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a b s t r a c t 

Multi-drug resistance among Pseudomonas aeruginosa in hospitals, and particularly intensive care units, 

has achieved alarming rates. Some combination antimicrobial therapies have demonstrated promising 

synergistic effects and an ability to overcome resistance without increasing drug-related toxicities. Nev- 

ertheless, rapid and feasible methods to identify synergy have not been routinely implemented in clinical 

microbiology laboratories. 

Synergistic activity of meropenem plus tobramycin or levofloxacin against clinical P. aeruginosa iso- 

lates ( N = 21) was assessed by two different methods using gradient diffusion strips (GDSs). A 90 ° angle 

was created at the intersection of the minimum inhibitory concentration (MIC) of each drug by the stan- 

dard method, and by a novel method, the cross was placed at clinically relevant steady-state concen- 

trations (C ss ) based on recommended dosing regimens. Fractional inhibitory concentration indexes were 

determined to describe antibiotic interactions. Time-kill analyses were performed over 24 h in duplicate 

for instances of discordance between the standard cross method and the novel method. 

Synergy between meropenem and tobramycin by the novel method was observed in one (4.8%) isolate 

and between meropenem and levofloxacin in two (9.5%) isolates. Agreement with the standard method 

was 86–100% for meropenem plus tobramycin and meropenem plus levofloxacin combinations, respec- 

tively. Time-kill studies resulted in agreement with GDSs crossed at C ss in two of three instances of dis- 

cordance between GDS methods. 

This novel method of synergy testing that involves crossing GDSs at steady-state concentrations may 

be a rapid and feasible tool for routine practice. Further comparisons of this novel procedure with time- 

kill methods are needed. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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1. Background 

Multi-drug resistant (MDR) Pseudomonas aeruginosa is becom-

ing increasingly pervasive [1] . One approach to combat elevations

of the minimum inhibitory concentration (MIC) is to treat patients

with synergistic antibiotic combinations, which have the potential

to overcome resistance and decrease the risk of toxicity associated

with high antimicrobial serum levels [2] . 
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Synergy occurs when the combination of two or more an-

imicrobials results in activity greater than the sum of the ac-

ions of each antimicrobial alone [3] . Combination therapy with

eropenem and tobramycin or levofloxacin has been routinely

sed in the setting of MDR P. aeruginosa infection. Identifica-

ion of in vitro synergistic activity may improve the informed se-

ection of antibiotic therapy, though rapid ( < 24 h after isolated

athogen) methods to detect these interactions have not been rou-

inely adopted in clinical microbiology laboratories [4] . Crossing

ntibiotic gradient diffusion strips (GDSs) at 90 ° angles at MICs,

nstead of checkerboard or time-kill assay (TKA) methodologies, is

n accepted, easily-applied technique used to identify in vitro syn-

rgistic activity [5] . In fact, this practice requires knowledge of MIC

p front, and therefore takes ∼48 h to complete once the pathogen
rved. 
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s isolated, limiting its applicability to promptly improve patient

are [4] . Moreover, synergy may be identified at concentrations ex-

eedingly higher than clinically achievable concentrations – albeit

 noteworthy observation, but one of less usefulness to the treat-

ng clinician. In this context, we propose a novel and more rapid

ynergy method crossing GDS at clinically relevant concentrations,

rying to mimic the in vivo exposures achieved with standard an-

ibiotic dosing regimens and without the prerequisite of determin-

ng the MIC. In the study, the synergy agreement was assessed be-

ween a method crossing GDSs at steady state concentrations with

he standard GDS method in a diverse sample of clinical P. aerugi-

osa isolates. 

. Materials and methods 

.1. Antimicrobial Susceptibility Testing 

Clinical P. aeruginosa isolates exhibiting a wide range of

eropenem MICs were selected for study. The isolates were previ-

usly collected from several hospital systems within the USA and

ndexed into the Center for Anti-Infective Research and Develop-

ent (Hartford, CT, USA). The MICs of meropenem, tobramycin,

nd levofloxacin were determined by GDSs (Etest ®, bioMérieux,

urham, NC, USA) as manufacturer’s instructions recommend. An

noculum of ∼8 log 10 colony forming units per mL (log 10 cfu/mL)

as streaked onto Mueller–Hinton II agar (MHA, Becton Dickinson

 Co., Sparks, MD, USA) and GDSs were placed. Colony counts on

rypticase TM Soy Agar II with 5% Sheep Blood (Becton Dickinson &

o., Sparks, MD, USA), performed to ensure appropriate inoculum

oncentration, and MIC results were read following 16–20 h of in-

ubation at 37 °C. 

.2. Synergy assessment by GDSs 

Antibiotic interactions between meropenem and tobramycin or

evofloxacin were both evaluated at the predetermined MICs as

ell as at approximated a priori average steady-state concentra-

ions (C ss ) safely achievable in adult patients. The antibiotic C ss 

ere calculated by dividing the area under the free drug con-

entration time curve ( f AUC) by 24 h. f AUC was determined by

he ratio between recommended dosing regimens for critically ill

atients (2 g of meropenem q8h, 7 mg/kg of tobramycin q24h,

50 mg of levofloxacin q24h) [6] and clearance in those patients

ith normal kidney function (creatinine clearance ≥50 mL/min)

7–9] , and multiplying by the unbound fraction [9–11] . Using pre-

ious literature data, C ss equal to 16 mg/L, 6 mg/L, and 3 mg/L

ere selected for meropenem, tobramycin, and levofloxacin, re-

pectively. An inoculum of ∼8 log 10 cfu/mL was streaked onto MHA

nd GDSs were placed at 90 ° angles and intersected at the pre-

etermined MICs or at the C ss as defined above [5] . The MICs in

ombination were read following 16–20 h of incubation at 37 °C as

he values at which the inhibition zone intersected the scale on

ach GDS. The mean fractional inhibitory concentration index (FICI)

as calculated by dividing the mean MIC of each drug in combi-

ation by the MIC of each drug alone and adding the results. The

ICI results were interpreted as follows: ≤0.5 as synergy; > 0.5 to

4 as no interaction; and > 4 as antagonism [12] . 

.3. TKA 

When discordant results between GDS methods were recorded,

KA, the ‘gold standard” synergy assessment [5] , was performed in

uplicate as previously described [13] . Briefly, free peak and trough

oncentrations of meropenem (65.7 and 4.3 mg/L) and tobramycin

21.2 and 0.2 mg/L) alone and in combination were tested for

ach discordant isolate during 24 h in 10 mL of an initial ∼6
og 10 cfu/mL bacterial culture in cation-adjusted Mueller–Hinton II

roth. Antibiotic concentrations were chosen on the basis of pre-

ious recommended dosing regimens and the standard TKA pro-

edure [6,13] . Positive control samples, a bacterial culture without

ny added antimicrobial, were concurrently conducted. At 0, 3, 6

nd 24 h following inoculation, the bacterial burden in each sam-

le was quantified (limit of detection was 2.70 log 10 cfu/mL) us-

ng serial dilution and colony count techniques. The results were

ead after 16–20 h of incubation at 35 °C. Synergy was defined as

 reduction of ≥2 log 10 cfu/mL among the antibiotic combinations

ested compared with its most active single component after 24 h

3] . 

. Results 

.1. Antimicrobial Susceptible Testing 

MICs of meropenem, tobramycin and levofloxacin varied widely

mong the 21 tested isolates, ranging from 1.5 to > 32, 0.25 to 192,

nd 0.5 to > 32 mg/L, respectively (Supplementary Table S1). 

.2. Synergy assessments and agreement of both GDS methods 

Classification of antibiotic interactions according to FICI agreed

n 39 of 42 (92.9%) combinations between GDS crossed at the

IC and at the C ss . The 39 agreements were classified as synergy

n two isolates and no interaction in 37 isolates ( Fig. 1 ). Agree-

ent between both methods ranged from 86% in meropenem-

obramycin assessments, to 100% in meropenem-levofloxacin as-

essments ( Table 1 ). Two out of three discordant isolates showed

ynergy when meropenem and tobramycin GDSs were crossed at

ach individual MIC and no interaction at C ss , while the other in-

tance was the opposite. 

Using the novel method, a low proportion of synergy was found

or both combinations, meropenem plus tobramycin (4.8%) and

eropenem plus levofloxacin (9.5%). Nevertheless, the combination

f tobramycin or levofloxacin with meropenem demonstrated in-

reased potency, with ≥2-fold reductions in meropenem MIC in

ombination against eight and two isolates, respectively (Supple-

entary Fig. S1). 

.3. TKAs 

TKAs were conducted for P. aeruginosa C27-3, C1-1, and C39-9

solates ( Fig. 2 ) to assess meropenem and tobramycin interactions.

one of the concentration combinations yielded synergy, therefore

greeing with the result from the novel method in two of three

cenarios. 

. Discussion 

Clinical microbiology laboratories can not yet depend on a rapid

n vitro method that precisely detects synergistic interactions be-

ween two antibiotics. The TKA has been considered the gold stan-

ard technique, but unfortunately it is not workable because it is

abor-intensive and time-consuming [4] . Moreover, some authors

ave already highlighted the limitations of TKA, concluding that a

rue gold standard is still missing [14] , In fact, static concentra-

ions may not even translate to in vivo synergy, especially in criti-

ally ill patients with changing pharmacokinetic parameters. In or-

er to shorten the assessment, we compared crossing GDS at fixed

 ss versus at the MIC of each agent. 

Overall, the categorical agreement according to the FICI be-

ween both methods was 92.9%. Importantly, TKAs tipped the scale

n favor of the novel GDS method in the instances of disagreement.
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Fig. 1. Images of gradient diffusion strip (GDS) results for minimum inhibitory concentration (MIC) of tobramycin (A(1), 1 mg/L) and levofloxacin (A(2), 24 mg/L) alone, MIC 

of meropenem (B, > 32 mg/L) alone, synergy test of meropenem plus tobramycin crossed at C ss (C(1)) and at MIC (C(2)), and synergy test of meropenem plus levofloxacin 

crossed at C ss (D(1)) and at MIC (D(2)) with P. aeruginosa C11-14. White arrows indicate the MICs. The results were concordant with no interaction between meropenem and 

tobramycin (fractional inhibitory concentration index (FICI) of 0.51 and 0.80, respectively) and synergistic activity between meropenem and levofloxacin (FICI of 0.44 and 

0.27, respectively) 

Table 1 

Summary of antimicrobial synergy testing of Pseudomonas aeruginosa isolates by both gradient diffusion strip 

methods. 

Pseudomonas aeruginosa 

isolates 

Meropenem −tobramycin Meropenem −Levofloxacin 

FICI GDS at MIC FICI GDS at C ss FICI GDS at MIC FICI GDS at C ss 

C12-18 1.25 1.00 1.50 3.00 

C32-15 1.42 1.43 1.17 2.00 

C3-5 1.51 2.27 0.88 1.38 

C3-18 1.01 1.38 1.50 2.50 

C39-13 0.75 1.06 1.50 2.50 

C50-5 1.50 2.00 1.58 2.25 

C8-21 1.04 1.09 1.17 2.33 

C27-3 0.50 a , b 0.79 b 0.88 0.94 

C3-2 1.50 1.52 2.00 2.00 

C3-30 1.13 1.13 1.17 2.00 

C11-14 0.51 0.80 0.44 a 0.27 a 

C15-20 0.63 1.00 1.13 0.78 

C17-2 0.71 0.89 1.67 3.33 

C21-8 0.88 0.69 2.00 1.67 

C1-1 0.44 a , b 0.83 b 2.00 2.00 

C16-26 0.71 0.88 0.94 1.03 

C31-7 0.69 1.06 1.25 1.19 

C39-9 0.52 b 0.38 a , b 0.38 a 0.47 a 

C12-8 0.88 1.00 1.13 2.50 

C15-1 0.76 1.50 1.25 0.92 

C3-6 0.71 1.08 0.75 0.75 

FICI, fractional inhibitory concentration index; MIC, minimum inhibitory concentration. 
a Synergistic interaction. 
b Discordant results. 
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Fig. 2. Results of the time-kill experiments depicting the activity of meropenem and tobramycin alone and in combination at peak and trough concentrations against 

P. aeruginosa C27-3 (A), C1-1 (B), and C39-9 (C) isolates. MEM, meropenem; MIC, minimum inhibitory concentration; TOB, tobramycin. 
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The low proportion of synergy detected is consistent with previ-

ous studies that assessed antimicrobial interactions in P. aeruginosa

isolates using the same antimicrobial combinations [15,16] ; more-

over, significant and encouraging decreases in meropenem MICs

were detected when using the combination despite producing FICI

scores that fell just below the synergistic threshold. 

The results of this novel GDS method for testing synergy ap-

pear fairly well correlated with the results from the classical GDS

synergy method. Several studies have compared synergy testing

methods and report a wide range of concordance rates. Balke et

al. observed > 90% agreement when comparing the checkerboard

method and a direct overlay GDS method [15] , while White and

colleagues reported an agreement from 63 to 75% for GDS meth-

ods when comparing obtained FICI scores with TKA results [5] . 

The key potential benefits of this novel method may be shorter

time to results and theoretically increased translatability to the

in vivo clinical scenario compared with the standard GDS cross

method. First, there is no need to wait for MIC results to proceed

with the synergy test, and both can be performed simultaneously

which shortens the experiment by 24 h. Second, crossing at C ss al-

lows the technique to more closely mimic the in vivo condition in

terms of achievable concentrations. Furthermore, the Css values are

available in the current literature for common antibiotics and can

be adapted for different dosing regimens and for renally impaired

patients. 

Some limitations of this study should be mentioned. First, some

authors have cautioned regarding the possible disagreement be-

tween in vitro and in vivo synergy assessments [17,18] . Second,

the real in vivo C ss may be potentially higher or lower depending

on patient-specific pharmacokinetics and dosing regimen applied.

However, the selected C ss represent an average of in vivo concen-

trations based on standard dosing regimens and normal kidney

function; and may be closer than some exceedingly high MICs. Fur-

thermore, the data described reflect only two dual antibiotic com-

binations in a small sample of P. aeruginosa isolates and remain in-

sufficient to support selection of antibiotic combinations; although

we evaluated a phenotypically diverse population in which MICs

varied widely, similar larger studies that include additional antibi-

otic combinations and genotypic information are needed. 

Despite the limitations and the challenges with synergy studies,

including GDS and TKA methods), this novel method may be per-

formed routinely and that may be closer to the scenario of treated

patients in terms of antimicrobial concentrations. 

5. Conclusion 

Our results suggest that using pre-determined average C ss 

achieved with standard antibiotic regimens for crossing GDSs may

allow for rapid synergy assessments feasible for routine practice in

P. aeruginosa isolates. Further comparisons of this novel technique

with TKA using other drug combinations are needed. 
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