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KEY POINTS
•
•
•
•

Antibacterial combinations are used in clinical practice to accomplish a variety of therapeutic goals, including
prevention of resistance and enhanced antimicrobial activity.
The most common types of synergy testing are the checkerboard array assay, the time-kill study, diffusion
assays, and pharmacokinetic/pharmacodynamic models such as the hollow fiber infection model.
Antibacterial synergy testing is not routinely performed in the clinical microbiology laboratory because of test
complexity and uncertainty about the predictive value of synergy testing results for patient outcomes.
Optimized synergy testing techniques and better data on the relationship between in vitro synergy results and
clinical outcomes are needed to guide rational use of antimicrobial combinations in the multidrug resistance
era.

SYNOPSIS
Antibacterial combinations have long been used to accomplish a variety of therapeutic goals, including
prevention of resistance and enhanced antimicrobial activity. In vitro synergy testing methods, including the
checkerboard array, the time-kill study, diffusion assays, and pharmacokinetic/pharmacodynamic models, are
used commonly in the research setting, but are not routinely performed in the clinical microbiology laboratory
because of test complexity and uncertainty about their predictive value for patient outcomes. Optimized
synergy testing techniques and better data on the relationship between in vitro results and clinical outcomes
are needed to guide rational use of antimicrobial combinations in the multidrug resistance era.

INTRODUCTION
Combination antibacterial therapy dates back to the early antibiotic era1 and remains a
common practice today. Some combinations have been widely used for decades, their
clinical utility well supported by clinical outcomes data, while others have only recently
been described in in vitro studies. A number of different techniques are used in the
laboratory to test for synergistic activity in drug combinations. To understand the utility and
limitations of these testing methods, we will evaluate them in the context of the
mechanisms they are designed to test and the various clinical rationales for antibacterial
combination therapy.

MECHANISMS OF COMBINATION ANTIBIOTIC ACTIVITY
In order to make sense of synergy testing methods, it is essential to understand the
mechanisms by which antibiotics can work when used in combination. There are two main
conceptual reasons for using drugs in combination. The first is to prevent the emergence of
resistance to any individual drug during treatment. Regimens used to prevent resistance will
be discussed briefly below, in the context of Mycobacterium tuberculosis, but are not
otherwise a primary focus in this review, as they do not rely on synergy in the sense of
enhanced combinatorial activity, and their efficacy is not evaluated using synergy testing.
The other reason to use two or more antibiotics together is that some drugs, in
combination, exhibit activity that is greater than would be expected through simple additive
activity: in other words, they are synergistic.

Prevention of Resistance
Discovered in 1943, streptomycin was the first drug in history with activity against M.
tuberculosis,1,2 an ancient and deadly disease that has plagued humankind for thousands of
years.3 But it soon became apparent that M. tuberculosis isolates from patients treated with
streptomycin alone developed resistance to the drug during therapy;4 only when multiple
anti-tuberculosis drugs were used in combination could resistance to any one of the agents
reliably be prevented during the prolonged treatment courses required to cure
tuberculosis.1 Today, the standard initial regimen for drug-susceptible M. tuberculosis
isolates is a combination of four drugs: isoniazid, rifampin, ethambutol, and pyrazinamide.5
Such multidrug regimens are essential for effective treatment because M. tuberculosis
develops resistance to each of these drugs relatively simply, through spontaneous
chromosomal mutations.6 As a result, during a standard course of tuberculosis therapy,
which lasts at least six months,5 the chance of an organism developing resistance to a drug
used as monotherapy may be as high as 100%,7 while the likelihood of an organism
simultaneously developing resistance to four drugs is vanishingly small.

Enhanced Activity
Most bacterial pathogens do not develop resistance to antibiotics in as simple a manner as
M. tuberculosis,8 and the use of combination regimens has not been shown to be an
effective method for the prevention of resistance in organisms such as Enterobacteriaceae.9
Instead, the primary rationale for the use of combination regimens in most bacterial

pathogens is to overcome an existing resistance mechanism or to improve the activity of
one or both agents10 (see Table 1).
Table 1
Mechanisms of Synergistic Antibacterial Activity
Mechanism

Example(s)

Explanation

Inhibition of
sequential
steps in a
biosynthetic
pathway
Inhibition of
resistance
mechanisms
Increased
entry into the
bacterial cell

Sulfamethoxazole +
trimethoprim

Sulfamethoxazole and trimethoprim act synergistically by
inhibiting different steps in the production by bacteria of
tetrahydrofolic acid, a key component in numerous bacterial
12
biosynthetic processes.

Ampicillin-sulbactam,
ceftazidimeavibactam
Ampicillin or
vancomycin +
gentamicin for
Enterococcus

A β-lactam antibiotic combined with a β-lactamase inhibitor
that protects the antibiotic from destruction by bacterial β13
lactamase enzymes.
Aminoglycosides (e.g. gentamicin) are clinically ineffective
against Enterococcus species due to limited ability to enter
the bacterial cell at in vivo concentrations. When given with
an enterococcal cell wall-active drug (e.g. ampicillin,
vancomycin), gentamicin uptake is increased and its
concentration at the ribosomal target reaches levels
15
necessary for activity.

Double βlactam therapy
for
Enterococcus
Enhancement
of biofilm
activity

Unknown
mechanisms

Colistin + drugs with
limited ability to cross
outer membrane (e.g.
14
linezolid)
Ampicillin +
ceftriaxone for
enterococcal
18
endocarditis
Addition of rifampin
to regimens for
staphylococcal
prosthetic material
infections (including
prosthetic valve
20,21
endocarditis)
Amikacin +
doripenem for
carbapenemaseproducing K.
23
pneumoniae
Meropenem +
levofloxacin for P.
24
aeruginosa
Fosfomycin +

11

Colistin and related compounds permeabilize the outer
membrane of Gram-negative bacteria. In vitro synergy
between these agents and antibiotics that are not normally
14,16,17
is believed to
active against Gram-negative bacteria
16
result from increased entry into the cell.

Clinical testing
method
Drugs tested as a
combination using
standard AST

Drugs tested as a
combination using
standard AST
HLAR (High-level
Aminoglycoside
Resistance) testing

Not performed

Complete saturation of non-essential penicillin-binding
proteins (PBPs) by cephalosporins, which are ineffective
against enterococci as monotherapy, in combination with
partial saturation of essential PBPs by ampicillin, is believed
19
to be mechanism of synergy.
Rifampin, an inhibitor of bacterial DNA-dependent RNA
polymerase, is almost never used as monotherapy because
22
most bacteria rapidly develop resistance during therapy.
However, it is particularly active against biofilms and is often
used for this purpose in combination with other drugs.

Not performed

Using in vitro synergy methods and animal models,
numerous antibiotic combinations have been tested against
multidrug-resistant pathogens for which few standard
treatment options exist, such as carbapenem-resistant
23,26,27
Pseudomonas
Enterobacteriaceae (CRE),
24,28
29
Acinetobacter baumannii, and
aeruginosa,
25,30
Few studies have
vancomycin-resistant enterococci.
evaluated synergy mechanisms for these combinations.

Not performed

Not performed
(Staphylococcus
species tested for
rifampin
susceptibility by
standard AST)

daptomycin for
vancomycin-resistant
Enterococcus
25
faecium

SYNERGY TESTING METHODS
Several different methods are commonly used to test for synergy. These methods do not
always yield identical results,31–33 but determining which is most reliable is challenging, as
there is no established gold-standard synergy reference method. An ideal technique would
consistently predict treatment outcomes, but to date there have been few comparisons of
in vitro synergy testing data with clinical outcomes; furthermore, different methods may
work best for different organisms or drugs.34

Checkerboard array
The checkerboard array method is an adaptation of standard broth-based minimal
inhibitory concentration (MIC) testing. As such, it can assess inhibition of bacterial growth,
but does not provide information on bacterial killing.35 The array is typically created in a 96well microtiter plate, with each well containing a standardized bacterial inoculum and
appropriate concentrations of antibiotics,35 although adaptations using automated
dispensing and smaller volumes have been described.27 A typical checkerboard array layout
is shown in Figure 1. Microplates are examined for evidence of growth after incubation
under standard antimicrobial susceptibility testing (AST) conditions.36

The results of a checkerboard array synergy assay are evaluated by calculating the fractional
inhibitory concentration (FIC) index. In a well in which growth is inhibited, the FIC of each
drug is determined by dividing the concentration of the drug in that well by the MIC of that
drug alone.35 The FIC index is the sum of the FIC values of two drugs in a well. An FIC index
of ≤0.5 is considered synergistic, while an FIC index of >4.0 is antagonistic and intermediate
values are considered to show no interaction.37 It should be noted that to meet the
definition of synergy, each drug must be present at less than half its MIC. This definition
reflects the expected variability of ±1 two-fold dilution in single-agent MIC testing:38 an FIC
index of 1 could simply result from both drugs demonstrating inhibition at one-half their
respective MICs by chance. While the FIC index is the most common measure of synergy in
the checkerboard array, other models have been developed.39 In addition, the
checkerboard array can be used to test more than two drugs at once,40,41 although this
method quickly becomes impractical unless limited concentration ranges are used for one
or more of the drugs being tested.

Diffusion-based methods
Like the checkerboard array, diffusion-based synergy methods provide information about
bacterial inhibition but not about killing. Disk diffusion synergy testing is based upon the
principle of disk diffusion AST, in which a paper disk impregnated with the antibiotic of
interest is placed upon a lawn of bacteria on an agar plate. The drug diffuses through the
agar and the diameter of the zone of bacterial clearance around the disk is measured after
incubation and compared to established breakpoint tables to determine whether the

organism is susceptible to the drug.36,42 When this method is adapted for synergy testing,
disks containing two different drugs are placed on a plate; if there is enhanced clearance or
bridging between the two zones, the combination is considered synergistic, whereas if there
is decreased clearance between the two zones, it is considered antagonistic.43,44 Although
this method is relatively simple to perform, it is not described often in the literature,
perhaps because of concerns about subjectivity and a lack of established data.10,43,45

Antibiotic gradient diffusion strips work by a similar principle, except that the gradient of
drug in the strip allows for determination of an MIC value based on the point at which the
ellipse of growth inhibition intersects with the strip.46 Several methods for gradient strip
synergy testing have been described, including placement of strips at a right angle
intersecting at the point of their relative MICs33 and placing a strip containing one drug onto
the agar in a location on which a strip containing the other drug had diffused before being
removed.47 The concentration at which each drug inhibits growth in the combination
configuration is assessed after incubation, and these values are used to calculate an FIC
index.33,47

Time-kill assay
The time-kill synergy assay is more labor-intensive than the checkerboard array, and final
results, which are dependent on growth of bacterial samples for quantification, are delayed
by a day compared to the checkerboard array. However, time-kill assays provide
information not only on synergy but also on the time course of bacterial growth and on

bactericidal activity. In a time-kill synergy study, bacteria are incubated in liquid culture
tubes under the following conditions: each antibiotic alone at a given concentration, the
two antibiotics in combination at the same concentrations, and an antibiotic-free growth
control.48 Aliquots are removed from each tube for colony enumeration at the beginning of
the experiment, at interval time points, and at 24 hours. If the colony count at 24 hours
from the combination tube is ≥2 log less than the count from the tube containing the most
10

active drug alone, the combination is synergistic.49 If the colony count at 24 hours from the
combination tube is ≥3 log less than the starting inoculum, then the combination is also
10

bactericidal.49

It should be noted that the nature of the assessment of synergy is different in time-kill and
checkerboard array studies. The time-kill study compares the same concentrations of
antibiotic together and separately and evaluates whether the combination is more effective
at 24 hours than either individual drug. By contrast, because the checkerboard array has a
binary outcome measure (inhibition of bacterial growth as detected by the absence of
visually apparent turbidity), it can only assess whether a given concentration combination is
effective or not. A checkerboard array study answers the question, “By how much can drug
concentrations can be reduced while still inhibiting growth?”, whereas a time-kill study
answers the question, “How much more effective is the combination than its constituent
drugs?”

In vitro pharmacokinetic/pharmacodynamic (PK/PD) models

In vitro PK/PD models differ from other synergy assays in that antibiotic concentrations can
be varied over time, mimicking tissue drug concentrations during antibiotic therapy and
allowing for simulation and comparison of different dosing regimens.50 One of the most
widely adopted PK/PD systems is the hollow-fiber infection model (HFIM).51–53 The HFIM
includes a central compartment, representing the circulatory system, from which media
containing varying concentrations of antibiotics is pumped continuously through
semipermeable fibers in a capillary unit similar to a dialysis cartridge. The antibiotic diffuses
through pores in the fibers into the peripheral compartment, which is inoculated with
bacteria to represent a site of infection. Because bacteria are too small to pass through the
pores, antibiotic concentrations can be changed without artificially changing the bacterial
concentration. In addition, bacterial waste products can diffuse out through the pores,
allowing for experimental durations of two weeks of more.54 Such durations facilitate
evaluation of the emergence of resistance during treatment.55

Animal models
While in vitro PK/PD models can mimic in vivo drug concentrations, there are features of in
vivo infection, such as immune response and tissue environment, that cannot be fully
replicated in artificial systems. Animal infection models, usually in mice, allow for synergy
testing in a living organism of different types of infection, including thigh infection,56
sepsis,57 and pneumonia.23 The significant physiological differences that exist between
model organisms and humans must be accounted for to the extent possible in these

models, for example by inhibiting murine renal function to mimic human drug metabolism58
or inducing neutropenia to increase susceptibility to infection.59

SYNERGY TESTING IN THE CLINICAL MICROBIOLOGY LABORATORY
It is notable, given this variety of well-established methods, that synergy testing is not
routinely performed on organisms from patient samples in the clinical microbiology
laboratory. There are two reasons for this. First, most synergy methods are too laborintensive to be incorporated into the clinical laboratory workflow. Second, as will be
discussed in more detail below, there is considerable debate about the direct clinical
applicability of synergy testing results, and interpretive criteria for synergy testing have not
been adopted by the Clinical and Laboratory Standards Institute (CLSI).

For a few well-established combinations with known mechanisms of synergy, however,
standardized susceptibility testing methods with published interpretive criteria allow the
clinical laboratory to assess the activity of the combination without performing a full
synergy assay.36 To test for acquired high-level aminoglycoside resistance (HLAR), which is
the primary mechanism of resistance to synergy between an aminoglycoside and a cell wallactive agent in Enterococcus species,60 enterococci are exposed to very high levels of
gentamicin (500 μg/mL) or streptomycin (1000 μg/mL).36 Isolates with HLAR are not
inhibited by these concentrations, and such resistance predicts a lack of synergistic
aminoglycoside activity against the isolate.61 Most drugs that are used together for synergy,
including β-lactam-β-lactamase inhibitor combinations and trimethoprim-sulfamethoxazole,

are manufactured and administered to patients as combination products at fixed ratios,11,13
and the laboratory simply tests these combinations using standard AST methods.

CLINICAL RELEVANCE OF IN VITRO SYNERGY TESTING RESULTS
A few commonly used drug combinations, including β-lactam-β-lactamase inhibitor
combinations and trimethoprim-sulfamethoxazole, have been investigated in clinical
studies, and their efficacy and advantages over single-agent therapy for appropriate
infections have been well established.62,63 However, while dozens of different drug
combinations have been tested in vitro against various different species of bacteria,64,65
there remains uncertainty about the clinical relevance of these results. Combinations often
appear to be synergistic against some isolates and not others,66,67 but it is unclear whether
this is due to variable efficacy of the combination from one strain to another, in which case
testing of individual patient isolates might be indicated, or to variability in methods or
techniques, in which case method standardization and development of more robust synergy
testing techniques may be required. At the heart of the uncertainty about clinical
applicability of synergy testing lies the paucity of data incorporating both in vitro and clinical
data from the same isolates. With a few exceptions in the form of case reports and small
series,52,68–70 most clinical studies are retrospective investigations that do not include in
vitro synergy data;71,72 as a result, it is impossible to know whether such results could have
predicted either the overall efficacy of the combination or its utility for specific patients.

One randomized, double-blind, controlled trial has been performed to evaluate the effect
on patient outcomes of combination antibiotic testing to guide drug selection.73 This study
compared outcomes in patients with cystic fibrosis (CF) treated with antibiotic regimens
selected based on in vitro multiple combination bactericidal antibiotic testing (MCBT) to
those treated with regimens selected based on standard AST. The authors found no
difference in time to next pulmonary exacerbation between the two treatment groups.
Possible explanations for the lack of benefit from combination testing in this study include
limitations in the applicability of in vitro AST results for isolates from patients with CF and
the fact that the susceptibility of many of the isolates to different combination regimens
had changed from the time of combination testing to the time of treatment,74,75 but it is
also important to note that MCBT lacks one of the key characteristics of the synergy testing
methods described earlier: it does not compare the activity of a combination to the activity
of its constituent components.73 In MCBT, clinically relevant concentrations of antibiotics
are combined and incubated with the bacterial isolate, and if no visible turbidity is detected
after a fixed period of incubation, a colony count is performed to assess for bactericidal
activity. However, if one of the drugs in a combination is bactericidal on its own, then it is
not clear that improved activity would be expected from use of a bactericidal combination
that includes it.

Furthermore, even patients in this trial who were randomized to treatment based on
standard AST still received drugs that had showed inhibitory activity in vitro. It seems likely
that synergy testing may turn out to be most useful not in incrementally improving

outcomes of patients for whom standard therapeutic options exist, but in identifying
effective salvage therapy regimens for patients infected with pan-resistant isolates52,76 for
which treatments do not otherwise exist.

THE FUTURE OF SYNERGY TESTING
As options for treatment of increasingly resistant bacteria dwindle, synergistic antimicrobial
regimens that “rescue” the activity of existing drugs offer the prospect of significantly
expanded treatment options. However, both more high-quality data are needed in order to
determine which combinations are clinically effective for which organisms and to establish
evidence-based standards for performing and interpreting synergy testing in the clinical
laboratory. Progress along several axes will be essential to this process.

Clinical trials incorporating in vitro synergy data
As discussed above, very few clinical trials that compare combination therapy to
monotherapy (or different combination regimens to each other) have included in vitro
synergy testing. Most such clinical studies show mixed outcomes or demonstrate no overall
benefit from combination therapy.9,72 However, if only a subset of bacterial isolates are
susceptible to a combination (just as only some isolates are susceptible to any given
antibiotic), then these trials, which presumably include patients infected with both synergysusceptible and synergy-non-susceptible strains with no information about which is which,
may show no overall effect even if the combination would have been beneficial for some

patients. Only If future clinical trials test patient isolates for in vitro synergy will it be
possible to establish a relationship between in vitro synergy results and clinical outcomes.

Simpler synergy testing methods
The technical complexity of synergy testing currently limits its inclusion in clinical trials,
particularly in retrospective studies that rely upon data collected during routine clinical
care. Furthermore, because on-demand synergy testing is not available clinically for
standard bacterial pathogens, the utility of synergy testing-based combination therapy
would be limited at present. Reducing the complexity of synergy testing methods, perhaps
through automation27 or the manufacturing of standardized synergy panels, could allow
these methods to be more widely adopted in both research and, ultimately, clinical settings.

Maximizing the utility of synergy data
In addition to simplifying synergy techniques, it will also be important to optimize the utility
of the data generated by synergy testing. A great deal of information obtained from synergy
studies, particularly time-kill assays and PK/PD models, is not used in traditional synergy
definitions but may be of value in establishing clinical efficacy or optimal dosing regimens.
For example, if bacterial killing after 6 hours of drug exposure is most predictive of clinical
outcome for a certain drug, then an assay could be developed that specifically quantifies
killing at 6 hours to simplify testing and improve predictive value. Similarly, data from PK/PD
models could be used to optimize dose timing (e.g. administration of synergistic drugs to a
patient simultaneously versus at staggered intervals) and to determine whether drugs with

dose-dependent toxicities could be given at lower concentrations if used in combinations,
thereby reducing side effects without sacrificing efficacy.

CONCLUSION
The utility of combination antimicrobial therapy is evidenced by the ubiquity and efficacy of
commonly used antibiotic combinations and by the recent introduction of broad-spectrum
β-lactam-β-lactamase

inhibitor

combinations

such

as

ceftazidime-avibactam

and

meropenem-vaborbactam, which can treat Gram-negative bacteria that contain a Klebsiella
pneumoniae carbapenemase (KPC) enzyme, one of the most threatening antimicrobial
resistance mechanisms known.77 A host of literature describing combinations with in vitro
activity against multidrug-resistant bacteria suggests that there are additional combination
options within the armamentarium of existing antibiotics that may have utility in the
treatment of patients infected with multidrug-resistant bacteria. More data, especially data
that includes results of in vitro testing and clinical outcomes from the same bacterial
isolates, as well as advances in synergy testing methods, are needed to determine which of
these combinations will be most effective in combatting multidrug-resistant infections.

1.

Keshavjee S, Farmer PE. Tuberculosis, Drug Resistance, and the History of Modern
Medicine. N Engl J Med. 2012;367(10):931-936. doi:10.1056/NEJMra1205429.

2.

Hinshaw C, Feldman WH, Pfuetze KH. Treatment of tuberculosis with streptomycin; a
summary of observations on one hundred cases. J Am Med Assoc. 1946;132(13):778-782.
doi:10.1001/jama.1946.02870480024007.

3.

Daniel TM. The history of tuberculosis. Respir Med. 2006;100(11):1862-1870.
doi:10.1016/j.rmed.2006.08.006.

4.

Crofton J, Mitchison DA. Streptomycin resistance in pulmonary tuberculosis. Br Med J.
1948;11(2):1009-1015. doi:10.1136/bmj.2.4588.1009.

5.

WHO. Guidelines for Treatment of Drug-Susceptible Tuberculosis and Patient Care.; 2017.
doi:10.1586/17476348.1.1.85.

6.

Mcgrath M, Gey van pittius NC, Van helden PD, Warren RM, Warner DF. Mutation rate
and the emergence of drug resistance in Mycobacterium tuberculosis. J Antimicrob
Chemother. 2014;69(2):292-302. doi:10.1093/jac/dkt364.

7.

Gillespie SH. Evolution of drug resistance in Mycobacterium tuberculosis: Clinical and
molecular perspective. Antimicrob Agents Chemother. 2002;46(2):267-274.
doi:10.1128/AAC.46.2.267-274.2002.

8.

Rice LB. The Maxwell Finland Lecture: For the Duration-- Rational Antibiotic
Administration in an Era of Antimicrobial Resistance and Clostridium difficile. Clin Infect
Dis. 2008;46(4):491-496. doi:10.1086/526535.

9.

Tamma PD, Cosgrove SE, Maragakis LL. Combination therapy for treatment of infections
with gram-negative bacteria. Clin Microbiol Rev. 2012;25(3):450-470.

doi:10.1128/CMR.05041-11.
10.

Eliopoulos GM, Eliopoulos CT. Abtibiotic combinations: Should they be tested? Clin
Microbiol Rev. 1988;1(2):139-156. doi:10.1128/CMR.1.2.139.

11.

Bushby SRM. Trimethoprim-sulfamethoxazole: In vitro microbiological aspects. J Infect
Dis. 1973;128, Suppl:S442-62. doi:10.1093/infdis/128.Supplement_3.S442.

12.

Hitchings GH. Mechanism of Action of Trimethoprim-Sulfamethoxazole—I. J Infect Dis.
1973;128, Suppl:S433-6. doi:10.1093/infdis/128.Supplement_3.S433.

13.

Drawz SM, Bonomo RA. Three decades of β-lactamase inhibitors. Clin Microbiol Rev.
2010;23(1):160-201. doi:10.1128/CMR.00037-09.

14.

Brennan-Krohn T, Pironti A, Kirby JE. Synergistic Activity of Colistin-Containing
Combinations against Colistin-Resistant Enterobacteriaceae. Antimicrob Agents
Chemother. 2018:AAC.00873-18. doi:10.1128/AAC.00873-18.

15.

Moellering RC, Weinberg AN. Studies on antibiotic syngerism against enterococci. II.
Effect of various antibiotics on the uptake of 14 C-labeled streptomycin by enterococci. J
Clin Invest. 1971;50(12):2580-2584. doi:10.1172/JCI106758.

16.

Vaara M. Agents that increase the permeability of the outer membrane. Microbiol Rev.
1992;56(3):395-411. doi:10.1093/jac/dkq040.

17.

Phee LM, Betts JW, Bharathan B, Wareham DW. Colistin and fusidic acid, a novel potent
synergistic combination for treatment of multidrug-resistant Acinetobacter baumannii
infections. Antimicrob Agents Chemother. 2015;59(8):4544-4550.
doi:10.1128/AAC.00753-15.

18.

Gavaldà J, Torres C, Tenorio C, et al. Efficacy of ampicillin plus ceftriaxone in treatment of

experimental endocarditis due to Enterococcus faecalis strains highly resistant to
aminoglycosides. Antimicrob Agents Chemother. 1999;43(3):639-646.
19.

Mainardi JL, Gutmann L, Acar JF, Goldstein FW. Synergistic effect of amoxicillin and
cefotaxime against Enterococcus faecalis. Antimicrob Agents Chemother.
1995;39(9):1984-1987. doi:10.1128/AAC.39.9.1984.

20.

Baddour LM, Wilson WR, Bayer AS, et al. Infective Endocarditis in Adults: Diagnosis,
Antimicrobial Therapy, and Management of Complications. Circulation.
2015;132(15):1435-1486. doi:10.1161/CIR.0000000000000296.

21.

Zimmerli W, Sendi P. The Role of Rifampin against Staphylococcal Biofilm Infections in
Vitro, in Animal Models, and in Orthopedic Device-Related Infections. Antimicrob Agents
Chemother. 2018;63(2). doi:10.1128/AAC.01746-18.

22.

Goldstein BP. Resistance to rifampicin: A review. J Antibiot (Tokyo). 2014;67(9):625-630.
doi:10.1038/ja.2014.107.

23.

Hirsch EB, Guo B, Chang KT, et al. Assessment of antimicrobial combinations for
Klebsiella pneumoniae carbapenemase-producing K. pneumoniae. J Infect Dis.
2013;207(5):786-793. doi:10.1093/infdis/jis766.

24.

Louie A, Liu W, Vanguilder M, et al. Combination treatment with meropenem plus
levofloxacin is synergistic against pseudomonas aeruginosa infection in a murine model
of Pneumonia. J Infect Dis. 2015;211(8):1326-1333. doi:10.1093/infdis/jiu603.

25.

Descourouez JL, Jorgenson MR, Wergin JE, Rose WE. Fosfomycin synergy in vitro with
amoxicillin, daptomycin, and linezolid against vancomycin-resistant enterococcus
faecium from renal transplant patients with infected urinary stents. Antimicrob Agents

Chemother. 2013;57(3):1518-1520. doi:10.1128/AAC.02099-12.
26.

Toledo PVM, Aranha Junior AA, Arend LN, Ribeiro V, Zavascki AP, Tuon FF. Activity of
Antimicrobial Combinations against KPC-2-Producing Klebsiella pneumoniae in a Rat
Model and Time-Kill Assay. Antimicrob Agents Chemother. 2015;59(7):4301-4304.
doi:10.1128/AAC.00323-15.

27.

Brennan-Krohn T, Truelson KA, Smith KP, Kirby JE. Screening for synergistic activity of
antimicrobial combinations against carbapenem-resistant Enterobacteriaceae using
inkjet printer-based technology. J Antimicrob Chemother. 2017;72(10):2775-2781.
doi:10.1093/jac/dkx241.

28.

Bergen PJ, Forrest A, Bulitta JB, et al. Clinically relevant plasma concentrations of colistin
in combination with imipenem enhance pharmacodynamic activity against multidrugresistant Pseudomonas aeruginosa at multiple inocula. Antimicrob Agents Chemother.
2011;55(11):5134-5142. doi:10.1128/AAC.05028-11.

29.

Sopirala MM, Mangino JE, Gebreyes WA, et al. Synergy testing by etest, microdilution
checkerboard, and time-kill methods for pan-drug-resistant Acinetobacter baumannii.
Antimicrob Agents Chemother. 2010;54(11):4678-4683. doi:10.1128/AAC.00497-10.

30.

Smith JR, Barber KE, Raut A, Aboutaleb M, Sakoulas G, Rybak MJ. β-Lactam combinations
with daptomycin provide synergy against vancomycin-resistant Enterococcus faecalis and
Enterococcus faecium. J Antimicrob Chemother. 2014;70(6):1738-1743.
doi:10.1093/jac/dkv007.

31.

Norden CW, Wentzel H, Keleti E. Comparison of techniques for measurement of in vitro
antibiotic synergism. J Infect Dis. 1979;140(4):629-633. doi:10.1093/infdis/140.4.629.

32.

Bayer AS, Morrison JO. Disparity between timed-kill and checkerboard methods for
determination of in vitro bactericidal interactions of vancomycin plus rifampin versus
methicillin-susceptible and -resistant Staphylococcus aureus. Antimicrob Agents
Chemother. 1984;26(2):220-223. doi:10.1128/AAC.26.2.220.

33.

White RL, Burgess DS, Manduru M, Bosso JA. Comparison of three different in vitro
methods of detecting synergy: Time-kill, checkerboard, and E test. Antimicrob Agents
Chemother. 1996;40(8):1914-1918. doi:10.1128/AAC.40.8.1914.

34.

Ryan RW, Kwasnik I, Tilton RC. Methodological variation in antibiotic synergy tests
against enterococci. J Clin Microbiol. 1981;13(1):73-75.

35.

Leber AL. Synergism Testing: Broth Microdilution Checkerboard and Broth Macrodilution
Methods. In: Leber AL, ed. Clinical Microbiology Procedures Handbook, Fourth Edition.
Washington, DC: ASM Press; 2016:5.16.1-5.16.23.

36.

CLSI. Performance Standards for Antimicrobial Susceptibility Testing. 29th Ed. CLSI
Supplement M100. Wayne, PA: Clinical and Laboratory Standards Institute; 2019.

37.

Odds FC. Synergy, antagonism, and what the chequerboard puts between them. J
Antimicrob Chemother. 2003;52(June):1. doi:10.1093/jac/dkg301.

38.

Clinical and Laboratory Standards Institute. M07: Methods for Dilution Antimicrobial
Susceptibility Tests for Bacteria That Grow Aerobically, 11th Edition. 11th ed. Wayne, PA:
Clinical and Laboratory Standards Institute; 2018.

39.

Greco WR, Bravo G, Parsons JC. The search for synergy: a critical review from a response
surface perspective. Pharmacol Rev. 1995;47(2):331-385. doi:10.1016/j.dci.2014.07.003.

40.

Berenbaum MC. A method for testing for synergy with any number of agents. J Infect Dis.

1978;137(2):122-130. doi:10.1093/infdis/137.2.122.
41.

Berenbaum MC, Yu VL, Felegie TP. Synergy with double and triple antibiotic
combinations compared. J Antimicrob Chemother. 1983;12(6):555-563.
doi:10.1093/jac/12.6.555.

42.

CLSI. Performance Standards for Antimicrobial Disk Susceptibility Tests. 13th Ed. CLSI
Standard M02. Wayne, PA: Clinical and Laboratory Standards Institute; 2018.

43.

Pillai SK, Moellering Jr. RC, Eliopoulos GM. Antimicrobial combinations. In: Lorian V, ed.
Antibiotics in Laboratory Medicineaboratory Medicine. Lippincott Williams & Wilkins;
2005:365-440.

44.

Stein C, Makarewicz O, Bohnert JA, et al. Three dimensional checkerboard synergy
analysis of colistin, meropenem, tigecycline against multidrug-resistant clinical Klebsiella
pneumonia isolates. PLoS One. 2015;10(6). doi:10.1371/journal.pone.0126479.

45.

Doern CD. When does 2 plus 2 equal 5? A review of antimicrobial synergy testing. J Clin
Microbiol. 2014;52(12):4124-4128. doi:10.1128/JCM.01121-14.

46.

Leber AL. Etest. In: Leber A, ed. Clinical Microbiology Procedures Handbook, Fourth
Edition. Washington, DC: ASM Press; 2016:5.3.

47.

Pankey GA, Ashcraft DS, Dornelles A. Comparison of 3 Etest® methods and time-kill assay
for determination of antimicrobial synergy against carbapenemase-producing Klebsiella
species. Diagn Microbiol Infect Dis. 2013;77(3):220-226.
doi:10.1016/j.diagmicrobio.2013.07.006.

48.

Leber AL. Time-Kill Assay for Determining Synergy. In: Leber AL, ed. Clinical Microbiology
Procedures Handbook, Fourth Edition. Washington, DC: ASM Press; 2016:5.14.3.1-

5.14.3.6.
49.

Clinical and Laboratory Standards Institute. Methods for determining bactericidal activity
of antimicrobial agents; approved guideline M26-A. Clin Lab Stand Inst. 1999;19(18):7.

50.

Drusano GL. Pre-clinical in vitro infection models. Curr Opin Pharmacol. 2017;36:100-106.
doi:10.1016/j.coph.2017.09.011.

51.

Blaser J. In-vitro model for simultaneous simulation of the serum kinetics of two drugs
with different half-lives. J Antimicrob Chemother. 1985;15 Suppl A:125-130.
doi:10.1093/jac/15.suppl_A.125.

52.

Lenhard JR, Thamlikitkul V, Silveira FP, et al. Polymyxin-resistant, carbapenem-resistant
Acinetobacter baumannii is eradicated by a triple combination of agents that lack
individual activity. J Antimicrob Chemother. 2017;72(5):1415-1420.
doi:10.1093/jac/dkx002.

53.

Landersdorfer CB, Yadav R, Rogers KE, et al. Combating Carbapenem-Resistant
Acinetobacter baumannii by an Optimized Imipenem-plus-Tobramycin Dosage Regimen:
Prospective Validation via Hollow-Fiber Infection and Mathematical Modeling.
Antimicrob Agents Chemother. 2018;62(4). doi:10.1128/AAC.02053-17.

54.

Louie A, Heine HS, Kim K, et al. Use of an in vitro pharmacodynamic model to derive a
linezolid regimen that optimizes bacterial kill and prevents emergence of resistance in
Bacillus anthracis. Antimicrob Agents Chemother. 2008;52(7):2486-2496.
doi:10.1128/AAC.01439-07.

55.

Bulman ZP, Chen L, Walsh TJ, et al. Polymyxin Combinations Combat Escherichia coli
Harboring mcr-1 and blaNDM-5 : Preparation for a Postantibiotic Era. MBio.

2017;8(4):e00540-17. doi:10.1128/mBio.00540-17.
56.

Marshall S, Hujer AM, Rojas LJ, et al. Can ceftazidime-avibactam and aztreonam
overcome β-lactam resistance conferred by metallo-β-lactamases in Enterobacteriaceae?
Antimicrob Agents Chemother. 2017;61(4). doi:10.1128/AAC.02243-16.

57.

Abdelraouf K, Kim A, Krause KM, Nicolau DP. In vivo efficacy of plazomicin alone or in
combination with meropenem or tigecycline against enterobacteriaceae isolates
exhibiting various resistance mechanisms in an immunocompetent murine septicemia
model. Antimicrob Agents Chemother. 2018;62(8). doi:10.1128/AAC.01074-18.

58.

Andes D, Craig WA. Animal model pharmacokinetics and pharmacodynamics: A critical
review. Int J Antimicrob Agents. 2002;19(4):261-268. doi:10.1016/S0924-8579(02)000225.

59.

Zuluaga AF, Salazar BE, Rodriguez CA, Zapata AX, Agudelo M, Vesga O. Neutropenia
induced in outbred mice by a simplified low-dose cyclophosphamide regimen:
characterization and applicability to diverse experimental models of infectious diseases.
BMC Infect Dis. 2006;6(1):55. doi:10.1186/1471-2334-6-55.

60.

Moellering RC, Weinberg AN. Studies on antibiotic synergism against enterococci. J Clin
Invest. 1971. doi:10.1172/JCI106758.

61.

Chow JW. Aminoglycoside Resistance in Enterococci. Clin Infect Dis. 2000;31(2):586-589.
doi:10.1086/313949.

62.

Doi Y, Chambers HF. Penicillins and β-Lactamase Inhibitors. In: Bennett JE, Dolin R, Blaser
MJ, eds. Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases,
Updated Edition, Eighth Edition. Philadelphia, PA: Saunders; 2015:263-277.

63.

Zinner SH, Mayer KH. Sulfonamides and Trimethoprim. In: Bennett JE, Dolin R, Blaser MJ,
eds. Mandell, Douglas, and Bennett’s Principles and Practice of Infectious Diseases,
Updated Edition, Eighth Edition. Philadelphia, PA: Saunders; 2015:410-418.

64.

Tängdén T, Hickman RA, Forsberg P, Lagerbäck P, Giske CG, Cars O. Evaluation of doubleand triple-antibiotic combinations for VIM- and NDM-producing klebsiella pneumoniae
by in vitro time-kill experiments. Antimicrob Agents Chemother. 2014;58(3):1757-1762.
doi:10.1128/AAC.00741-13.

65.

Lim TP, Cai Y, Hong Y, et al. In vitro pharmacodynamics of various antibiotics in
combination against extensively drug-resistant Klebsiella pneumoniae. Antimicrob
Agents Chemother. 2015;59(5):2515-2524. doi:10.1128/AAC.03639-14.

66.

Souli M, Rekatsina PD, Chryssouli Z, Galani I, Giamarellou H, Kanellakopoulou K. Does the
activity of the combination of imipenem and colistin in vitro exceed the problem of
resistance in metallo-β-lactamase-producing Klebsiella pneumoniae isolates? Antimicrob
Agents Chemother. 2009;53(5):2133-2135. doi:10.1128/AAC.01271-08.

67.

Bergen PJ, Bulman ZP, Saju S, et al. Polymyxin combinations: Pharmacokinetics and
pharmacodynamics for rationale use. Pharmacotherapy. 2015;35(1):34-42.
doi:10.1002/phar.1537.

68.

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(1):103-106.
doi:10.1016/j.jinf.2016.10.002.

69.

Klastersky J, Cappel R, Daneau D. Clinical significance of in vitro synergism between

antibiotics in gram-negative infections. Antimicrob Agents Chemother. 1972;2(6):470475. doi:10.1128/AAC.2.6.470.
70.

de Maio Carrillho CMD, Gaudereto JJ, Martins RCR, et al. Colistin-resistant
Enterobacteriaceae infections: clinical and molecular characterization and analysis of in
vitro synergy. Diagn Microbiol Infect Dis. 2017;87(3):253-257.
doi:10.1016/j.diagmicrobio.2016.11.007.

71.

Daikos GL, Tsaousi S, Tzouvelekis LS, et al. Carbapenemase-producing Klebsiella
pneumoniae bloodstream infections: Lowering mortality by antibiotic combination
schemes and the role of carbapenems. Antimicrob Agents Chemother. 2014;58(4):23222328. doi:10.1128/AAC.02166-13.

72.

Gutiérrez-Gutiérrez B, Salamanca E, de Cueto M, et al. Effect of appropriate combination
therapy on mortality of patients with bloodstream infections due to carbapenemaseproducing Enterobacteriaceae (INCREMENT): a retrospective cohort study. Lancet Infect
Dis. 2017;17(7):726-734. doi:10.1016/S1473-3099(17)30228-1.

73.

Aaron SD, Vandemheen KL, Ferris W, et al. Combination antibiotic susceptibility testing
to treat exacerbations of cystic fibrosis associated with multiresistant bacteria: A
randomised, double-blind, controlled clinical trial. Lancet. 2005;366(Aug 6):463-471.
doi:10.1016/S0140-6736(05)67060-2.

74.

Aaron SD. Antibiotic synergy testing should not be routine for patients with cystic fibrosis
who are infected with multiresistant bacterial organisms. Paediatr Respir Rev.
2007;8(3):256-261. doi:10.1016/j.prrv.2007.04.005.

75.

Saiman L. Clinical utility of synergy testing for multidrug-resistant Pseudomonas

aeruginosa isolated from patients with cystic fibrosis: “the motion for.” Paediatr Respir
Rev. 2007;8(3):249-255. doi:10.1016/j.prrv.2007.04.006.
76.

Bulman ZP, Chen L, Walsh TJ, et al. Polymyxin combinations combat Escherichia coli
harboring mcr-1 and blaNDM-5: Preparation for a postantibiotic Era. MBio. 2017;8(4).
doi:10.1128/mBio.00540-17.

77.

Ramos-Castañeda JA, Ruano-Ravina A, Barbosa-Lorenzo R, et al. Mortality due to KPC
carbapenemase-producing Klebsiella pneumoniae infections: Systematic review and
meta-analysis: Mortality due to KPC Klebsiella pneumoniae infections. J Infect.
2018;76(5):438-448. doi:10.1016/j.jinf.2018.02.007.

Figure Legends
Figure 1: Arrangement of the checkerboard array and calculation of the FICI. Antibiotic
concentrations are expressed as multiples of the MIC. FIC, fractional inhibitory
concentration; FICI, FIC index; FICA, FIC of antibiotic A; FICB, FIC of antibiotic B.

