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Abstract 27 

Background: β-lactam / β-lactamase inhibitors (BL / BLI) are widely used for the 28 

treatment of Gram-negative infections. Cefepime has not been widely studied in 29 

combination with BLIs. Sulbactam, with dual BL / BLI activity has been partnered 30 

with very few β-lactams. We investigated the potential of cefepime / sulbactam as an 31 

un-orthodox BL / BLI inhibitor against MDR Gram-negative bacteria.  32 

  33 

Methods: in-vitro activity of cefepime and sulbactam (1:1, 1:2 and 2:1) was 34 

assessed against 157 strains. Monte Carlo simulation was used to predict the 35 

probability of target attainment with a number of simulated cefepime combination 36 

regimens, modelled across putative cefepime / sulbactam breakpoints (≤16 / ≤0.25 37 

mg/L).     38 

 39 

Results:  Cefepime / sulbactam was more active (MIC50 / MIC90 8/8 – 64/128 mg/L) 40 

compared to either drug alone (MIC50 / MIC90 128 – >256 mg/L). Activity was 41 

enhanced when sulbactam was added at 1:1 or 1:2 (p < 0.05). Reduction in MIC was 42 

most notable against A. baumannii and Enterobacteriales (MIC 8/8 – 32/64).  PK / 43 

PD modelling highlighted up to 48% % of all isolates, and  73 % of carbapenem 44 

resistant A. baumannii with MIC of ≤16 / ≤8 mg/L, may be treatable with high-dose 45 

fixed drug (1:1 or 1:2) combinations of cefepime / sulbactam. 46 

 47 

Conclusion:  Cefepime / sulbactam (1:1 or 1:2) displays enhanced in-vitro activity 48 

versus MDR Gram-negative pathogens. It could be a potential alternative to existing 49 

BL / BLI inhibitor combinations for isolates with a cefepime / sulbactam MIC 16-8 50 

mg/L either as a definitive treatment or as a carbapenem sparing option. 51 



Introduction 52 

β-lactams (BL) are the most widely used antibiotics in the empirical and targeted 53 

treatment of bacterial infections. Efficacy against many Gram-negative pathogens 54 

(Enterobacteriales, Pseudomonas, Acinetobacter) is increasingly compromised by 55 

the emergence and spread of MDR strains that produce β-lactamases. These can 56 

confer resistance to one or more penicillin, cephalosporin, monobactam or 57 

carbapenem drugs routinely used in clinical practice.1 A potential solution is to 58 

combine β-lactams with β-lactamase inhibitor molecules (BLI). These include 59 

β-lactams such as clavulanic acid, tazobactam, sulbactam, and the 60 

diazabicyclooctanes avibactam, zidebactam and nacubactam; able to act either as 61 

direct or competitive suicide inhibitors of β-lactamase enzymes. Those licensed, and 62 

most widely used in the United Kingdom, are fixed dose combinations of amoxicillin / 63 

clavulanate (2:1), ticarcillin / clavulanate (15:1), piperacillin / tazobactam (4:1), 64 

ceftolozane / tazobactam (2:1), ampicillin / sulbactam (2:1) and ceftazidime / 65 

avibactam (4:1). Other BL / BLI combinations such as cefoperozone / sulbactam are 66 

available in some regions of the world (South and Southeast Asia). There are also a 67 

number of novel combinations in the later stages of clinical development (aztreonam 68 

/ avibactam, imipenem / relebactam, meropenem / vaborbactam, aztreonam / 69 

nacubactam, meropenem / nacubactam).2,3 70 

 71 

None of the existing BL / BLI combinations have been shown to have reliable activity 72 

against all important β-lactam resistant species or provide functional inhibition of all 73 

clinically relevant β-lactamases (Supplementary Table 1). Resistance to BL / BLI 74 

combinations is further influenced by the permeability (porin), active efflux and target 75 

site modifications (PBP) typically found in MDR strains,4 along with the capacity of 76 

the β-lactam component to induce or enhance the production of β-lactamases.  With 77 



treatment options limited, clinicians are increasingly using un-orthodox BL / BLI 78 

combination therapies, often as salvage treatments for MDR infections, especially 79 

those with resistance to carbapenems (CRO).5,6 80 

 81 

Here, we undertook in vitro studies using a collection of contemporary MDR 82 

Gram-negative isolates to inform whether cefepime / sulbactam might be a useful 83 

combination therapy for development as a treatment for MDR Gram-negative 84 

infections. 85 

 86 



Materials and Methods 87 

Isolates (n=157) were from the collection held at Queen Mary University London, 88 

recovered from routine specimens submitted to Barts Health NHS Trust and 89 

associated London hospitals. Species identification was performed by MALDI-Tof 90 

mass spectrometry (Bruker, Coventry, UK) with resistance to cephalosporins, 91 

carbapenems and monobactams determined by a combination of disc diffusion 92 

(ertapenem, imipenem, meropenem), the Microscan WalkAway System (Beckman 93 

Coulter, High Wycombe, UK) and Etest (bioMeriueux, Basingstoke UK) interpreted 94 

according to current EUCAST / CLSI breakpoints. Genes encoding common class A 95 

(KPC, IMI), B (NDM, IMP, VIM) and D (OXA CHDL) β-lactamases were identified 96 

using a range of multiplex PCRs and whole genome sequencing methods.7 97 

 98 

Initial screens for cefepime / sulbactam synergy were performed by double disc 99 

diffusion tests using cefepime (30 µg) and ampicillin / sulbactam (10 µg / 10 µg) 100 

discs (Oxoid, Basingstoke, UK) placed 10 – 15 mm apart with >3 mm zones of 101 

expansion or ‘keyhole’ effects used to identify synergistic activity. (Figure S1). 102 

    103 

Antibiotics (cefepime hydrochloride Lot no. LRA9570, sulbactam Lot no. 3100156) 104 

purchased from Sigma-Aldrich (Poole, UK) and Cambridge Bioscience Ltd 105 

(Cambridge, UK) were made as stock solutions of 10,000 mg/L in phosphate 106 

buffered saline (PBS). MICs of cefepime, sulbactam and cefepime / sulbactam at 107 

2:1, 1:1 and 1:2 ratios were determined by the agar dilution using Muller-Hinton (MH) 108 

agar, supplemented with doubling dilutions of cefepime / sulbactam from 0.125 / 109 

0.0625 – 128 / 256 mg/L according to Andrews.8 Control organisms used in MIC 110 

determinations were ATCC 25922 (Escherichia coli), ATCC 27853 (Pseudomonas 111 



aeruginosa), ATCC 9633 (Klebsiella pneumoniae) and  ATCC 19606 (Acinetobacter 112 

baumannii). Assays were only considered valid if the MIC of controls fell within +/- 1 113 

dilution of the reference MIC. 114 

 115 

The MIC distribution of cefepime combined with sulbactam (2:1, 1:1, 1:2) were used 116 

to predict the likelihood of therapeutic success with a number of simulated cefepime 117 

dosing regimens. Monte-Carlo simulation was performed in R using the linpk 118 

package. The cefepime pharmacokinetic (PK) model was taken from Jonckheere et 119 

al9 whereas the sulbactam model was taken from Soto et al.10 In both cases a 2 120 

compartment model was used and fraction unbound assumed to be 81% for 121 

cefepime and 62% for sulbactam.  A population of 10,000 adult  ICU patients was 122 

sampled from a real adult demographic dataset, with a plot of the age, weight and 123 

creatinine clearance given in Figure S2. 124 

 125 

The PTA was set at 60% time >MIC at steady state for cefepime and sulbactam, with 126 

PTA for 1:1, 2:1 and 1:2 ratios compared across 36 possible cefepime / sulbactam 127 

dosing regimens (3 – 8g / day) administered either by bolus, extended (EI) or 128 

continuous infusion (CI). The proportion of isolates for which the PTA was achieved 129 

for both cefepime and sulbactam11 was compared by species and by the dosing 130 

regimen.   131 

 132 

 133 

  134 

 135 

Results and Discussion 136 



A total of 157 cephalosporin / carbapenem resistant E. coli (n=36), Klebsiella spp. 137 

(n=49), A. baumannii (n=66) and P. aeruginosa (n=6) were tested (Table 1). Synergy 138 

was observed in cefepime / sulbactam double disc diffusion assays with 73 % of the 139 

E. coli and 78 % of the A. baumannii isolates. Most isolates exhibited high level 140 

resistance to both cefepime and sulbactam (MIC90 >256 mg/L) alone. The exception 141 

was for ESBL producing E. coli and K. pneumoniae, which retained some 142 

susceptibility to cefepime (MIC50 ≤ 0.25 – 1 mg/L) and for A. baumanni, where an 143 

enhanced activity of sulbactam was observed (MIC50/90 16 - ≥256 mg/L). At a ratio of 144 

2:1 the activity of cefepime / sulbactam was improved against ESBL producers 145 

(MIC50/90 2/1 – 64/32 mg/L) but had little effect on carbapenem resistant 146 

Enterobacteriales (MIC50/90 64/32 - ≥256/128) A stepwise increase in the ratio of 147 

sulbactam to cefepime (1:1, 1:2) resulted in a decrease in the cefepime / sulbactam 148 

MIC (Figure 1). This was most marked with respect to A. baumannii (MIC50/90 8/8 – 149 

32/64 mg/L) and for all isolates with carbapenem resistance (MIC50/90 4/8 – 32/64 150 

mg/L). Activity was most enhanced when sulbactam was added to cefepime at a 151 

concentration of 1:1 or 1:2 (p < 0.05). Reduction in MIC was then most notable 152 

against carbapenem resistant A. baumannii and Enterobacteriales isolates 153 

harbouring OXA-like carbapenemases (MIC 8/8 – 32/64). 154 

  155 

The probability of individualised cefepime / sulbactam dosing regimens to achieve 156 

the cefepime / sulbactam PK / PD target of 60 % fT > MIC at each ratio are shown in 157 

Table 2. Up to 48 % of all isolates, and 73 % of carbapenem resistant A. baumannii 158 

with a cefepime / sulbactam MIC of ≤ 16 / ≤ 8 mg/L were predicted treatable with a 159 

high-dose (6-8 g /day) cefepime / sulbactam (1:1 or 1:2) combination. Furthermore, if 160 

a cefepime / sulbactam (>1:1) regimen of 8 g / day were adminstered by continuous 161 



(CI) or extended infusion (EI), efficacy against 62 % of the CRO tested is predicted 162 

for those with a cefepime / sulbactam MIC of up to 16 / 16 mg/L (Figure S3).  163 

These in vitro activity data suggest that cefepime / sulbactam could be developed as 164 

a BL / BLI based treatment for some MDR Gram-negative infections. There are a 165 

number of reasons to progress it as a preferred combination but also some 166 

challenges. 167 

Cefepime monotherapy has been licensed and used for decades in the treatment of 168 

bacterial infections. There is a wealth of data on its efficacy, safety and tolerability, 169 

including at high doses for the treatment of susceptible Gram-negative infections.  170 

As the primary component of a BL / BLI therapy, cefepime also offers some 171 

advantages over other cephalosporins (cefoperazone, ceftazidime). Of note, it is 172 

stable to hydrolysis by many class C (AmpC) β-lactamases and, carrying a neutral 173 

(zwitterionic) charge, is less affected by permeability (porin) and efflux mediated 174 

resistance mechanisms.12 The potential of cefepime is evident from recent studies 175 

assessing its activity in combination with tazobactam,13 en-metazobactam 176 

(AAI101),14 zidebactam,15 avibactam16 and nacubactam17 as BLIs. These all 177 

demonstrate in vitro activity against MDR Gram-negatives that produce ESBLs and / 178 

or carbapenemases comparable to that we have observed with cefepime / 179 

sulbactam.   180 

 181 

Sulbactam a β-lactam, is licensed and used as a competitive BLI usually in 182 

combination with ampicillin or cefoperazone. It also has intrinsic antimicrobial 183 

activity, through inhibition of penicillin binding proteins (PBPs) with most affinity for 184 



PBP1a and 2.  The ability to inhibit PBP2 makes it particularly active against A. 185 

baumannii, including those with carbapenem resistance.18  186 

Sulbactam is susceptible to hydrolysis by most class A (TEM, SHV, CTX-M, KPC), B 187 

(IMP, VIM, NDM) and D (OXA-10, 23, 24, 48) β-lactamases but appears relatively 188 

stable to many class C (AmpC-like) enzymes.18,19 Although the majority of the 189 

carbapenem resistant A. baumannii we assessed here were positive for blaOXA-23, we 190 

still observed a significant increase in the activity of a cefepime / sulbactam 191 

combination. This could in part be due to preferential hydrolysis of sulbactam and 192 

preservation of enough cefepime activity able to withstand degradation by 193 

Acinetobacter ADC cephalosporinases. This contrasts with the activity of cefepime / 194 

sulbactam we saw against carbapenem resistant E. coli and K. pneumoniae, 195 

whereby the activity of both cefepime and sulbactam is likely compromised by the 196 

co-production of class A (CTX-M, KPC) and B (NDM, VIM) ESBLs and 197 

carbapenemases. Subactam has little intrinsic activity against P. aeruginosa and did 198 

not seem to enhance the activity of high dose cefepime in-vitro (Table 2). 199 

The importance of the ratio of BL to sulbactam is evident from studies of 200 

cefoperozone / sulbactam, most widely available as a 2:1 formulation.  Adjusting the 201 

cefoperozone / sulbactam ratio to 1:1 or 1:2 increases the in-vitro susceptibility of 202 

ESBL producing E. coli and carbapenem resistant A. baumannii by up to 90 %.20,21 203 

Furthermore, meta-analysis of clinical studies identifies the importance of higher 204 

doses of sulbatam when combined with ampicillin or cefoperazone.22 This is entirely 205 

in keeping with our findings for cefepime / sulbactam in which a 1:1 or 1:2 ratio is 206 

optimal. Whether higher ratios (1:3) are likely to be more effective would  require 207 

synthesis of enzyme kinetic and MIC data on a strain by strain basis. 208 



From the PK / PD modelling analysis, both a 1:1 or 1:2 cefepime / sulbactam therapy 209 

would require dosing at the upper range of both drugs to provide useful activity 210 

against carbapenem resistant strains. Cefepime has been safely used at 8 g / day 211 

and sulbactam at 9 g / 8hrly in the treatment of bloodstream infections and 212 

pneumonia.19 A combined cefepime / sulbactam dosing regimen of 8g / 8g should 213 

enable treatment of ESBL and carbapenem resistant isolates with cefepime / 214 

sulbactam MIC up to 16 mg / L. 215 

Effective targeted antimicrobial therapy is fundamental in the treatment of 216 

Gram-negative sepsis. The increasing prevalence of ESBLs in Enterobacteriales has 217 

led to increased empiric use of carbapenems, a strategy that further drives 218 

carbapenem resistance.  Existing BL / BLI therapies, in the formulations and doses 219 

currently used, are increasing shown to be sub-optimal in severe infections as 220 

alternatives to carbapenems.23    221 

Given the current challenges in antimicrobial drug development it is unlikely that all 222 

of the cefepime / BLI therapies currently under investigation will enter widespread 223 

clinical use. The data for cefepime / sulbactam suggests it could be most useful to 224 

progress as a 1:1 formulation targeting ESBLs and in particular carbapenem 225 

resistant Acinetobacter infections. It could also be employed as a BL / BLI 226 

carbapenem sparing agent which still retains some useful activity against emerging 227 

carbapenem resistant strains.       228 

 229 

 230 

 231 



Funding 232 

This study was funded by an award from Antibiotic Research UK (ANTRUK) a UK 233 

registered charity (no 1157884).  J.F.S. was supported by a United Kingdom 234 

Medical Research Council Fellowship (MRC grant MR/M008665/1). 235 

Acknowledgements 236 

The authors would like to thank members of ANTRUK’s Science Committee for their 237 

valuable input into both the design and interpretation of the studies reported here, 238 

Transparency Declarations 239 

DWW is a member of the Scientific Committee of ANTRUK and has served on 240 

advisory boards for Shionogi and Pfizer. All other authors declare no conflict of 241 

interest. 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 



References 252 

1. Bush K. Past and present perspectives on β-Lactamases. Antimicrob Agents 253 

Chemother  2018; 62 : pii= e01076-18 254 

2. Zhanel GG, Lawrence CK, Adam H et al. Imipenem-relebactam and 255 

meropenem-vaborbactam: Two novel carbapenem-β-Lactamase inhibitor 256 

combinations. Drugs 2018; 78: 65-98 257 

3. Mushtaq S,  Vickers A,  Woodford N et al. Activity 258 

of nacubactam (RG6080/OP0595) combinations against MBL-producing 259 

Enterobacteriaceae. J Antimicrob Chemother 2019; 74: 953-960.  260 

4. Skalweit Helfand M. β-lactams against emerging 'superbugs': progress and 261 

pitfalls. Expert Rev Clin Pharmacol 2008; 1: 559-71. 262 

5. Oliva A, Gizzi F, Mascellino MT et al. Bactericidal and synergistic activity of 263 

double-carbapenem regimen for infections caused by carbapenemase-producing 264 

Klebsiella pneumoniae. Clin Microbiol Infect 2016; 22 :147-153.  265 

6. Shaw E, Rombauts A, Tubau F et al. Clinical outcomes after combination 266 

treatment with ceftazidime/avibactam and aztreonam for 267 

NDM-1/OXA-48/CTX-M-15-producing Klebsiella pneumoniae infection. J Antimicrob 268 

Chemother 2018 ; 73:1104-1106. 269 

7. Abdul Momin MHF, Liakopoulos A, Phee LM et al. Emergence and nosocomial 270 

spread of carbapenem-Resistant OXA-232 producing Klebsiella pneumoniae in 271 

Brunei Darussalam. J Glob Antimicrob Resist 2017 ; 9: 96-99.  272 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bush%20K%5BAuthor%5D&cauthor=true&cauthor_uid=30061284
https://www.ncbi.nlm.nih.gov/pubmed/30061284
https://www.ncbi.nlm.nih.gov/pubmed/30061284
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhanel%20GG%5BAuthor%5D&cauthor=true&cauthor_uid=29230684
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lawrence%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=29230684
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adam%20H%5BAuthor%5D&cauthor=true&cauthor_uid=29230684
https://www.ncbi.nlm.nih.gov/pubmed/29230684
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mushtaq%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vickers%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Woodford%20N%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Skalweit%20Helfand%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24410557
https://www.ncbi.nlm.nih.gov/pubmed/24410557
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oliva%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26409059
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gizzi%20F%5BAuthor%5D&cauthor=true&cauthor_uid=26409059
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mascellino%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=26409059
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bactericidal+and+synergistic+activity+of+double-carbapenem+regimen+for+infections+caused+by+carbapenemase-producing+Klebsiella+pneumoniae.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shaw%20E%5BAuthor%5D&cauthor=true&cauthor_uid=29272413
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rombauts%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29272413
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tubau%20F%5BAuthor%5D&cauthor=true&cauthor_uid=29272413
https://www.ncbi.nlm.nih.gov/pubmed/29272413
https://www.ncbi.nlm.nih.gov/pubmed/29272413


8. Andrews JM. Determination of minimum inhibitory concentrations. J Antimicrob 273 

Chemother. 2001; 48: S1:15-16 274 

9. Jonckheere S, De Neve N, Beenhouwer H et al. A model-based analysis of the 275 

predictive performance of different real function markers for cefepime clearance in 276 

the ICU. J Antimicrob Chemother. 2016; 71: 2538-46 277 

10. Soto E, Shoji S, Muto C, Tomono Y, Marhsall S. Population pharmacokinetics of 278 

ampicillin and sulbactam in patients with community-acquired pneumoniae: 279 

evaluation of the impact of renal impairment. Br J Clin Pharmacol 2014; 77: 509-21 280 

11. Menegucci TC, Fedrigo NH, Albiero J et al. Pharmacodynamic Effects of 281 

sulbactam / meropenem / polymyxin –B combination against extremely dug resistant 282 

Acinetobacter baumannii using checkerboard information. Microb Drug Resist. 2019; 283 

doI; 10.101089/mdr.2018.0283. [epub] 284 

12. Papp-Wallace KM, Bethel CR, Caillon J et al. Beyond 285 

piperacillin-tazobactam: cefepime and AAI101 as a potent β-Lactam-β-Lactamase 286 

inhibitor combination. Antimicrob Agents Chemother. 2019; 63 pii = e00105-19. 287 

13. Livermore DM, Mushtaq S, Warner M et al . Potential of high-dose cefepime / 288 

tazobactam against multiresistant Gram-negative pathogens. J Antimicrob 289 

Chemother 2017; 73: 126-133. 290 

14. Morrissey I, Magnet S, Hawser S et al. In-vitro activity of 291 

cefepime-enmetazobactam against Gram-negative isolates collected from United 292 

States and European hospitals during 2014-2015. Antimicrob Agents Chemother. 293 

2019;  pii = AAC.00514-19. 294 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Papp-Wallace%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=30858223
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bethel%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=30858223
https://www.ncbi.nlm.nih.gov/pubmed/?term=Caillon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=30858223
https://www.ncbi.nlm.nih.gov/pubmed/30858223


15. Sader HS, Rhomberg PR, Flamm RK et al. WCK 5222 (cefepime / zidebactam) 295 

antimicrobial activity tested against Gram-negative organisms producing clinically 296 

relevant β-lactamases. J Antimicrob Chemother 2017; 72: 1696-1703.  297 

16. Aktas Z, Kayacan C, Oncul O. In vitro activity of avibactam (NXL104) in 298 

combination with β-lactams against Gram-negative bacteria, including OXA-48 299 

β-lactamase-producing Klebsiella pneumoniae. Int J Antimicrob Agents 2012; 39: 300 

86-9.  301 

17. Mushtaq S, Vickers A, Woodford N et al. Activity 302 

of nacubactam (RG6080/OP0595) combinations against MBL-producing 303 

Enterobacteriaceae. J Antimicrob Chemother 2019; 74: 953-960. 304 

18. Akova M. Sulbactam-containing beta-lactamase inhibitor combinations Clin 305 

Microbiol Infect 2008;14 Suppl 1:185-8. 306 

19. Shapiro AB. Kinetics of sulbactam hydrolysis by β-Lactamases, and kinetics of 307 

β-Lactamase inhibition by sulbactam. Antimicrob Agents Chemother 2017; 61: pii: 308 

e01612-17. 309 

20. Yang Y. OXA-23 is a prevalent mechanism contributing to sulbactam resistance 310 

in Acinetobacter baumannii clinical strains. Antimicrob Agents Chemother 2018; 63: 311 

pii: e01676-18. 312 

21. Lai CC, Chen CC, Lu YC et al. Appropriate composites of 313 

cefoperazone-sulbactam against multidrug-resistant organisms. Infect Drug Resist 314 

2018; 11:1441-1445.. 315 

https://www.ncbi.nlm.nih.gov/pubmed/22041508
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mushtaq%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vickers%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Woodford%20N%5BAuthor%5D&cauthor=true&cauthor_uid=30590470
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mushtaq+S+nacubactam
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akova+M.+Sulbactam-containing+beta-lactamase+inhibitor+combinations
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akova+M.+Sulbactam-containing+beta-lactamase+inhibitor+combinations
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shapiro%20AB%5BAuthor%5D&cauthor=true&cauthor_uid=28971872
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shapiro+A.+Kinetics+of+sulbactam+hydrolysis%E2%80%A6..+AAC+2017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mushtaq+S+nacubactam
https://www.ncbi.nlm.nih.gov/pubmed/30237728
https://www.ncbi.nlm.nih.gov/pubmed/30237728


22. Oliveira M, Prado G, Costa S et al. Ampicillin / sulbactam compared with 316 

polymyxins for the treatment of infections caused by carbapenem-resistant 317 

Acinetobacter spp. J Antimicrob Chemother 2008;61:1369-75. 318 

23. Harris PNA, Tambyah PA, Lye DC  et al. MERINO trial investigators and the 319 

Australasian Society for Infectious Disease Clinical Research Network (ASID-CRN). 320 

Effect of piperacillin-tazobactam vs meropenem on 30-day mortality for patients with 321 

E. coli or Klebsiella pneumoniae bloodstream infection and ceftriaxone resistance: A 322 

randomized clinical trial. JAMA 2018; 320: 984-994. 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

https://www.ncbi.nlm.nih.gov/pubmed/30208454
https://www.ncbi.nlm.nih.gov/pubmed/30208454
https://www.ncbi.nlm.nih.gov/pubmed/30208454


Table 1. In-vitro activity of cefepime (FEP), sulbactam (SUL), FEP / SUL (1:1), FEP / SUL (2:1) and FEP / SUL (1:2) fixed ratio 

combinations versus multi-drug resistant pathogens. 

Isolate FEP SUL FEP / SUL (1:1) FEP / SUL (2:1) FEP / SUL (1:2) 

 
MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 

           
Escherichia coli (n=36) 4 >256 32 >256 1 / 1 >256 / 256 8 / 4 128 / 64 0.5 / 1 16 / 32 

ESBL +ve (28) ≤0.25 ≥256 32 ≥256 1-Jan 64 / 64 4-Aug 64 / 32 0.5 / 1 32 / 64 

    blaCTX-14/15, OXA-1 
          

Carbapenem Resistant (8) 128 ≥256 32 ≥256 32 / 32 ≥256 / 256 64 / 32 ≥256 / 128 8-Apr 32 / 64 

    blaOXA-48, NDM, IMI 
          Klebsiella spp (n=48) ≥256 ≥256 ≥256 ≥256 32 / 32 ≥256 / 256 64 / 32 ≥256 / 128 16 / 32 ≥128 / 256 

ESBL +ve (7) 1 32 ≥256 ≥256 1 / 1 4/ 4 2/ 2 16 / 8 1/ 2 4/ 8 

    blaSHV,CTX-14/15, OXA-1 
          

Carbapenem Resistant (42) ≥256 ≥256 ≥256 ≥256 32 / 32 ≥256 / 256 64 / 32 ≥256 / 128 32 / 84 ≥128 / 256 

    blaNDM, KPC, VIM 
          

Acinetobacter spp (n=66) 128 >256 16 >256 8 / 8 32 / 32 16 / 8 64 / 32 8 / 16 32 / 64 

Carbapenem Resistant (59) ≥256 ≥256 16 ≥256 8-Aug 64 / 64 16 / 8 64 / 32 16-Aug 32 / 64 

    blaOXA-23 
          

Pseudomonas aeruginosa (n =6) 4 16 ≥256 ≥256 4 / 4 8 / 8 2 / 1 16 / 8 4 / 8 16 / 32 

Carbapenem Resistant (2) 2 2 ≥256 ≥256 2 / 2 2 / 2 1 / 0.5 1 / 0.5 2 / 4 16 / 32 

    blaVIM-2 
          

Total (n=157) 128 >256 128 >256 8 / 8 128 / 128 16 / 8 128 / 64 8 / 16 64 / 128 

 



Table 2. Susceptibility of carbapenem resistant strains to simulated cefepime (3 – 8 g / day) / sulbactam (1:1, 1:2, 2:1) dosing 

regimens. Probability of target attainment (PTA >0.9) for isolates with MIC ≤ 2 – ≤ 16 mg/L.   

Dosing Regimen FEP / SUL Target MIC (mg/L) E. coli Klebsiella Acinetobacter Pseudomonas All Isolates 

fT > MIC > 60% FEP / SUL Ratio FEP / SUL Ratio FEP / SUL Ratio FEP / SUL Ratio FEP / SUL Ratio 

 1:1 2:1 1:2 1:1 2:1 1:2 1:1 2:1 1:2 1:1 2:1 1:2 1:1 2:1 1:2 

SUL 3g SUL 1.5 g SUL 6 g % Susceptible  

FEP 3g Bolus ≤2 / ≤0.25 ≤2 / ≤0.25 ≤2 / ≤0.5 33% 40% 53% 6% 10% 10% 5% 3% 5% 0% 14% 0% 11% 10% 11% 

 
EIa ≤4 / ≤1 ≤4 / ≤0.5 ≤4 / ≤ 2 53% 43% 73% 17% 12% 17% 9% 6% 8% 14% 43% 0% 21% 15% 24% 

 
CIb ≤4 / ≤2 ≤4 / ≤1 ≤4 / ≤4 60% 46% 73% 23% 19% 17% 19% 9% 9% 43% 57% 29% 30% 19% 26% 

    
  

  
  

  
  

  
  

  
  

  
  

  
SUL 4 g SUL 2 g SUL 8 g 

  
  

  
  

  
  

  
  

  
  

FEP 4g Bolus ≤4 / ≤0.5 ≤4 / ≤0.25 ≤4 / ≤1 47% 40% 53% 12% 10% 10% 5% 6% 6% 0% 14% 0% 15% 10% 17% 

 
EI ≤8 / ≤4 ≤8 / ≤2 ≤8 / ≤8 63% 50% 83% 31% 19% 25% 24% 9% 47% 57% 57% 43% 42% 19% 48% 

 
CI ≤8 / ≤4 ≤8 / ≤2 ≤8 / ≤8 63% 50% 83% 31% 19% 25% 24% 9% 47% 57% 57% 43% 42% 19% 48% 

    
  

  
  

  
  

  
  

  
  

  
  

  
SUL 6g SUL 3g SUL 12g 

  
  

  
  

  
  

  
  

  
  

FEP 6g Bolus ≤4 / ≤0.5 ≤4 / ≤0.5 ≤4 / ≤1 47% 43% 53% 12% 12% 10% 5% 6% 6% 0% 43% 0% 15% 15% 17% 

 
EI ≤8 / ≤2 ≤8 / ≤1 ≤8 / ≤4 60% 46% 73% 23% 19% 25% 19% 6% 47% 43% 57% 29% 30% 19% 26% 

 
CI ≤8 / ≤4 ≤8 / ≤8 ≤8 / ≤8 63% 63% 83% 31% 23% 25% 38% 28% 47% 57% 86% 43% 42% 33% 48% 

    
  

  
  

  
  

  
  

  
  

  
  

  
SUL 8g SUL 4g SUL 16g 

  
  

  
  

  
  

  
  

  
  

FEP 8g Bolus ≤8 / ≤1 ≤8 / ≤0.5 ≤8 / ≤2 53% 43% 73% 16% 15% 17% 9% 6% 47% 14% 43% 29% 21% 15% 27% 

 
EI ≤16 / ≤8 ≤16 / ≤4 ≤16 / ≤8 67% 63% 83% 37% 23% 33% 73% 28% 73% 100% 86% 43% 62% 47% 48% 

 
CI ≤16 / ≤8 ≤16 / ≤4 ≤16 / ≤16 67% 63% 83% 37% 23% 33% 73% 28% 73% 100% 86% 57% 62% 47% 62% 

                                        
   aCI: Continuous Infusion;  bEI: Extended Infusion 



Figure 1: Distribution of cefepime (FEP) MIC versus 157 MDR Gram-negative pathogens combined with sulbactam (SUL) at fixed 

ratios.  

 



 


