tobramycin (26, 27). For imipenem, we used the reported
median PK parameter estimates to represent the population means; the
coefficients of variation of these parameters were calculated as the re-
ported standard deviation (SD)/mean (27). For tobramycin, the popula-
tion means and variances of the PK parameters reported for the final
model by Conil et al. were used (26). We predicted the unbound plasma
concentrations and viable-count profiles for imipenem and tobramycin
using the combined PK/PD model (26, 27).

The simulated regimens included imipenem given as a 1-h infusion of
1 g every 6 or 8 h and imipenem given as a 1-g loading dose (1-h infusion)
followed by a continuous infusion of 3 or 4 g per day. Tobramycin was
simulated with a dose of 5 or 7 mg/kg given as a 0.5-h infusion every 24 h.
Successful therapy was defined by a simulated viable count of the total
population of 106 CFU/ml or less at 168 h. The choice for the cutoff value
had limited impact on our results, as the vast majority of simulated viable
counts were either well above 106 CFU/ml or below 104 CFU/ml at 168 h.
The success rate (Psuccess) was calculated as the fraction of the 10,000
simulated patients who attained this target. The failure rate (i.e., proba-
bility of patients failing with extensive regrowth of resistant bacteria) was
calculated as 1 � Psuccess.

RESULTS

A. baumannii ATCC 19606 was carbapenem susceptible (MICs of
0.25 mg/liter for imipenem, 0.5 mg/liter for biapenem, 1 mg/liter
for doripenem, and 2 mg/liter for meropenem). The clinical iso-
lates FADDI-AB014 and FADDI-AB016 were carbapenem inter-
mediate (MIC, 4 mg/liter for imipenem and biapenem) or resis-
tant (MICs, 16 mg/liter for doripenem and 32 mg/liter for
meropenem). Isolate FADDI-AB034 was carbapenem resistant
(MICs, 16 mg/liter for doripenem and 32 mg/liter for the three
other carbapenems). Strain FADDI-AB034 had an MIC of 2 mg/
liter for tobramycin and was resistant to isepamicin (MIC, 	128
mg/liter) and amikacin (MIC, 128 mg/liter). The aminoglycoside
MICs for strain ATCC 19606 are shown in Fig. 2D.

Against the wild-type strain A. baumannii ATCC 19606 at an
inoculum of 107.8 CFU/ml, 8 mg/liter imipenem was the most
active monotherapy with 2.3 log10 killing at 50 h. Meropenem
achieved 2 log10 killing, but initial killing was slower than that by
imipenem (Table 1). Killing by all noncarbapenem �-lactams was
substantially slower than killing by carbapenems. Cefepime, az-
treonam, and cefsulodin monotherapy achieved less than 0.8 log10

killing, whereas 32 mg/liter sulbactam or ceftazidime yielded 1.6
to 2.0 log10 killing at 24 and 50 h. Initial killing by tobramycin or
amikacin (�1.4 log10) was followed by extensive (re)growth (Ta-
ble 1).

Imipenem at 8 mg/liter plus tobramycin or amikacin provided
the most extensive killing (Table 1) and achieved the highest ex-
tent of synergy. Killing by imipenem at 8 mg/liter plus tobramycin
was more rapid than that of imipenem plus amikacin. All combi-
nations of a noncarbapenem �-lactam plus an aminoglycoside
yielded less than 1.8 log10 killing at 24 and 50 h with exception of
the cefepime plus amikacin combination at 50 h (Table 1). Mero-
penem (4 mg/liter)-plus-aminoglycoside combinations achieved
less killing than imipenem at 8 mg/liter plus an aminoglycoside
(Table 1). Against ATCC 19606 at an initial inoculum of 107.0

CFU/ml, imipenem and biapenem monotherapy at 8 mg/liter
achieved approximately 1 to 1.5 log10 more killing than dorip-
enem and meropenem at 8 mg/liter (Table 2). Imipenem plus
tobramycin was the only combination that yielded eradication
(confirmed by a sterility check at 50 h; i.e., plating of the entire
broth suspension). Thus, subsequent studies assessed imipenem
plus aminoglycoside combinations against carbapenem-interme-
diate and -resistant clinical isolates.

Monotherapy and combinations against clinical isolates.
Against high inocula (range, 106.6 to 106.9 CFU/ml) of the clinical
isolates, imipenem at 8, 16, or 32 mg/liter in monotherapy was
required to achieve 	0.5 log10 killing at any time and to prevent
regrowth (Fig. 2). Isepamicin at 8 to 16 mg/liter and tobramycin at
4 mg/liter in monotherapy achieved up to 3 log10 killing at 5 h,
followed by rapid and extensive regrowth by 24 h. Isepamicin at 64
mg/liter or tobramycin at 12 mg/liter in monotherapy was re-
quired to prevent regrowth of aminoglycoside-resistant bacteria.

Against the four tested strains, clinically achievable concentra-
tions of 2 to 8 mg/liter imipenem combined with 8 to 16 mg/liter
isepamicin, 4 mg/liter tobramycin, or 4 mg/liter amikacin yielded
at least 5 log10 killing. Importantly, these combinations effectively
prevented regrowth over 48 h.

Mechanism-based modeling. Our novel mechanism-based
model required a susceptible population, an imipenem-resistant
population, and an aminoglycoside-resistant population (Fig. 1B).
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The imipenem-resistant population displayed stasis or was only
slowly killed by imipenem monotherapy, and the aminoglycoside-
resistant population caused regrowth during aminoglycoside
monotherapy (results not shown).

Subpopulation synergy. Against all four strains, imipenem
killed the aminoglycoside-resistant population and aminoglyco-
sides killed the imipenem-resistant population (i.e., subpopula-
tion synergy was present). The imipenem-resistant population

FIG 2 Observed (symbols) and individual fitted (lines) viable counts for imipenem combined with an aminoglycoside against four A. baumannii strains.
Observed viable counts below the limit of counting (i.e., below 1 log10 CFU/ml) were plotted as zero. IPM, imipenem; TOB, tobramycin; ISE, isepamicin; AMK,
amikacin.
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slowly replicated and required high imipenem concentrations to
be killed. The imipenem concentration resulting in half-maximal
killing was considerably higher for the imipenem-resistant popu-
lation (KC50,RI,IPM) than the susceptible population (KC50,SS,IPM)
(Table 3). Also, higher aminoglycoside concentrations resulting in
half-maximal killing by the aminoglycoside were required for the
imipenem-resistant population (KC50,RI,ISE/TOB/AMK) than for the
susceptible population (KC50,SS,ISE/TOB/AMK) (Table 3). The ami-
noglycoside-resistant populations of isolates FADDI-AB016 and
FADDI-AB014 were less susceptible to imipenem, as shown by the
higher imipenem concentration yielding half-maximal killing of
the aminoglycoside-resistant population (KC50,IR,IPM) (Table 3)

compared to the susceptible population (KC50,SS,IPM). For these
two isolates, subpopulation synergy was sufficient to yield unbi-
ased and precise curve fits (Fig. 2) for all monotherapies and com-
binations (r � 0.967 for observed versus individual fitted viable
counts for all four strains) (Fig. 3).

Mechanistic synergy. For A. baumannii strains ATCC 19606
and FADDI-AB034, subpopulation synergy alone was not suffi-
cient to describe the extensive and synergistic killing by the com-
binations. Population predictions for the treatment arms contain-
ing 4 mg/liter aminoglycoside were considerably better for models
with mechanistic synergy than for models without this feature. A
thorough modeling analysis identified tobramycin enhancing the

TABLE 1 Log10 change in viable counts compared to 0-h counts for A. baumannii ATCC
19606 in static-concentration time-kill studies at an initial inoculum of 107.8 CFU/mla

a Green shading indicates 	2 log10 more killing than that achieved with the most active monotherapy (i.e.,
values meet the empirical definition of synergy), blue shading indicates 1.0 to 2.0 log10 more killing than the
most active monotherapy, and purple shading indicates 0.5 to 1.0 log10 more killing than the most active
monotherapy.
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target site penetration of imipenem as the most likely additional
synergy mechanism. This was expressed as smaller KC50,IR,IPM and
KC50,RI,IPM in the presence of at least 4 mg/liter aminoglycoside
(Fig. 1B). The imipenem concentration yielding half-maximal
killing of the aminoglycoside-resistant population (KC50,IR,IPM)
decreased approximately 4-fold in the presence compared to the
absence of at least 4 mg/liter aminoglycoside (P � 0.0001 for
FADDI-AB034 and P � 0.015 for ATCC 19606; likelihood ratio
test) (Table 3). Additionally, the aminoglycoside (Fig. 1B) re-
duced the imipenem concentration, yielding half-maximal killing
of the imipenem-resistant population (KC50,RI,IPM) from 16.5 to
13.2 mg/liter (P � 0.015) for strain ATCC 19606 (Table 3); this
contributed considerably to killing of this population by imi-
penem. Models with subpopulation and mechanistic synergy
yielded unbiased and precise curve fits for strains ATCC 19606
and FADDI-AB034 (Fig. 2 and 3).

Monte Carlo simulations. For 7 mg/kg tobramycin given as a
0.5-h infusion, the predicted median concentrations (5th to 95th
percentiles) were 17.7 (12.8 to 23.8) mg/liter at 0.5 h, 15.0 (11.5 to
19.1) mg/liter at 1.0 h, and 1.43 (0.583 to 2.76) mg/liter at 24 h. A
continuous infusion of 4 g/day imipenem yielded an unbound
steady-state concentration of 13.4 (7.61 to 22.6) mg/liter (Fig. 4A).
The 1-g imipenem loading dose preceding the continuous infu-
sion ensured that all patients rapidly attained steady state.

Against the carbapenem-resistant isolate FADDI-AB034 at an
initial inoculum of 106.6 CFU/ml, all imipenem monotherapies
yielded limited or no killing (Fig. 4B). Bacterial killing at 6 to 12 h
was approximately 4 log10 for 7 mg/kg tobramycin monotherapy
(Fig. 4B) and 3.5 log10 for 5 mg/kg tobramycin (data not shown),
followed by rapid and extensive regrowth at both doses.

Bacterial killing for combination regimens with 7 mg/kg tobra-
mycin per day was faster (Fig. 4D) than that for combinations with
5 mg/kg tobramycin per day (Fig. 4C). The 50th percentile of

10,000 hypothetical patients was predicted to achieve extensive
(	5 log10) killing without regrowth for all simulated combination
dosage regimens. However, combination regimens with intermit-
tent dosing of 1 g imipenem every 6 or 8 h plus 5 or 7 mg/kg
tobramycin were predicted to have 9.3% to 39.1% of patients fail-
ing, with extensive regrowth of resistant bacteria (Fig. 4C and D).
In contrast, a continuous infusion of 4 g/day imipenem plus 7
mg/kg tobramycin was predicted to achieve 	5 log10 without re-
growth in 98.2% of the patients and was thus the most robust
dosage regimen (Fig. 4D). The predicted success rate decreased
from 98.2% to 92.8% if the tobramycin dose was reduced to 5
mg/kg per day and to 93.2% if the imipenem continuous infusion
dose was reduced to 3 g per day (Fig. 4), since fewer patients
achieved unbound-imipenem steady-state concentrations above
8 mg/liter.

DISCUSSION

The present study demonstrates that A. baumannii is extremely
difficult to kill by monotherapy with any �-lactam or aminogly-
coside. In vitro time-kill studies showed that at the highest clini-
cally relevant unbound steady-state concentration, all tested
monotherapies achieved limited killing against strain ATCC
19606 at a high inoculum (Table 1). Imipenem was the most active
monotherapy, whereas noncarbapenem �-lactams and aminogly-
cosides achieved much less killing, which was followed, for amin-
oglycosides, by extensive regrowth. This highlights the need to
rationally optimize combinations.

Imipenem combinations provided the most extensive killing
and were most synergistic in comparison to all other tested �-lac-
tam-plus-aminoglycoside combinations against ATCC 19606
(Table 1 and 2). Therefore, imipenem-plus-aminoglycoside com-
binations were progressed to further studies with three clinical
isolates. Imipenem plus an aminoglycoside at clinically relevant

TABLE 2 Log10 change in viable counts compared to 0-h counts for A. baumannii ATCC
19606 in static-concentration time-kill studies comparing four carbapenems with or
without tobramycin at an initial inoculum of 107.0 CFU/mlc

a To achieve a limit of counting of 0.22 log10 CFU/ml (equivalent to one colony over 6 agar plates), in total 600
�l of this bacterial suspension was plated on six agar plates (100 �l per plate).
b A sterility check was performed by plating the entire volume of the bacterial suspension at the end of the
experiment. The sterility check demonstrated that all bacteria were killed (i.e., zero colonies observed after
plating the entire bacterial suspension).
c Green shading indicates 	2 log10 more killing than that achieved with the most active monotherapy (i.e.,
values meet the empirical definition of synergy), blue shading indicates 1.0 to 2.0 log10 more killing than the
most active monotherapy, and purple shading indicates 0.5 to 1.0 log10 more killing than the most active
monotherapy.
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TABLE 3 Population parameter estimates for imipenem plus aminoglycoside combination models against four A. baumannii strains

Parameter Symbol (unit)

Mean value (SE%) for strain with drugsd

ATCC 19606; IPM�AGS
(TOB, ISE, and AMK)

FADDI-AB016;
IPM�AGS (ISE)

FADDI-AB014;
IPM�AGS (ISE)

FADDI-AB034;
IPM�AGS (TOB)

Log10 initial inoculum LogCFU0 7.99 (2.3); 6.87 (1.6)a 6.71 (3.8) 6.71 (3.8) 6.62 (2.8)
Log10 maximum population size CFUmax 9.65 (2.3) 9.57 (1.1) 9.30 (6.7) 9.41 (1.5)
Replication rate constant k21 (h�1) 50 (fixed) 50 (fixed) 50 (fixed) 50 (fixed)

Mean generation time
IPMs AGSs k12,SS

�1 (min) 96.4 (11.2) 87.0 (5.8) 65.9 (31.0) 56.0 (4.8)
IPMr AGSi k12,RI

�1 (min) 1,010 (4.0) 226 (11.9) 196 (31.3) 812 (6.3)
IPMi AGSr k12,IR

�1 (min) 96.4 (11.2) 87.0 (5.8) 65.9 (31.0) 56.0 (4.8)

Log10 mutation frequency
IPM LogMUT,IPM �3.16 (5.8) �1.14 (14.3) �1.28 (69.2) �3.55 (4.6)
AGS LogMUT,AGS �5.16 (2.5) �3.99 (4.3) �4.37 (6.7) �7.20 (1.9)

Killing by imipenem
Maximum killing rate constant Kmax,IPM (h�1) 2.48 (12.4) 1.32 (17.8) 1.84 (19.4) 2.31 (10.5)

Imipenem concn causing 50% of
Kmax,IPM

IPMs AGSs KC50,SS,IPM (mg/liter) Mono, 1.01 (17.7); combo
(AGS � 4 mg/liter),
0.971 (18.2)

0.380 (17.8) 0.332 (74.5) 20.7 (19.3)b

IPMr AGSi KC50,RI,IPM (mg/liter) Mono, 16.5 (9.0); combo,
13.2 (5.5)

20.5 (7.3) 23.4 (10.8) 84.0 (8.7)b

IPMi AGSr KC50,IR,IPM (mg/liter) Mono, 1.76 (11.4);
combo, 0.422 (16.3)

1.30 (27.7) 4.15 (39.7) Mono, 22.4 (13.9)b

combo, 6.42 (8.8)b

Killing by aminoglycosides

Maximum killing rate constant
IPMs AGSs Kmax,SS,AGS (h�1) 5.42 (13.7) 4.48 (22.7) 5.84 (16.9) 7.67 (12.1)
IPMr AGSi Kmax,RI,AGS (h�1) 1.38 (19.8) 1.32 (13.6) 1.46 (24.6) 3.71 (9.95)
IPMi AGSr Kmax,IR,AGS (h�1) 5.42 (13.7) 4.48 (22.7) 4.72 (26.3) 7.67 (12.1)

Aminoglycoside concn causing 50%
of Kmax,AGS

IPMs AGSs KC50,SS,ISE (mg/liter) 22.1 (44.2) 0.415 (27.7) 0.216 (37.3)
KC50,SS,TOB (mg/liter) 7.54 (11.5) 2.87 (21.5)
KC50,SS,AMK (mg/liter) 18.2 (12.5)

IPMr AGSi KC50,RI,ISE (mg/liter) 52.5 (6.8) 7.35 (19.4) 9.24 (24.1)
KC50,RI,TOB (mg/liter) 69.1 (7.9) 98.1 (7.3)
KC50,RI,AMK (mg/liter) 75.2 (7.4)

IPMi AGSr KC50,IR,ISE (mg/liter) 147 (8.9) 190 (8.5) 178 (35)
KC50,IR,TOB (mg/liter) 123 (5.82) 120 (8.35)
KC50,IR,AMK (mg/liter) 243 (5.7)

Mean turnover time for hypothetical
signal molecules (� 1/kout,sig)

MTT (h) 0.942 (14.1) 0.753 (32.9) 0.794 (35.8) 0.072 (31)

Maximum inhibition by hypothetical
signal molecules

Imax,sig12 0.992 (9.64) 0.984 (18.4) 0.986 (21.4) 0.980 (20)

Log10 of hypothetical signal molecule
concn at 50% of max effect

Log10,IC50,sig 7.61 (1.5) 8.03 (2.6) 8.01 (2.9) 8.10 (2.2)

Hill coefficient
IPM HillIPM 5.0 (fixed)c 2.0 (fixed)c 5.0 (fixed)c 4.04 (13.5)
AGS HillAGS 2.71 (12.6) 1.0 (fixed) 1.0 (fixed) 1.0 (fixed)

SD of residual error on log10 scale SDCFU 0.401 (7.3) 0.481 (11.0) 0.287 (15.6) 0.383 (9.6)
a Initial inocula from two different experiments. All other model parameter estimates were assumed to be the same at both initial inocula.
b The final model for isolate FADDI-AB034 used the same parameter estimate for KC50,SS,IPM and KC50,RI,IPM with and without the aminoglycoside, since allowing for different
parameter estimates yielded no improvement. The model benefitted significantly from using different estimates for KC50,IR,IPM for monotherapy and combination therapies.
c We used only three imipenem concentrations in each of the static-concentration time-kill studies. Therefore, precise estimation of the Hill coefficients was difficult. It was,
however, beneficial to include a Hill coefficient for imipenem. After evaluation of different Hill coefficient values, the Hill coefficients were fixed at the values shown here.
d SE%, relative standard error, in percent; mono, monotherapy; combo, combination therapy.
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concentrations achieved extensive killing (	5 log10) and com-
pletely prevented regrowth against a high inoculum of three car-
bapenem-intermediate or carbapenem-resistant A. baumannii
isolates (Fig. 2). Overall, imipenem combinations eradicated three
of four strains. We did not quantify resistant bacteria on antibiot-
ic-containing agar plates and did not characterize the potential
emergence of a new resistance mechanism(s) during antibiotic
exposure. However, eradication suggested that imipenem-plus-
aminoglycoside combinations killed resistant bacteria and pre-
vented emergence of resistance.

Our results considerably extend those from the relatively few
published studies on �-lactam-plus-aminoglycoside combina-
tions in A. baumannii. Checkerboard studies at low inocula
showed promising results for these combinations (16, 39–41), and
SCTK experiments showed extensive killing (12, 15, 42–45) but
also revealed regrowth of A. baumannii by several log10 for some
combinations (12, 45). Cefepime plus amikacin was synergistic in
SCTK experiments and yielded approximately 1 log10 more killing
than cefepime monotherapy but was followed by approximately 6
log10 regrowth at 48 h in a hollow-fiber infection model (12). This
combination was effective in a mouse pneumonia model
(cefepime given every 8 h plus amikacin every 24 h; monothera-
pies not studied) (46). An empirical, nonoptimized combination
regimen with imipenem plus tobramycin (both given every 6 h in
mice) yielded 5.5 log10 killing of two carbapenem-resistant A. bau-
mannii isolates in a mouse pneumonia model (47). All but one of
the published SCTK studies (15) assessed monotherapies and
combinations for only one �-lactam or one aminoglycoside, and
no study on A. baumannii applied time course modeling (12, 15,
42–47). We identified synergistic combinations of 10 clinically
important �-lactams and three aminoglycosides and used novel
mechanism-based modeling and Monte Carlo simulations to ra-
tionally optimize combination dosage regimens for future studies
in animals and humans.

To quantify the extent, time course, and potential mechanisms

of synergy, we developed new mechanism-based models for four
A. baumannii strains. The proposed model structure and param-
eter estimates were consistent across all strains (Fig. 1B; Table 3).
Each model contained a susceptible population, an imipenem-
resistant population which was slowly replicating (resembling
persisters), and an aminoglycoside-resistant population. The ami-
noglycoside-resistant population (Fig. 1B) was killed by imi-
penem, whereas aminoglycoside-related killing of the imipenem-
resistant population was relatively slow (as shown by Kmax,RI,AGS)
(Table 3) potentially due to a lower rate of protein synthesis. Fu-
ture studies (for example, using a green-fluorescent-protein-la-
beled A. baumannii strain) would be required to experimentally
prove the presence of persisters. Models with subpopulation
synergy (i.e., imipenem killing the aminoglycoside-resistant
population and vice versa) excellently described the in vitro
viable-count profiles for strains FADDI-AB014 and FADDI-
AB016 (Fig. 2 and 3).

To describe the extensive synergistic killing of strains ATCC
19606 and FADDI-AB034 by imipenem-plus-aminoglycoside
combinations, an additional synergy mechanism was required.
Modeling suggested that the aminoglycoside most likely enhanced
the target site concentrations of imipenem. This mechanism is in
agreement with studies using an albumin-conjugated aminogly-
coside that disrupts the outer membrane of P. aeruginosa (33, 34).
The outer membrane presents a major penetration barrier, partic-
ularly in A. baumannii (21, 22), and its disruption likely yields
higher imipenem concentrations at the periplasmic target site and
thus increased killing by imipenem.

The presence of 4 mg/liter aminoglycoside was modeled to
significantly enhance the target site penetration of imipenem for
the imipenem-resistant and the aminoglycoside-resistant popula-
tions (Fig. 1B; Table 3). This is a plausible mechanism, since it is
the extracellular aminoglycoside concentration that likely causes
disruption of the outer membrane. Mechanism-based models
with subpopulation and mechanistic synergy excellently described

FIG 3 Observed versus individual (top) and population fitted (bottom) viable counts for imipenem-plus-aminoglycoside combinations against four A.
baumannii strains.
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FIG 4 Simulated plasma concentrations and viable-count profiles of the imipenem-resistant (MIC, 32 mg/liter) isolate A. baumannii FADDI-AB034 for
monotherapy and combination dosage regimens. These Monte Carlo simulations predicted bacteremia in critically ill patients with normal renal function who
completely lacked any effect of the immune system. The success rate (Psuccess, defined as �6 log10 CFU/ml at 168 h) is indicated for each simulated dosage
regimen. All imipenem infusions were given over 1 h (except for the continuous infusion). Tobramycin was infused over 0.5 h. The initial inoculum was 106.6

CFU/ml.
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all viable-count profiles for strains ATCC 19606 and FADDI-
AB034 (Fig. 2 and 3).

These novel mechanism-based models were used together with
population pharmacokinetic models for critically ill patients (17,
26, 27) to predict the time course of bacterial counts for infections
in humans. Our simulations are based on in vitro time-kill studies
with static antibiotic concentrations. In a previous study on cefta-
zidime against P. aeruginosa (31), we developed a mechanism-
based model using static concentration time-kill data and showed
that this model successfully predicted the time course of viable
counts in dynamic in vitro infection models from eight published
studies (31). Additional Monte Carlo simulations (19) showed
that this model successfully predicted the targets for cephalospo-
rins for stasis to 1 log10 killing (40% time of unbound drug con-
centrations above MIC [fT	MIC]) and near-maximal bacterial
killing at 24 h (60 to 70% fT	MIC) in mice (48) and the targets for
successful therapy in patients (49). Our in vitro experiments and
mechanism-based models do not include the effect of the immune
system (50, 51) and thus mirror immunocompromised patients.
Acknowledging the uncertainty arising from these potential limi-
tations, mechanism-based Monte Carlo simulations can predict
and rationally optimize bacterial killing and prevention of resis-
tance for combination dosage regimens (19, 31, 38, 52).

Our Monte Carlo simulations were performed using the car-
bapenem-resistant clinical isolate FADDI-AB034 at a high inocu-
lum. This strain had an imipenem MIC of 32 mg/liter, which is the
97th percentile of the MIC distribution for A. baumannii by
EUCAST and thus represents a near-worst-case scenario. The tar-
get population was comprised of critically ill patients with normal
renal function; these patients were assumed to completely lack any
effect of the immune system and to have bacteremia.

As imipenem and tobramycin clearance had coefficients of
variation of 34% and 31% and imipenem had a large variability
(81%) for volume of distribution of the central compartment in
critically ill patients (26, 27), Monte Carlo simulations predicted a
large between-patient variability in the unbound plasma concen-
trations and viable counts (Fig. 4). While all monotherapies were
predicted to fail in 	95% of patients (Fig. 4B), the extensive syn-
ergy between imipenem and tobramycin was highly beneficial for
all combination regimens. Combinations with 7 mg/kg tobramy-
cin (Fig. 4D) displayed more rapid killing than combinations with
5 mg/kg tobramycin (Fig. 4C).

Combinations with short-term imipenem infusions of 1 g ev-
ery 6 or 8 h were predicted to fail with extensive regrowth of
resistant bacteria in 9.3% to 39.1% of patients. For continuous
infusion of 3 g/day imipenem (with a 1-g loading dose) combined
with 5 or 7 mg/kg tobramycin, 6.8% to 16.2% of patients were
predicted to fail, with extensive regrowth (Fig. 4C and D). Excit-
ingly, imipenem at 4 g/day as a continuous infusion (with a 1-g
loading dose) plus tobramycin at 7 mg/kg every 24 h was predicted
to yield extensive killing (	5 log10) without regrowth in 98.2% of
patients (i.e., regrowth in only 1.8% of patients) (Fig. 4D). This
highlights the importance of evaluating the robustness of combi-
nation dosage regimens via Monte Carlo simulations in the pres-
ence of the large between-patient variability in pharmacokinetics
(17, 19, 53, 54).

While imipenem at 4 g/day clearly benefitted the predicted
success rate of therapy, this dose may slightly increase the risk of
seizures compared to 2 or 3 g imipenem per day (55, 56). To
obtain extensive synergy with tobramycin and prevent resistance,

an unbound imipenem concentration of approximately 8 mg/liter
was needed against our carbapenem-resistant isolates. Therapeu-
tic drug monitoring may be valuable to achieve unbound steady-
state concentrations of at least 8 mg/liter imipenem using 2 or 3 g
imipenem per day.

In summary, bacterial killing by any �-lactam or aminoglyco-
side in monotherapy was limited against a high inoculum of wild-
type A. baumannii ATCC 19606. Among all tested combinations,
imipenem plus an aminoglycoside provided the most extensive
killing without regrowth against high inocula of susceptible, car-
bapenem-intermediate, and carbapenem-resistant strains. Mech-
anism-based modeling identified both subpopulation synergy and
mechanistic synergy for imipenem-plus-aminoglycoside combi-
nations. This study presents the first application of Monte Carlo
simulations for A. baumannii that were used to rationally optimize
combination dosage regimens based on human population phar-
macokinetics. Monte Carlo simulations predicted a 98.2% success
rate for clinically relevant imipenem-plus-tobramycin combina-
tion dosage regimens against a carbapenem-resistant clinical A.
baumannii isolate with an MIC of 32 mg/liter. This strongly sug-
gests the future evaluation of these highly promising combination
dosage regimens.
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