
 
 

 

 

 

 

 

 

 

 

 

Copyright 

by 

Warunee Srisupha-olarn 

2010 

 

 

  



 
 

 The Thesis committee for Warunee Srisupha-olarn Certifies that this is the 

approved version of the following thesis 

 

 

Colistin for Multidrug-Resistant Acinetobacter baumannii  

from Thailand 

 

 

 

 

 
APPROVED BY 
SUPERVISING COMMITTEE: 
 
 
 
 
 
David S. Burgess 
 
 
 
 
 
Christopher R. Frei 
 
 
 
 
 
Y. W. Francis Lam 

Supervisor: 



 
 

 

Colistin for Multidrug-Resistant Acinetobacter baumannii  

from Thailand 

 

 

by 

Warunee Srisupha-olarn, Pharm.D; BCPS 

 

 

Thesis  

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Master of Science in Pharmacy 

 

 

The University of Texas at Austin 

August 2010 

 

 



 
 

 

Dedication 

 

This thesis project was dedicated to my parents who always support my goals.  

Moreover, my beloved advisors, classmates and colleagues who provide excellent 

comments and have taught me that “there is no overnight success.”  

In addition, I would like to express appreciation to my collaborators from       

Ramathibodi Hospital, Bangkok, Thailand.  

Without their sincere support this work would not have been completed successfully. 
 



v 
 

 

Acknowledgements 

 

I would like to thank the following people for their guidance and support: 
 
David S. Burgess, Pharm.D, FCCP  
Clinical Professor, College of Pharmacy, The University of Texas at Austin; and 
Clinical Professor, Department of Medicine, The University of Texas Health 
Science Center San Antonio, Texas, who served as my committee chairperson. 
 
 Christopher R. Frei, Pharm.D, M.S., BCPS 
Assistant Professor, College of Pharmacy, The University of Texas at Austin; and 
Clinical Assistant Professor, Department of Medicine, The University of Texas 
Health Science Center San Antonio, Texas, who served as my committee member. 
 
Y.W. Francis, Lam, Pharm.D, FCCP 
Clinical Associate Professor, College of Pharmacy, The University of Texas at 
Austin; and Associate Professor, Departments of Pharmacotherapy and Medicine, 
The University of Texas Health Science Center San Antonio, Texas, who served 
as my committee member. 
 
Surakit Nathisuwan, Pharm.D, BCPS 
Assistant Professor, Clinical Pharmacy Division, Faculty of Pharmacy, The 
Mahidol University, who served as my thesis reader. 
 
Michael F. Carden 
Former Research Assistant, Pharmacy Education and Research Center, The 
University of Texas Health Science Center San Antonio, who served as my 
laboratory mentor. 

August  2010



vi 
 

 

Abstract 

 

Colistin for Multidrug-Resistant Acinetobacter baumannii  

from Thailand 

 

 

 

 

Warunee Srisupha-olarn, M.S.Phr 

The University of Texas at Austin, 2010 

 

Supervisor:  David S. Burgess 

 

Multidrug-resistant (MDR) Acinetobacter baumannii have caused nosocomial 

infections worldwide. Nowadays, there are no effective regimens to treat MDR- 

A. baumannii.  Therefore, this study’s objective was to find out an effective antimicrobial 

combination against MDR-A. baumannii. This project consisted of four parts. Part 1 was 

an in vitro antimicrobial susceptibility test of MDR-A. baumannii collected from 

Thailand. Minimum inhibitory concentrations (MICs) were performed according to the 

Clinical and Laboratory Standards Institute (CLSI) guidelines using a broth microdilution 

technique. This study found that colistin was the most active against MDR-A. baumannii 

(MIC50 0.5µg/mL, MIC90 1µg/mL). In addition, 77% of MBL -producing A. baumannii 
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were reported using the MBL Etest strips. This prevalence was higher than previously 

reported.  

Part 2 was conducted to compare antimicrobial susceptibility profiles of pre- and 

post-colistin exposure A. baumannii isolates.  After colistin exposure, A. baumannii 

isolates became resistant to colistin but more susceptible to cefepime, doxycycline, 

meropenem and rifampicin. These findings suggested the potential of a synergistic 

activity of colistin combinations.  

Part 3 was a time-kill study that compared activity of colistin alone and in 

combination against MDR-A. baumannii. Time-kill assays were performed using a 

standard inoculum. Colistin monotherapy was rapidly bactericidal against these isolates; 

however, regrowth occurred at 24 hrs. On the other hand, colistin in combination with 

cefepime, doxycycline, meropenem or rifampicin demonstrated synergy and maintained 

bactericidal activity over 24 hrs (100%).  

Part 4 was designed to optimize meropenem dosing regimens using a PK-PD 

model. Three MDR-A. baumannii with  colistin MICs (0.5-1µg/mL) and meropenem 

MICs (32-128µg/mL) were tested. The antimicrobial regimens alone and in combination 

evaluated were:  colistin 2.5mg/kg every 12 hrs, meropenem 3g and 6g continuously 

infused (CI) over 24 hrs. Colistin monotherapy was rapidly bactericidal but regrowth did 

occur. Both combinations express synergy (100%). Nevertheless, colistin and high dose 

meropenem (6g CI over 24 hrs) was bactericidal and prevented regrowth over 24 hrs. 

In conclusion, MBL-producing A. baumannii is more prevalent than previously 

thought and colistin combined with a high dose meropenem (6g/day) has good potential 

to overcome multidrug- and carbapenem-resistant A. baumannii. These findings should 

be further evaluated in animal models and clinical practices.
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CHAPTER 1 

Acinetobacter infection 

MICROBIOLOGY 

Acinetobacter baumannii is a non-fermenting, non-fastidious gram negative 

bacteria.[1, 2] Its cell shape varies by the life-cycle. For instance, it appears as a rod during 

the growth phase and coccobacilli during stationary phase (Figure 1.1).[1, 3]  The colonies 

are typically smooth but can be mucoid with grayish white color.[3] 

 

 

Figure 1.1:  Acinetobacter species from gram staining of sputum specimen.[4]  

HISTORY OF ORGANISM 

Acinetobacter taxonomy has been significantly modified over the last 30 years.[1] 

It is known by several names in the literature such as Bacterium anitratum, Herellea 

vaginicola, Mima polymorpha, Achromobacter anitratus, Micrococcus calcoaceticus, 

Diplococcu mucosus, Cytophaga, Alcaligenes haemolysans, Moraxella Iwoffi, and 

Neisseria winogradskyi.[2] Currently, thirty-one genomic species have been identified 
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with 17 species given valid names.[2] Nevertheless, only A. baumannii, Acinetobacter 

genomic species 3, and Acinetobacter genomic species 13TU play a key role in clinical 

infections.[2] 

EPIDEMIOLOGY 

A. baumannii is commonly found in water or soil and has also been found 

frequently in animals and human hosts.[5] It causes nosocomial infections throughout the 

body with the most frequent site of infection being the lungs (ventilator/hospital-

associated pneumonia; VAP/HAP).[2] According to the National Healthcare Safety 

Network (NHSN), A.baumannii was the third most common cause of ventilator-

associated pneumonia (VAP) in 2006-2007.[6] A. baumannii also causes other serious 

infections such as bacteremia, meningitis, skin and soft tissue infections, urinary tract 

infections, and peritonitis.[2] In 2006-2007, the incidence rate of A. baumannii central-

line-associated bloodstream infection, catheter-associated urinary tract infection, 

pneumonia, and surgical site infection were 2.2%, 1.2%, 8.4% and 0.6%. 

Multiple risk factors for Acinetobacter infection have been reported including 

severity of illness, previous infection or sepsis, prolonged mechanical ventilation, prior 

colonization with Acinetobacter spp., and prolonged intensive care unit (ICU) stay.[7] In 

addition, the mortailty rate of Acinetobacter infection was higher than that of other 

organisms in the ICU (63% and 44%, p=0.03).[8] 

CLINICAL SIGNIFICANCE 

The mortality rates for A. baumannii infections are about 50% for bacteremia and 

approximately 23-75% for pneumonia.[7, 9, 10] In the ICU, the mortality rate is 54%.[11] 

Infections caused by A. baumannii increase morbidity, prolong hospitalizations, prolong 
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ICU stays, and increase overall hospital costs.[12]  Multidrug-resistant (MDR)- 

A. baumannii has been reported in military personnel returning from Iraq and 

Afghanistan. This has potentially led to an increase in multidrug-resistant incidence in the 

United States.[13] 

RESISTANCE 

Acinetobacter spp. are resistant to almost all antimicrobial classes, including the 

aminoglycosides, fluoroquinolones and broad-spectrum β-lactam antibiotics.[5] Morbidity 

in multidrug-resistant A. baumannii is higher than non-resistant cases.[8] Carbapenems, 

such as imipenem/cilastatin, meropenem and doripenem, have been used in combination 

with several other antibiotics for suspected Acinetobacter infections. However, the 

number of carbapenem-resistant A. baumannii has been increasing worldwide.[7, 14-16]  In 

addition, carbapenem-resistant A. baumannii also carries mechanisms of resistance to 

other antimicrobial classes such as aminoglycosides, fluoroquinolones and 

tetracyclines.[7, 17] 

A. baumannii carries many resistance mechanisms. These mechanisms can be 

classified into two main groups (Figure 1.2, Table 1.1).[18, 19] The first group consists of 

non-enzymatic mechanisms which include target modification at penicillin-binding 

proteins (PBPs), impaired penetration, and efflux pumps.[19] The other group contains an 

enzymatic mechanism which is the major resistance mechanism. For Acinetobacter, these 

beta-lactamases includes penicillinases, oxacillinases, cephalosporinases, AmpC 

cephalosporinases, extended-spectrum beta-lactamases (ESBL), and carbapenemases.[4, 

20]  
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Figure 1.2:  Potential mechanisms of antimicrobial resistance in Acinetobacter spp. 
against beta-lactam antibiotics.[4] 

 

 
  



5 
 

Table 1.1:  Summary of resistance mechanisms of A. baumannii[2, 4, 18] 

Mechanism of Action Antibiotic 

Beta-lactamases  

Penicillinases 

AmpC cephalosporinases 

Carbapenemases 

Oxacillinases 

Beta-lactams 

Outer membrane proteins (OMPs)  

changes 
Beta-lactams 

Alterations in target sites 

Beta-lactams, aminoglycosides,  

fluoroquinolones, tetracyclines,  

polymyxins 

Aminoglycoside-modifying enzyme Aminoglycosides 

Efflux pumps 

Beta-lactams, aminoglycosides,  

fluoroquinolones, tetracyclines,  

glycylcycline, trimethoprim,  

other antimicrobial agents 

Mobile genetic elements 
Contain genes with resistance  

to multiple classes 

BETA-LACTAMASES 

Beta-lactamases are enzymes that inactivate beta-lactam antibiotics by splitting 

the amide bond of the beta-lactam ring.[18, 21] A few beta-lactamases utilize zinc ions to 

disrupt the beta-lactam ring, but the majority operates via the serine ester mechanism. 
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There are various types of beta-lactamases, some encoded by chromosomal genes and 

others by plasmids or transposons.[18] Gram-negative bacteria produce a much greater 

variety of beta-lactamases than gram-positive bacteria. This diversity has led to several 

classification schemes.  

Carbapenemases 

Carbapenem-hydrolyzing beta-lactamases (i.e., carbapenemases) are responsible 

for resistance to carbapenems.[22] These enzymes are less common than other beta-

lactamases. Most carbapenemases confer resistance not only to carbapenems, but also to 

other beta-lactams[18]. These enzymes have been assigned to the class A group of 

clavulanic acid-inhibited carbapenemases which is a class of serine beta-lactamases (most 

of these beta-lactamases have a serine residue at the active center of the enzyme), to the 

class B metallo-beta-lactamases requiring a zinc ion as a cofactor for maximal activity, 

and the class D oxacillinases.[4, 19, 22, 23] Class A beta-lactamases have greater resistance to 

imipenem than meropenem. Furthermore, class A beta-lactamases are resistant to 

aztreonam but not third–generation cephalosporins or clavulanic acid.[23] The class B 

metallo-beta-lactamases are resistant to imipenem, meropenem, aztreonam, and 

clavulanic acid. 

The Ambler class A carbapenemases[18, 23] 

Class A carbapenemases belong to the group 2f as defined by Bush and 

colleagues and may form part of the so-called clavulanic acid-inhibited penicillinase 

group.[24, 25] Class A carbapenemases can hydrolyze benzylpenicillin and ampicillin. 

Class A carbapenemases are monomeric enzymes that contain 265-269 amino acid units 

with molecular masses of 25-32kDa.[25] GES-1, GES-2 and SHV-38 hydrolyze the 
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extended-spectrum cephalosporins, cefotaxime and ceftazidime. The SME, IMI and 

NMC-A enzymes, which are classified as 2f beta-lactamases, are able to hydrolyze 

imipenem. Although GES-4 and KPC enzymes were in the 2f beta-lactamase group, 

currently they are assigned to subgroup 2e because they do not have affinities for 

aztreonam and are inhibited by clavulanic acid.[25] The K. pneumoniae carbapenemase 

(KPC) enzyme was first found in K. pneumonia in North Carolina[26]; however, it has also 

been found in other bacteria species such as E. clocae, E. freundii, Enterobacter spp.,  

E. coli, K. oxytoca, S. marcescens, and  P. aeruginosa.[25, 27, 28] Currently, KPC-producing 

Enterobacteriaceae in the United States have been reported from North Carolina, New 

Jersey, Maryland, Pennsylvania, Massachusetts, Delaware, Arkansas, Ohio, Virginia, 

New York, Texas and California.[25, 29, 30] KPC carbapenemases may not illustrate 

“resistance” to carbapenems but may result in reduced susceptibility to carbapenem 

antibiotics.[31] 

Class B metallo-beta-lactamases (MBLs) 

Metallo-beta-lactamases (MBLs) are a zinc moiety beta-lactamase. They require 

divalent cations as metal cofactors for enzyme activity.[24] MBL are encoded by 

chromosomal and transferable genes.[32] Transferable MBLs are encoded by bla genes 

that are typically found as gene cassettes in class 1 integrons and move between 

organisms not only on plasmids but also on transposons. IMP-, VIM- and GIM-1 

enzymes are found as gene cassettes in class 1 integrons. Integrons are genetic units that 

include genes of a site-specific recombination system capable of capturing and 

mobilizing genes contained in mobile elements called gene cassettes. Integron structure 

consists of two conserved regions (intI region and sulI region) flanking a variable region 

(gene cassette) that contains one or more resistant genes. The intI region encodes 
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integrase. The sulI region confers resistance to sulphonamides.[32] Gene cassettes are 

small pieces of circular DNA comprising a single gene together with a recombination site 

termed a 59-base element.[33] Moreover, bla genes are frequently found in association 

with aac- or aad-type genes that confer resistance to aminoglycosides or with extended 

spectrum beta-lactamases (ESBLs) of the OXA-, TEM-, and CTX-types. 

MBL genes were first reported in P. aeruginosa before appearing in 

Enterobacteriaceae and Acinetobacter baumannii throughout the world.[32, 34] It is likely 

that P. aeruginosa have transferred their plasmids to Enterobacteriaceae.[32]  All MBLs 

hydrolyze all beta-lactams including carbapenems. However, they are inhibited by EDTA 

and other chelating agents of divalent cations. Based on in vitro activity, treatment 

options for MBLs are polymyxins and tigecycline.[35-37] Tigecycline resistance is rare but 

has been observed even during treatment with tigecycline.[38] Therefore, monotherapy 

should not be used because of the risk of developing resistance.[32, 38] 

Class D carbapenemases 

Class D carbapenemases were first referred to as oxacillinases because they 

commonly hydrolyze the isoxazolyl penicillin, oxacillin. Forty-five of 121 class D beta-

lactamases exhibit carbapenem-hydrolyzing activity.[39] The designation, OXA, refers to 

preferred penicillin substrate.[39] In clinical strains, class D oxacillinase genes have been 

found on plasmids incorporated as gene cassettes in integrons.[40] The first OXA-type 

carbapenemase was OXA-23 in A. baumannii from Scotland in 1985.[41] At the present 

time, OXA-type carbapenemases are found in other bacteria such as P. mirabilis,  

K. pneumoniae, and P. aeruginosa.[39, 41-43] OXA-type carbapenemases are able to 

hydrolyze penicillins, cephalosporins, and cephalothin.  However, they poorly hydrolyze 

extended-spectrum beta-lactams, ceftazidime, cefotaxime, and aztreonam. Most of the 
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OXA-type carbapenemases have low hydrolytic activities against imipenem and 

meropenem.[39] These carbapenemases are more likely to be inhibited by tazobactam than 

by clavulanic acid.  

In A. baumannii, a combination of AmpC beta-lactamase with weak 

carbapenemase activity and reduced outer membrane proteins (OMPs) expression may 

result in resistance to carbapenems.[19, 44]  In 2000-2001, the incidence of carbapenem-

resistant A. baumannii in New York city was 10-15%.[45]  International surveillance 

revealed that A. baumannii was resistant to almost all available antimicrobials. Only 

polymyxins, imipenem, and minocycline were active against these A. baumannii (≥80%). 

Furthermore, the percent susceptibility to meropenem decreased over time (Table 1.2).  

Table 1.2:  International surveillance of susceptibility rate of A. baumannii  

Note: Data are given as percent susceptible based on CLSI susceptibility breakpoint; NA, non-available 
data 

Antibiotic 

SENTRY[46] 

year 2001-2004 

(N=2621) 

MYSTIC[47] 

year 2002-2004 

(N=5720) 

TEST [48] 

year 2004-2009 

(N=10149) 

Polymyxin B  97.9 NA NA 

Ceftazidime  44.6 38.1 41.9 

Cefepime  47.7 NA 45.0 

Ampicillin/sulbactam  56.2 NA NA 

Piperacillin/tazobactam NA 39.8 45.3 

Imipenem  81.1 74.7 81.7 

Meropenem  77.7 76.1 57.1 

Ciprofloxacin  44.3 40.5 NA 

Levofloxacin NA NA 44.2 

Amikacin  60.2 NA 63.8 

Gentamicin NA 51.9 NA 

Minocycline NA NA 86.9 
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Heteroresistance 

Heteroresistance is a phenomenon by which a subpopulation of susceptible strains 

is resistant to an individual drug. The incidence of heteroresistance in A. baumannii 

against polymyxins has been reported recently.[49-53] Heteroresistance rates ranged from 

18-94%.[49-53] Moreover, this phenomenon was found for both polymyxin B and 

colistin.[52] This phenomenon was currently reported in South America and the Western 

Pacific region.  Usually, colistin heteroresistance is defined as colistin-susceptible 

bacteria isolates with MIC ≤2µg/mL, but the subpopulations will grow in the presence of 

>2µg/mL colistin.[53] Incidence of heteroresistance was found in A. baumannii with MICs 

0.25-2µg/mL.[50] Previous colistin exposure may be a risk factor for heteroresistance.[50]  

Multidrug-resistance (MDR) 

Although the incidence of multidrug-resistant (MDR) A. baumannii has been 

reported worldwide, there is no standard definition of MDR-A. baumannii. Most 

publications including this study defined MDR-A. baumannii as resistant to at least three 

of the following five drug classes: antipseudomonal cephalosporins, antipseudomonal 

carbapenems, ampicillin/sulbactam, fluoroquinolones, and aminoglycosides.[2, 54]  

Pandrug resistance (PDR) 

Similarly to MDR, pandrug-resistant (PDR) has been defined in various ways. 

The most appropriate definition of PDR-A. baumannii is an organism resistant to all first-

line antimicrobials that have therapeutic potential against A. baumannii.[2, 54]  The 

organism should be resistant to all beta-lactams (i.e., penicillins, cephalosporins, 

monobactam and carbapenems), beta-lactam/beta-lactamase inhibitors, fluoroquinolones, 

aminoglycosides, tigecycline, and polymyxins. 
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LIMITED THERAPEUTIC OPTIONS FOR TREATMENT 

Because A. baumannii can be resistant to all antimicrobial agents, it is considered 

a mismatch between unmet medical needs and the current antimicrobial research and 

development pipeline.[14, 55]  The Infectious Diseases Society of America (IDSA) has 

campaigned for the pharmaceutical companies to speed up the research and development 

process for new antimicrobials. Unfortunately, no new compound to treat pandrug 

resistant A. baumannii will be launched in the foreseeable future.[55] Therefore, we must 

maximize antimicrobial efficacy and prevent bacterial resistance among the existing 

antimicrobials. 
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CHAPTER 2 

Literature reviews 

TREATMENT FOR ACINETOBACTER INFECTION 

Acinetobacter baumannii possess multiple resistance mechanisms.[4, 18] In the 

past, antimicrobials such as aminoglycosides, beta-lactams, and tetracyclines were used 

to treat Acinetobacter infection.[2] However, A. baumannii has become resistant to all 

currently available antimicrobial agents, including the aminoglycosides, fluoroquinolones 

and broad-spectrum β-lactam antibiotics.[5] Therefore, selection of empiric antibiotic 

therapy for Acinetobacter infection is challenging and should rely on institutional 

susceptibility data.[2] According to the American Thoracic Society (ATS) guidelines, 

carbapenem-containing regimens could be used for Acinetobacter pneumonia if the 

organism was susceptible.[56] However, the number of carbapenem-resistant A. baumannii 

has been increasing worldwide.[7, 14-16] Therefore, there are few antimicrobials available 

that can be used against multidrug-resistant (MDR) A. baumannii. 

ANTIBIOTIC SUSCEPTIBILITY AGAINST CARBAPENEM-RESISTANT A. BAUMANNII 

A. baumannii requires two mechanisms to become carbapenem-resistant. The 

mechanisms are production of carbapenemases and impermeability of outer 

membrane.[19] Carbapenem-resistant A. baumannii are resistant to not only carbapenems, 

but also to other antimicrobial classes such as aminoglycosides, fluoroquinolones, and 

beta-lactam/beta-lactamase inhibitors. Higgins and colleagues[57] investigated the 

molecular epidemiology and distribution of carbapenemase genes in 515 A. baumannii 

isolates from all over the world. The percent susceptible to beta-lactams and 
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fluoroquinolones was less than 10%. Amikacin susceptibility was 36%, while 

minocycline and tigecycline susceptibility were greater than 80% (Table 2.1). 

Table 2.1:  Drug susceptibilities for carbapenem-nonsusceptible A. baumannii[57] 

Antibiotics Percent Susceptible 

Cefepime 4 

Ceftazidime 2 

Ceftriaxone 0 

Imipenem 0 

Meropenem 0 

Amoxicillin/clavulanate 0 

Piperacillin/tazobactam 4 

Amikacin 36 

Levofloxacin 6 

Tigecycline 83 

Minocycline 83 

 

Scheetz and colleagues[58] conducted a prospective study to determine the activity 

of tigecycline against carbapenem-intermediate or resistant A. baumannii. Ninety-three 

non-duplicate isolates were obtained from Northwestern Memorial Hospital (Chicago, 

IL) from 2001-2005. The only active antimicrobials (≥80% susceptible) against 

carbapenem-intermediate or resistant A. baumannii were polymyxin B, minocycline, and 

tigecycline (Table 2.2).  
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Table 2.2: Drug susceptibilities for carbapenem-nonsusceptible A. baumannii in the 
United States 

Antibiotics Percent Susceptible 

Polymyxin B 100 

Imipenem 20 

Meropenem 4 

Amoxicillin/sulbactam 20 

Amikacin 38 

Ciprofloxacin 0 

Doxycycline 56 

Tigecycline 95 

Minocycline 83 

ANTIMICROBIAL SELECTIONS 

Sulbactam 

Sulbactam, a beta-lactamase inhibitor, is also known as sodium penicillinate 

sulfone; sodium (2S, 5R)-3,3-dimethyl-7-oxo-4-thia- 1-azabicyclo [3.2.0] heptane-2-

carboxylate 4,4-dioxide (Figure 2.1). Generally, sulbactam is commercially available in 

combination with ampicillin in a fixed 2:1 ratio.[59, 60] The typical regimen is 1.5-3g every 

6 hours with a maximum dose of 4g per day of sulbactam.[2, 60, 61]  
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Figure 2.1: Sulbactam sodium (sodium (2S, 5R)-3,3-dimethyl-7-oxo-4-thia- 1-
azabicyclo [3.2.0] heptane-2-carboxylate 4,4-dioxide. 

 

Usually, beta-lactamase inhibitors do not possess any antibacterial activity. They 

only inhibit the beta-lactamase enzyme from hydrolyzing the beta-lactam ring in beta-

lactam antimicrobial agents (i.e. penicillin, cephalosporins and carbapenems). However, 

sulbactam has intrinsic activity against certain organisms especially Acinetobacter spp. 

and Bacteroides spp.[18, 62] Therefore, in sulbactam-susceptible pathogens, sulbactam is as 

efficacious as other treatment options. [2, 61] 

Jellison and colleagues[63] evaluated the epidemiology, resistance and treatment 

outcomes of Acinetobacter baumannii bacteremia treated with imipenem-cilastatin or 

ampicillin/sulbactam for ≥ 72hours from 1987-1999.  All 48 patients infected with  

A. baumannii bacteremia received imipenem-cilastatin (N=18) or ampicillin/sulbactam 

(N=30). The clinical cure rates were 50% and 53% in imipenem/cilastatin and 

ampicillin/sulbactam groups, respectively. 
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Betrosian and colleagues[64] investigated the efficacy of high dose 

ampicillin/sulbactam (9g every 8 hours) against MDR-A. baumannii in 13 ventilator-

associated pneumonia patients. All A. baumannii isolates were resistant to 

ampicillin/sulbactam with MICs >32/16; however, the clinical cure rate was 62%. 

Moreover, no significant adverse events were reported with high dose 

ampicillin/sulbactam. 

Tetracyclines and glycylcyclines 

Minocycline, an antimicrobial of the tetracycline class, consists of the central 

four-ring carbocyclic skeleton which relates to bacteriostatic activity (Figure 2.2).[65] 

Tigecycline is a derivative of minocycline with a substitution of an N,N,-

dimethylglycylamido group at the D-9 position of minocycline (Figure 2.3).[17] 

Tigecycline is the first glycylcycline antibiotic.[66]  

 

 

 

Figure 2.2:  Structure of minocycline[65] 
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Figure 2.3: Structure of tigecycline[66]  

Mechanism of action 

Tetracyclines inhibit protein synthesis at the 30S ribosomal subunit of bacteria. 

These antibacterial agents have activity against both gram-positive and gram-negative 

bacteria. In gram-negative bacteria, the tetracycline molecule invades the outer 

membrane via porin channels, then enters through the cytoplasmic membrane and binds 

to the bacterial ribosome. Tigecycline has the same mechanism of action as tetracyclines, 

but it is able to bind the 30S subunit five times tighter than tetracyclines and evades the 

tetracycline efflux pump mechanism because of its extremely large size.[67] 

Minocycline 100mg orally twice daily has been used for the treatment of 

Acinetobacter infections.[68] The recommended dose of tigecycline is 100 mg intravenous 

(IV) initially followed by 50 mg IV every 12 hours for all infections.[61] Tigecycline is 

active against both gram positive and gram negative bacteria including A. baumannii. 

However, bacteremia with tigecycline-resistant organisms has been reported in two 

patients while receiving tigecycline.[69] The most common side effects are diarrhea, 

nausea and vomiting, pain at the injection site, swelling and irritation, change in heart rate 

and infections.[61]  
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Clinical studies of minocycline for treatment of Acinetobacter infections are 

limited to case reports. Griffith and colleagues[68] conducted a retrospective review of 

patients with multidrug-resistant Acinetobacter infections from 2005-2006. Eight patients 

treated with minocycline were evaluated with 88% (7/8 patients) experiencing a clinical 

cure.  The other patient developed eosinophilia and neutropenia due to minocycline and 

was subsequently treated with colistin.  

Karageogopoulos and colleagues[70] conducted a literature review of tigecycline 

activity against multidrug-resistant A. baumannii from 1999-2007. Forty-two patients 

were identified from eight clinical trials of tigecycline against MDR-A. baumannii. 

Seventy-six percent (32/42) were clinically effective for MDR-A. baumannii infections; 

however, 28 were treated with tigecycline as part of a combination regimen. Furthermore, 

three patients with MDR-A. baumannii developed tigecycline resistance while receiving 

tigecycline and were classified as treatment failure.  

Polymyxins 

Many clinicians are interested in using polymyxins against multidrug-resistant  

A. baumannii. The IDSA guideline recommended that colistin should be considered as 

therapy for VAP patients with carbapenem-resistant Acinetobacter infections.[56] 

Polymyxins are lipopeptide antibiotics extracted from Bacillus polymyxa in 1950s.[71, 72]  

Originally, there were five compounds in this antimicrobial group. Polymyxin A, C, and 

D are not used clinically because of high toxicity. Only polymyxin B and polymyxin E 

(colistin) are clinically useful.[61]  

Polymyxin B sulfate (PMB) is only commercially available as a parenteral 

formulation. It contains a mixture of D- and L-amino acids arranged as a cyclic 

heptapeptide ring with a tripeptide side chain.[73, 74] The side chain is covalently bound to 
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a fatty acid via an acyl group (Figure 2.4).  The recommended dose is 1.5-2.5 mg/kg/day 

in 2 divided doses.[75]   

 

Figure 2.4: Structures of polymyxin B sulfate (PMB)[76]  

Polymyxin E (as known as colistin) is available in two commercial forms. Firstly, 

colistin sulfate (CST) has a similar structure as polymyxin B except for a single amino 

acid where D-leucine replaces D-phenylalanine (Figure 2.5).  This is the active form of 

colistin and is used routinely for laboratory testing.  

 

Figure 2.5: Colistin sulfate[76] 
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On the other hand, colistimethate sodium (CMS) is a prodrug which is hydrolyzed 

to colistin, the active compound, in the human body or in aqueous solution.[77]. It is 

produced by the reaction of colistin with formaldehyde and sodium bisulfate (Figure 2.6). 

Colistimethate sodium is only available for parenteral administration. Colistimethate 

sodium is also known as colistimethate Na, colistin methanesulfonate, or colistin sodium 

methanesulfonate. Dosage regimens vary by manufacturer.[78] For instance, in the United 

States, Coly-mycin M® is administered as colistin base 2.5-5 mg/kg/day, divided into 2-4 

doses. Whereas, Colomycin® dosing, more commonly used in United Kingdom, is based 

on a patients’ weight. For example, CMS50,000-75,000 IU/kg/d, divided into three doses 

for patient weight less than or equal 60 kg and CMS 1-2 MIU three times a day for 

patient weight greater than 60 kg.[75, 79] Dosage regimens commonly used in the United 

States are much higher than those in the United Kingdom. 

 

Figure 2.6: Colistimethate sodium (CMS)[76] 

Mechanism of action 

Polymyxins act as cation surfactant agents against the outer membrane of gram-

negative bacteria.[80, 81]  They displace magnesium ions from the phosphate groups of the 

outer membrane of gram-negative bacteria, and then self-penetrate the cell wall to the 
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underlying cytoplasmic membrane. Therefore, insertion of polymyxin molecules between 

the lipopolysaccharide and protein components of cell membranes results in the loss of 

membrane integrity, leakage of cytoplasmic constituents, and cell death.[78, 81]  

The most common adverse drug events of polymyxins are nephrotoxicity and 

neurotoxicity.[75, 80]  In the past, nephrotoxicity was reported as high as 58%.[82] Recent 

studies has demonstrated a much lower nephrotoxicity and no neuromuscular blockade at 

the standard dosing regimens.[82] Moreover, both adverse drug events are reversible after 

discontinuation of medications. Other side effects observed due to polymyxins were 

hypersensitivity reactions, fever, ototoxicity, mild gastrointestinal disorders.[82] 

Betrosian and colleagues[64] conducted a prospective cohort study in 15 adult 

critically ill patients with ventilator-acquired pneumonia in Athens, Greece. All patients, 

infected with MDR A. baumannii, were treated with colistin with a 73% (11/15) cure rate. 

All A. baumannii were susceptible to colistin with an MIC <0.5 mg/L.  

Oliveira and colleagues[59] conducted a retrospective review of patients who had 

nosocomial infections caused by carbapenem-resistant Acinetobacter spp. from 1996 to 

2004. Two-hundred and eighty three cases of infections caused by carbapenem-resistant 

Acinetobacter spp. and 82 of these were treated with polymyxins. Thirty-nine percent had 

better outcome. However, this study found a lower cure rate and higher mortality 

compared to other studies. This was due to the sujects’ severity of illness and a much 

more restricted definition of “cure” which required absence of clinical symptoms and 

being discharged from the ICU. 

Gounden and colleagues[83] evaluated safety and efficacy of colistin and 

tobramycin against multidrug-resistant A. baumannii. This was a retrospective study of 

patients in an intensive care unit (ICU) who were treated with colistin or tobramycin at a 
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hospital in Cape Town, South Africa from January 2003 to December 2005. Patients in 

the colistin group were treated with colistimethate 2 MIU q 8 hr (max 3 MIU q 8 hr). The 

majority (32/34) in colistin group was infected with A. baumannii resistant to all 

antimicrobials except colistin. Microbiological clearance was 50% in colistin group. 

Recently, Oliveira and colleagues[84] conducted a retrospective review comparing 

the efficacy and safety between colistimethate sodium and polymyxin B against 

carbapenem-resistant Acinetobacter infections from 1996 to 2004. Forty-one patients 

were assigned to either colistin or polymyxin B. The clinical cure rates were 39% in both 

groups. Moreover, the percent nephrotoxicity for colistimethate sodium and polymyxin B 

were 26% and 27%, respectively.   

Polymyxin-resistances 

The efficacy of polymyxin monotherapy has been suboptimal. One possible 

reason is polymyxin resistance. Incidences of heteroresistance and polymyxin resistance 

have been reported in both laboratories and clinical practice.[85, 86] An in vitro time-kill 

study demonstrated that colistin sulfate exhibited rapid killing against A. baumannii. 

However, regrowth was observed by 24 hours (Figure 2.7). All A. baumannii isolates 

were susceptible to colistin with MICs 0.5-2µg/mL. 
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Figure 2.7: Colony count of colistin sulfate against A. baumannii over 24 hours. 

In addition, clinical reports of polymyxin resistantance have been reported in 

gram negative bacteria since 2000.[87]  In the United States, up to six percent of gram 

negative bacteria were nonsusceptible to polymyxin B.[45] The situations in other parts of 

the world are even worse. In South America, 46% of A. baumannii are heteroresistant to 

polymyxins.[88] In addition, 18% and 28% of A. baumannii collected in 2002-2006 were 

resistant to polymyxin B and colistin in Korea, respectively.[52] Moreover, the mechanism 

of polymyxin resistance remains unknown. The possible resistance mechanisms are 

alteration of the outer membrane of the bacterial cell, reduction in cell envelope Mg2+ and 

Ca2+ contents and efflux pumps or enzyme(s).[75, 89] 

In conclusion, there are limited options for multidrug- and carbapenem-resistant 

A. baumannii. Polymyxins are bactericidal antimicrobial agents active against 

carbapenem-resistant gram-negative bacteria. However, monotherapy of polymyxins has 

illustrated suboptimal effectiveness and may lead to resistance. Therefore, the present 

study aimed to optimize the efficacy of colistin against multidrug- and carbapenem- 

resistant A. baumannii. 
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CHAPTER 3 

Methods 

HYPOTHESES 

The study hypotheses were: 1) colistin would exhibit potent in vitro killing 

activity against multidrug-resistant (MDR)-Acinetobacter baumannii including those 

resistant to carbapenems and other antimicrobial agents, 2) MDR-A. baumannii would 

select resistance to colistin after colistin exposure, 3) Pre- and post-colistin exposure  

A. baumannii isolates would express different susceptibility profiles against other 

antimicrobial agents, and 4) colistin combinations would exhibit potential synergistic 

activity against multidrug-resistant (MDR) A. baumannii. 

SPECIFIC AIMS 

Specific aims of this study were: 

1. To demonstrate the in vitro killing activity of colistin against  

A. baumannii. 

2. To describe colistin resistance of MDR-A. baumannii after colistin 

exposure. 

3. To determine the minimum inhibitory concentrations for colistin and other 

antimicrobials against MDR-A. baumannii. 

4. To compare the minimum inhibitory concentrations for colistin and other 

antimicrobials against A. baumannii between pre- and post-colistin 

exposure A. baumannii isolates. 

5. To compare in vitro killing activity of colistin alone and in combination 

against MDR-A. baumannii. 
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This study consisted of four parts in order to test all hypotheses. First, all MDR- 

A. baumannii were assessed for in vitro susceptibilities and production of metallo-beta-

lactamases (MBL). Second, MDR-A. baumannii were exposed to colistin for 24 hours. 

The isolates that were not killed underwent in vitro susceptibility testing for colistin and 

other antimicrobials. The antimicrobial susceptibility profiles between pre- and post-

exposure to colistin A. baumannii isolates were compared. Last, one of the antimicrobial 

combination regimens was selected from the time-kill studies and further evaluated in a 

pharmacokinetic-pharmacodynamic (PK-PD) model to optimize the regimen against 

MDR-A.baumannii. 
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Figure 3.1:    Flow chart of four-part study of colistin alone and in combination with other     
antimicrobials agents 

PART 1: IN VITRO SUSCEPTIBILITY TESTING 

This part of the study was conducted to challenge hypothesis#1 that colistin was 

the most active agent against MDR-A. baumannii. Minimum inhibitory concentrations 

were determined for 11 antimicrobials. The quick workflow of in vitro susceptibility 

testing is illustrated (Figure 3.2). In addition, all isolates were tested for Metallo-beta-

lactamase (MBL) production using the MBL Etest strips. 

 

                                                   
                                                
                                             
 
 
 
 
 
 
 
 
 
 
                                                                                                                               

                                           

Prepare 0.5 McFarland of each 
isolate and starting concentrations 
of each antimicrobial agent 

• Prepare microtiter trays filled 
with serial antimicrobial 
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• Incubate all plates in 
incubator at 37 ºC for 18-24 
hours 
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Figure 3.2:  Workflow for in vitro susceptibility testing 

Antimicrobial Agents 

Standard laboratory powders of antimicrobial agents were obtained from their 

respective manufacturers or a chemical supply company (Table 3.1). These powders, 

adjusted for potency, were used in all studies. 

Table 3.1: Sources of antimicrobial powders 

Antimicrobial Manufacturer 

Amikacin Bristol-Myers Squibb, New York, NY 

Ampicillin Sigma Chemical Company, St. Louis, MO 

Cefepime Bristol-Myers Squibb, New York, NY 

Colistin sulfate Sigma Chemical Company, St. Louis, MO 
Doxycycline Sigma Chemical Company, St. Louis, MO 

Imipenem Merck and Co., Inc, Whitehouse Station, NJ 

Levofloxacin Johnson and Johnson, New Brunswick, NJ 

Meropenem AztraZeneca Pharmaceutical LP, Wilmington, DE 

Piperacillin/tazobactam Wyeth Pharmaceuticals, Madison, NJ 

Rifampicin Sigma Chemical Company, St. Louis, MO 

Sulbactam Pfizer Inc, New York, NY 

Bacterial Isolates 

Non-duplicate clinical isolates of multidrug-resistant (MDR)-A. baumannii were 

consecutively obtained from patients at Ramathibodi Hospital in Bangkok, Thailand from 

the years 2005-2006. All isolates were prepared and shipped by standard biohazard 

handling methods. They were cultured and identified during routine testing in the clinical 
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laboratory according to guidelines from the Clinical and Laboratory Standards Institute 

(CLSI).[90] All isolates were frozen at -70ºC until used. Each isolate was subcultured at 

least two consecutive times on trypticase soy agar plates (TSA, 100mm x 15mm BBL 

plates; Becton Dickinson Sparks, MD) to ensure a pure culture prior to further testing.  

Standard quality control organisms were used for in vitro susceptibility testing 

according to CLSI.[90] P. aeruginosa®27853 was used for amikacin, cefepime, colistin, 

imipenem, levofloxacin, meropenem, and piperacillin/tazobactam,  while E. coli®25922 

was used as the quality control for ampicillin/sulbactam, doxycycline, and rifampicin.  

The acceptable quality control MIC values for each antimicrobial are shown in Table 3.2. 

Before starting the experiment, each isolate was subcultured at least 2 times to 

ensure actively growing culture. Each isolate was subcultured on TSA plates the day 

prior to the experiments. The isolates were then further cultured in cation-adjusted 

Mueller-Hinton broth (CAMHB) the morning of the experiment. Each isolate was 

inoculated using a sterile cotton-tipped applicator (Citmed, Citronelle, AL) by placing 5-

20 colonies from the fresh agar plate into a conical tube (15-mL conical centrifuge tubes; 

Corning Incorporated, Corning, NY) containing 5-mL cation-adjusted CAMHB. All 

tubes were then incubated (Mechanical convection incubator; Precision Scientific, 

Winchester, VA) at 35ºC using a tube rotator (Labshake®; Barnstead International, 

Dubuque, IA) for approximately 4-6 hours before making the bacterial inoculum. 
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Table 3.2: Acceptable limits (µg/mL) for quality control strains used to monitor 
minimum inhibitory concentration (MIC) accuracy 

Antimicrobial agents Acceptable limit (µg/mL) for quality control strain 

Amikacin 1-4 

Ampicillin/sulbactam 2/1-8/4 

Cefepime 1-8 

Ciprofloxacin 0.25-1 

Colistin sulfate 0.25-2 

Doxycycline 0.5-2 

Imipenem 1-4 

Levofloxacin 0.5-4 

Meropenem 0.25-1 

Piperacillin/tazobactam 1/4-4/4 

Rifampicin 4-16 

Preparation of inocula 

The inocula were prepared by adding a few (3-5) drops of bacterial CAMHB 

using a disposable pipette (polyethylene transfer pipette; Fisher Scientific International, 

Pittsburgh, PA) to a disposable glass test tube (12mm x75mm disposable borosilicate 

glass culture tubes; ThermoFisher and Gerresheimer Glass Inc., Rochester, NY) 

containing approximately 1-2 mL of fresh sterile water. The test tube contents were 

mixed thoroughly using Fisher Vortex Genie 2 (Scientific Industries, Inc., Bohemia, NY).  

Before inocula preparation, the spectrophotometer (Spectronic 21; Minton Roy 

Company, Ivyland, PA) was warmed for at least 15 minutes and calibrated (Figure E.1 in 

Appendix E) for bacteria using the appropriate wavelength of 625 nm. The absorbance 



30 
 

for pure sterile water was adjusted to 0% absorbance. This suspension was 

spectrophotometrically matched to a 0.5 McFarland turbidity standard (Remel, Lenexa, 

KS), which is approximately equivalent to 1 x 108CFU/mL. Further sterile water or 

bacterial suspension was added and the suspension was again mixed thoroughly to adjust 

the suspension to the appropriate absorbance.                              

Multidrug-resistant isolates 

The definition of multidrug-resistant A. baumannii isolate was defined as resistant 

to at least three of the five antimicrobial classes: antipseudomonal cephalosporins, 

antipseudomonal carbapenems, beta-lactam/beta lactamase inhibitor, fluoroquinolones or 

aminoglycosides. 

Confirmation of Metallo-beta lactamase (MBL) enzyme production 

All isolates were further tested for the presence of Metallo-beta lactamase (MBL) 

enzymes by the Etest MBL strip (AB Biodisk, Solna, Sweden). Each 0.5 McFarland 

bacterial suspension was plated on Mueller-Hinton agar (MHA) plates using the streak 

plate technique. After the plates dried, an Etest MBL strip was placed on each plate. 

Subsequently, all plates were incubated in the incubator at 37ºC for 18-24 hours. One half 

of Etest MBL strip is impregnated with a gradient across seven dilutions of imipenem (IP 

side) and the other half contains an imipenem gradient overlaid with a constant 

concentration of EDTA (IPI side) as shown in Figure 3.3. MICs were read based on 

where the inhibition eclipse intersects the Etest ingredient strip. The ratio of IP/IPI MICs 

≥8 (or a phantom inhibition zone below IP, or deformation of the IP inhibition eclipse) is 

indicative for MBL production. 
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Figure 3.3:  MBL-A. baumannii detected by Etest MBL strip  (AB Biodisk, Solna, 
Sweden); the inhibition eclipse intersect is designated by the arrows. 

Broth Microdilution 

In vitro susceptibility testing was performed in triplicate using broth microdilution 

according to the Performance Standards for Antimicrobial Susceptibility Testing (M100-

S19) from the CLSI.[91] 

Media 

Cation-adjusted Mueller-Hinton broth (Difco; Boston Dickinson, Sparks, MD) 

was used as the liquid media for antimicrobial dilution and bacterial culture. It was 

prepared immediately prior to use by dissolving 21g of Mueller-Hinton powder in 1L of 

purified distilled water. The solution was then autoclaved at 121ºC for 15 minutes and 

filtered (0.02 µm pore size; Nelge Nunc International, Rochester, NY). 

Stock solutions of calcium (10mg/L) and magnesium (10mg/L)  buffers were 

prepared by adding 8.36g of MgCl2● 6H2O and 3.68g of CaCl2 ● 2H2O to individual 

containers of 100mL of purified distilled water. Each solution was sterilized by 

membrane filtration in the same manner as above for the Mueller-Hinton broth. Each liter 

of freshly prepared Mueller-Hinton Broth was supplemented with 2.5mL of calcium 

chloride solution and 1.25mL of magnesium chloride solution, respectively. 
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The volume of broth required was calculated by considering the broth needed for 

each microdilution tray, numbers of isolates, and inocula preparation (i.e., total volume of 

broth required = [amount of broth used per tray (A) + amount of broth for initial isolates 

culture (B) + amount of broth for inocula preparation (C)]). 
 

The following equations were used:  

Amount of broth used per tray (A) = number of trays x 96 wells/tray x 50µL/well 

Amount of broth for initial isolates culture (B) = numbers of isolates x 5mL/conical tube  

Amount of broth for inocula preparation (C) = numbers of isolates x 25mL/conical tube 

 

Microtiter Tray Preparation 

Fifty microlitres of cation-adjusted Mueller-Hinton broth was added to each well 

in the microtiter trays (96-well microtest tissue culture plates; Becton Dickinson, Sparks, 

MD or Corning Costar TC-treated 96-well, round-well cell culture Plates; Corning Inc 

Life Sciences, Lowell, MA). Fresh broth was added to each well using a multichannel 

dispenser (Figure E.2; Eppendorf Research pro 8 channel from 100-1200µL Electronic 

Multichannel Pipette and 1250µL pipette tips; Brinkmann Instruments, Inc. Westbury, 

NY).                                                       

Antimicrobial Solution Preparation 

Antimicrobial stock solutions were prepared for each agent according to the 

manufacturers’ recommendations. The primary stock solutions were prepared using the 

dried standard laboratory powders described above under “Antimicrobial Agents.” Ten 
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milliliters of each primary stock solution was prepared in a volumetric flask, as described 

in Table 3.3. The diluent for the primary stock solution was sterile water. Antimicrobial 

stock solutions were prepared the day prior to testing and frozen at -70 ºC prior to use, 

except imipenem which was prepared on the day of testing. 

Table 3.3:  Preparation of primary stock solution 

Antimicrobial 

agents 

Desired concentration 

(µg/mL) 

Powder potency 

(µg/mg) 

Powder required 

(g) 

Amikacin 2000 917 0.0218 

Ampicillin 2000 914 0.0219 

Cefepime 2000 841 0.0238 

Ciprofloxacin 2000 846 0.0236 

Colistin sulfate 2000 942 0.0212 

Doxycycline 2000 980 0.0204 

Levofloxacin 2000 972 0.0206 

Imipenem 2000 926 0.0216 

Meropenem 2000 993 0.0201 

Piperacillin 8192 968 0.0846 

Rifampicin 2000 985 0.0203 

Sulbactam 1000 902 0.0111 

Tazobactam 2000 1000 0.0200 

 

Subsequently, the secondary stock solutions, except piperacillin, were prepared 

for each antimicrobial agent using the primary stock solution as described. Since the 
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target concentration of piperacillin was high (8192µg/mL), the primary stock of 

piperacillin was pipetted directly into the microtiter trays. For other antimicrobial agents, 

the secondary stock solution was prepared in 10mL of CAMHB. The required volume of 

each primary stock solution was added to a 10mL volumetric flask using the Eppendorf 

pipettes (Eppendorf Research® 10-100 µL pipette; and Eppendorf Reference® 100-

1000µL pipette; Brinkmann Instruments, Inc. Westbury, NY; non-beveled 200µL and 

1mL pipette tips; ISC Bioexpress, Kayville, UT), and then broth was added until the total 

volume was 10mL (Table 3.4).   

Table 3.4: Preparation of secondary stock solutions 

Antimicrobial 

agents 

Desired concentration 

(µg/mL) 

Stock solution 

(µg/mL) 

Volume required 

(mL) 

Amikacin 512 2000 2.56 

Ampicillin 512 2000 2.56 

Cefepime 512 2000 2.56 

Ciprofloxacin 512 2000 2.56 

Colistin sulfate 512 2000 2.56 

Doxycycline 512 2000 2.56 

Levofloxacin 512 2000 2.56 

Imipenem 512 2000 2.56 

Meropenem 512 2000 2.56 

Rifampicin 512 2000 2.56 

Sulbactam 256 2000 1.28 

Tazobactam 16 2000 0.08 
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The concentration of the secondary stock solution was four times that of the 

highest concentration tested. This was because addition of the 50µL of the secondary 

stock solution to the 50µL of broth in the microtiter tray halved the antimicrobial 

concentration. After serial dilution, 50µL remained in the microtiter well, and the 

antimicrobial concentration was halved again when 50µL of bacterial suspension was 

added. In this manner, the final antimicrobial concentration was achieved. Nevertheless, 

ampicillin/sulbactam concentration was prepared specially. The primary stock solution of 

ampicillin and sulbactam were mixed into the same container with a 2:1 ratio. The 

antimicrobial stock solutions were stored in glass test tubes (13mm x 100mm disposable 

culture tubes borosilicated glass; ThermoFisher and Gerresheimer Glass Inc., Rochester, 

NY). Consequently, the final antimicrobial concentrations used in the in vitro 

susceptibility testing are listed in Table 3.5.  

Each microtiter tray consisted of eight rows (labeled A to H), which had 12 

columns in each row (Figure 3.4). Using an Eppendorf pipette, 50µL of each secondary 

antimicrobial solution was added to the first well of each tray in row B to G (B1-G1). The 

first and last rows of each microtiter tray contained no antimicrobial and served as growth 

controls. Subsequent serial two-fold dilutions of the antimicrobials were performed using 

the Auto III Auto diluter (Figure E.3; Dynatech Laboratories Inc., Chantilly, VA). For 

ampicillin/sulbactam, the secondary stock of mixed ampicillin/sulbactam solution was 2-

fold diluted as the same manner mentioned above. 

Special preparations 

For preparation of microtiter trays used to test piperacillin/tazobactam, 

piperacillin solution was added and serially diluted in the same manner as above. 

Following serial dilution, 25µL of constant tazobactam concentration (16µg/mL) was 
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A 
B 
C 
D 
E 
F 
G 

added to each well containing piperacillin. The final concentrations of 

piperacillin/tazobactam were 1/4 to 2048/4 µg/mL.     

Table 3.5: Antimicrobial concentrations for in vitro susceptibility testing 

Antimicrobial agents Concentration range (µg/mL) 

Amikacin 0.0625-128 

Ampicillin/sulbactam 0.06/0.03-128/64 

Cefepime 0.0625-128 

Ciprofloxacin 0.0625-128 

Colistin sulfate 0.0625-128 

Doxycycline 0.0625-128 

Imipenem 0.0625-128 

Levofloxacin 0.0625-128 

Meropenem 0.0625-128 

Piperacillin/tazobactam 1/4- 2048/4 

Rifampicin 0.0625-128 

    

       

 

 

Figure 3.4:  Ninty-six-well microtest tissue culture plates; Becton Dickinson, Sparks- the 
first well of each row was designated with the arrow 
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Preparation of Inocula 

The inocula were prepared according to “preparation of inocula” section. The 0.5 

McFarland-matched suspension was diluted 1:100 by adding 250µL into 25mL of fresh 

prewarmed CAMHB to create a bacterial suspension of approximately 1 x106 CFU/mL. 

When 50µL of this prepared inoculum was placed into each microtiter tray containing 

50µL of broth and antimicrobial, the final inocula were approximately 5 x 105 CFU/mL. 

The inoculum suspension was placed in a 50mL pipette basin (Fisher Scientific 

International, Pittsburgh, PA), and the suspension was pipetted (Research pro 8 channel 

from 100-1200µL Electronic Multichannel Pipette and 1250µL pipette tips; Brinkmann 

Instruments, Inc. Westbury, NY) into each well.  

Microtiter Tray Incubation 

After inoculation, all 96-well microtiter trays were sealed using the manufacturer-

supplied lids and incubated at 37ºC for 18-24 hours in ambient air. To maintain a constant 

temperature for all inoculated plates, the microdilution trays were stacked no more than 

four-trays high. 

Endpoint Determination 

The MIC was defined as the lowest concentration of the antimicrobial agent that 

completely inhibited growth of the microorganism as detected by the unaided eye (Figure 

E.4). In vitro susceptibility results were recorded on the data sheet shown in Figure E.5. 

MIC50 and MIC90 were defined as concentrations which inhibit 50% and 90% of 

the isolates, respectively. 
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Data analysis 

Statistical analyses were performed using JMP® 8.0 (SAS Institute, Cary, NC). 

Statistical significance was defined as an alpha level of <0.05.  

For each antimicrobial, the MIC50 and MIC90 were determined. The percent 

susceptible was calculated according to breakpoints set by CLSI, except rifampicin[91]. 

Susceptibility breakpoints are shown in Table 3.6. 

Table 3.6: MIC interpretive standard for Acinetobacter spp. 

Antimicrobial agent MIC interpretive (µg/mL) 

Susceptible Intermediate Resistant 

Amikacin ≤16 32 ≥64 

Ampicillin/sulbactam ≤8/4 16/8 ≥32/16 

Cefepime ≤8 16 ≥32 

Ciprofloxacin ≤1 2 ≥4 

Colistin ≤2 - ≥4 

Doxycycline ≤4 8 ≥16 

Imipenem ≤4 8 ≥16 

Levofloxacin ≤2 4 ≥8 

Meropenem ≤4 8 ≥16 

Piperacillin/tazobactam ≤16/4 32/4-64/4 ≥128/4 

Rifampicin NA NA NA 
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PART 2: ANTIMICROBIAL SUSCEPTIBILITY PROFILES OF PRE- AND POST-
COLISTIN EXPOSURE A. BAUMANNII 

This part of the study was conducted to assess two hypotheses. The first 

hypothesis was whether colistin exposure would induce bacterial resistance. Furthermore, 

the present study also compared antimicrobials’ susceptibility profiles of pre- and post-

colistin exposure A. baumannii isolates. 

Bacterial isolate 

Forty-seven clinical isolates of A. baumannii and standard organism A. baumannii 

ATCC®19606 (N=48) were utilized for this experiment.  Each isolate was subcultured 

twice to ensure active growing culture on TSA plate and bacterial suspensions were 

prepared as outlined in the “In Vitro Susceptibility Testing’ section. A total of 125µL of 

0.5McFarland-match suspension was placed into a conical tube containing 25mL of fresh 

CAMHB to make an inoculum of about 5 x 105 CFU/mL. Colistin sulfate (4µg/mL) was 

added to each conical tube and incubated at 37ºC for 24hours. The surviving  

A. baumannii isolates had minimum inhibitory concentration (MICs) determined as 

outlined under “In Vitro Susceptibility Testing” for each antimicrobial.   

Testing for Colistin Resistance 

All organisms that showed growth after 24 hours of colistin exposure were 

evaluated for resistance by performing susceptibility tests. This was performed in 

triplicate on at least two separate occasions to confirm the results. Colistin resistance was 

defined as colistin MIC≥4µg/mL according to CLSI guideline.[91] 
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Antibacterial agents 

Eight antimicrobial agents representing each antimicrobial class were used to 

determine in vitro susceptibility testing of pre- and post-colistin exposure A. baumannii 

isolates (Table 3.7). 

Table 3.7: Selected antimicrobial agents representative of eight antimicrobial classes. 

Antimicrobial class Antimicrobial agent 

Aminoglycosides amikacin 

Antipseudomonal cephalosporins cefepime 

Beta-lactam/beta-lactamase inhibitor ampicillin/sulbactam 

Carbapenems meropenem 

Fluoroquinolones levofloxacin 

Polymyxins colistin 

Tetracyclines doxycycline 

Other rifampicin 

Data analysis 

The Shapiro-Wilk W test was used to test continuous data for normality 

distribution. The natural logarithm-transformed MICs of colistin and other antimicrobial 

for pre- and –post-colistin exposure isolates were compared using the Wilcoxon signed-

rank test or paired t-test for nonnormal distribute and normal distribute data, respectively. 

Antimicrobials’ susceptibilities were compared between pre- and post-colistin exposure 

using the McNemar’s test or Fisher’s exact test.  
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• At specific time point, pipette 0.5 mL of 
each sample 

• 50µL of each sample was plated on plates 
 

PART 3: IN VITRO TIME KILL STUDY 

This study evaluated the activity of colistin and other antimicrobial agents alone 

and in combination against MDR-A. baumannii. The quick workflow of this time kill 

assay is shown in Figure 3.5. 
 

                                                    
 

 Incubate all tubes in Shaker, at 35º C                              
                                 

                                                   
 
 
                         Incubate all TSA plates in incubator at 37 ºC for 18-24hours 
 

                                             Count colony using Color Qcount®                                 

Figure 3.5: Workflow for time kill assay 

Add antimicrobial solution in 
each tube of bacterial inoculum 
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Bacterial isolates 

Multidrug-resistant (MDR) A. baumannii from the population described above 

were selected based on in vitro susceptibility profile. All isolates were considered MDR 

according to the criteria outlined in the “Multidrug-resistant isolate” section.  

Preparation of inocula 

The inocula for the time-kill studies were prepared in the same manner as 

described under “Drug Susceptibility of colistin-susceptible and colistin-resistant  

A. baumannii”. One-hundred and twenty five microliters of 0.5 McFarland of each 

inoculum was pipetted into a conical tube containing 25mL CAMHB to achieve about 

5x105 CFU/mL. 

Time-kill studies were performed for each isolate using a growth control and 

certain drug concentrations. Drug concentrations were calculated based on the area under 

the curve over 24hours of standard antimicrobial regimens. The absolute concentrations 

of all antimicrobial agents that were used in the time-kill studies are listed in Table 3.7. 

Table 3.7: Antimicrobial agent concentrations used in time-kill studies 

Antimicrobial agents Concentration (µg/mL) 

Amikacin 16 

Ampicillin/sulbactam 16/8 

Cefepime 20 

Colistin 4 

Doxycycline 4 

Levofloxacin 4 

Meropenem 4 

Rifampicin 1 
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Determination of In Vitro Killing Activity 

Time-kill studies were performed in duplicate for each isolate using broth 

dilution, according to the CLSI guidelines for bactericidal testing.  

Media 

The liquid media used for bacterial culture was CAMHB, prepared and stored as 

described above under “In vitro Susceptibility Testing”. 

The total volume of broth required for the time-kill studies was determined by 

considering the broth required for each organism-concentration combination (25mL), 

including growth controls. Therefore, 2L of broth was prepared. 

Time-Kill Procedure 

Each antimicrobial agent was added to the culture tubes containing 25mL of 

CAMHB using the primary antimicrobial stock solutions as described under “In Vitro 

Susceptibility Testing” in order to prepare the antimicrobial concentrations described in 

Table 3.7. After inoculation, the culture tubes were placed in a shaking incubator (Figure 

E.6; G24 Environmental Incubator Shaker; New Brunswick Scientific Co., Inc., Edison, 

NJ) for the remainder of the experiment. Samples of 0.5mL were removed from each tube 

at 0, 4, 8, 12, and 24 hours. At specific time point, 0.5mL of growth control or turbid 

suspension was serially diluted with sterile water (1:10) and the appropriate dilutions 

were made as described in Table 3.8. Then 50µL of each final two dilutions was plated 

onto trypticase soy agar plates using the Autoplate® 4000; Spiral Biotech, Norwood, MA 

(Figure E.7). 
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Table 3.8: Dilutions of bacterial suspension at specific time points 

Time point (hours) Dilution factors of bacterial suspension 

0 101-102 

4 103-104 

8 104-105 

12 105-106 

24 105-106 

The plates were incubated at 37ºC for 24hours and colony counts determined 

using a laser colony counter (530 Color Qcount®; Spiral Biotech, Norwood, MA, Figure 

E.8). Average duplicate plate count was multiplied by the dilution factor to arrive at the 

final colony count (CFU/mL). The lower limit of detection using this method is 1 x 102 

CFU/mL.  

Data analysis 

For each isolate, plots of colony count (log10 CFU/mL) versus time were 

constructed. For those data points below the lower limit of quantification (1 x 102 

CFU/mL), the lower limit value was used. Bactericidal activity, defined as achieving at 

least a 3log10 (i.e., ≥99.9%) killing, was evaluated. The change in colony count at 24 

hours was determined for each isolate, and the mean, median and standard deviation were 

calculated for percent maximum killing, time to reach bactericidal, and normalized log 

area under bactericidal curve. Synergy was defined as the combination colony count 

achieving at least 2log10 (≥100-fold) reduction compared to the most active antimicrobial 

activity. Additivity or indifference was defined as a < 1log10 change in colony count at 

24hours by the combination compared with that by the most active agent. Antagonism 
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was defined as a ≥2log10 increase in colony count at 24hours by the combination 

compared with that by the most active agent. 
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PART 4: IN VITRO PHARMACOKINETIC-PHARMACODYNAMIC MODEL 

This part simulated antimicrobial concentrations using human pharmacokinetic 

profile to determine the effect of drug concentration on bacterial growth. The quick 

workflow is also shown in Figure 3. 6. 

 

                                                    
                                                                           

                                                  

                    
                                                 
 
 

           

Figure 3.6: Workflow for in vitro pharmacokinetic-pharmacodynamic model 

• Inject bacteria inoculums in central 
compartment 

• Five minutes later, inject colistin solution 
• Add meropenem solution in supplement 

compartment for meropenem regimens 
• Take 1mL sample to determine colony count 

and drug concentrations at specific time 
points 

• 0.5µL of each sample were determined for 
colony count and antimicrobial concentration 

Set up apparatus using aseptic 

technique 

Determine drug 
concentration 
using bioassay 
method 

Determine colony count 

Prepare inocula and antimicrobial agents
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Bacteria selection 

Each isolate was tested for the presence of metallo-ß-lactamase (MBL) using the 

E-test MBL strip (AB Biodisk, Solna, Sweden) as described above under “In vitro 

Susceptibility Testing”. Each 0.5 McFarland bacterial suspension was prepared in a wide 

mouth container (i.e., 100-mL beaker) to be easily drawn using 6-mL syringe. A volume 

of 5mL of the 0.5 McFarland-matched suspension was injected into each flask in the 

central compartment (500-mL Pyrex® heavy wall graduated filtering flask, with 

tubulation; Sigma-Aldrich Co, St. Louis, MO) containing 575mL of prewarmed Mueller-

Hinton broth to make a final inoculum of about 1 x 106 CFU/mL. 

Media 

The liquid media used for bacterial culture was CAMHB, prepared and stored as 

described above under “In vitro Susceptibility Testing”. It was prepared immediately 

prior to use by dissolving 52.5g of Mueller-Hinton powder in 2.5L of purified distilled 

water into 4L Pyrex® volumetric flask. The solution was then autoclaved at 121ºC for 15 

minutes.  Each 2.5L of CAMHB was supplemented with 6.25mL of calcium chloride 

solution and 3.13mL of magnesium chloride solution, respectively. 

The total volume of CAMHB required for an in vitro PK-PD model was 

determined by considering the amount of CAMHB in the central compartment and 

amount of fresh CAMHB needed to replace the system based on a predeterminated rate. 

Therefore, the total volume of broth required = amount of broth per central compartments 

+ amount of replacement fresh CAMHB. 
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 The following equations were used: 
 

 

In vitro pharmacokinetic-pharmacodynamic model 

The in vitro pharmacokinetic-pharmacodynamic model consisted of three 

compartments. There was central compartment, supplement compartment, and waste 

compartment. 

Central compartment 

The central compartment was set up using aseptic technique. Each experiment 

could be set up for a maximum of four regimens. Each 500mL Pyrex® heavy wall 

graduated filter flask with tabulation (Sigma-Aldrich Co, St. Louis, MO) was attached 

with one-metre tube and a stopcock and an Air-Tite hypodermic 22G x4-inch needle 

(Fisher Scientific, Pittsburgh, PA, Figure E.8-E.9). 

Supplement compartment 

The second compartment was a supplement compartment that consisted of a 4L 

Pyrex® volumetric flask and a 3m tube for each flask in the central compartment. This 

compartment was filled with fresh CAMHB or CAMHB containing meropenem solution. 

Fresh CAMHB was pumped into the central compartment at a predetermined rate 

controlled by a peristaltic pump (Masterflex® L/S, Colo-Parmer, US, Figure E.9). 

Amount of broth in central compartments (A) = number of flasks in compartment (a) x 0.58L  

Colistin clearance rate per day (predetermined rate) (B) = [(0.693 ÷ half life) x 0.58Lx24hrs]  

Amount of replacement fresh CAMHB (C) = numbers of flasks (a) x clearance rate/day (B)  
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Waste compartment 

The last compartment was a waste compartment that consisted of a 2L Pyrex® 

flask (Sigma-Aldrich Co, St. Louis, MO) for each system. This compartment was 

designed to collect waste from the central compartment and was drained every 12 hours 

to avoid over filling. 

Antibacterial agents 

Colistin sulfate and meropenem were selected to be evaluated in an in vitro PK-

PD model. Stock solutions of 10,000µg/mL of colistin and meropenem were prepared 

and kept at -70 ºC as described under “In Vitro Susceptibility Testing.” The colistin 

sulfate 2.5mg/kg every 12 hours regimen was simulated. Colistin sulfate amount was 

prepared by calculating of a target peak concentration and volume of CAMHB in each 

flask in the central compartment.  

 

Colistin sulfate was dosed intermittently. A volume of 1.16mL of 10,000µg/mL of 

colistin stock solution was added to the central compartment 5 minutes after inoculation 

and was dosed again at 12hours. The target colistin peak concentration (4.5mg/L) and 

half-life (4hours), which relate to a clinical dose of 2.5mg/kg of colistimethate sodium 

(CMS) were simulated. 

Meropenem 3g and 6g continuously infused were also simulated. The meropenem 

amount was calculated by target steady-state concentration divided by the estimated 

clearance rate of colistin over 24 hours.  

The amount of colistin sulfate needed (D) = target peak concentration (µg/mL)/0.58L 

The volume of stock solution (E) = 10,000µg/mL x D 
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Meropenem 2.9mL and 8.7mL were added into the fresh CAMHB containing 

2.5L of CAMHB to simulate meropenem 3g and 6g infused continuously regimens, 

respectively. The targeted steady-state concentration for meropenem 3g continuously 

infused over 24hours was 8µg/mL with 1hr half-life.[92] Moreover, the targeted steady-

state concentration of meropenem 6g continuously infused over 24 hours was estimated 

at 16µg/mL.[92] These pharmacokinetics parameters represent achievable values when 

these regimens are utilized in patients with normal renal function. 

In Vitro Pharmacokinetic-Pharmacodynamic Procedure 

Each flask in the central compartment contained 0.58L of CAMHB and a 

magnetic stir bar to ensure adequate mixing. All flasks were placed in a bath volume 3-

5L, open circulating water attached with Fisher Scientific Isotemp (Model 2100-B5; PPO, 

Fisher Scientific, Pittsburg, PA). Each flask in the central compartment was attached with 

a separate sealed supplement compartment and a waste flask.  Each experiment was 

conducted in duplicate including growth control to define growth dynamics in the 

absence of antimicrobial agents. All four compartments were warmed to 37ºC throughout 

the study. A peristaltic pump (Masterflex® L/S®, Cole-Parmer, USA) was used to 

deliver sterile CAMHB from a separate sealed supplement compartment into each of the 

compartments at a predetermined rate (1.67mL/min ), displacing an equal volume of 

CAMHB into a waste receptacle. The predetermined rate produced a t1/2 of 4 hours for 

The amount of meropenem needed (F)  

= desired concentration/[(clearance rate of colistin (mL/min)) x 60minutes x 24hours]  
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colistin administered into the central compartment; this approximates the t1/2 in healthy 

subjects with normal renal function.[92] 

Microbiological response 

Samples (1 mL) were obtained at 0, 1, 2, 4, 8, 12, and 24 hours for each organism-

antimicrobial regimen listed above and plated on TSA plates. The plates were incubated 

at 35ºC for 24 hours and the number of surviving bacteria was counted using a laser 

colony counter (530 Color Qcount®; Spiral Biotech, Norwood, MA).  

Determination of antimicrobials concentration in CAMHB 

Samples (1 mL) were obtained to determine the antimicrobial concentrations of 

meropenem and colistin at the following time points: 0, 1, 2, 4, 8, 12, 12.5, and 24 hours. 

Each sample was placed in microcentrifuge tubes (Posi-Click tube, 1.7ml, Denville 

Scientific Inc, Metuchen, NJ) and immediately stored at -70ºC until analysis.  

Meropenem and colistin sulfate concentrations were determined using standard 

agar diffusion bioassay procedures. The indicator organism for meropenem and colistin 

was K. rhizophila ATCC®9341 and B. bronchiseptica ATCC®4617, respectively. Plates 

were made fresh for each assay. A 0.5Mcfarland of the indication organism was applied 

on each MH plate. Two wells (5mm in diameter) were made in each plate. Each 50µL of 

known concentration of antimicrobial were placed in wells. All assays were performed in 

duplicate.  Diameters of growth inhibition zones were measured after 24 hours of 

incubation at 37ºC. The diameters of inhibition zones were related to antimicrobial 

concentrations by plotting a log dose response curve. The standard dilution assay of 

colistin was 0.25-32µg/mL; while that of meropenem was 0.25-64µg/mL. The samples 

taken from in vitro PK-PD model at different time points and antimicrobial 
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concentrations were determined using interpolation technique. Concentration of each 

sample was read from a standard plot of a log dose response curve. Samples were diluted 

when the expected antimicrobial concentration was higher than the upper limit of 

quantification.  

Data analysis 

Time-kill curves were constructed by plotting the numbers of surviving bacteria 

versus time for each organism-antimicrobial regimen. Bactericidal activity (99.9% 

killing), time to bactericidal activity, and normalized log area under bactericidal curves 

were determined for each organism-antimicrobial regimen. Standard bactericidal activity 

and synergy definition were applied as outlined in “In Vitro Time-Kill Study” section. 

Change in colony forming units per mL at 24 hours was compared between regimens by 

analysis of variance with Tukey’s post-hoc test.  
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Table 3.9: Variables and statistical tests for specific aims 

Specific Aim Dependent Variable Independent Variable Statistical Test 

To determine drug susceptibility 

profile of A. baumannii 

Minimum inhibitory 

concentrations 

- Descriptive statistics (i.e. 

mean, median, standard 

deviation, range, MIC50, 

MIC90 and percent 

susceptible) 

To determine drug susceptibility 

profiles pre- and post- colistin 

exposure of heteroresistant  

A. baumannii subpopulation 

- 

To compare antimicrobials 

susceptibility profiles of pre- and post-

colistin A. baumannii isolates 

Pre- and post- colistin 

exposure 

• Natural logarithm 

minimum inhibitory 

concentrations (MICs) 

between pre- and post-

colistin exposure 

(continuous) 

• Susceptible/non-

susceptible (nominal) 

• Student t-test or 

Wilcoxon-signed rank 

test (MICs) 

• McNemar’s test or 

Fisher’s exact test 

(Percent susceptibility) 

To demonstrate the in vitro killing 

activity of colistin against  

A. baumannii 

• Log colony count 

(CFU/mL) 

• Percent maximum killing 

• Time to reach 

bactericidal activity 

• Normalized log area 

under bactericidal curve 

• Change in log colony 

count at 24hours 

• Bactericidal at 24hours 

• Synergistic activity at 

24hours 

- Descriptive statistics (i.e. 

mean, median, standard 

deviation, covariance and 

range) 

To compare in vitro killing activity of 

colistin or meropenem alone and in 

combination against A. baumannii 

Same as mentioned above 

• Peak concentration of 

colistin 

• Normalized log area 

under bactericidal curve/ 

MIC 

• Steady-state 

concentration of 

meropenem regimens 

• Percent time above MIC 

- Descriptive statistics (i.e. 

mean, median, standard 

deviation, covariance and 

range) 
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CHAPTER 4 

Results 

This chapter contains the results of a four-part study evaluating the in vitro 

activity of colistin alone and in combination with several antimicrobials against  

A. baumannii.  

Part 1: In vitro susceptibility testing which determined the minimum inhibitory 

concentrations for colistin and other antimicrobials against multidrug-resistant (MDR)- 

A. baumannii and also determined the production of Metallo-beta-lactamases (MBL). 

Part 2: Antimicrobial susceptibility profiles of pre and post-colistin exposure  

A. baumannii which determined the colistin resistance phenomenon and compared 

antimicrobial susceptibility profiles between pre and post-colistin exposure A. baumannii 

isolates. 

Part 3: Time kill studies that demonstrated the in vitro killing of colistin and other 

seven antimicrobial agents alone and in combination against MDR- A. baumannii. 

Part 4: In vitro pharmacokinetic-pharmacodynamic model which evaluated the in 

vitro killing of colistin alone and in combination against MDR- A. baumannii. 
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PART 1: IN VITRO SUSCEPTIBILITY TESTING 

Bacterial Isolates 

Forty-seven non-duplicate clinical isolates of MDR-A. baumannii that were 

consecutively found during February 2005-June 2006 were collected.  Eighty-six percent 

of the patients were female.  Mean patients’age±SD was 61 ±17.3 years old (range 14-92 

years old). The major site of infection was the lungs (64%). Almost all isolates (40/47) 

were resistant to all five antimicrobial classes tested (i.e. antipseudomonal 

cephalosporins, antipseudomonal carbapenems, beta-lactam/beta lactamase inhibitor, 

fluoroquinolones or aminoglycosides). In addition, six isolates were resistant to four 

antimicrobial classes and one isolate was resistant to three antimicrobial classes. 

Minimum Inhibitory Concentrations 

Minimum inhibitory concentrations (MICs) for eleven antimicrobial agents are 

shown in Appendix A in Table A.1 (overall A. baumannii) and Table A.2 (MBL-

producing A. baumannii). Colistin was the only antibiotic active against more than 50% 

of the isolates. The most active agent was colistin (MIC50 0.5µg/mL, MIC90 1µg/mL, 

MIC range 0.125-2µg/mL and 100% susceptible).  Doxycycline was the second most 

potent agent and 49% of isolates were susceptible to doxycycline (MIC50 of 4µg/mL, 

MIC90 64µg/mL, MIC range 1-128µg/mL). All other antimicrobial agents (i.e., amikacin, 

ampicillin/sulbactam, cefepime, ciprofloxacin, doxycycline, imipenem, levofloxacin, 

meropenem, piperacillin/tazobactam) demonstrated extremely poor in vitro activity 

against these MDR-A. baumannii with their percent susceptibilities ranging from 0-6%. 

In addition, susceptibility profiles between each member of a given antimicrobial class 

were similar. For instance, percent susceptible of imipenem and meropenem were 2% and 

6%, respectively (Table 4.1) 
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Table 4.1: In vitro susceptibility for clinical A. baumannii isolates (N=47)  

Antibiotic 

MIC (µg/mL) 

MIC50 MIC90 MIC range Percent susceptible

Amikacin 128 >128 8 - >128 2 

Ampicillin/sulbactam 64/32 128/64 32/16 – 128/64 0 

Cefepime 128 128 32 - >128 0 

Ciprofloxacin 64 128 0.5 – 128 2 

Colistin 0.5 1 0.125 – 2 100 

Doxycycline 4 64 1 – 128 49 

Imipenem 128 >128 4 - >128 2 

Levofloxacin 8 32 0.5 – 64 4 

Meropenem 64 128 2 - >128 6 

Piperacillin/tazobactam 1024/4 2048/4 128/4 – 2048/4 0 

Rifampicin 16 64 4->128 NA 

 

Among this isolates, there were thirty-seven isolates positive for MBL via the 

Etest. The ratios of imipenem/imipenem-EDTA (IP/IPI) minimum inhibitory 

concentrations ranged from 8 to greater than 24 (Appendix A.2). Overall, the drug 

susceptibility profiles for the MBL producing isolates were similar to that of the entire 

population.  The MBL producers were all susceptible to colistin and about half were 

susceptible to doxycycline. However, the lower limit of the MIC range were higher than 

those in the overall MDR-A. baumannii population (Table 4.2). Median MICs for all 

antimicrobials in the MBL-producing isolates were similar to those in entire MDR- 

A. baumannii isolates (data not shown). 
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Table 4.2: In vitro susceptibility for MBL-producing A. baumannii isolates  
(N=37) 

Antibiotic 

MIC (µg/mL) 

MIC50 MIC90 MIC range Percent susceptible

Amikacin >128 >128 64 - >128 0 

Ampicillin/sulbactam 64/32 128/64 32/16 – 128/64 0 

Cefepime 128 128 32 - >128 0 

Ciprofloxacin 64 128 32 - 128 0 

Colistin 0.5 1 0.125 - 2 100 

Doxycycline 4 64 1 - 128 51 

Imipenem 128 >128 64 - >128 0 

Levofloxacin 8 32 2 - 64 3 

Meropenem 64 128 32 - >128 0 

Piperacillin/tazobactam 1024/4 2048/4 128/4 – 2048/4 0 

Rifampicin 32 64 4->128 NA 
 

The findings illustrated above were support the first hypothesis that colistin was 

the most potent agent against MDR-A. baumannii with MIC50 and MIC90 of 0.5 and 

1µg/mL, respectively. All isolates were susceptible to colistin.
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PART 2: ANTIMICROBIAL SUSCEPTIBILITY PROFILES OF PRE- AND  

POST-COLISTIN EXPOSURE A. BAUMANNII  

Bacteria isolates 

Forty-eight A. baumannii were exposed to colistin (4µg/mL). After colistin 

exposure for 24 hours, twenty-eight isolates survived. They were evaluated for change in 

drug susceptibility profiles.  

Minimum Inhibitory Concentrations 

The minimum inhibitory concentrations (MICs) for the above described 

organisms against eight antimicrobial agents representing eight antimicrobial classes are 

shown in Appendix A in Table A.3-A.4. Colistin MICs pre-exposure and post-exposure 

are displayed in Figure 4.1 and Table 4.3.  The colistin MICs pre-exposure were 0.25-

2µg/mL, while the post-exposure MICs were 16- >256 µg/mL. In fact, the MICs to 

colistin increased at least 4 fold for all isolates after exposure. 

Figure 4.1: Minimum inhibitory concentration (MICs) distribution to    colistin for pre-
and post colistin exposure A. baumannii isolates 
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Among all eight antimicrobial agents, colistin (MIC90 2µg/mL) and doxycycline 

(MIC90 64µg/mL) were the most active agents against the colistin pre-exposure isolates. 

However, after 24 hour exposure to colistin, colistin was no longer active against any of 

the isolates. In fact, all isolates had developed resistance to colistin with a 32-1024 fold 

increase in MIC. However, doxycycline, levofloxacin and meropenem became more 

potent against colistin exposed isolates with a MIC90 of 32µg/mL. In addition, the percent 

susceptibilities of all antimicrobial agents except colistin increased for the post-colistin 

exposure isolates compared to the pre-colistin exposed isolates. In fact, the change in 

percent susceptibility for cefepime, levofloxacin and meropenem were 43%, 14% and 

39%, respectively. The increase in percent susceptible was statistically significant for 

ampicillin/sulbactam, cefepime, and meropenem with p-values of 0.0009, 0.0001, and 

0.0009, respectively (Appendix B, Table B.9). On the other hand, percent susceptible of 

colistin decreased substantially (p=0.0001). However, percent susceptible of rifampicin 

was not determined because of a lack of standard breakpoint.  The MIC50, MIC90, MIC 

range, and percent susceptible are provided in Table 4.3.  
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Table 4.3: In vitro susceptibility for clinical pre- and post colistin exposure  
A. baumannii isolates  

Antibiotic Pre-colistin exposure isolate (N = 28) Post-colistin exposure isolate (N = 28) 

MIC50 MIC90 MIC range % S MIC50 MIC90 MIC range % S 

 Amikacin  256 >256 4 - >256 4 64 >256 2 - >256 21 

 Ampicillin/sulbactam  64 256 4 - 256 4 16 128 0.125 - 256 43 

 Cefepime  64 256 16 - 256 0 16 64 0.5-128 43 

 Colistin  0.5 2 0.25-  2 100 128 >256 16 - >256 0 

 Doxycycline  2 64 0.5 - 128 57 0.5 32 0.125 - 32 79 

 Levofloxacin  8 64 1 - 64 4 8 32 0.125 - 64 18 

 Meropenem  64 128 2 - >256 4 32 128 0.125 - >256 43 

 Rifampin  32 128 4 - 256 NA 4 32 0.125 - 64 NA 
Note: %S; percent susceptible 

To determine synergistic activity, the number and percentage of isolates with a 

MIC of ≥4-fold after colistin exposure were determined. The antimicrobial agent with the 

greatest percentage of isolates displaying a decrease of ≥4-fold MIC was cefepime (61%) 

followed by doxycycline (54%), rifampicin (54%), and meropenem (50%). 

Ampicillin/sulbactam, amikacin and levofloxacin had less than 50% of the isolates 

displaying a ≥4 fold change in MIC (Figure 4.2). The ratios of pre exposure/post 

exposure MICs for all 28 pairs are shown in Appendix B.1-B.8. 
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Figure 4.2: Number of isolates (%) change in greater or equal 4-fold minimum 
inhibitory concentration  

To compare drug susceptibility profiles between the pre- and post-colistin 

exposure isolates, the MICs were compared using the Wilcoxon signed-rank test. The 

differences in MICs and interquartile ranges of pre- and post colistin exposure were 

statistically significant in all eight antimicrobials (Table 4.4). 

Table 4.4: Change in MIC to antimicrobials pre- and post-colistin exposure 

Antibiotic 

Median MIC (Interquartile range) Wilcoxon signed 

rank test Pre colistin 

exposure 
Post colistin exposure

 Amikacin  256 (128-512) 64 (32-512) 0.0392

 Ampicillin/sulbactam  64 (64-128) 24 (4-64) 0.0008

 Cefepime  64 (64-128) 16 (2.5-32) <0.0001

 Colistin 0.5 (0.25-0.875) 128 (32-256) <0.0001

 Doxycycline  3 (1-8) 0.5 (0.125-4) 0.0163

 Levofloxacin  8 (8-16) 8 (4-8) 0.0028

 Meropenem  64 (64-112) 32 (0.5-64) <0.0001

 Rifampin  32 (16-64) 4 (0.125-16) <0.0001
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In summary, the results of this study supported the second hypothesis that MDR- 

A. baumannii were selected heteroresistant population after colistin exposure.  This 

phenomenon was found among A. baumannii having colistin MICs 0.25-2µg/mL. In 

addition, this study also illustrated that antimicrobial susceptibility profiles between pre- 

and post-colistin exposure were different. Colistin MICs increased substantially, while 

the other antimicrobials’ MICs decreased. Percent susceptible of ampicillin/sulbactam, 

cefepime, and meropenem increased with statistical significance. 
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PART 3: IN VITRO TIME-KILL STUDY 

This part determined the in vitro activity of colistin and other antimicrobials as 

monotherapy and in combination against MDR-A. baumannii. Furthermore, time-kill 

assays of antimicrobial alone and in combination over 24 hours were performed to better 

determine antimicrobial resistance.  

Selection of Bacterial Isolates for Time-kill Studies 

Five multidrug-resistant isolates were selected based on the MICs to antimicrobial 

agents as described under “Bacteria Selection” for use in time-kill studies. All five 

isolates were susceptible to colistin sulfate (MIC range 0.5-2µg/mL). Moreover, three 

isolates were susceptible to doxycycline (MIC range 2-4µg/mL) and two isolates were 

susceptible to levofloxacin (MIC 2µg/mL). Four isolates were intermediate to cefepime 

(MIC 16µg/mL). All isolates were resistant to amikacin, ampicillin/sulbactam, 

ciprofloxacin, imipenem, meropenem, and piperacillin/tazobactam. Four of five isolates 

were resistant to four given antimicrobial classes. Furthermore, all five isolates were 

confirmed MBL-producers. 

In vitro time-kill studies 

Monotherapy 

A total of 80 time-kill assays were performed against these 5 isolates. Forty-five 

time-kill curves using monotherapy of amikacin, cefepime, colistin, doxycycline, 

levofloxacin, meropenem, rifampicin, and ampicillin/sulbactam including growth control 

were evaluated. The time kill curves of monotherapy for each isolate are shown in Figure 

4.3. Time-kill curves of eight monotherapy against all five isolates are shown in 
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Appendix C, Figure C.1-C.8. Moreover, the summaries of time-kill assays against each  

A. baumannii isolate are also shown in Appendix C, Figure C.9-C.13. 

All five growth controls grew well. Colistin sulfate monotherapy (4µg/mL) 

showed rapid bactericidal activity (99.9% killing) against all five clinical isolates (2-8x 

MIC) and maintained bactericidal activity up to 12 hours. The time to reach bactericidal 

activity ranged 4-8 hours. However, regrowth was observed by 24 hours in all isolates. 

On the other hand, cefepime (20µg/mL) and levofloxacin (4µg/mL) displayed limited in 

vitro activity and did not achieve bactericidal activity against any isolate. Doxycycline 

(4µg/mL) demonstrated 1 log10 killing (90% killing) in four isolates up to 8 hours, then 

regrowth occurred. Surprisingly, though the ampicillin/sulbactam concentration given 

(16/8µg/mL) was much lower than ampicillin/sulbactam MICs, it still demonstrated 1 

log10 killing against A. baumannii B1 and 2D3 and again, regrowth was found by 24 

hours. No other antimicrobial agents were bactericidal activity against these multidrug-

resistant A. baumannii.  
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Figure 4.3: Example of monotherapy time-kill curve for A. baumannii  

Colistin in combination 

All colistin combinations displayed better activity than any monotherapy. In fact, 

colistin in combination with cefepime, doxycycline, meropenem, and rifampicin 

demonstrated rapid bactericidal activity within 4-8 hours against all isolates. Moreover, 

these colistin combinations maintained bactericidal activity up to 24 hours. Although 

colistin in combination with levofloxacin or ampicillin/sulbactam demonstrated 

bactericidal activity, they failed to maintain bactericidal activity in 2/5 isolates. The two 

isolates did regrow at 24 hours but the magnitude of regrowth was much less than the 

growth control. Colistin in combination with amikacin showed the least activity against 

Limit of 
detection 
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MDR-A. baumannii with all five isolates displaying regrowth at 24 hours. In addition, 

time-kill curves classified by each colistin combination and by each isolate are shown in 

Appendix C (Figures C.14-C.25). An example of colistin time-kill alone and in 

combination against A. baumannii is shown in Figure 4.4. 
 

 

Figure 4.4: Example of colistin in combination against A. baumannii  

In order to compare the activity between monotherapy and combinations of 

antimicrobial agents against A. baumannii over time, changes in log colony count 

(CFU/mL) at different time points (4, 12 and 24hours) were determined. A negative log 

colony count (CFU/mL) value represented killing activity, while a positive value in log 

colony count (CFU/mL) demonstrated regrowth. A decrease in log colony count 

Limit of 
detection 
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(CFU/mL) of -1, -2 and -3 represented 90%, 99% and 99.9% killing activity, 

respectively. At the 4-hour time point, in vitro activities of monotherapy were different 

among A. baumannii isolates. Colistin demonstrated 99% killing against all five isolates; 

however, it reached 99.9% in only three isolates. Cefepime, levofloxacin and 

ampicillin/sulbactam demonstrated 90% killing for four, three, and two isolates, 

respectively (Appendix C, Table C.1). In addition to colistin monotherapy, all colistin 

combinations (i.e., amikacin, cefepime, doxycycline, levofloxacin, meropenem, 

rifampicin) expressed bactericidal activity. Only colistin in combination with cefepime, 

meropenem, and rifampicin were bactericidal in all five isolates at 4-hour time point 

(Appendix C, Table C.1). At 12-hour time point, colistin monotherapy reached 

bactericidal activity in four isolates. Furthermore, colistin in combination with 

doxycycline as well as colistin in combination with cefepime, meropenem, and rifampicin 

demonstrated bactericidal activity. (Appendix C, Table C.2). Finally, at the 24-hour time 

point colistin monotherapy failed to remain bactericidal in all isolates; however, colistin 

in combination with cefepime, doxycycline, meropenem and rifampicin maintained 

bactericidal activity. Moreover, the magnitude of change in the log10 colony count 

(CFU/mL) at 24 hours with colistin in combination was greatest in meropenem 

combination (-3.35 ± 0.13), followed by doxycycline (-3.31 ± 0.07), rifampicin (-3.27 ± 

0.14), and cefepime (-3.25 ± 0.08) combinations (Appendix C, Table C.3).  

Nonetheless, in vitro activities of colistin in combination with levofloxacin and 

ampicillin/sulbactam differed at different time points. Ampicillin/sulbactam in 

combination with colistin reached bactericidal at 4-hour time point (four isolates) but it 

remained bactericidal for 24 hours in only three isolates (60%), whereas levofloxacin in 

combination with colistin maintained bactericidal activity in only two isolates (40%). 
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Moreover, colistin in combination with amikacin reached bactericidal activity against 

only three isolates at the 4-hour time point but expressed much worse activity at the 24-

hour time point. The comparisons of in vitro activity between monotherapy and colistin 

combinations over 24 hours are shown in Figures 4.5-4.9.  

 

Figure 4.5: Colistin monotherapy and colistin combinations against A. baumannii B1 

 

Figure 4.6: Colistin monotherapy and colistin combinations against A. baumannii 2A1 
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Figure 4.7: Colistin monotherapy and colistin combinations against A. baumannii 2B1 

 

Figure 4.8: Colistin monotherapy and colistin combinations against A. baumannii 2C1 

 

Figure 4.9:  Colistin monotherapy and colistin combinations against A. baumannii 2D3 
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Moreover, activity of antimicrobials in terms of percentage of maximum killing, 

change in log colony count (CFU/mL) at 24-hour time point, normalized log area under 

the bactericidal curve (normalized log10 AUBC0-24), and time to reach bactericial were 

also determined. Summaries of these data are shown in Appendex C, Table C.4-C.6. 

For monotherapy, amikacin and meropenem did not demonstrate only in vitro 

activity against these isolates; however, rifampicin showed poor killing activity (32% 

killing). Other monotherapies such as ampicillin/sulbactam, cefepime, doxycycline, and 

levofloxacin were active against these isolates (mean±SD percent maximum killing 

94.4±5.23 to 98.0±1.72). Only colistin reached bactericidal with mean percent maximum 

killing 99.9±0.02. Among seven colistin combinations, all combinations expressed better 

killing activity than any monotherapy, especially colistin in combination with amikacin 

and meropenem. Percent maximum killing were comparable in all seven combinations 

(mean±SD percent maximum killing 99.9±0.03 to 100.0±0.01).  

Colistin monotherapy required 4.8±1.79 hours to reach bactericidal activity. 

Colistin in combination with amikacin, cefepime, levofloxacin, meropenem, and 

rifampicin demonstrated faster killing at 4.0±0.00 hours, while combination with 

doxycycline and ampicillin/sulbactam reach bactericidal activity at 5.6±2.19 and 

4.8±1.79 hours, respectively.  

In addition, normalized log10 AUBC0-24 of colistin monotherapy was 0.38±0.01; 

however, colistin in combination demonstrated better outcomes. Colistin combined with 

meropenem was the best regimen (mean±SD 0.32±0.01) followed by colistin in 

combination with cefepime, doxycycline, and rifampicin which were 0.33±0.00, 

0.33±0.01, and 0.33±0.01, respectively.   
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Synergistic activity at the 24-hour time point was also assessed. Almost all 

colistin combinations (i.e., ampicillin/sulbactam, cefepime, doxycycline, levofloxacin, 

meropenem, and rifampicin) expressed synergy for all isolates. However, colistin in 

combination with amikacin expressed synergy only in four isolates. (Appendix C, Table 

C.7). 

 The findings of the in vitro time kill assays demonstrated that colistin in 

combination expressed better in vitro activity than monotherapy. Colistin in combination 

with cefepime, doxycycline, meropenem and rifampicin illustrated synergy and 

bactericidal activity for all isolates. 
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PART 4: IN VITRO PHARMACOKINETIC-PHARMACODYNAMIC MODEL 

This part demonstrated the activity of colistin and meropenem alone and in 

combination in an in vitro pharmacokinetic-pharmacodynamic (PK-PD) model. The in 

vitro PK-PD model was set to simulate the human pharmacokinetic profiles and the effect 

of colistin and meropenem concentrations on bacterial growth. In addition, bacterial 

resistance at 24 hours was determined. 

Selection of Bacterial Isolates for further testing 

Three MDR-A. baumannii isolates were selected based on the MICs to 

antimicrobial agents as described under “Bacteria Selection” for determination in vitro 

activity in an in vitro PK-PD model. All isolates were also resistant to amikacin, 

ampicillin/sulbactam, ciprofloxacin, imipenem, and piperacillin/tazobactam. All isolates 

were susceptible to colistin with colistin MICs  0.5, 1, and 1µg/mL. While the MICs to 

meropenem were 32, 64, and 128 µg/mL for A. baumannii B1, 2C1 and 2A5, 

respectively. Moreover, all of them were confirmed MBL-producing isolates. 

In vitro time-kill studies 

 Overall 18 time-kill studies of colistin and meropenem alone and in combination 

were performed. Colistin sulfate was potent and rapidly bactericidal against MDR- 

A. baumannii.  Meropenem 3g continuously infused over 24 hours resembled the growth 

control. Although all isolates were highly resistant to meropenem, monotherapy of 

meropenem 6g continuously infused over 24 hours expressed some killing (1-2 log10 

killing) against A. baumannii B1 (MIC 32µg/mL) and 2C1 (MIC 64µg/mL). However, 

these A. baumannii isolates regrew rapidly by 4 hours with meropenem monotherapy.  
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Colistin in combination with both meropenem regimens (e.g., 3g and 6g CI over 

24hours) demonstrated much better in vitro killing than any monotherapy. Colistin in 

combination with meropenem 3g/d reached bactericidal activity and expressed synergy 

but could not maintain the bactericidal over 24 hours. The colony count of colistin in 

combination with meropenem 3g was still much lower than that of either drug as 

monotherapy. Interestingly, colistin in combination with meropenem 6g/d demonstrated 

rapid bactericidal activity and maintained bactericidal activity up to 24 hours. Time-kill 

curves of colistin and meropenem alone and in combination against these A. baumannii 

are shown in Figures 4.10-4.12.  

 

Figure 4.10: Time-kill curves of colistin alone and in combination with meropenem for  
A. baumannii B1 

Limit of 
detection 
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Figure 4.11: Time-kill curves of colistin alone and in combination with meropenem for  
A. baumannii 2C1 

 

 

 

Limit of 
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Figure 4.12: Time-kill curves of colistin alone and in combination with meropenem for  
A. baumannii 2A5 

In order to demonstrate the killing of colistin and meropenem alone and in 

combination against A. baumannii isolates over time, changes in log colony count 

(CFU/mL) at 4, 12, and 24 hours were determined. A negative log colony count 

(CFU/mL) value represented killing activity; while, a positive log colony count 

(CFU/mL) value demonstrated regrowth. A decrease in log colony count (CFU/mL) of -

1, -2 and -3 represents percent killing activity of 90%, 99%, and 99.9%, respectively.  

Limit of 
detection 
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At the 4-hour time point, colistin demonstrated 99.9% killing (bactericidal 

activity) against two isolates; however, colistin did not express killing activity against  

A. baumannii 2C1 (colistin MIC 1µg/mL). Meropenem 3g/d prevented regrowth of A. 

baumannii B1 (meropenem MIC 32µg/mL); however, it resembled the growth control for 

A. baumannii 2C1 and 2A5. Nevertheless, meropenem 6g/d demonstrated 99% killing 

against A. baumannii 2C1 and prevented regrowth in A. baumannii B1 and 2A5. In 

addition to monotherapy, colistin combined with both meropenem regimens expressed 

bactericidal activity. The changes in colony count values were equal in both 

colistin/meropenem 3g/d and colistin/meropenem 6g/d regimens (Appendix D, Table 

D.1).  

At the 12-hour time point, although colistin was redosed, colistin could not 

maintain killing activity against those two isolates (A. baumannii B1 and 2A5). In 

addition, meropenem 3g/d demonstrated regrowth at 24 hours. However, meropenem 6g 

expressed 90% killing against A. baumannii B1, while it failed to express killing for the 

others. However, both colistin/meropenem combinations were capable of maintaining 

bactericidal activity against all isolates (Appendix D, Table D.2).  

Finally, at 24 hours colistin monotherapy has regrowth for all isolates. Colistin in 

combination with meropenem 3g/d was unable to maintain bactericidal activity; however, 

it still expressed killing (up to 99%). On the other hand, colistin in combination with 

meropenem 6g/d maintained bactericidal activity for the entire time (Appendix D, Table 

D.3). Moreover, the magnitudes of mean change log10 colony count (CFU/mL) at 24 

hours of colistin in combination with meropenem 3g/d and 6g/d regimens were (-

2.33±0.53) and (-3.80±0.26), respectively. The comparisons of in vitro activity between 
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colistin and meropenem monotherapy and combination therapy over 24hours are shown 

in Figures 4.13-4.15.  
 

 

Figure 4.13: Colistin monotherapy and combinations against A. baumannii B1 

 

 

 

 

 

 

 

 

Figure 4.14: Colistin monotherapy and combinations against A. baumannii 2C1 
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Figure 4.15: Colistin monotherapy and combinations against A. baumannii 2A5 

The activity of antimicrobials in terms of percent maximum killing, change in log 

colony count (CFU/mL) at 24 hours, normalized log area under bactericidal curve 

(normalized log10 AUBC0-24), and time to reach bactericial activity were determined. 

Summaries of these data are shown in Appendex D, Table D.4-D.6. 

For monotherapy, meropenem 3g/d and 6g/d demonstrated poor in vitro activity 

against these isolates. The maximum killing was 36% and 87%, respectively. Colistin 

demonstrated 100% maximum killing in two isolates (mean percent maximum killing 

96.5±6.00). On the other hand, both combinations expressed 100% maximum killing. The 

time to reach bactericidal activity for colistin monotherapy was 4.0± 0.00 hours. Both 

colistin in combination with meropenem 3g/d and 6g/d demonstrated rapid killing by 

2.0±1.73 hours.  

Bactericidal 
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In addition, normalized log10 AUBC0-24 of colistin monotherapy was the lowest 

value among all monotherapies with mean 20.85±7.15, following by meropenem 6g 

(23.85±1.94) and meropenem 3g (29.80±1.81). Colistin in combination demonstrated 

much better in vitro activity. Moreover, colistin in combination expressed lower values 

than colistin monotherapy. The normalized log10 AUBC0-24 of colistin in combination 

with meropenem 3g was mean±SD 14.26±3.62 while that of colistin combined with 

meropenem 6g was mean±SD 11.27±2.10. 

Synergistic activity at the 24-hour time point was also evaluated for colistin 

combinations. Both colistin combinations with meropenem expressed synergistic activity 

against all isolates. For A. baumannii B1 and 2C1, synergy was demonstrated at 4, 12, 

and 24hours; while for A. baumannii 2A5 which had higher colistin and meropenem 

MICs illustrated synergy at 24 hours (Appendix D, Table D.7). 

Pharmacokinetic parameters 

Pharmacokinetic parameters of colistin and meropenem regimens were 

determined in triplicate. Both bioassays were reliable with R2 value of 0.9925 and 0.9931, 

respectively. The peak concentration of colistin was about 2.69±0.37µg/mL, which was 

lower than target concentration. Half-life was 3.76±0.38 hours. Steady-state 

concentrations in two meropenem regimens were higher than target concentrations at 

10.41±1.57 and 21.43±3.28µg/mL for meropenem 3g/d and 6g/d continuously infused, 

respectively (Figure 4.16-4.17).               
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Figure 4.16:  Pharmacokinetic of colistin sulfate 2.5mg/kg every 12hours 

              

Figure 4.17:  Pharmacokinetic of meropenem continuously infused over 24hours 

Redose
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Pharmacodynamic activity 

Pharmacodynamic activities of colistin regimens are shown in Table 4.5.  Mean of 

normalized log10 AUBC0-24 over MIC (log10 AUBC0-24/MIC) of colistin was 29.42±12.74. 

Normalized log10 AUBC0-24/MIC of colistin against A. baumannii 2A5 was lowest at 

16.27.  On the other hand, none of meropenem regimens had higher concentrations then 

the A. baumannii isolates’ MICs; therefore, percent time above MIC equaled zero in both 

regimens. 

 Table 4.5: Pharmacodynamic activity of colistin (normalized log10AUBC0-24/MIC) 

 A. baumannii isolates 

 B1 2C1 2A5 

MIC 0.5 1 1 

log10 AUBC0-24 20.85 30.30 16.27 

log10 AUBC0-24/MIC 41.70 30.30 16.27 
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CHAPTER 5 

Discussion and Conclusion 

Multidrug-resistant Acinetobacter baumannii have caused nosocomial problems 

worldwide.[93] Unfortunately, no new compounds active against MDR A. baumannii will 

be available in the foreseeable future.[55] Combinations of bactericidal antimicrobials 

have been investigated in order to ensure synergistic activity and prevent resistance 

during treatment.  

The present study is the first report that the production of MBL carbapenemases 

in MDR-A. baumannii is more prevalent in Thailand than previously reported. This study 

also confirmed that colistin monotherapy is inadequate to treat MDR-A. baumannii.. 

Moreover, the findings demonstrated that the selection of antimicrobial combinations for 

MDR-A. baumannii is important. The antimicrobial selected to combine with colistin has 

to not only synergize with colistin, but must also provide in vitro killing activity against 

A.baumannii. This project found that meropenem 6g continuously infused over 24 hours 

in combination with colistin is effective against MDR- A. baumannii.  

The production of MBL carbapenemases in MDR-A. baumannii is more prevalent 
than previously thought. 

MDR-A. baumannii collected from Thailand were highly resistant to 

carbapenems. All MDR-A. baumannii isolates in this study were highly resistant to both 

imipenem (MICs 64->128µg/mL) and meropenem (MICs 32->128µg/mL). Carbapenem 

resistance in A. baumannii is a serious problem in clinical practice.[2] In the United States, 

meropenem susceptibility for A. baumannii has decreased from 47% in 1999 to 26 % in  

2006.[45] Similar to carbapenem resistance trend in Asia, in the Chinese meropenem 

surveillance study, susceptibility to meropenem went from 95% to 61% from 2003 to 
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2008.[94] In addition, according to a 2009 report of the National Antimicrobial Resistance 

Surveillance Center of Thailand, more than half (53%) of Acinetobacter baumannii 

complex in Thailand were resistant to imipenem.[95] Recent reports of MDR-A. 

baumannii collected from Thailand in  2006 found that all isolates were resistant to 

carbapenems as well (imipenem MICs 8-128µg/mL, and meropenem MICs 64-

256µg/mL).[96] Therefore, carbapenem-resistant A. baumannii has been a major concern 

in Thailand. 

In addition to the incidence of carbapenem resistance, this study also determined 

the prevalence of MBL carbapenemase. The present study demonstrated that MBL-

producing A. baumannii is much more prevalent in Thailand than previously thought.   

This study found 77% (37/48 isolates) of MDR-A. baumannii produced MBL. This 

finding contradicted previous reports in Thailand. Niumsup and colleagues[97] determined 

carbapenemases in carbapenem-resistant A. baumannii and found that only 15% (2/13 

isolates) carried MBL. Another recent report stated that there were no MBL-producing A. 

baumannii among MDR-A. baumannii isolates collected from Bangkok, Thailand.[96]  

The present finding differed from the previous findings. One possible reason that this 

study found MBL production to be more prevalent has to do with the use of different 

techniques to detect MBL production. Although there are no gold standards to determine 

MBL production in A. baumannii, the MBL E-test strip is an easy, quantitative, and 

reliable assay to detect MBL carbapenemases in non-fermenters such as P. aeruginosa 

and A. baumannii.[98, 99] The sensitivity and specificity of MBL Etest in A. baumannii 

were 100% and 97.7%, respectively.[99] Therefore, this study used the MBL Etest strip 

whereas other studies have used the ceftazidime/ceftazidime-EDTA double disks 

diffusion test[96] or molecular techniques[97]. The potential problems with the molecular 
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techniques are difficult to perform in a clinical settings, require tailor-made DNA 

primers, and may not detect new variants. While the ceftazidime/ceftazidime-EDTA 

double disks diffusion test is an uncommon and inaccurate assay to detect MBL in A. 

baumannii because this bacteria could hydrolyzed ceftazidime via other beta-lactamases 

such as AmpC and ESBL.[100, 101]  However, cost of the MBL Etest strip makes this assay 

less favorable in developing countries including Thailand. Using an inexpensive and 

reliable assay such as an imipenem/imipenem-EDTA combined disk diffusion test may 

be a good alternative to detect MBL producers. Therefore, the present study would like to 

raise this concern of MBL-producing A. baumannii and call for collaboration to 

determine MBL-producing gram negative bacteria. The advantages of this collaborative 

approach are to provide more insight information about the epidemiology of A. 

baumannii. Furthermore, knowing the prevalence of MBL-producing A. baumannii will 

aid designing empirical treatment against MDR-A. baumannii.  For instance, in settings 

where there is a high incidence of MBL-producing A. baumannii, empiric treatment 

should not use standard dose meropenem alone or in this combination against A. 

baumannii infection, but rather use high dose meropenem combined with a colistin 

regimen.  

Nevertheless, these isolates may also contain oxacillinases, but this study did not 

test for them. In general, carbapenemases in A. baumannii belong to either molecular 

class B Metallo beta-lactamases (MBL) or the class D oxacillinases. Previously, it was 

thought that oxacillinases were the major carbapenemases in A. baumannii and that 

MBLs were rare. [15, 57, 93, 102] The data in the present study suggested differently. All 

isolates in this study were highly resistant to carbapenems.  Seventy-five percent had 
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imipenem MIC ≥128µg/mL which is an uncommon feature among oxacillinases-

producing A. baumannii. 

Monotherapy is inadequate to treat MDR-A. baumannii 

In addition, this study demonstrated better in vitro pharmacodynamic activity of 

combination therapy compared to that of monotherapy against multidrug- and 

carbapenem-resistant A. baumannii. At the present time, there are no standard treatments 

for MDR-A. baumannii which are also resistant to the carbapenems.  This study 

supported previous findings that no monotherapy was adequate to treat MDR-A. 

baumannii. Similar to previous studies, the present study confirmed that colistin was the 

most active among all antimicrobials tested.[96, 103] MIC50 and MIC90 to colistin were 

similar to those of A. baumannii isolates reported from Thailand.[96]  However, regrowth 

occurred at 24 hours. Pongpech and colleagues[96] used either imipenem 32µg/mL or 

meropenem 50µg/mL combined with low colistin concentration (1/4xMIC) against 

MDR-A. baumannii. They found that carbapenems combined with colistin demonstrated 

rapid bactericidal activity compared to either monotherapy. Other antimicrobials used 

against MDR-A. baumannii such as meropenem, sulbactam, and amikacin were 

ineffective. Although this study did not determine the efficacy of tigecycline or 

minocycline, previous studies have demonstrated that monotherapy of these agents could 

not maintain bactericidal activity and resistance developed to these agents.[52, 88, 104] In 

addition to time-kill study, colistin monotherapy allowed regrowth to occur and redosing 

of colistin monotherapy at 12 hours in an in vitro pharmacokinetic-pharmacodynamic 

(PK-PD) model was unable to prevent regrowth of A. baumannii. These findings 

reemphasized that monotherapy shows suboptimal effectiveness and effective antimicrobial 

combinations are needed.  
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Standard dose of colistin combined with high dose meropenem is an effective 
regimen against multidrug- and carbapenem-resistant A. baumannii 

In this time-kill study, colistin in combination with meropenem was bactericidal 

for all MDR-A. baumannii and was able to prevent regrowth over 24 hours. The colistin 

concentration used in this study was chosen based on CLSI breakpoint and 

pharmacokinetics of colistin generated from colistimethate sodium (CMS), a prodrug of 

colistin, in human with normal renal function.[105] The colistin and meropenem 

concentrations were both 4µg/mL, respectively. These findings differed from previous 

studies. This may be due to different colistin concentrations used in this study. Some 

studies used low colistin concentrations (0.5-1µg/mL) combined with high concentration 

meropenem (up to 64µg/mL) and found that they failed to prevent regrowth.[96, 106]  

Nevertheless, Lee and colleagues[106] demonstrated that meropenem of 256µg/mL plus 

colistin 1µg/mL could suppress regrowth. However, in order to achieve meropenem 

concentration 256µg/mL in healthy human, meropenem dosing of as high as 80g 

continuously infused over 24 hours (calculated as clearance 12.97L/h) is needed,[107] 

which is much higher than the maximum daily dose (6g/day).[61] In addition, the high 

carbapenem dose increases risk of adverse drug events such as ataxia, convulsion, and 

mortalities[108, 109] and should not be recommended in clinical practice. Therefore, 

optimizing dosing regimen is important. 

In an in vitro pharmacokinetic-pharmacodynamic (PK-PD) model, colistin 

combined with meropenem 6g/d was better killing than colistin and standard dose 

meropenem (3g/d) combination. In addition to selecting alternative agent, optimizing 

meropenem dosing regimen was also performed in this study. Colistin/meropenem 

combination expressed rapid killing not only in constant concentrations manner as 

performed in time-kill studies but also in dynamic concentrations manner by having the 
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concentration decrease over time as demonstrated in a PK-PD model.  Even though 

colistin combined with meropenem acheived much better in vitro activity than either 

monotherapy, it had limited activity against isolates with extremely high MICs to 

meropenem. In addition, meropenem standard dosage (3g/d) had limited activity to 

overcome carbapenem-resistant A. baumannii up to meropenem MIC of 64µg/mL. 

Interestingly, although meropenem is a concentration-independent antibiotic, high 

dosages of meropenem expressed better killing than the meropenem standard dose. 

Meropenem 6g/d combined with colistin demonstrated killing activity against A. 

baumannii having MICs to meropenem up to 128µg/mL.  

This study maximized the efficacy of meropenem by administering the regimen as 

a continuous infusion (CI) over 24 hours. In fact, two different total daily dosing 

regimens were evaluated (i.e., 3g and 6g per day). On the other hand, this study used a 

standard colistin regimen. Colistin is a dose-dependent antimicrobial agent.[82, 110] This 

means that as colistin concentration increases, the rate and extent of bacterial killing also 

increases. However, concerns about the risk of dose-dependent nephrotoxicity and 

neurotoxicity limit the use of high dose colistin.[82] Therefore, the present study kept the 

colistin use at a standard dosage (e.g., 2.5mg/kg every 12 hours for the in vitro PK-PD 

model) and emphasized an optimization of the carbapenem dosing. 

Colistin in combination with meropenem is not only bactericidal but also 

synergistic for MDR-A. baumannii. The present study confirmed that colistin works 

synergistically with meropenem in both in vitro time-kill and PK-PD studies, similar to 

colistin/meropenem studies reported previously.[96, 106] However, the mechanism for this 

interaction remains to be determined. The present study found that colistin exposure 

selected out a subpopulation of heteroresistant A. baumannii isolates which were resistant 
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to colistin but more susceptible to meropenem. This suggested the usefulness of 

colistin/meropenem combination in inhibiting isolates that are resistant to multidrug- and 

carbapenem-resistant A. baumannii. 

In addition, this study also observed a marked decrease in meropenem MICs after 

colistin exposure (4µg/mL).  Although colistin decreased the MICs of various 

antimicrobials, colistin could substantially increase percent susceptibility of meropenem. 

Percent susceptible to meropenem substantially increased from 4% to 43% in pre- and 

post colistin exposure isolates, respectively. Moreover, this study attempted to detect 

significance of this phenomenon by evaluating the incidence of decreasing at least four-

fold dilutions in MICs. Decrease in at least 4-fold in MIC indicated synergy of 

antimicrobial combinations.  Fifty percent of colistin post-exposure A. baumannii isolates 

demonstrated a decrease ≥4-fold in meropenem MIC. In addition, colistin was able to 

decrease MICs of meropenem up to 512-fold (Appendix B). Moreover, the present study 

was the first study which showed MIC frequencies to colistin and compared percent 

susceptible and geometric mean of MICs between pre- and post-exposure to colistin 

using statistical methods. 

Clinical significance 

This study found that colistin in combination with meropenem was the best option 

among colistin combinations against MDR- A. baumannii. Colistin, when combined with 

carbapenems, not only expressed synergistic activity but was also bactericidal against 

MDR-A. baumannii strains that were highly resistant to carbapenems.[106, 111] Meropenem 

is a broad-spectrum bactericidal antibiotic against gram-negative bacteria. It has been 

used empirically to treat suspected multidrug-resistant gram negative bacteria. The utility 

of high dose and prolonged infusion of carbapenems were simulated and demonstrated 
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better in vitro killing than standard dose against A. baumannii and P. aeruginosa.[112] In 

addition, although there are no clinical reports of efficacy of high dose meropenem 

against carbapenem-resistant A. baumannii, a high dose meropenem regimen was 

successful in treatment of a patient infected with carbapenem-resistant P. aeruginosa 

with a meropenem MIC more than 32µg/mL.[113] Importantly, the adverse drug events of 

meropenem 6g/day were tolerable. Furthermore, the report demonstrated that meropenem 

and colistin demonstrated rapid killing and overcome colistin resistance in both 

multidrug- and carbapenem-resistant A. baumannii.  

Other colistin combinations were less favorable in clinical practice for certain 

reasons. For instance, in Thailand, rifampicin is restricted to be used for tuberculosis 

(TB) treatment in order to prevent rifampicin resistance. Moreover, the dosing regimens 

of rifampicin varied among previous time-kill studies (1-5µg/mL).[16, 114, 115] Clinical 

Laboratory Standards Institute (CLSI) does not provide a rifampicin breakpoint against 

gram negative bacteria. There are no standardized dosages of rifampicin against gram-

negative bacteria. Nevertheless, in areas where the prevalence of TB is low, combination 

of rifampicin/colistin may be beneficial; however, determination of the appropriate 

dosing regimen of rifampicin is still necessary. In addition, tigecycline and tetracyclines 

such as doxycycline or minocycline are less desirable in treatment of serious 

Acinetobacter infections especially in immunocompromised patients because of their 

bacteriostatic activity. Furthermore, sulbactam is a narrow spectrum agent and is not 

commercially available as an individual product in many countries.  

Colistin combinations may offer a clinical advantage in view of their greater in 

vitro activity compared to colistin or other antimicrobials monotherapy and particularly 

because of the high degree of synergy when they are combined with meropenem high 
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dose. The clinical significance of this study should be further evaluated in animal models 

and clinical trials. In some countries, including the United States where the incidence of 

carbapenem resistance is low, carbapenems have been used to treat A. baumannii 

infection. The present study demonstrated that carbapenemases production among MDR- 

A. baumannii isolates is more concern than previous thought. Use of carbapenem 

monotherapy to treat A. baumannii infection was inadequate and may lead to carbapenem 

resistance.  

Strengths 

This study was conducted to evaluate alternatives for the treatment of MDR- 

A. baumannii. This study was the first to report a higher percent of MBL-producing  

A. baumannii among MDR-A. baumannii collected from Thailand. In addition, the study 

also was the first to illustrate that colistin was synergistic with cefepime, doxycycline, 

meropenem, and rifampicin and significantly increased the percent susceptibility of 

ampicillin/sulbactam, cefepime, and meropenem. Moreover, the time-kill studies 

compared the efficacy of seven colistin combinations. In addition, this project simulated 

the comparison of colistin and continuously infused of meropenem alone and in 

combination in an PK-PD model. Furthermore, the last part confirmed the findings of 

earlier studies which aids in validating the findings of these studies. The studies 

conducted in this project demonstrated the benefit of applying pharmacokinetic-

pharmacodynamic data on designing dosing regimen and aided health professionals in 

selecting empiric treatment of Acinetobacter infection.  
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Study limitations 

Like other studies, this study also had some limitations. Although the present 

study was the first to report a high incidence of MBL-A. baumannii in Thailand,  the 

production of oxacillinases was not determined. All isolates were collected from only one 

setting. Moreover, this study did not determine the mechanism of colistin resistance and 

how it impacts the A. baumannii outer membrane and leads to increase susceptibility for 

other antimicrobials especially carbapenems. This study evaluated only a few colistin and 

meropenem concentrations. Finally, the in vitro PK-PD models were done in serum-free 

conditions and the impact of protein binding on drugs was not evaluated. However, data 

on the percent protein binding of colistin is unclear[116] and studies of pharmacokinetic 

and pharmacodynamic of colistin is required. On the other hand, meropenem is lowly 

protein bound (2%) and the impact of protein binding of meropenem is low.[108] 

Therefore, the impact of protein binding on the colistin/meropenem combination would 

likely be minimal. Nevertheless, the determination of efficacy of these regimens in 

animal studies and clinical practice is warranted. 

Further study 

As mentioned above, this study supports the use of high dose meropenem 

combined with colistin against MDR-A. baumannii. The findings demonstrated that this 

combination was able to prevent regrowth at 24 hours. However, a phase II study of 

colistimethate sodium (colistin base 2.5mg/kg q 12 hr) and meropenem 6g infused 

continuously over 24 hours for A. baumannii infection should be performed in order to 

determine its efficacy and tolerability.  
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Conclusion 

In conclusion, A. baumannii is one of the most challenging organisms  that cause 

human disease. It is resistant to almost all available antimicrobials. Although colistin is 

an active bactericidal agent, colistin resistance has been reported worldwide. 

Combinations of colistin with other antimicrobials are an alternative to overcome A. 

baumannii resistance. Meropenem is a potential antimicrobial candidate to combine with 

colistin because it has been used frequently for empiric treatment of suspected 

Acinetobacter infection. In this study, combination of colistin with high-dose meropenem 

demonstrated good potential to overcome multidrug-resistant and carbapenem-resistant  

A. baumannii. Moreover, determination of MBL-producers should be applied to all 

MDR-A. baumannii in order to design an effective empiric treatment in each setting. 

These findings should be further evaluated in animal models and clinical practices. 
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APPENDIX A 

Minimum Inhibitory Concentrations 

 

Table A.1-A.4 provide the results of the in vitro susceptibility testings performed 

in this study. 

The following abbreviations were used in Table A.1-A.4 for the antimicrobial 

agents. AMK; amikacin, CIP; ciprofloxacin, CST; colistin sulfate, DOX; doxycycline, 

FEP; cefepime, IPM; imipenem, LEV; levofloxacin, MEM; meropenem, RIF; rifampicin, 

SAM; ampicillin/sulbactam, TZP; piperacillin/tazobactam. 

For each concentration of piperacillin, the tazobactam concentration was constant 

at 4µg/mL. 
 
 



94 
 

Table A.1: Minimum inhibitory concentration (MIC, µg/mL) of A. baumannii (N=47) 
 Isolates  CST IPM MEM FEP CIP LEV DOX AMK TZP SAM RIF
1 A1 0.25 >128 128 64 64 8 8 >128 2048 128/64 16 
2 A2 0.25 128 64 32 64 16 2 >128 256 64/32 16 
3 A3 0.25 128 64 128 64 16 1 128 256 64/32 64 
4 A4 0.125 8 4 64 64 32 64 64 256 128/64 16 
5 A5 0.125 4 2 128 0.5 0.5 4 128 128 ND ND 
6 A6 0.125 8 8 64 64 32 64 64 256 32/16 16 
7 B1 0.5 64 32 64 64 16 64 128 2048 32/16 64 
8 B2 0.5 >128 >128 64 64 16 64 128 1024 128/64 32 
9 B3 0.5 128 64 128 64 16 64 128 1024 128/64 32 

10 B4 1 64 64 32 8 4 1 8 512 32/16 32 
11 B5 0.5 128 64 128 64 16 2 >128 256 128/64 64 
12 B6 0.5 128 128 128 64 32 2 >128 256 128/64 32 
13 C1 0.125 8 8 64 128 32 64 64 512 ND ND 
14 C2 0.125 128 64 128 32 8 2 128 1024 64/32 16 
15 C3 0.25 128 32 64 128 64 1 128 1024 32/16 64 
16 C4 0.25 64 64 32 64 16 1 >128 256 64/32 4 
17 C5 0.5 64 64 128 64 32 1 >128 128 64/32 128 
18 C6 0.25 64 64 128 64 16 1 64 128 64/32 16 
19 D2 0.125 8 8 >128 64 8 4 64 512 32/16 16 
20 D3 0.25 128 64 32 64 8 8 >128 1024 64/32 16 
21 D4 0.5 64 32 128 64 16 64 128 1024 128/64 32 
22 D5 0.25 128 128 64 64 16 32 128 2048 64/32 16 
23 D6 0.5 128 64 32 64 8 8 >128 1024 128/64 16 
24 2A1 2 128 64 128 64 2 16 >128 1024 64/32 8 
25 2A2 0.5 128 64 64 64 4 8 >128 512 64/32 16 
26 2A3 0.5 128 128 128 64 8 1 64 512 64/32 64 
27 2A4 0.5 128 128 128 64 8 1 64 1024 32/16 64 
28 2A5 1 128 128 128 64 4 128 128 1024 128/64 32 
29 2A6 0.5 128 64 128 32 16 1 64 512 32/16 64 
30 2B1 1 >128 64 64 64 4 8 >128 512 64/32 4 
31 2B2 0.5 128 64 64 32 4 8 >128 1024 64/32 16 
32 2B3 0.5 128 64 64 64 4 8 >128 1024 128/64 >128 
33 2B4 1 128 128 >128 128 32 1 >128 1024 64/32 64 
34 2B5 1 >128 64 128 128 4 64 128 1024 128/64 16 
35 2B6 0.5 128 128 128 32 4 2 64 1024 ND ND 
36 2C1 1 128 64 128 64 4 8 >128 2048 128/64 16 
37 2C2 0.25 128 128 128 32 4 1 64 512 32/16 64 
38 2C3 0.5 128 64 128 128 32 1 >128 2048 64/32 64 
39 2C4 0.5 128 128 128 64 4 64 128 2048 128/64 16 
40 2C5 1 8 4 32 64 8 16 >128 128 64/32 16 
41 2C6 0.25 128 64 64 128 32 2 128 2048 32/16 16 
42 2D1 0.25 >128 128 128 64 4 8 >128 2048 ND ND 
43 2D2 0.25 >128 128 128 128 8 64 >128 2048 128/64 32 
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 Isolates  CST IPM MEM FEP CIP LEV DOX AMK TZP SAM RIF
44 2D3 0.5 >128 128 128 64 4 4 >128 2048 32/16 32 
45 2D4 0.5 >128 64 32 64 4 8 >128 1024 64/32 8 
46 2D5 0.25 128 64 32 128 32 1 >128 2048 64/32 64 
47 2D6 0.125 128 64 128 64 8 1 64 512 32/16 8 
ND = not determined 
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Table A.2: Minimum inhibitory concentration (MIC, µg/mL) and Etest result of  
MBL-producing A. baumannii isolates (N=37) 

  Etest MIC (µg/mL) 

   IPI IP Ratio CST IPM MEM FEP CIP LEV DOX AMK TZP SAM RIF 

1 A1 <1 16 >16 0.25 >128 128 64 64 8 8 >128 2048 128/64 16 
2 A2 <1 8 >8 0.25 128 64 32 64 16 2 >128 256 64/32 16 
3 A3 <1 8 >8 0.25 128 64 128 64 16 1 128 256 64/32 64 
4 B1 1 8 8 0.5 64 32 64 64 16 64 128 2048 32/16 64 
5 B2 1 32 32 0.5 >128 >128 64 64 16 64 128 1024 128/64 32 
6 B3 <1 24 >24 0.5 128 64 128 64 16 64 128 1024 128/64 32 
7 B5 <1 8 >8 0.5 128 64 128 64 16 2 >128 256 128/64 64 
8 B6 <1 8 >8 0.5 128 128 128 64 32 2 >128 256 128/64 32 
9 C2 1.5 16 10.67 0.125 128 64 128 32 8 2 128 1024 64/32 16 
10 C3 <1 8 >8 0.25 128 32 64 128 64 1 128 1024 32/16 64 
11 C4 <1 8 >8 0.25 64 64 32 64 16 1 >128 256 64/32 4 
12 C5 1.5 12 8 0.5 64 64 128 64 32 1 >128 128 64/32 128 
13 C6 <1 12 >12 0.25 64 64 128 64 16 1 64 128 64/32 16 
14 D3 <1 8 >8 0.25 128 64 32 64 8 8 >128 1024 64/32 16 
15 D4 1 8 8 0.5 64 32 128 64 16 64 128 1024 128/64 32 
16 D5 1 12 12 0.25 128 128 64 64 16 32 128 2048 64/32 16 
17 2A1 <1 8 >8 2 128 64 128 64 2 16 >128 1024 64/32 8 
18 2A3 <1 8 >8 0.5 128 128 128 64 8 1 64 512 64/32 64 
19 2A4 1 8 8 0.5 128 128 128 64 8 1 64 1024 32/16 64 
20 2A5 <1 12 >12 1 128 128 128 64 4 128 128 1024 128/64 32 
21 2A6 1 8 8 0.5 128 64 128 32 16 1 64 512 32/16 64 
22 2B1 <1 8 >8 1 >128 64 64 64 4 8 >128 512 64/32 4 
23 2B2 <1 8 >8 0.5 128 64 64 32 4 8 >128 1024 64/32 16 
24 2B3 1 12 12 0.5 128 64 64 64 4 8 >128 1024 128/64 >128 
25 2B4 <1 8 >8 1 128 128 >128 128 32 1 >128 1024 64/32 64 
26 2B5 <1 8 >8 1 >128 64 128 128 4 64 128 1024 128/64 16 
27 2B6 1.5 12 8 0.5 128 128 128 32 4 2 64 1024 ND ND 
28 2C1 <1 8 >8 1 128 64 128 64 4 8 >128 2048 128/64 16 
29 2C2 <1 8 >8 0.25 128 128 128 32 4 1 64 512 32/16 64 
30 2C3 <1 12 >12 0.5 128 64 128 128 32 1 >128 2048 64/32 64 
31 2C4 <1 8 >8 0.5 128 128 128 64 4 64 128 2048 128/64 16 
32 2C6 <1 12 >12 0.25 128 64 64 128 32 2 128 2048 32/16 16 
33 2D1 <1 16 >16 0.25 >128 128 128 64 4 8 >128 2048 ND ND 
34 2D2 <1 8 >8 0.25 >128 128 128 128 8 64 >128 2048 128/64 32 
35 2D3 <1 16 >16 0.5 >128 128 128 64 4 4 >128 2048 32/16 32 
36 2D4 <1 8 >8 0.5 >128 64 32 64 4 8 >128 1024 64/32 8 
37 2D5 <1 8 >8 0.25 128 64 32 128 32 1 >128 2048 64/32 64 
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Table A.3: Minimum inhibitory concentration (MIC, µg/mL) of pre-colistin exposure  
A. baumannii (N=28) 

  Antimicrobial agents 
 Isolate CST AMK DOX FEP LEV MEM RIF SAM 
1 ATCC 19606 0.5 4 0.5 16 1 2 16 4 
2 A1 0.25 >256 8 64 8 128 16 128 
3 A2 1 128 2 32 16 64 16 64 
4 A3 0.25 128 0.5 256 16 64 64 64 
5 B2 0.5 128 64 64 16 >256 32 128 
6 B3 0.5 128 128 128 16 64 32 128 
7 B5 0.5 256 0.5 256 16 64 64 128 
8 B6 0.25 256 1 128 32 128 32 >128 
9 C3 0.5 128 1 64 64 64 64 32 
10 C4 0.25 256 1 64 16 64 4 64 
11 C5 0.5 256 1 256 32 64 128 64 
12 D3 2 >256 8 64 8 64 16 64 
13 D6 1 >256 8 32 8 64 16 >128 
14 2A1 2 >256 4 32 8 64 8 64 
15 2A2 0.5 >256 8 64 4 64 16 64 
16 2A3 0.5 64 0.5 256 8 128 64 64 
17 2A4 0.5 64 0.5 128 8 128 64 32 
18 2A6 0.5 64 1 128 16 64 64 32 
19 2B1 1 >128 8 64 8 64 4 64 
20 2B2 2 >256 32 64 8 64 16 64 
21 2B3 0.5 >256 8 64 8 64 >128 128 
22 2B5 0.25 128 64 64 8 64 16 128 
23 2C1 1 256 8 64 8 64 16 128 
24 2C2 0.25 64 0.5 256 8 128 64 32 
25 2C3 0.5 >128 1 128 64 64 64 64 
26 2C6 0.25 128 2 64 64 64 16 32 
27 2D2 1 >256 64 128 16 128 32 128 
28 2D4 0.5 >256 4 64 8 64 8 64 
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Table A.4: Minimum inhibitory concentration (MIC, µg/mL) of post-colistin exposure  
A. baumannii (N=28) 

  Antimicrobial agents 
 Isolates CST AMK DOX FEP LEV MEM RIF SAM 
1 ATCC 19606 64 8 0.125 8 0.5 2 8 4 
2 A1 256 >256 16 32 16 64 16 128 
3 A2 >256 64 0.5 32 16 64 8 16 
4 A3 256 16 0.125 4 0.125 0.5 0.125 4 
5 B2 16 32 32 32 8 >256 8 64 
6 B3 256 32 16 1 8 0.125 0.125 2 
7 B5 128 32 0.125 0.5 8 0.5 0.125 4 
8 B6 256 32 0.125 1 8 1 0.125 4 
9 C3 64 8 0.125 2 8 0.25 0.125 4 
10 C4 256 128 0.125 32 8 0.5 0.125 64 
11 C5 >256 256 0.5 16 32 64 32 64 
12 D3 >256 >256 4 2 8 0.5 0.125 0.125 
13 D6 256 >256 4 64 8 128 4 >128 
14 2A1 128 64 1 2 8 0.125 0.125 1 
15 2A2 64 >256 2 16 4 32 16 32 
16 2A3 32 16 0.125 4 0.125 0.25 32 2 
17 2A4 256 64 0.5 16 8 32 4 32 
18 2A6 32 32 0.125 0.5 4 0.5 0.125 2 
19 2B1 256 >256 4 16 4 64 32 64 
20 2B2 >256 >256 8 16 8 64 8 64 
21 2B3 32 >256 4 16 4 64 4 128 
22 2B5 128 64 32 64 8 64 32 128 
23 2C1 16 >256 4 64 8 8 1 16 
24 2C2 32 64 0.5 128 8 64 64 64 
25 2C3 16 128 0.5 64 64 64 32 32 
26 2C6 16 16 0.125 4 0.125 0.5 0.125 4 
27 2D2 >256 2 0.5 4 0.5 32 16 8 
28 2D4 16 >256 8 32 8 64 4 64 
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APPENDIX B 

Drug Susceptibility of Pre- and Post-Colistin Exposure 

 

Table B.1-B.8 provided the results of the in vitro susceptibility testings performed 

in the part 2. Each table demonstrates antimicrobials’ minimum inhibitory concentrations 

of pre- and post-colistin exposure A. baumannii isolates. Number of MIC fold was also 

indicated. A decrease of at least four fold in MIC indicates synergistic activity. 

The following abbreviations were used for the antimicrobial agents. AMK; 

amikacin, CIP; ciprofloxacin, CST; colistin sulfate, DOX; doxycycline, FEP; cefepime, 

IPM; imipenem, LEV; levofloxacin, MEM; meropenem, RIF; rifampicin, SAM; 

ampicillin/sulbactam, TZP; piperacillin/tazobactam. 
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Table B.1: Colistin minimum inhibitory concentration (MIC, µg/mL) and change in  
MIC fold of pre- and post-colistin exposure A. baumannii  

  Colistin MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 0.5 64 128 
2 A1 0.25 256 1024 
3 A2 1 >256 >256 
4 A3 0.25 256 1024 
5 B2 0.5 16 32 
6 B3 0.5 256 512 
7 B5 0.25 128 512 
8 B6 0.25 256 1024 
9 C3 0.5 64 128 
10 C4 0.25 256 1024 
11 C5 0.5 >256 >512 
12 D3 2 >256 >128 
13 D6 1 256 256 
14 2A1 1 128 128 
15 2A2 0.5 64 128 
16 2A3 0.25 32 128 
17 2A4 0.25 256 1024 
18 2A6 0.5 32 64 
19 2B1 1 256 256 
20 2B2 2 >256 >128 
21 2B3 0.5 32 64 
22 2B5 0.25 128 512 
23 2C1 0.5 16 32 
24 2C2 0.25 32 128 
25 2C3 0.5 16 32 
26 2C6 0.25 16 64 
27 2D2 1 >256 >256 
28 2D4 0.5 16 32 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.2: Amikacin minimum inhibitory concentration (MIC, µg/mL) and change in 
MIC fold of pre- and post-colistin exposure A. baumannii  

  Amikacin MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 4 8 2 
2 A1 >256 >256 NA 
3 A2 128 64 -2 
4 A3 128 16 -8 
5 B2 128 32 -4 
6 B3 128 32 -4 
7 B5 256 32 -8 
8 B6 256 32 -8 
9 C3 128 8 -16 
10 C4 256 128 -2 
11 C5 256 256 1 
12 D3 >256 >256 NA 
13 D6 >256 >256 NA 
14 2A1 >256 64 >-4 
15 2A2 >256 >256 NA 
16 2A3 64 16 -4 
17 2A4 64 64 1 
18 2A6 64 32 -2 
19 2B1 >128 >256 >2 
20 2B2 >256 >256 NA 
21 2B3 >256 >256 NA 
22 2B5 128 64 -2 
23 2C1 256 >256 >1 
24 2C2 64 64 1 
25 2C3 >128 128 >-1 
26 2C6 128 16 -8 
27 2D2 >256 2 >-128 
28 2D4 >256 >256 NA 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC; NA, not applicable 
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Table B.3: Ampicillin/sulbactam minimum inhibitory concentration (MIC, µg/mL) and 
change in MIC fold of pre- and post-colistin exposure A. baumannii  

  Ampicillin MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 4 4 1 
2 A1 128 128 1 
3 A2 64 16 -4 
4 A3 64 4 -16 
5 B2 128 64 -2 
6 B3 128 2 -64 
7 B5 128 4 -32 
8 B6 256 4 -64 
9 C3 32 4 -8 
10 C4 64 64 1 
11 C5 64 64 1 
12 D3 64 0.125 -512 
13 D6 256 256 1 
14 2A1 64 1 -64 
15 2A2 64 32 -2 
16 2A3 64 2 -32 
17 2A4 32 32 1 
18 2A6 32 2 -16 
19 2B1 64 64 1 
20 2B2 64 64 1 
21 2B3 128 128 1 
22 2B5 128 128 1 
23 2C1 128 16 -8 
24 2C2 32 64 -0.5 
25 2C3 64 32 -2 
26 2C6 32 4 -8 
27 2D2 128 8 -16 
28 2D4 64 64 1 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.4: Cefepime minimum inhibitory concentration (MIC, µg/mL) and change in 
MIC fold of pre- and post-colistin exposure A. baumannii  

  Cefepime MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 16 8 -2 
2 A1 64 32 -2 
3 A2 32 32 1 
4 A3 256 4 -64 
5 B2 64 32 -2 
6 B3 128 1 -128 
7 B5 256 0.5 -512 
8 B6 128 1 -128 
9 C3 64 2 -32 
10 C4 64 32 -2 
11 C5 256 16 -16 
12 D3 64 2 -32 
13 D6 32 64 2 
14 2A1 32 2 -16 
15 2A2 64 16 -4 
16 2A3 256 4 -64 
17 2A4 128 16 -8 
18 2A6 128 0.5 -256 
19 2B1 64 16 -4 
20 2B2 64 16 -4 
21 2B3 64 16 -4 
22 2B5 64 64 1 
23 2C1 64 64 1 
24 2C2 256 128 -2 
25 2C3 128 64 -2 
26 2C6 64 4 -16 
27 2D2 128 4 -32 
28 2D4 64 32 -2 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.5: Doxycycline minimum inhibitory concentration (MIC, µg/mL) and change 
in MIC fold of pre- and post-colistin exposure A. baumannii  

  Doxycycline MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 0.5 0.125 -4 
2 A1 8 16 2 
3 A2 2 0.5 -4 
4 A3 0.5 0.125 -4 
5 B2 64 32 -2 
6 B3 128 16 -8 
7 B5 0.5 0.125 -4 
8 B6 1 0.125 -8 
9 C3 1 0.125 -8 
10 C4 1 0.125 -8 
11 C5 1 0.5 -2 
12 D3 8 4 -2 
13 D6 8 4 -2 
14 2A1 4 1 -4 
15 2A2 8 2 -4 
16 2A3 0.5 0.125 -4 
17 2A4 0.5 0.5 1 
18 2A6 1 0.125 -8 
19 2B1 8 4 -2 
20 2B2 32 8 -4 
21 2B3 8 4 -2 
22 2B5 64 32 -2 
23 2C1 8 4 -2 
24 2C2 0.5 0.5 1 
25 2C3 1 0.5 -2 
26 2C6 2 0.125 -16 
27 2D2 64 0.5 -128 
28 2D4 4 8 2 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.6: Levofloxacin minimum inhibitory concentration (MIC, µg/mL) and change 
in MIC fold of pre- and post-colistin exposure A. baumannii  

  Levofloxacin MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 1 0.5 -2 
2 A1 8 16 2 
3 A2 16 16 1 
4 A3 16 0.125 -128 
5 B2 16 8 -2 
6 B3 16 8 -2 
7 B5 16 8 -2 
8 B6 32 8 -4 
9 C3 64 8 -8 
10 C4 16 8 -2 
11 C5 32 32 1 
12 D3 8 8 1 
13 D6 8 8 1 
14 2A1 8 8 1 
15 2A2 4 4 1 
16 2A3 8 0.125 -64 
17 2A4 8 8 1 
18 2A6 16 4 -4 
19 2B1 8 4 -2 
20 2B2 8 8 1 
21 2B3 8 4 -2 
22 2B5 8 8 1 
23 2C1 8 8 1 
24 2C2 8 8 1 
25 2C3 64 64 1 
26 2C6 64 0.125 -512 
27 2D2 16 0.5 -32 
28 2D4 8 8 1 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.7: Meropenem minimum inhibitory concentration (MIC, µg/mL) and change in 
MIC fold of pre- and post-colistin exposure A. baumannii  

  Meropenem MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 2 2 1 
2 A1 128 64 -2 
3 A2 64 64 1 
4 A3 64 0.5 -128 
5 B2 >256 >256 1 
6 B3 64 0.125 -512 
7 B5 64 0.5 -128 
8 B6 128 1 -128 
9 C3 64 0.25 -256 
10 C4 64 0.5 -128 
11 C5 64 64 1 
12 D3 64 0.5 -128 
13 D6 64 128 -0.5 
14 2A1 64 0.125 -512 
15 2A2 64 32 -2 
16 2A3 128 0.25 -512 
17 2A4 128 32 -4 
18 2A6 64 0.5 -128 
19 2B1 64 64 1 
20 2B2 64 64 1 
21 2B3 64 64 1 
22 2B5 64 64 1 
23 2C1 64 8 -8 
24 2C2 128 64 -2 
25 2C3 64 64 1 
26 2C6 64 0.5 -128 
27 2D2 128 32 -4 
28 2D4 64 64 1 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.8: Rifampicin minimum inhibitory concentration (MIC, µg/mL) and change in 
MIC fold of pre- and post-colistin exposure A. baumannii  

  Rifampicin MIC (µg/mL) 
 A. baumannii isolate Pre-exposure Post-exposure No. of folds 
1 ATCC 19606 16 8 -2 
2 A1 16 16 1 
3 A2 16 8 -2 
4 A3 64 0.125 -512 
5 B2 32 8 -4 
6 B3 32 0.125 -256 
7 B5 64 0.125 -512 
8 B6 32 0.125 -256 
9 C3 64 0.125 -512 
10 C4 4 0.125 -32 
11 C5 128 32 -4 
12 D3 16 0.125 -128 
13 D6 16 4 -4 
14 2A1 8 0.125 -64 
15 2A2 16 16 1 
16 2A3 64 32 -2 
17 2A4 64 4 -16 
18 2A6 64 0.125 -512 
19 2B1 4 32 -0.125 
20 2B2 16 8 -2 
21 2B3 256 4 -64 
22 2B5 16 32 -0.5 
23 2C1 16 1 -16 
24 2C2 64 64 1 
25 2C3 64 32 -2 
26 2C6 ND 0.125 ND 
27 2D2 32 16 -2 
28 2D4 8 4 -2 
Note: A positive value represents an increase in MIC; a negative value indicates a 

decrease in MIC 
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Table B.9: Changes in percent susceptibility of pre- and post colistin exposure  
A. baumannii isolates 

Antibiotic 
Percent susceptibility P-value

Pre colistin exposure Post colistin exposure 
 Amikacin  4 21 0.1012 

Ampicillin/sulbactam  4 43 0.0009 

 Cefepime  0 43 0.0001 

 Colistin 100 0 0.0001 

 Doxycycline  57 79 0.1516 
 Levofloxacin  4 18 0.1927 

 Meropenem  4 43 0.0009 

 Rifampin  NA NA NA
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APPENDIX C 

Time-Kill Assay 

This appendix displays the time-kill study results of colistin and seven 

antimicrobial agents alone and in combination. 

Section 1: Time kill curves of monotherapy 

Figure C.1-C.8 demonstrate the time-kill curves of monotherapy against five  

A. baumannii classified by antimicrobial agents. While figure C.9-C.13 demostrate the 

time-kill curves of monotherapy against five A. baumannii classified by each  

A. baumannii isolate. 

Section 2 Time kill curves of colistin combinations 

Figure C.14-C.20 demonstrate the time-kill curves of colistin comibinations 

against five A. baumannii classified by antimicrobials. While figure C.21-C.25 

demostrate the time-kill curves of colistin combinations against five A. baumannii 

classified by each A. baumannii isolate. 

Moreover, table C.1-C.3 express the change in colony count (log10 CFU/mL) at 

different time points (4, 12 and 24hours). In addition, table C.4-C.7 demonstrate the 

percent maximum killing, time to reach bactericidal, normalized log area under 

bactericidal curve and synergy activity. 
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Section 1.1: Time-kill curves of monotherapy classified by antimicrobial agents 

 

 

Figure C.1:  Time-kill curves of colistin (4µg/mL) against five A. baumannii isolates 

 

Limit of 
detection 
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Figure C.2:  Time-kill curves of amikacin (16µg/mL) against five A. baumannii isolates 

 

 

 

Limit of 
detection 



112 
 

 

Figure C.3:  Time-kill curves of doxycycline (4µg/mL) against five A. baumannii isolates 

 

 

 

 

Limit of 
detection 
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Figure C.4:  Time-kill curves of cefepime (20µg/mL) against five A. baumannii isolates 

 

 

Limit of 
detection 
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Figure C.5:  Time-kill curves of levofloxacin (4µg/mL) against five A. baumannii isolates 

 

 

 

 

Limit of 
detection 
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Figure C.6:  Time-kill curves of meropenem (4µg/mL) against five A. baumannii isolates 

 

 

 

 

Limit of 
detection 
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Figure C.7:  Time-kill curves of rifampicin (1µg/mL) against five A. baumannii isolates 
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Figure C.8:  Time-kill curves of ampicillin/sulbactam (16/8µg/mL) against five  
A. baumannii isolates 

 

 

 

 

 

 

 

  

Limit of 
detection 



118 
 

Section 1.2: Time-kill curves of monotherapy classified by each A. baumannii 
isolates 
 

 

Figure C.9: Monotherapy time-kill curves for A. baumannii B1 
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Figure C.10: Monotherapy time-kill curves for A. baumannii 2A1 
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Figure C.11: Monotherapy time-kill curves for A. baumannii 2B1 
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Figure C.12: Monotherapy time-kill curves for A. baumannii 2C1 
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Figure C.13: Monotherapy time-kill curves for A. baumannii 2D3 
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Section 2.1: Time-kill curves of colistin combination classified by antimicrobial 
agents 

 

 

Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.14: Time-kill curves of colistin (4µg/mL) in combination with amikacin 
(16µg/mL) against five A. baumannii isolates 

 

 

 

Limit of 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.15: Time-kill curves of colistin (4µg/mL) in combination with doxycycline 
(4µg/mL) against five A. baumannii isolates 

 

 

Limit of 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.16: Time-kill curves of colistin (4µg/mL) in combination with cefepime 
(20µg/mL) against five A. baumannii isolates 

Limit of 
detection 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.17: Time-kill curves of colistin (4µg/mL) in combination with levofloxacin 
(4µg/mL) against five A. baumannii isolates 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.18: Time-kill curves of colistin (4µg/mL) in combination with meropenem 
(4µg/mL) against five A. baumannii isolates 

Limit of 
detection 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.19: Time-kill curves of colistin (4µg/mL) in combination with rifampicin 
(1µg/mL) against five A. baumannii isolates 
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Note: Growth control and colistin alone were data of A. baumannii B1 

Figure C.20: Time-kill curves of colistin (4µg/mL) in combination with 
ampicillin/sulbactam (16/8µg/mL) against five A. baumannii isolates 
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Section 2.2: Time-kill curves og colistin combination classified by each A. baumannii 
isolate 
 

 

Figure C.21: Colistin in combinations against A. baumannii B1 
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Figure C.22: Colistin in combination against A. baumannii 2A1 
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Figure C.23: Colistin in combination against A. baumannii 2B1 
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Figure C.24: Colistin in combination against A. baumannii 2C1 
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Figure C.25: Colistin in combination against A. baumannii 2D3 
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Table C.1: Change in colony count (log10 CFU/mL) at 4hours 

Regimen Log10 CFU/mL 

B1 2A1 2B1 2C1 2D3 

Growth control 1.58 2.25 2.16 2.00 2.33 

CST -3.29 -2.98 -2.68 -3.25 -3.00 

AMK 0.35 0.53 1.35 1.55 1.31 

CST + AMK -3.24 -2.88 -3.13 -3.28 -2.90 

RIF 1.37 0.56 -0.17 0.54 0.67 

CST + RIF -3.38 -3.06 -3.19 -3.37 -3.33 

DOX 0.96 -0.35 -0.41 -0.25 -0.38 

CST + DOX -3.38 -3.01 -2.43 -1.31 -3.33 

LEV 0.07 -1.66 -2.15 -0.71 -1.94 

CST + LEV -3.20 -2.85 -3.25 -3.38 -3.20 

FEP -1.41 -1.72 -1.83 -0.73 -2.06 

CST + FEP -3.30 -3.21 -3.22 -3.25 -3.19 

MEM 1.34 1.81 1.63 1.09 1.61 

CST + MEM -3.20 -3.41 -3.27 -3.55 -3.23 

SAM -1.63 1.64 1.07 0.56 -1.03 

CST + SAM -2.80 -3.44 -3.24 -3.44 -3.23 
CFU, colony-forming units; mL, milliter; CST, colistin sulfate; AMK, amikacin; RIF, 
rifampicin; DOX, doxycycline; LEV, levofloxacin; FEP, cefepime; MEM, meropenem; 
SAM, ampicillin/sulbactam; Bold number represents bactericidal activity. 
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Table C.2 Change in colony count (log10 CFU/mL) at 12hours 

Regimen Log10 CFU/mL 

B1 2A1 2B1 2C1 2D3

Growth control 
3.35 3.12 2.76 3.21 3.74 

CST 
-3.37 -3.08 -3.07 -1.75 -3.00 

AMK 
2.92 3.03 2.70 2.65 2.72 

CST + AMK 
-2.87 -2.25 -3.07 -3.28 -0.19 

RIF 
2.36 2.02 1.73 1.47 2.60 

CST + RIF 
-3.38 -3.06 -3.19 -3.37 -3.33 

DOX 
2.50 0.54 -1.47 0.09 0.57 

CST + DOX 
-3.42 -3.25 -3.30 -3.35 -3.25 

LEV 
2.62 0.51 -0.08 -0.46 1.62 

CST + LEV 
-2.23 -3.22 -3.25 -3.38 -2.93 

FEP 
0.17 1.85 0.30 -0.33 1.81 

CST + FEP 
-3.40 -3.21 -3.22 -3.25 -3.19 

MEM 
2.88 2.71 2.56 2.66 2.49 

CST + MEM 
-3.45 -3.41 -3.27 -3.55 -3.23 

SAM 
-0.44 2.50 2.36 1.68 2.19 

CST + SAM 
-3.46 -2.71 -2.42 -3.44 -3.23 

 
CFU, colony-forming units; mL, milliter; CST, colistin sulfate; AMK, amikacin; RIF, 
rifampicin; DOX, doxycycline; LEV, levofloxacin; FEP, cefepime; MEM, meropenem; 
SAM, ampicillin/sulbactam; Bold number represents bactericidal activity. 
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Table C.3: Change in colony count (log10 CFU/mL) at 24hours 

Regimen Log10 CFU/mL 

B1 2A1 2B1 2C1 2D3 

Growth control 3.62 2.90 3.03 3.14 2.94 

CST 0.93 2.95 2.42 2.89 2.02 

AMK 3.48 2.95 2.57 2.66 2.72 

CST + AMK -1.84 -0.05 -0.55 0.61 2.47 

RIF 2.52 2.43 2.94 1.50 2.55 

CST + RIF -3.38 -3.06 -3.19 -3.37 -3.33 

DOX 2.89 2.96 2.57 2.84 2.62 

CST + DOX -3.42 -3.25 -3.30 -3.35 -3.25 

LEV 2.83 2.88 2.47 2.35 2.53 

CST + LEV -1.26 -3.22 -3.25 -3.38 -1.65 

FEP 3.04 2.36 2.50 2.45 2.30 

CST + FEP -3.40 -3.21 -3.22 -3.25 -3.19 

MEM 3.19 2.56 2.62 2.93 2.58 

CST + MEM -3.30 -3.41 -3.27 -3.55 -3.23 

SAM 3.03 2.18 2.27 1.64 2.32 

CST + SAM -3.46 -2.17 -0.82 -3.44 -3.23 
CFU, colony-forming units; mL, milliter; CST, colistin sulfate; AMK, amikacin; RIF, 
rifampicin; DOX, doxycycline; LEV, levofloxacin; FEP, cefepime; MEM, meropenem; 
SAM, ampicillin/sulbactam; Bold number represents bactericidal activity. 
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Table C.4: Percent maximum killing of colistin alone and in combination against five MDR A. baumannii isolates 

 Antimicrobial agents 

 CST AMK CST + AMK DOX CST + DOX FEP CST + FEP 

B1 100.0 - 100.0  100.0 98.9 100.0 

2A1 99.9 - 99.9  99.9 98.1 99.9 

2B1 99.9 - 99.9 96.6 99.9 99.1 99.9 

2C1 99.9 - 99.9 93.0 100.0 95.1 99.9 

2D3 99.9 - 99.9 95.2 99.9 99.1 99.9 

Mean±SD 99.9±0.02 - 99.9±0.03 94.9±1.81 100.0±0.01 98.0±1.72 99.9±0.01 

Median 99.9 - 99.9 95.2 99.9 98.9 -99.9 

Range 99.9 -100.0 - 99.9-100.0 93.0-96.6 99.9-100.0 95.1-99.1 99.9-100.0 

 

 Antimicrobial agents 

 LEV CST + LEV MEM CST + MEM RIF CST + RIF SAM CST + SAM 

B1  -100.0 - 100.0 - 100.0 98.1 100.0 

2A1 -99.0 -99.9 - 100.0 - 99.9 - 100.0 

2B1 -99.4 -99.9 - 99.9 32.0 99.9 - 99.9 

2C1 -96.2 -100.0 - 100.0 - 100.0 - 100.0 

2D3 -98.8 -99.9 - 99.9 - 100.0 90.7 99.9 

Mean±SD 98.3±1.43 100.0±0.02 - 100.0±0.01 32.0±0.00 99.9±0.02 94.4±5.23 100.0±0.01 

Median -98.9 -99.9 - 100.0 32.0 100.0 94.4 100.0 

Range 96.2-99.4 99.9-100.0 - 99.9-100.0 32.00 99.9-100.0 90.7-98.1 99.9-100.0 
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Table C.5: Time to reach bactericidal activity (99.9% killing) 

 CST AMK CST + AMK DOX CST + DOX FEP CST + FEP LEV CST + LEV MEM CST + MEM RIF CST + RIF SAM CST + SAM 

B1 4 - 4 - 4  4 - 4 - 4 - 4 - 8 

2A1 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 

2B1 8 - 4 - 8 - 4 - 4 - 4 - 4 - 4 

2C1 4 - 4 - 8 - 4 - 4 - 4 - 4 - 4 

2D3 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 

Mean±SD 4.8±1.79 - 4.0±0.00 - 5.6±2.19 - 4.0±0.00 - 4.0±0.00 - 4.0±0.00 - 4.0±0.00 - 4.8±1.79 

Median 4.0 - 4.0 - 4.0 - 4.0 - 4.0 - 4.0 - 4.0 - 4.0 

Range 4-8 - 4 - 4-8 - 4 - 4 - 4 - 4 - 4-8 
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Table C.6: Normalized log area under bactericidal curve 

 Antimicrobial agents 

 CST AMK CST + AMK DOX CST + DOX FEP CST + FEP 

B1 0.36 0.42 0.34 0.42 0.32 0.39 0.32 

2A1 0.39 0.44 0.37 0.42 0.33 0.41 0.33 

2B1 0.38 0.43 0.36 0.40 0.33 0.40 0.33 

2C1 0.38 0.41 0.36 0.40 0.34 0.39 0.33 

2D3 0.38 0.42 0.39 0.41 0.33 0.39 0.33 

Mean±SD 0.38±0.01 0.42±0.01 0.36±0.02 0.41±0.01 0.33±0.01 0.40±0.01 0.33±0.00 

Median 0.38 0.42 0.36 0.41 0.33 0.39 0.33 

Range 0.36-0.39 0.41-0.44 0.34-0.39 0.40-0.42 0.32-0.34 0.39-0.41 0.32-0.33 

 
 
 Antimicrobial agents 

 LEV CST + LEV MEM CST + MEM RIF CST + RIF SAM CST + SAM 

B1 0.41 0.35 0.42 0.32 0.42 0.32 0.39 0.32 

2A1 0.40 0.33 0.42 0.32 0.42 0.34 0.42 0.34 

2B1 0.40 0.33 0.43 0.33 0.42 0.33 0.43 0.36 

2C1 0.39 0.32 0.42 0.31 0.40 0.32 0.40 0.32 

2D3 0.40 0.35 0.41 0.33 0.41 0.33 0.41 0.33 

Mean±SD 0.40±0.01 0.34±0.01 0.42±0.01 0.32±0.01 0.41±0.01 0.33±0.01 0.41±0.02 0.33±0.02 

Median 0.40 0.33 0.42 0.32 0.42 0.33 0.41 0.33 

Range 0.39-0.41 0.32-0.35 0.41-0.43 0.31-0.33 0.40-0.42 0.32-0.34 0.39-0.43 0.32-0.36 
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Table C.7: Summary of synergistic activity of colistin combinations 

 Change in log colony count (CFU/mL) of combination compared to colistin at 24hours 

 B1 2A1 2B1 2C1 2D3 

CST 0.93 2.95 2.42 2.89 2.02 

CST + AMK -2.77 -3.00 -2.97 -2.28 0.46 

CST + RIF -4.31 -6.01 -5.61 -6.26 -5.35 

CST + DOX -4.35 -6.20 -5.72 -6.24 -5.26 

CST + LEV -2.19 -6.17 -5.68 -6.27 -3.66 

CST + FEP -4.33 -6.16 -5.64 -6.14 -5.20 

CST + MEM -4.23 -6.36 -5.69 -6.44 -5.25 

CST + SAM -4.39 -5.12 -3.24 -6.33 -5.25 
CFU, colony-forming units; mL, milliter; CST, colistin sulfate; AMK, amikacin; RIF, rifampicin; DOX, doxycycline; LEV, 
levofloxacin; FEP, cefepime; MEM, meropenem; SAM, ampicillin/sulbactam; Bold number represents synergistic activity 
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APPENDIX D 

In Vitro Pharmacokinetic-Pharmacodynamic Model  

This appendix displays the time-kill study curves of colistin and meropenem alone 

and in combination in an in vitro PK-PD model 

Figure D.1-D.3 demonstrate the time-kill curves of monotherapy against five A. 

baumannii. Figure C.4-D.5 provide the time-kill curves of colistin in combination with 

meropenem 3g and 6g over 24hours against five A. baumannii.  

Moreover, table D.1-D.3 express the change in colony count (log10 CFU/mL) at 

different time points (4, 12 and 24hours). In addition, table D.4-D.7 demonstrate the 

percent maximum killing, time to reach bactericidal, normalized log area under 

bactericidal curve and synergy activity. Finally, table D.8 illustrates the pharmacokinetic 

parameters of colistin and meropenem. 
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Figure D.1:  Time-kill curve of colistin 2.5mg/kg every 12hours against A. baumannii 
isolates 

 

Limit of 
detection 
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Figure D.2:  Time-kill curve of meropenem 3g continuously infused over 24hours against  
A. baumannii isolates 

 

Limit of 
detection 
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Figure D.3:  Time-kill curve of meropenem 6g continuously infused over 24hours against  
A. baumannii isolates 

 

 

Limit of 
detection 
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Figure D.4:  Time-kill curve of colistin 2.5mg/kg every 12hours combined with 
meropenem 3g continuously infused over 24hours against A. baumannii 
isolates 

 

 

 

 

Limit of 
detection 
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Figure D.5:  Time-kill curve of colistin 2.5mg/kg every 12hours combined with 
meropenem 6g continuously infused over 24hours against A. baumannii 
isolates 

 

Limit of 
detection 
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Table D.1: Change in colony count (log10 CFU/mL) at 4hours 

 

Log10 CFU/mL 

B1 2C1 2A5 

Growth control 1.88 0.59 1.46 

Colistin  -3.57 0.95 -3.76 

Meropenem 3g CI over 24 hrs 0.64 1.03 1.83 

Meropenem 6g CI over 24 hrs 0.86 -2.75 0.44 

Meropenem 3g CI over 24 hrs + colistin -3.64 -3.76 -4.08 

Meropenem 6g CI over 24 hrs + colistin -3.57 -3.76 -4.08 

Bold number represents bactericidal activity; negative values represents decreasing in log 

colony count (CFU/mL). 
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Table D.2: Change in colony count (log10 CFU/mL) at 12hours 

 

Log10 CFU/mL 

B1 2C1 2A5 

Growth control 1.80 1.65 1.56 

Colistin  -0.98 1.78 -2.16 

Meropenem 3g CI over 24 hrs 1.53 1.58 2.00 

Meropenem 6g CI over 24 hrs -0.98 0.46 0.46 

Meropenem 3g CI over 24 hrs + colistin -3.64 -3.76 -4.08 

Meropenem 6g CI over 24 hrs + colistin -3.57 -3.76 -4.08 

Bold number represents bactericidal activity; negative values represents decreasing in log 

colony count (CFU/mL). 
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Table D.3: Change in colony count (log10 CFU/mL) at 24hours 

 

Log10 CFU/mL 

B1 2C1 2A5 

Growth control 1.93 1.85 2.43 

Colistin  1.95 1.82 0.80 

Meropenem 3g CI over 24 hrs 1.62 1.68 1.88 

Meropenem 6g CI over 24 hrs 0.90 0.50 0.43 

Meropenem 3g CI over 24 hrs + colistin -1.77 -2.40 -2.83 

Meropenem 6g CI over 24 hrs + colistin -3.57 -3.76 -4.08 

Bold number represents bactericidal activity; negative values represents decreasing in log 

colony count (CFU/mL). 
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Table D.4: Percent maximum killing of colistin alone and in combination against A. baumannii isolates (N=3) 

 Antimicrobial agents 

 CST MEM 3g CI over 24 hrs MEM 6g CI over 24 hrs MEM 3g CI over 24 hrs + CST MEM 6g CI over 24 hrs + CST 

B1 100.0 59.2 89.4 100.0 100.0 

2C1 89.6 - 99.8 100.0 100.0 

2A5 100.0 12.1 72.0 100.0 100.0 

Mean±SD 96.53±6.00 35.65±33.30 87.07±14.05 100.00±0.00 100.00±0.00 

Median 100.00 35.65 89.40 100.00 100.00 

SD 6.00 33.30 14.05 0.00 0.00 

Range 89.6-100.0 12.1-59.2 72.0-99.8 100.00 100.00 
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Table D.5: Time to reach bactericidal activity (99.9% killing) 

 Antimicrobial agents 

 CST MEM 3g CI over 24 hrs MEM 6g CI over 24 hrs MEM 3g CI over 24 hrs + CST MEM 6g CI over 24 hrs + CST 

B1 4 - - 4 4 

2C1  - - 1 1 

2A5 4 - - 1 1 

Mean±SD 4.00±0.00 - - 2.00±1.73 2.00±1.73 

Median 4.00 - - 1.00 1.00 

Range 4 - - 1-4 1-4 
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Table D.6: Normalized log area under bactericidal curve 

 Antimicrobial agents 

 CST MEM 3g CI over 24 hrs MEM 6g CI over 24 hrs MEM 3g CI over 24 hrs + CST MEM 6g CI over 24 hrs + CST 

B1 20.85 27.86 24.31 11.76 9.67 

2C1 30.30 30.07 21.72 18.41 13.64 

2A5 16.27 31.46 25.53 12.60 10.48 

Mean±SD 22.47±7.15 29.80±1.81 23.85±1.94 14.26±3.62 11.27±2.10 

Median 20.85 30.07 24.31 12.60 10.48 

Range 16.27-30.30 27.86-31.46 21.71-25.53 11.76-18.41 9.67±13.64 
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Table D.7: Summary of synergistic activity of colistin combinations 

 

Change in log colony count (CFU/mL) at 24hours of 

combination compared to colistin 

 B1 2C1 2A5 

CST 1.95 1.82 0.80 

MEM 3g CI over 24 hr + CST -3.72 -4.22 -3.63 

MEM 6g CI over 24 hr + CST -5.52 -5.58 -4.88 

CFU, colony-forming units; mL, milliter; CST, colistin sulfate; MEM, meropenem; Bold 

number represents synergistic activity; Italic number represents antagonism. 
 



155 
 

Table D.8 Pharmacokinetic parameters 

 Target pharmacokinetic parameters Actual pharmacokinetic parameters

 Cmax 

(mg/L) 

Css

(mg/L)

Half-live 

(hrs) 

Cmax 

(mg/L) 

Css 

(mg/L) 

Half-live 

(hrs) 

CST 4.5 NA 4 2.69±0.37 NA 3.76±0.38

MEM 3g CI 

over 24hrs 

NA 8 2 NA 10.41±1.57 NA

MEM 6g CI 

over 24hrs 

NA 16 2 NA 21.43±3.28 NA
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APPENDIX E 

Laboratory Equipment and Apparatus  

 

Figure E.1-E.7 demonstates the laboratoy equipment (Model, Company) used in 

all four studies. Moreover, Figure E.8-E.9 illustrate the in vitro PK-PD apparatus set up 

for a central compartment and supplement compartment, respectively. 
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Figure E.1: Spectrophotometer (Spectronic 21; Minton Roy Company, Ivyland, PA) 
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Figure E.2: Eppendorf Research pro 8 channel from 100-1200 µL Electronic 
Multichannel Pipette and 1250µL pipette tips; Brinkmann Instruments, Inc. 
Westbury, NY 
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 Figure E.3: Auto diluter (Dynatech Auto III Auto diluter; Dynatech Laboratories, Inc., 
Alexandria, VA.) 
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Figure E.4: MIC interpretation with unaided eye       
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Figure E.5: Data collection form 
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Figure E.6: G24 Environmental Incubator Shaker (New Brunswick Scientific Co, Inc., 
Edison, NJ) 
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Figure E.7: Autoplate® 4000; Spiral Biotech, Norwood, MA  and Colony counter (530 
Color Qcount®; Spiral Biotech, Norwood, MA). 
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Figure E.8: Apparatus set up for a system in the central compartment 
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Figure E.9: Apparatus set up for the supplement compartment  
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