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ABSTRACT Colistin-based combination therapy has become an important strategy
to combat the carbapenem-resistant Acinetobacter baumannii (CRAB). However, the
optimal dosage regimen selection for the combination with maximum efficacy is
challenging. Checkerboard assay was employed to evaluate the synergy of colistin in
combination with meropenem, rifampin, fosfomycin, and minocycline against nine
carbapenem-resistant A. baumannii isolates (MIC of meropenem [MICMEM], �32 mg/
liter) isolated from Chinese hospital-acquired pneumonia (HAP) patients. A static
time-kill assay, in vitro dynamic pharmacokinetic/pharmacodynamic (PK/PD) model, and
semimechanistic PK/PD modeling were conducted to predict and validate the synergistic
effect of the most efficacious combination. Both checkerboard and static time-kill assays
demonstrated the superior synergistic effect of the colistin-meropenem combination
against all CRAB isolates. In the in vitro PK/PD model, the dosage regimen of 2 g mero-
penem daily via 3-h infusion combined with steady-state 1 mg/liter colistin effectively
suppressed the bacterial growth at 24 h with a 2-log10 decrease, compared with the ini-
tial inocula against two CRAB isolates. The semimechanistic PK/PD model predicted that
more than 2 mg/liter colistin combined with meropenem (2 g, 3-h infusion) was re-
quired to achieve the killing below the limit of detection (�LOD; i.e., 1 log10CFU/ml) at
24 h with an MICMEM of �32 mg/liter. Colistin combined with meropenem exerted syn-
ergistic killing against CRAB even with an MICMEM of �32 mg/liter and MIC of colistin
(MICCST) of �1 mg/liter. However, it is predicted that a higher concentration of colistin
combined with meropenem was crucial to kill bacteria to �LOD. Our study provides im-
portant PK/PD information for optimization of the colistin and meropenem combination
against CRAB.

KEYWORDS Acinetobacter baumannii, PK/PD modeling, carbapenem resistance,
colistin, combination therapy, meropenem

Acinetobacter baumannii is a key nosocomial pathogen responsible for multiple
infections, including hospital-acquired pneumonia (HAP), urinary tract infections,

wound infections, meningitis, and bacteremia (1–3). It is classified by the Infectious
Diseases Society of America as one of the six most important multidrug-resistant (MDR)
microorganisms in hospitals worldwide (4). It is classified as “critical priority” in the
urgency of need for new antibiotics in 2017 on the published World Health Organiza-
tion (WHO) antibiotic-resistant “priority pathogens” list (5). The resistance rate of A.
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baumannii has reached up to 70% for carbapenems in a number of countries (6). In
China, the incidence of hospital-acquired pneumonia caused by A. baumannii has a
rising trend in the patients infected with Gram-negative bacilli isolated from the
respiratory tract (7). It has become the second most common pathogen in respiratory
infections and accounts for 17.3% of all the isolated respiratory infectious pathogens in
2017 (http://www.chinets.com).

Facing the dilemma of lacking new and effective antibiotics for the carbapenem-
resistant A. baumannii (CRAB), colistin has become a last resort in the clinic; however,
the nephrotoxicity of colistin limited its dose selection. Moreover, colistin heteroresis-
tance was reported in clinics worldwide (8). Hence, combination therapy was put
forward to alleviate the resistance development. It was reported in a meta-analysis (9)
that colistin in combination with carbapenems (including meropenem and doripenem)
or rifampin produced �50% of synergistic rates against colistin-resistant strains in vitro.
Additionally, colistin in combination with minocycline can also produce a synergistic
killing effect (10). Such a high percentage of synergy effect indicated a great potential
for clinical use to treat the carbapenem-resistant A. baumannii. Although the checker-
board and static time-kill assays were the most commonly used methods to test the
synergy of combinations, only part of the clinical situation was reflected due to the
static drug concentration in vitro, which is dynamically changing over time in vivo.

Tangden et al. (11) investigated the combination of colistin and meropenem against
A. baumannii and Pseudomonas aeruginosa using the dynamic pharmacokinetic/phar-
macodynamic (PK/PD) model in 8 h and showed a significant bacterial reduction after
treatments. In our previous in vitro PK/PD model study, a colistin and meropenem
combination therapy demonstrated a synergistic effect against CRAB (12). Computa-
tional models (13) have been successfully developed from the dynamic PK/PD exper-
iments to describe the time-kill curves of colistin combinations against MDR bacteria
and to predict the optimal dosage regimens. Lenhard et al. (14) predicted using a
hollow-fiber infection model that polymyxin B (maximum concentration of free, un-
bound drug in serum [fCmax], 2.41 mg/liter) combined with 2 g meropenem every 8 h
produced a �2.5-log10 decrease with regrowth by 72 h, while the combination with 8
g meropenem every 8 h achieved complete eradication by 336 h.

In the present study, carbapenem-resistant A. baumannii with MIC of meropenem of
�32 mg/liter and MIC of colistin of �1 mg/liter was chosen to test the synergistic effect
of colistin combinations by checkerboard assay. Colistin and meropenem combinations
were further investigated by static time-kill assay and dynamic in vitro PK/PD model. A
semi-mechanism-based PK/PD model was developed to predict the efficacy of colistin
and meropenem dosage regimens.

RESULTS
Susceptibilities, checkerboard, and time-kill studies. All MDR strains contained

both the blaOXA-51 gene and blaOXA-23 gene associated with carbapenem resistance (see
Fig. S1 in the supplemental material). MIC results were shown in Table S1 in the
supplemental material. All the nine HAP isolates were susceptible to colistin (CST) with
an MIC of �1 mg/liter and were resistant to meropenem (MEM) with quite high MICs
(MIC of meropenem [MICMEM], �32 mg/liter). Eight strains were susceptible to mino-
cycline (MIN). There were no breakpoints for fosfomycin (FOF) and rifampin (RIF) against
A. baumannii, which cannot be decided as susceptible or resistant. In the checkerboard
assay, the synergy rates of CST-MEM, CST-RIF, and CST-MIN were 44%, 56%, and 33%
(see Table S2 in the supplemental material), respectively. The CST-FOF combination is
not effective for the HAP isolates, with only one strain showing synergy. The CST-RIF
and CST-MEM combinations had good synergy effects, with approximately half
isolates showing synergy. Rifampin was commonly used as an antitubercular agent
and may cause hepatotoxicity (15). Therefore, the combination of colistin and
meropenem was chosen for the static time-kill study. The strains 050111, AB1845,
and AB2092 were chosen for the static time-kill assay. In the time-kill study, drug
concentrations were chosen when the lowest fractional inhibitory concentration
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indexes (FICIs) were acquired. The time-kill curves and the ΔlogCFU0 –24 of each
regimen were shown in Fig. 1 and Table 1.

Due to the high MICs of meropenem, there was almost no killing effect when all the
bacterial strains were treated with meropenem alone. When one-half MIC or one-fourth
MIC of colistin was treated to the three strains, they were both killed at the first 2 to 6
h, and regrowth happened afterward. The ΔlogCFU0 –24 was the same as the control
group at 24 h. However, the combination of colistin and meropenem demonstrated great
synergistic effect, with ΔlogCFU0–24 being �5.25 � 1.93, �6.1 � 0.92, and �6.52 � 0.24
for strains 050111, AB1845, and AB2092.

In vitro PK/PD model. The concentrations of meropenem under a dosage regimen
of 2 g with 3-h infusion was determined by a validated liquid chromatography–tandem
mass spectrometry (LC-MS/MS) method. The results confirmed meropenem concentra-
tions in the PK/PD study (see Table S3 and Fig. S2 in the supplemental material).

Time-kill curves under different regimens of colistin and meropenem alone or in
combination were shown in Fig. 2. The ΔlogCFU0 –24 values were shown in Fig. 3.
Colistin monotherapy (0.25, 0.5, and 1 mg/liter) showed rapid bacterial killing and
reached the maximum bactericidal killing with ΔlogCFU0 –t of �3.5 for AB1845 and
�3.7 for AB2092 within 2 to 4 h (Fig. 2B and C). However, there was regrowth after 6
h and no difference at 24 h between the control group and colistin monotherapy. In
meropenem monotherapy, there were different bactericidal effects among the suscep-
tible strain ATCC 19606 and resistant strains AB1845 and AB2092. For susceptible ATCC
19606, 2 g meropenem killed bacteria and no bacterial colony was detected at 24 h. For
AB1845 (MICMEM, 32 mg/liter), it produced a �3-log10 decrease in the first 2 h, and
regrowth occurred after 4 h while 1 g meropenem with 3-h infusion was used. The
%T�MIC (time for which the drug concentration remained above the MIC of the strain
as a percentage of the dosing interval [8 h]) for 1 g or 2 g meropenem with 3-h infusion

FIG 1 Static time-kill curves show the bactericidal effect of colistin (blue), meropenem (orange), and their combination (green) against carbapenem-resistant
A. baumannii isolates (mean � SD, n � 3). CST, colistin; MEM, meropenem.

TABLE 1 Δ logCFU0 –24 values of colistin and meropenem as monotherapy and in
combination

Strain (MICCST/MICMEM)

�logCFU0–24 by antibiotic therapy (mean � SD) (n � 3)

No drug Colistin Meropenem Combination

050111 (0.5/128) 2.62 � 0.12 1.13 � 1.50 2.69 � 0.24 �5.25 � 1.93
AB1845 (0.5/32) 1.81 � 0.08 2.19 � 0.17 1.86 � 0.09 �6.1 � 0.92
AB2092 (1/128) 2.11 � 0.10 1.58 � 0.30 2.04 � 0.14 �6.52 � 0.24
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was 38% and 51%, respectively (Table 2). For AB2092 (MICMEM, 128 mg/liter), mero-
penem monotherapy did not show a bactericidal effect.

Combination therapy demonstrated a stronger bactericidal effect against both
AB1845 and AB2092 than monotherapy. For AB1845, 1 mg/liter colistin in combination
with 1 g meropenem for 3-h infusion produced 3-log10 killing during 8 h and, yet,
regrowth occurred at 24 h. When meropenem was increased to 2 g in the combination,
there was no viable colony at 6 h, and ΔlogCFU0 –24 was �2.38 at 24 h. For AB2092, the
combination therapy produced a strong bactericidal effect in the first 4 h and the
ΔlogCFU0 –24 was �0.13 and �1.89, respectively, when 1 g and 2 g meropenem was
used in combination.

Semimechanistic PK/PD model. The static time-kill curve data were applied in the
semimechanistic PK/PD model. Both experimental data and modeling simulation
curves were shown in Fig. S3 in the supplemental material, which showed the time-kill

FIG 2 Dynamic in vitro PK/PD killing kinetics of ATCC 19606 (A), AB1845 (B), and AB2092 (C) in different dosage regimens. Meropenem dose of 0.5 g is infused
for 0.5 h, and 1 or 2 g is for 3-h infusion. CST, colistin; MEM, meropenem.

FIG 3 The values of ΔlogCFU0 –24 for ATCC 19606, AB1845, and AB2092 after each monotherapy and the
combination.
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curves were adequately described by the proposed PK/PD model. Parameter estimates
were provided in Table S4 in the supplemental material. The comparison of parameters
maximum effect (Emax) and 50% effective concentration (EC50) among three strains
were shown in Fig. S4 in the supplemental material. The values of EC50 and Emax of
colistin were not significantly different when treated alone or in combination. However,
the EC50 of meropenem was lower when treated by the combination than the mero-
penem monotherapy for AB2092, which was 1.85 mg/liter versus 5.5 mg/liter.

In the dynamic in vitro PK/PD model, all experimental data were fitted for parameter
estimation (Fig. 4). Typical parameter estimates were presented in Table 3. Compared
with meropenem susceptible strain ATCC 19606, resistant strains AB1845 and AB2092
had a lower Emax in meropenem monotherapies. There were no significant differences
in EC50_MEM among the three strains. Diagnostic plots of predicted versus actual values
indicated well fitted results, with data points distributed symmetrically and close to the
regression line (Fig. 5).

Model validation and prediction. In the multidose combination therapy, the
dosing regimen of colistin (1 mg/liter) and meropenem (2 g with 8-h infusion) was
simulated. The model-predicted result which was shown via a solid line was close to
observed values; only the regrowth after 8 h was lower than the experimental data (Fig.
6). Predictions of bactericidal effects of new therapies were conducted based on
parameter estimates from dynamic experiments (Fig. 7). For AB1845, 8 mg/liter colistin
alone killed most bacteria, while meropenem efficacy was not increased significantly

TABLE 2 Values of %T�MIC, %T�2MIC, and %T�3MIC for AB2092 with different dosing
regimensa

Meropenem
dosage (g)

Infusion value
(mg/liter)

MIC at an infusion duration (h) of:

1 2 3 8

1 %T�MIC (8) 25 32 38 0
%T�2MIC (16) 16 18 3.6 0
%T�3MIC (24) 9.4 0 0 0

2 %T�MIC (8) 37 44 51 90
%T�2MIC (16) 26 32 38 0
%T�3MIC (24) 20 25 27 0

aMIC values refer to those in the checkerboard assay.

FIG 4 Observed (symbols) and model fitted (lines) viable counts for the dynamic in vitro PK/PD model experiments with colistin or meropenem alone and the
combination against A. baumannii ATCC 19606 (A), AB1845 (B), and AB2092 (C). Meropenem dose of 0.5 g is infused for 0.5 h, and 1 or 2 g is for 3-h infusion.
CST, colistin; MEM, meropenem.
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with enhanced dose. When combining the two drugs, more rapid bactericidal effects
were predicted for all dosages. Bacterial counts were almost close to limit of detection
(LOD) at 24 h for the highest concentration of 8 mg/liter colistin in combination with
2 g meropenem as a 3-h infusion. For AB2092, 2 mg/liter colistin resulted in quite a
strong bactericidal effect, while meropenem can hardly kill bacteria even with the
highest dosage. At 24 h, bacterial counts were below the LOD (1 log10 CFU/ml) when
2 mg/liter colistin was combined with 2 g meropenem as a 3-h infusion.

TABLE 3 Parameter estimates for the in vitro PK/PD model

Parameter Explanation

Value for strain:

ATCC 19606 A. baumannii 1845 A. baumannii 2092

kgrowth (h�1) Rate constant of bacterial net growth 0.250 1.01 0.640
Bmax (log10CFU/ml) Bacterial count in the stationary phase 8.56 8.02 8.03
Emax_CST (h�1) Maximum achievable kill rate constant by colistin 7.21 0.998 4.66
EC50_CST (mg/liter) Colistin concentration that results in 50% of Emax 0.0715 0.374 0.730
Emax_MEM (h�1) Maximum achievable kill rate constant by meropenem 1.11 0.947 0.095
EC50_MEM (mg/liter) Meropenem concentration that results in 50% of Emax 15.5 14.8 13.5
�CST Hill factor for colistin 1.27 1.05 1.55
�MEM Hill factor for meropenem 0.306 0.773 7.30
f Maximal adaptation factor 290 3.60 9.54
k Rate of adaptation 1.06 0.156 0.444
Int Parameter describing drug interaction 0.190 0.0118 0.0117
fval (%) Residual error fraction 5.99 3.77 2.23

FIG 5 Diagnostic plots of fitting results for ATCC 19606, AB1845, and AB2092 and validation results for AB2092. Meropenem was
dosed at 2 g every 8 h with 8-h infusion.
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DISCUSSION

In this study, a semimechanistic PK/PD model was developed for colistin and
meropenem in combination against A. baumannii based on both static and dynamic
time-kill studies. The model well described and predicted the time course of bacterial
killing by both antibiotics, facilitating the optimization of this important combination
therapy in the clinic.

The synergistic bactericidal effect was reflected in both time-kill studies and the
semimechanistic PK/PD model parameter estimates. The EC50 of meropenem was lower
in the combination (1.85 mg/liter) for AB2092 than meropenem monotherapy (5.5
mg/liter). This synergism could be based on their mechanisms of action. Meropenem
interferes with the synthesis of peptidoglycan in the cell wall by acylating the penicillin
binding proteins (PBPs) (16). Colistin kills bacteria by membrane disruption which
simultaneously increases meropenem entrance into bacteria (17). It had been reported
that the synergy of colistin and carbapenems (doripenem) was time-dependent inhi-
bition of different metabolic pathways in a metabolomics study (18). Colistin induced
disruption of bacterial lipids and metabolic changes via pentose phosphate pathway
metabolism in early stages. Carbapenem caused peptidoglycan biosynthesis metabo-
lites to decrease in later stages. This mechanistic finding supported combination
therapy in the clinic for maintaining a persistent antibacterial effect and minimizing the
potential bacterial regrowth due to colistin monotherapy. Although it was reported
that the colistin and meropenem combination was not superior to colistin alone against
carbapenem-resistant bacteria in severe infections (19), the subgroup analysis showed
less clinical failure in combination among patients with ventilator-associated pneumo-
nia, HAP, and bloodstream infections. The high clinical failure rate (not antimicrobial
failure rate), not validated outcome and high MIC of colistin, could affect the interpre-
tation of the results.

Meropenem is a time-dependent antibiotic, and the target value of %T�MIC is 40%
for Klebsiella pneumoniae (20). Under a 1-g dose with 3-h prolonged infusion, the
probability of target attainment (PTA) was over 90% only for meropenem-susceptible
or -intermediate strains, with MICs lower than 4 mg/liter (20). Roberts et al. (21)
conducted Monte Carlo simulations on different meropenem dosages. With the high-
level resistance to carbapenems (MIC, �32 mg/liter), the PK/PD target was unlikely to
be attained even with high-dose extended infusion schemes (2 g, 3 h). Two cohort
studies (22, 23) pointed out that the colistin and meropenem combination significantly
decreased mortality rates only when carbapenem MIC was �8 mg/liter. Those studies
indicated that meropenem MICs had significant influence on PTA and clinical efficacy.
In this study, the maximum concentrations of meropenem regimen with 1 g and 2 g
with 3-h prolonged infusion reached 16.5 and 32.9 mg/liter (24). It is very hard to
achieve the PK/PD target for the highly resistant strains with an MIC of �32 mg/liter

FIG 6 Validation of the PK/PD modeling for the regimen of 1 mg/liter colistin in combination with 2 g
meropenem every 8 h with 8-h infusion.
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(25). The synergistic combination therapy can decrease the apparent MICs of both
antibiotics and, therefore, increase the possibility of reaching targets for A. baumannii.
In the present study, the apparent MICMEM decreased from 128 to 8 mg/liter when
meropenem was alone and in combination with colistin (0.25 mg/liter) for AB2092.
However, it is controversial to use %T�MIC (40%) as the target. It was reported in the
clinical study that %T�4MIC should be over 40% to achieve clinical success (25, 26). This
study showed meropenem 2 g with 8-h infusion (%T�MIC, 90%) combined with colistin
did not show better efficacy at 24 h compared with 3-h infusion (%T�MIC, 51%) using
apparent MIC calculation for each regimen. The %T�2MIC or %T�3MIC value of mero-
penem 2 g with 8-h or 3-h infusion combined with colistin regimen was 0% and about
30%, respectively, which could be an appropriate index for meropenem.

FIG 7 Pharmacodynamic predictions of colistin and meropenem mono- and combination therapy against A. baumannii AB1845(A) and AB2092(B). The units
for colistin and meropenem are mg/liter at steady state and g with 3-h infusion, respectively. LOD, 1 log10 CFU/ml.
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The protein binding of colistin in human plasma is approximately 50% (27). For the
strains with colistin MIC equal to or less than 1 mg/liter, it showed that the free colistin
maintained at 1 mg/liter combined with 2 g meropenem with 3-h infusion could result
in 2- to 3-log10 reduction compared to the initial inoculum. However, in pharmacody-
namic prediction by the developed PK/PD model, 8 mg/liter free colistin combined with
2 g meropenem adopting prolonged infusion kept colony counts near the LOD for
AB1845 at 24 h. While for AB2092, 2 mg/liter free colistin alone produced a �4-log10

decrease of the colony counts, and it was below the LOD if adding 2 g meropenem to
the colistin monotherapy. In vivo experiments are warranted to validate the efficacy of
each dosage regimen.

The experimental data showed that AB1845 had a slightly higher growth rate than
AB2092. In the PK/PD model, the estimated values of growth rate for AB1845 and
AB2092 were 1.01 and 0.64/h, respectively. It has been proven that the growth rate of
induced resistant strains decreased when compared with that of their susceptible
parental strains (28, 29). It was shown in the prediction section that bacteria with a
higher growth rate were more difficult to be killed to the limit of detection level.
Therefore, higher doses were needed for the bacteria with higher growth rate instead
of higher MICs.

These prediction results indicated a higher concentration of free colistin (�1 mg/
liter) was needed for a complete bactericidal effect at 24 h. The pharmacokinetics of
colistin methanesulfonate (CMS) in healthy Chinese subjects after single and multiple
intravenous doses was previously investigated. The Cmax was 1.17 � 0.22 mg/liter, and
steady state concentration was 1.03 � 0.16 mg/liter after multiple doses at day 7 (2.5
mg CBA/kg, twice daily for 7 days). The Cmax ranged from 2 to 2.65 mg/liter after
loading dose (2 MIU or 9 MIU) or at steady state (30–32) in critically ill patients.
Nevertheless, the intersubject variations in colistin maximum plasma concentration had
been reported, which could range from 0.95 to 5.1 mg/liter (mean, 2.65 mg/liter) after
9 MIU loading dose, or range from 0.48 to 9.38 mg/liter (median, 2.36 mg/liter) after 2.5-
to 13.6-MIU dose (31). These data suggested the possibility of reaching higher concen-
tration of colistin in vivo to achieve a better bactericidal effect. Whereas, the higher
concentration of colistin could lead to higher possibility of nephrotoxicity (33). The
colistin plasma concentration and nephrotoxicity should be closely monitored if a
higher dose or concentration of colistin is being used.

MATERIALS AND METHODS
Bacterial strains and resistance gene, medium, and antibiotics. One reference strain, A. bauman-

nii ATCC 19606, and nine clinical multidrug-resistant (MDR) strains were investigated in our study. These
strains were isolated from HAP patients in a multicenter clinical trial in 2014. Strains AB1845 and AB2092
were isolated from one HAP patient before and after cefoperazone-sulbactam therapy (2:1, 3 g every 8
h with 1-h infusion) (34). Genomes of AB1845 and AB2092 were sequenced with the Illumina HiSeq 2500
platform, and there was 99.98% similarity between the two isolates. The differences were found in 33
synonymous single nucleotide polymorphisms (SNPs) and three copies of blaOXA-23 in AB2092 versus
AB1845. Isolate 050111 was from an HAP patient in The Second Hospital of Jilin University.

Cation-adjusted Muller-Hinton broth (CAMHB; Becton, Dickinson, Sparks, MD) was used for check-
erboard and time-kill assays. Colistin (sulfate; Sigma-Aldrich, St. Louis, MO), meropenem, rifampin,
fosfomycin supplemented with glucose-6-phosphate (G6P; 25 mg/liter; Sigma-Aldrich), (35), and mino-
cycline (National Institutes for Food and Drug Control, Beijing, China) were used for the MIC tests.

Checkerboard assays. The MICs of tested antibiotics were carried through the broth microdilution
method according to the Clinical and Laboratory Standards Institute (CLSI, 2017). The checkerboard tests
were conducted to evaluate the synergistic effect of different colistin-based combinations. The concen-
trations of colistin were 0.0625 to 4 mg/liter, and the concentrations of the other antibiotic were 0.125
to 128 mg/liter. The 96-well broth microdilution plates were inoculated with each strain to yield the
appropriate density (105 CFU/ml) in a 100-�l final volume and incubated at 35°C for 18 to 22 h.
Escherichia coli ATCC 25922 was used as the quality-control strain.

The fractional inhibitory concentration index (FICI) was calculated using the following formula: FICI �
FICIA � FICIB, where FICIA is MIC of drug A in combination/MIC of drug A alone and FICIB is MIC of drug
B in combination/MIC of drug B alone. The interpretation of FICI against A. baumannii was as follows:
synergy as FICI of �0.5, indifference as 4 � FICI � 0.5, and antagonism as FICI of �4 (36).

Static time-kill assays. Time-kill assays were performed for the combination of colistin and mero-
penem on the strains of 050111, AB1845, and AB2092. Time-kill analysis was conducted according to
previously published methods (37). The initial inoculum of the bacteria was approximately 106 CFU/ml,
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and there was a 2-h preculture before the addition of antibiotics and sampling at 0, 1, 2, 4, 6, 8, and 24
h. The assay was performed in triplicates. Bactericidal effect was defined as a �3-log10 reduction in the
colony counts relative to the initial inoculum (38). Synergy was interpreted as a �2-log10 decrease in
colony counts for antimicrobial combination compared with the most active single agent at 24 h.
Indifference was defined as a �2-log10 increase or decrease in colony counts at 24 h for the combination
compared with the most active drug alone. Antagonism was defined as a �2-log10 increase in colony
counts at 24 h for the combination compared with the most active drug alone (37, 39).

In vitro PK/PD model experiments. The in vitro PK/PD model (see Fig. S5 in the supplemental
material) was used to conduct dynamic time-kill experiments (12, 40). Pharmacokinetics of both
antibiotics was simulated by the PK/PD model by adjusting the flow rate of the medium pumped into
the central compartment. Meropenem concentration was simulated according to pharmacokinetic
parameters from Chinese healthy volunteers which was best described with a two-compartment model
(24), and pharmacokinetic parameters were provided in Table S5 in the supplemental material.

Although the commonly used clinical dose of meropenem is 1 g every 8 h (q8h), it was reported that
meropenem dosed at 2 g, q8h with prolonged infusion was more likely to achieve the desired %T�MIC

target (41–43). Hence, the dose of meropenem in the PK/PD model was 1 g or 2 g with 3-h infusion.
Colistin concentration was maintained constant at 0.5 or 1 mg/liter to mimic the steady-state concen-
tration from the critically ill patients receiving colistin methanesulfonate (31). The bacteria were inocu-
lated into the central compartment, and central compartment was sealed by a filter membrane (0.45 �m)
to prevent bacterial loss. Samples were obtained from the central compartment with a syringe, and
bacterial counts were determined using Mueller-Hinton agar plates.

Semi-mechanistic PK/PD modeling. A model scheme was shown in Fig. S6 in the supplemental
material. Bacterium B is in a self-replication state with kg as the net growth rate. Colistin and meropenem
act on bacteria by decreasing the bacterial counts with the rate of kdrug. CCST and CMEM represent the
real-time concentration of colistin and meropenem, and ke is the in vivo elimination rate of meropenem.

Bacterial growth modeling. Bacterial growth is a self-limiting process. A logistic function was
applied to describe this characteristic using the equation 1 (44):

dB

dt
� kg · �1 �

B

Bmax
� · B (1)

Bmax is the carrying capacity or the maximum bacterial counts in the system. B is the log colony
counts of bacteria.

Killing effects of colistin, meropenem and the combination. The change of bacterial counts could
be described as equation 2 (45).

dB

dt
� �kg· �1 �

B

Bmax
� � ECST� · B (2)

The killing effects of the antibiotics are characterized using sigmoid Emax function.

ECST �
Emax_CST · CCST

�CST

�� · EC50_CST��CST 	 CCST
�CST

(3)

� � 1 	 f · � 1- e
��CCST·k·t�� (4)

ECST is the killing rate of colistin. Emax_CST is the maximum achievable killing rate constant while
EC50_CST is the antibiotic concentration that results in 50% of Emax_CST. An adaptation factor � that is
dependent on time as well as drug concentration is introduced in equation 3 to explain the adaptive
resistance of colistin. The parameter of f is the maximal adaptation factor and k is the rate of adaptation
(equation 4) (45). The increase of � could result in an increase in EC50_CST.

The killing effect of meropenem against A. baumannii was consistent with the following sigmoid Emax

model (where EC50_MEM is the antibiotic concentration that results in 50% of Emax_MEM):

dB

dt
� �kg · �1 �

B

Bmax
� � EMEM� · B (5)

EMEM �
Emax_MEM · CMEM

�MEM

�EC50_MEM��MEM 	 CMEM
�MEM

(6)

In the combination therapy, the drug interaction was evaluated using the following empirical
interaction function (13)

E � EMEM · �1 	
ECST

ECST 	 EMEM
�Int

	 ECST · �1 	
EMEM

ECST 	 EMEM
�Int

(7)

where E is the combined killing rate constant of colistin and meropenem; Int represents the interaction
effect. The Int value indicates the effect of synergy, indifference, and antagonism. Zero suggests no
interaction, a positive value suggests a synergistic effect, and a negative value suggests an indifference
or antagonism effect.

Model fittings were performed by nonlinear regression analysis using the maximum likelihood
algorithm in Matlab 8.3 (Mathwork, Inc., USA). Goodness of fit was assessed by the objective function fval
(%) {fval (%) � sum[(simulated data – actual data)2]100/sum(actual data)2} and visual inspection of
diagnostic plots (46). The closer the value of fval (%) to zero, the higher goodness of fit was. Parameter
estimates were obtained after model fitting.
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Model validation. External validation was conducted to examine the prediction ability of the
semi-mechanism-based PK/PD model. The computational model was employed to predict the bacterial
counts under the dosage regimen of 1 mg/liter colistin and 2 g meropenem every 8 h with 8-h infusion.
The prediction data were compared with the experimental data where a multiple-dose of colistin and
meropenem combination was given to AB2092. The figures of fitting curves and predicted versus
observed values were plotted to evaluate the predictive power. Berkeley Madonna (version 8.3.18) was
used for pharmacodynamic prediction.

Pharmacodynamic prediction of mono- and combination therapy. Parameter estimates from the
dynamic PK/PD model were used, colistin concentration ranged from 1.5 to 8 mg/liter, and meropenem
was dosed at 2, 4, or 8 g for a single dose with 3-h infusion. Predictions were conducted on mono- and
combination therapies. R3.5.0 was used for plotting.
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