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counts obtained for the other two subpopulations which were assumed to be of better 

fitness.288,289 When parameter estimate coefficients of variation exceeded 50% (i.e. the 

univariate confidence interval would include 0), then simpler models were evaluated that 

excluded the poorly estimated parameters. Any data below the lower limit of quantification 

(100 CFU/mL) were omitted from the model (see Time-Kill Procedure). Alternative 

approaches could have included modeling these data points as zero, the average of zero 

and the lower limit of quantification, or the actual lower limit of quantification, but were 

unnecessary given the large quantity of time-kill data obtained (see Appendix E). Lag-

phase data were also omitted from the model since the purpose is to understand bacterial 

growth, killing, and the emergence of resistance and not the experimentally-dependent 

delay in maximal growth rate (see Determining Initial Pharmacodynamic Model Estimates 

for Growth Rate Constants and Maximum Population Count). 

𝒈𝒈 = 𝒃𝒃 − 𝒂𝒂 (3) 

𝒌𝒌∗ = 𝒌𝒌 𝑪𝑪
𝑪𝑪+𝑬𝑬𝑪𝑪𝟓𝟓𝟓𝟓

 (4) 

 

Second, a net growth rate model with an assumed maximal carrying capacity of the 

in vitro system (Nmax) was initially fit to antimicrobial-free experiments stratified by 

isolate number (Equations 5, 6, and 7) to ascertain reasonable estimates for the growth rate 

parameters of the three subpopulations and the maximum experimental population size of 

each isolate – gRLS, gRLR, gRHS, and Nmax.  

𝒅𝒅𝑹𝑹𝒅𝒅𝒅𝒅
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𝑹𝑹𝒅𝒅𝒅𝒅+𝑹𝑹𝒅𝒅𝑹𝑹+𝑹𝑹𝑹𝑹𝒅𝒅
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Figure 4.9: Time-kill Curves against KP 44. Time-kill curve of meropenem (MEM) and polymyxin B (PMB) alone and in 
combination against KP 44 (MICs: MEM 128 µg/mL, PMB 0.06 µg/mL). Data points are geometric means of replicate experiments (n 
= 2 to 4). The lower limit of quantification was 102 CFU/mL. 
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All combinations of meropenem (4 or 16 µg/mL) and polymyxin B (0.25 or 1 

µg/mL) concentrations achieved synergistic activity against KP 22 (MEM MIC 16 µg/mL; 

Figure 4.6) with no regrowth over 48 hours (Figure 4.5), but higher concentrations of 

meropenem alone (64 µg/mL) eradicated KP 22 which rendered synergism assessment 

indeterminate. 

Meropenem 4 µg/mL in combination with polymyxin B 0.25 or 1 µg/mL produced 

additive/indifferent activity (<102 change in CFU/mL at 24 hours compared to the most 

active agent alone) against KP 24 (MEM MIC 32 µg/mL; Figure 4.8) with regrowth 

occurring by 8 hours (Figure 4.7), but all remaining combinations of meropenem 16 or 64 

µg/mL with polymyxin B 0.25 or 1 µg/mL achieved synergistic activity with no regrowth 

over 48 hours (Figure 4.7 and Figure 4.8).  

Combinations of meropenem 4, 16, or 64 µg/mL with polymyxin B 0.25 µg/mL 

displayed additive/indifferent activity against KP 44 (MEM MIC 128 µg/mL; Figure 4.10) 

with variable regrowth (Figure 4.9). Combinations with polymyxin B at 1 or 4 µg/mL 

displayed synergy, but only the highest tested concentration of meropenem (64 µg/mL) and 

polymyxin B (4 µg/mL) also prevented regrowth against KP 44 (Figure 4.9 and Figure 

4.10). 
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Discussion 

 Polymyxin B alone against polymyxin-susceptible, KPC-producing Klebsiella 

pneumoniae generally exhibited quick bactericidal activity, with rapid regrowth observed 

whereas meropenem alone generally exhibited bacteriostatic activity initially with growth 

observed as well. These results are consistent with in vitro data from other groups.212,330 

When used in combination, results were often bactericidal, synergistic, and maintained this 

activity throughout 48 hours unless resistance to meropenem was high (≥32 µg/mL) in 

which case higher levels of antimicrobial agents were shown to overcome the strains with 

elevated MICs, but such regimens may have limited feasibility in a patient where 

antimicrobial concentrations are not static but change as drug is eliminated. Therefore, 

additional in vitro or animal (or even human) models are needed to elucidate the impact of 

pharmacokinetics and the degree of meropenem resistance on the activity of meropenem 

and polymyxin B in combination against KPC-producing K. pneumoniae. 

 A 2013 meta-analysis on in vitro synergy of polymyxins and carbapenems 

highlighted that most data for comparison involves non-Enterobacteriaceae such as 

Pseudomonas aeruginosa or Acinetobacter baumannii. In fact, the authors included only 

three studies206,331,332 that evaluated polymyxin B in combination with a carbapenem 

(imipenem, doripenem, meropenem, or ertapenem) across a total of 34 unique isolates of 

K. pneumoniae, most of which were polymyxin-susceptible. Synergy rates for polymyxin 

B and a carbapenem were higher than synergy rates for colistin and a carbapenem (64% 

vs. 40%; P = 0.04), but substantial heterogeneity among these studies was present (I2 = 

51%).212 Since the publication of the meta-analysis, only one other study has compared 



 

209 
 

polymyxin B in combination with a carbapenem in vitro against KPC-producing Klebsiella 

pneumoniae.330 

 Among the four studies evaluating the in vitro activity of polymyxin B in 

combination with a carbapenem against KPC-producing K. pneumoniae, two evaluated 

exclusively KPC-2-producing K. pneumoniae (18 isolates total),206,330 one evaluated 

exclusively KPC-3-producing K. pneumoniae (4 isolates),332 and the last evaluated both 

KPC-2- and KPC-3-producing K. pneumoniae (8 and 6 isolates, respectively). Our study 

evaluated KPC-3-producing K. pneumoniae (4 isolates). Although KPC-2 is considered the 

ancestral enzyme, KPC-3 has also been frequently observed in the United States. KPC-3 is 

very similar to KPC-2 in both structure and phenotypic resistance expression, differing 

only by a single nucleotide polymorphism and therefore also a single amino acid 

substitution of histidine for tyrosine (H272Y).333 To date, there is no data to suggest 

distinguishing between KPC-2 or KPC-3 correlates with differences in phenotypic 

resistance or clinical outcome in meropenem and polymyxin B combinations, and so this 

difference among studies was accepted. Finally, definitions of synergy and bactericidality 

among studies were consistent except when noted. 

 

Polymyxin B or a Carbapenem Alone 

Comparing results of monotherapy was not possible among all studies because 

complete time-kill data was only provided by Lee et al.332 Data for 0 hours and 24 hours 

was provided by Bratu et al.,206 but the other studies only provided the difference from 0 

hours to 24 hours.330,331 Lee et al. studied the four KPC-3 isolates most similar to this study, 


