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ABSTRACT  

61351801 : Major CLINICAL PHARMACY 
Keyword : carbapenem resistant Enterobacterales, antimicrobial susceptibility testing, Monte Carlo, molecular 
resistance mechanisms 

CAPT. PARNRADA NULSOPAPON : OPTIMIZING ANTIBIOTIC DOSING REGIMENS 
FOR THE TREATMENT INFECTION CAUSED BY CARBAPENEM RESISTANCE 
ENTEROBACTERIACEAE IN THAILAND: THE STUDY OF MOLECULAR RESISTANCE 
MECHANISMS, IN VITRO ACTIVITY OF MONOTHERAPY AND COMBINATION THERAPY, 
AND TREATMENT OUTCOMES  THESIS ADVISOR : ASSOCIATE PROFESSOR. DR. WICHAI 
SANTIMALEEWORAGUN 

Carbapenem-resistant Enterobacterales (CRE) is a hospital-acquired pathogen with a high mortality 
rate and limited effective treatment options. The main objective was to design the optimal combination regimens 
for the treatment of infections caused by CRE. The methods were divided into 3 sub-studies.  Firstly, an in 
vitro study aimed to design the optimal antibiotic options. Broth microdilution/E-test method and checkerboard 
method were performed for the mono- and combined activities, respectively. The molecular study was 
demonstrated to describe the types of carbapenemase and mcr-1 genes detected by polymerase chain reaction 
(PCR). Secondly, a Pharmacokinetic/Pharmacodynamic (PK/PD) study aimed to design the optimal antibiotic 
dosing regimens. Monte Carlo simulation was used to establish the optimal antimicrobial dosing regimens 
achieving the ≥ 90% of a probability of target attainment (PTA) and ≥ 90% of a cumulative fraction of response 
(CFR). Finally, a clinical study is used to evaluate the treatment outcomes. A quasi-experimental study was 
conducted to compare mortality rates between patients received the optimal combination regimens (prospective 
group) and the usual care (retrospective group). A total of 199 CRE clinical isolates were collected, including 49 
CRE clinical isolates from Phramongkutklao hospital and 150 CRE clinical isolates from the bacterial culture bank 
of the Department of Medical Sciences Ministry of Public Health in health region V. The proportion of CRE clinical 
isolates were Carbapenem-resistant Klebsiella pneumoniae (CRKP) (81.91%; n =163), Carbapenem-
resistant Escherichia coli (CREC) (16.58%; n = 33) and Carbapenem-resistant Enterobacter cloacae (CREclo) 
(1.51%; n =3). Most CRE isolates were resistant to aztreonam, fosfomycin, ceftazidime/avibactam, tigecycline, and 
colistin, whereas they were highly susceptible to aminoglycosides. Most detected carbapenemases were NDM 
(36.18%; n = 72), OXA-48 (45.73%; n = 91) and NDM plus OXA-48 (15.58%; n = 31); five mcr-1 genes also 
carried blaOXA-48. Only 49 CRE clinical isolates from Phramongkutklao hospital performed synergistic testing, the 
results showed amikacin combination with fosfomycin (44%) had a greater synergy rate than other combination 
regimens. The optimal antibiotic-dosing regimens showed that high-dosing antibiotic regimens achieved higher PTA 
and CFR targets than usual regimens. Combination regimens also reached greater CFR targets than single 
regimens. In the clinical study, 88 patients (40 prospective patients and 48 retrospective patients) were included. 
The 14-day mortality rate was lower than in prospective patients compared to retrospective patients 
(17.50% vs 37.50%, respectively; p-value = 0.038). Risk factors associated with 14-day mortality were receiving 
intervention (PK/PD dosing protocol) and vassopresor use. Optimizing doses of antibiotic combination regimens 
may be an optimal option for the treatment. Further studies with larger sample sizes are required. 
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CHAPTER I  
INTRODUCTION 

 

1.1 Background information and Rationale for this study  
  In the 21st century, antibiotic resistance is one of the major problems 
because of the global burden. Resistant pathogens are non-susceptible to available 
antibiotics which caused clinical high mortality (clinical impact) and high budget 
(economic impact), whereas new antibiotics in drug development are fewer [1, 2]. 
Carbapenem-Resistant Enterobacteriaceae (CRE) are categorized into one of the 
critical groups in WHO lists [3]. In Thailand, the spread of CRE has risen continuously 
since 2011 from 0.5% to 3.1% in Escherichia coli and from 0.7% to 11.5% in 
Klebsiella pneumoniae [4]. CRE seems likely to be difficult to treat, especially from 
NDM types which are often detected in Thailand [5-7]. 

Diverse actions are designed to address antibiotic resistance with limited 
resources, known as antimicrobial stewardship programs (ASPs). IDSA recommended 
that dose-optimization by using pharmacokinetics/pharmacodynamics (PK/PD) 
application is one of the supplemental strategies [8, 9]. The benefit of the strategy is 
to reduce inappropriate antibiotic use and provide minimum resistance as well as 
maximum success in clinical treatment [10]. Optimization of antibiotics consisted of 
optimal antibiotic options and optimal antibiotic dosing. For the antibiotic options, 
the second-line antibiotic groups preserved for multi-drug resistance have a role in 
the CRE treatment [11]. The strategy that increases effective antibiotic options is 
combination therapy (combined with the two agents) [12]. However, current 
evidence is not reported which the optimal combination therapy is. The reasons may 
be that combined antibiotics can vary among different sites of infection, causative 
pathogens, the patterns of local antimicrobial susceptibility, and patient comorbidity 
[13]. For antibiotic dosing, the probability is used to evaluate the optimal regimens 
by using Monte Carlo simulation [10]. Several studies used the advanced statistical 
technique for antibiotic dosing in monotherapy. The methods were proposed to 
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determine the optimal regimens by using the calculating probability of antibiotic 
dosing with Monte Carlo simulation [14]. 

The treatment of any infections caused by CRE needed further investigation 
because of differences in local resistance, resistance mechanisms, and PK/PD 
parameters. Integrated an in vitro study of antibiotic activities with PK/PD analysis was 
used to design the optimal antibiotic combination regimens to combat CRE. The 
anticipated result is to fill the limited data on the appropriate antibiotic regimens for 
the individual patient in Thailand.  
 

1.2 Objectives of the research 
1.2.1 Primary objectives 

   To design the optimal antibiotic combination regimens for the treatment of 
infection caused by CRE 

1.2.2  Secondary objective 
    1) To describe the CRE resistance characteristics.  

2) To investigate the in vitro mono and combined antibiotic activities   
   against CRE 

 3) To evaluate the treatment outcomes in patients with CRE infections  
                    treated with the optimal antibiotic combination regimens  
 

1.3 Hypothesis   
     1.3.1 The optimal combination regimens for the CRE treatment may improve 

treatment   
             outcomes in an individual patient. 

1.3.2 The CRE resistance characteristics are various and different. 
1.3.3 Colistin-containing regimens have synergistic activity.  

 1.3.4 In vitro mono- and combined antibiotic activities against CRE based on  
        CRE resistance characteristics. 
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1.4. Scope of the study  
       The study included three parts – an in vitro study, a PK/PD study, and a clinical 
study.  
 

    1.4.1 In vitro study 

                  Any CRE isolates from the department of medical sciences in health 
region V, Samut Songkhram, and Phramongkutklao hospital are determined the 
mono- antibiotic activity against CRE. Furthermore, any CRE isolates from 
Phramongkutklao hospital are determined both mono- and combined antibiotic 
activity against CRE. A group of antibiotics consisted of carbapenems (meropenem 
and imipenem), aminoglycosides (amikacin and gentamicin), colistin, fosfomycin, 
tigecycline and ceftazidime/avibactam.  
 

1.4.2 PK/PD study 

                  Application of PK/PD analysis by using Monte Carlo simulation is used to 
design the optimal combination regimens in Thai critically ill patients.  
 

1.4.3 Clinical study 

         Any patients who are infected caused by CRE and admitted to 
Phramongkutklao hospital.  
 

1.5 Research gap 
     There are difficult to conclude which optimal antibiotic combination regimens for 
the treated infection caused by CRE in Thailand due to geographical variation in 
antibiotic resistance. The majority of previous studies reported over-presentation of 
KPC carbapenemase type, whereas most carbapenemase types in Thailand were 
NDM or OXA-48.  
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1.6 Research question 
Which are the optimal antibiotic combination regimens for CRE treatment in 

Thai patients? 
 

1.7 Impact or anticipated outcomes 
17.1 Patients 

- Increase combination antibiotic regimens for the CRE treatments 
- Individualized patients are received optimal combination antibiotic 

regimens for Individualized treatment, leading to improve treatment 
outcomes.  

1.7.2 Healthcare professionals 
- Support decision of treatment and/or treatment plans    

1.7.3 Hospitals 
- Support hospital policy related to antibiotic stewardship programs (ASPs) 
- Reduce and prevent antibiotic resistance in the hospital 
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CHAPTER II 
Review of the Literature 

 

2.1 Overview of CRE 
       In the 21st century, antibiotic resistance is one of the major problems 
because of a global burden. Available effective antibiotics are limited, whereas new 
antibiotics in drug development are fewer. High mortality (clinical impact) and high 
budget (economic impact) are the direct impacts of antibiotic resistance [1, 2]. As the 
result, World Health Organization (WHO) prioritized antibiotic-resistant pathogen lists 
for the first research and development of new antibiotics. Not only Acinetobacter 
baumannii and Pseudomonas aeruginosa but also Carbapenem-Resistant 
Enterobacterales (CRE) are categorized into the critical groups [3]. The definition of 
CRE may be different. In 2015, Centers for Disease Control and Prevention (CDC) 
definition of CRE were  Enterobacterales being resistant to one of the carbapenems 
(not including intermediate) [15], whereas carbapenem non-susceptibility was defined 
based on Clinical and Laboratory Standards Institute (CLSI) in 2020 [16].  
 Over the last decade, CRE have trended to increase continuously 
throughout several regions such as the United States of America, Europe and Asia 
[17-19]. In Thailand, National Antimicrobial Resistance Surveillance Thailand (NARST) 
data showed that the spread of CRE have been risen continuously since 2011 from 
0.5% to 3.1% in E. Coli and from 0.7% to 13.3% in K. pneumoniae. Thus, CRE are 
categorized into the first group of resistant bacteria for national surveillance [20]. 

 CRE are known as “nightmare bacteria” because of their virulence. 
Soontaros S et al in 2019 showed patient-infected CRE were more mortality risk than 
patient-infected Carbapenem-Susceptible Enterobacterales (CSE) (pooled-adjusted 
odds ratio 2.85, 95% confidence interval 1.88 to 4.30) [21]. Generally, CRE were multi-
drug resistance (MDR) which found two main resistance mechanisms – producing 
carbapenemase (CP-CRE) (e.g. KPC, NDM, OXA-48) or non-producing carbapenemase 
(non-CP-CRE) (e.g. lux pump or porin changes). The spread of resistance mechanisms 
of CP-CRE has also varied in different regions [7-10]. In a comparison of the two 
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groups, CP-CRE may be more virulent than the non-CP-CRE groups because of higher 
mortality. Additionally, higher Minimum Inhibitory Concentrations (MICs) are more 
detected in CP-CRE than non-CP-CRE [22]. Among CP-CRE, the distribution of 
carbapenem MICs in NDM is higher than KPC and OXA-48 [23]. Thus, NDM types seem 
likely to be difficult to treat compared with others. Unfortunately, NDM types are the 
major types detected in Thailand [5-7]. 

 

2.2 Antimicrobial Stewardship Programs (ASPs) 
      At this time, antibiotic options for the treated CRE infections are limited. The 
rationale for limited options is overuse and misuse of available antibiotics, whereas 
insufficient newly developed antibiotics are in a pipeline. Healthcare professionals 
have been forced to wisely use antibiotic agents and to strongly weigh the benefits 
and risks [24]. As a result, selecting optimizing antibiotics should be precise decision-
making to combat the CRE treatment.  
    Antimicrobial stewardship programs (ASPs) are designed to address antibiotic 
resistance in CRE with limited resources. Dose-optimization by using 
pharmacokinetic/pharmacodynamic (PK/PD) application is a supplemental strategy 
for ASPs which still need further evidence to support recommendations [8, 9]. The 
strategy is used for an individual patient. There are two approaches to optimizing 
antibiotic agents, including optimizing antibiotic options and optimizing antibiotic 
dosing. The benefit of the strategy is to reduce inappropriate antibiotic use and 
provide minimum resistance as well as maximum the success of clinical treatment in 
clinical routine practice [10]. Furthermore, pharmacists are one of the key persons to 
drive the success of interventions by providing antibiotic information to infectious 
disease physicians [8, 9].  

 

2.3 Optimizing antibiotic options for the treatment of CRE 

      2.3.1 Overview of optimal antibiotic options 
    Effective antibiotic options for the treatment of CRE have been limited. As 

previous mentions, CRE seem to be difficult to treat because of multi-drug resistance 
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and higher carbapenem MICs. The antibiotics for the treated CRE are divided into 
new antibiotic groups and classic antibiotic groups [11]. In the new antibiotic group, 
most antibiotics are developed to combat KPC-producing Enterobacterales, whereas 
NDM- or OXA-48 producing Enterobacterales are fewer. Only two antibiotics 
(aztreonam and ceftazidime/avibactam) have the activity against NDM-producing 
Enterobacterales. In the classic antibiotic group, the last-resorted antibiotics (e.g. 
carbapenem, tigecycline, colistin, aminoglycosides and fosfomycin) preserved for 
multi-drug resistance have a role in the treatment  [12].  

2.3.2 Monotherapy vs combination therapy  
     Currently, several studies showed that combination therapy is more 
effective than monotherapy in clinical studies. In 2014, Falagas ME et al conducted a 
systematic review to assess the effectiveness of the antibiotic agents for treating 
patients; the results displayed that monotherapy had higher mortality and more 
treatment failure than combination therapy (0-80% for mortality in monotherapy and 
0-67% for mortality in combination therapy; 40% for treatment failure in 
monotherapy and 16.7% for treatment failure in combination therapy, respectively) 
[25]. In 2017, Karaiskos I et al reviewed any current evidence of the treatment of XDR 
gram-negative bacteria from 1970 to 2017 (n = 2,972). The results showed that 
combination therapy and monotherapy had lower mortality rates than inappropriate 
therapy (33.7%, 42.3%, and 57%, respectively) [26]. In 2019, Schmid A et al 
conducted a systematic review and meta-analysis to compare monotherapy and 
combination therapy. In subgroup analysis of bloodstream infection (BSI) patients 
infected carbapenemase-producing Enterobacterales revealed lower mortality in 
combination therapy than monotherapy (Relative Risk (RR) = 0.61, 95% CI 0.45–0.85; 
p= 0.03; I2 = 21%, p-value = 0.026) [27]. Overall, combination therapy may be a 
potential strategy to overcome CRE infections in the antibiotic resistance era. 

2.3.3. The antibiotic combination therapy for the CRE treatment 

2.3.3.1 In vitro study 
                          Before being applied combination therapy in the clinical study, in 
vitro synergistic activity against CRE is firstly evaluated. Generally, antibiotic-based 
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regimens from in vitro studies used to combat CRE are diverse depending on the 
definition of each study as follows: a) aminoglycoside-based regimens b) 
carbapenem-based regimens c) colistin-based regimens d) fosfomycin-based regimens 
and                         e) tigecycline-based regimens Interesting, CRE isolates producing 
KPC were predominant revealed in vitro studies, whereas NDM or OXA-48 did not. 
Table 1 showed in vitro studies of each antibiotic-based regimen in CRE isolates. 
       Overall, the synergistic effect varied in these studies because of 
heterogeneity in methodologies and differences in carbapenemase types. Thus, it is 
difficult to conclude which antibiotic-based combination regimens should be used as 
the optimal antibiotic option against CRE. 
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2.3.3.2 Clinical study 

     2.2.3.2.1 Antibiotic combination regimens  
 Similar to in vitro study, three antibiotic-based regimens 

are often used in routine practice, including carbapenem-based regimens, 
aminoglycoside-based regimens, colistin-based regimens and tigecycline-based 
regimens. 

  a) Carbapenem-based regimens 
                  Two potential strategies for the treatment of CRE 

infections consist of dual carbapenems therapy (DCT) and high-dose prolonged 
infusion of carbapenem combination regimens [41]. For DCT, the common regimens 
are the combination of ertapenem 1 g every 24 h with an infusion time of 30-60 
minutes before a prolonged infusion (3 hours) of high-dose meropenem (2 g every 8 
hours) [26, 41]. The synergy mechanism is that ertapenem had a high affinity to 
carbapenemase; thus, other carbapenems with high concentration are easy to 
hydrolyze carbapenemase [42]. Referring to the reviewed study of Sheu et al, 
patients receiving DCT had a greater clinical cure rate and lower mortality rate than 
patients receiving non-DCT. However, DCT had the synergistic activity against KPC- or 
OXA-48 producing Enterobacterales but no synergistic activity against MBL-types [41].  

    For high-dose prolonged-infusion of carbapenems (2 g 
every 8 hours with an infusion time of 3 hours), current evidence provided that 
carbapenem-based regimens had lower mortality than carbapenem-sparing regimens 
(29.5% and 34.6%, respectively) [26]. Referring to the reviewed study of Rodriguez-
Bano J et al, MICs of meropenem and imipenem are related to clinical cure rates. 
High rates of clinical cure were observed at meropenem MICs ≤ 4 µg/mL (69%) 
compared with meropenem MICs ≤ 8 µg/mL (29%) [11]. Thus, the carbapenem-based 
regimens with high-dose prolonged-infusion have benefited when meropenem MICs 
may not exceed 8 µg/mL (MICs ≤ 8 µg/mL) [26]. 

  b) Aminoglycoside-based regimens 
                  Aminoglycosides have a role as adjunctive antibiotics 

for the combination therapy. The synergistic mechanism is that aminoglycosides 
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affect protein synthesis. When inhibition of protein synthesis occurs, the expression 

of β-lactamase enzymes (e.g. KPC or NDM) may decrease. Additionally, 
aminoglycosides also interfere with the permeabilizing of the outer membrane of the 
pathogens affecting an increase in the penetration of carbapenems at the target site 
[43].  

c) Colistin-based regimens 
                 The regimens are effective to treat multi-drug 

resistant strains and are preferably combined with other regimens such as 
carbapenem, tigecycline, aminoglycosides, and fosfomycin [41, 45]. The synergistic 
mechanisms are that colistin may disrupt the cell membrane of the pathogens which 
may allow to increase in the penetration of other antibiotics as well as may disrupt 
the target sites of antimicrobial resistance mechanisms (e.g. efflux pumps). A 
systematic review and meta-analysis included observational studies and randomized 
controlled trials (RCTs) showed that the colistin alone are significantly higher 
mortality than colistin combination regimens (OR = 1.58; 95% CI 1.03-2.42 for colistin-
carbapenem regimen, OR = 1.57; 95% CI 1.06-2.32 for colistin-tigecycline regimen, 
colistin-aminoglycoside regimen or colistin-fosfomycin regimen). In a subgroup 
analysis of K. pneumonia with BSI, colistin alone is significantly higher mortality than 
colistin-tigecycline regimen or colistin-aminoglycoside regimen (OR = 2.09; 95% CI 
1.21-3.60) [46]. However, higher doses of colistin (more than 200 mg/day) which are 
necessary for the treatment CRE infections are associated with nephrotoxicity. Thus, 
patients treated with colistin should be concerned with nephrotoxicity, particularly 
colistin-aminoglycoside regimen [11, 24, 45]. 

d) Tigecycline-containing regimens 
             Tigecycline can be combined with carbapenem, 

aminoglycosides, or colistin. In 2014, Falagas ME et al reported that tigecycline-
gentamicin had lower 28/30-day mortality than other regimens (0-50% for tigecycline-
gentamicin, 0-64% for colistin- tigecycline, 0-67% for colistin-carbapenem and 4 0 -
61%  for colistin-gentamicin) [13]. In 2016 Ni W et al conducted a systematic review 
and meta-analysis of tigecycline-containing regimens which included controlled trials 
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or cohort studies. The results showed that monotherapy had higher 30-day mortality 
than monotherapy (OR = 1.83; 95% CI 1.07- 3.12; P = 0.03). Additionally, standard 
dose tigecycline had differed significantly in mortality at ICU from high-dose 
tigecycline regimens (loading dose 200 mg, maintenance dose 100 mg every 12 
hours) (OR, 12.48; 95% CI, 2.06–75.43; P = 0.006) [47]. As the result, tigecycline-based 
regimens with high-dose tigecycline seem to be a suitable agent for high-risk patients. 
The benefit of the regimen is non-nephrotoxic [41].  

 

2.2.3.2.2 Monotherapy vs Combination therapy  
             Gutierrez-Gutierrez B, et al. conducted an INCREMENT 

study in 2017, The research study was a large retrospective cohort study. The results 
showed that overall mortality was not different between patients receiving 
appropriate combination therapy (35%; n = 47 of 135) and appropriate monotherapy 
(41%; n = 85 of 208) (HR 0.76, 95% CI 0.53–1.08, P = 0.12; adjusted HR 1.63, 95% CI 
0.67–3.91, P = 0.28) for treatment patients with BSIs. In subgroup analysis, 
combination therapy (24%; n = 17 of 72) and monotherapy (20%; n = 21 of 105) 
were not different in mortality in low-risk patients (HR 1.18, 95% CI 0.62–2.23, P = 
0.61; adjusted HR 1.21, 95% CI 0.56–2.56, P = 0.62). Nevertheless, combination 
therapy (48%; n = 30 of 63) had significantly lower mortality than monotherapy (62%; 
n = 64 of 103) (HR 0.60, 95% CI 0.39–0.93, P = 0.02; adjusted HR 0.56, 95% CI 0.34–
0.91, P = 0.02) in high-risk patients. Furthermore, difference of combination regimens 
was analyzed and compared with colistin monotherapy. The results showed that 
combination regimens included aminoglycosides, tigecycline, colistin and 
carbapenem had lower 30-day mortality than colistin monotherapy (adjusted HR = 
0.42, 95% CI 0.20–0.88 for aminoglycoside included regimen, adjusted HR = 0.45, 95% 
CI 0.23–0.86 for tigecycline included regimen, adjusted HR = 0.47, 95% CI 0.24–0.92 
for colistin included regimen and adjusted HR = 0.56, 95% CI 0.26–1.23 for 
carbapenem included regimen, respectively) [44]. 
    In Thailand, clinical outcomes are not clear because of 
fewer studies and no specific combination regimens. In 2016, Thamlikitkul V and 
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Popum S. conducted a clinical study to monitor the effectiveness and safety of 
colistin regimens for the treatment of any infections caused by gram-negative 
bacteria at Siriraj hospital from 2005 to 2016. Approximately, one-quarter of patients 
(22.45%; n = 31 of 138) infected Entetobacterales. For the treatment regimens, 
colistin combined with carbapenem is the most concomitant antibiotic regimen 
(50%). The clinical outcomes at the end of treatment found that the colistin-
combination regimens are favorable outcomes (71.7%), non-favorable outcomes 
(5.1%), and death (23.2%). Additionally, overall 30-day mortality is 39.9% [48]. Similar 
to the study of Prawang A et al, they conducted a retrospective cohort study during 
2016-2018. Patients are bacteremia with non-carbapenem-resistant Klebsiella 
pneumoniae (non-CRKP), carbapenem-resistant Klebsiella pneumoniae (CRKP) and 
colistin-resistant Klebsiella pneumoniae (CoRKP). The result showed that antibiotic 
combination therapy is favorable for 14-day survival rates outcomes. Most 
combination regimens included colistin-based regimens and aminoglycoside-based 
regimens [49].  
 As mentioned above, it should be emphasized that 
combination therapy has more effectiveness than monotherapy for the CRE 
treatment, especially in critically ill patients (high-risk mortality), whereas 
monotherapy may be an alternative option for the CRE treatment in non-critically ill 
patients (low-risk mortality). However, there is not concluded in the clinical study 
which effective antibiotic options for the CRE treatment in combination therapy are. 
Further studies are needed to investigate.   
 

2.4 Optimizing antibiotic dosing for the treatment of CRE 

2.4.1 Overview of Optimal Antibiotic Dosing 
  Optimal antibiotic dosing is a key consideration after selecting appropriate 

antibiotic choices for the CRE treatment because of being relevant to clinical 
outcomes [10]. Inappropriate antibiotic dosing causes suboptimal conditions or 
toxicity, followed by the emergence of antibiotic resistance and followed by poorer 
clinical outcomes. Mathematics and statistics are useful to design the optimal 
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antibiotic regimens in uncertain situations, such as critically ill, severe sepsis, or septic 
shock [10]. The treatment in the situation may be difficult to predict the clinical 
outcomes because of pathophysiological changes in the patients and alterations of 
pharmacokinetic parameters, affecting to change the properties of antibiotics to 
partition into water or fat (hydrophilic or lipophilic) [50, 51]. The results of change 
have impacted on bacterial susceptibility and treatment outcomes [52]. 

MICs are a key success for antibiotic dosing. They are associated with the 
relationship between antibiotic options for the CRE treatment and clinical outcomes. 
A measurement of MICs is performed by several methods such as an automated 
system, broth microdilution (BMD), and gradient method (E-test method). The Clinical 
& Laboratory Standards Institute (CLSI) or European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) guidelines are mostly used to interpret (Table 2) [53-
55].  
Table 2 Susceptibility breakpoints guidelines of antibiotics  

Guidelines [56, 57] EUCAST CLSI 
Antibiotics  S R S I R 

MER  ≤ 2 > 8 ≤ 1 2 ≥ 4 

IMP ≤ 2 > 4 ≤ 1 2 ≥ 4 
AMI ≤ 8 > 16 ≤ 16 32 ≥ 64 

GEN  ≤ 2 > 4 ≤ 4 8 ≥ 16 
TGC ≤ 0.5 > 0.5  - - - 

COL ≤ 2 > 2  - - - 

FOS  ≤ 32 > 32 ≤ 64* 128* ≥ 256* 
AZT ≤ 2 > 4 ≤ 4 8 ≥ 16 

CZA ≤ 8/4 > 8/4 ≤ 8/4 - ≥ 16/4 
Abbreviations: CLSI, Clinical & Laboratory Standards Institute; EUCAST, European 
Committee on Antimicrobial Susceptibility Testing; MER, meropenem; IMP, imipenem; 
AMI, amikacin; GEN, gentamicin; COL, colistin; TGC, tigecycline; FOS, Fosfomycin; AZT, 
aztreonam, CZA, ceftazidime/avibactam; S, susceptible; I, Intermediate; R, resistant 
* Fosfomycin is used for treating UTIs. 
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Application of PK/PD by using Monte Carlo simulation is required to 
determine the optimal antibiotic dosing achieved in PK/PD target among critically ill 
patients as well as to predict the probability of clinical success of treatment. Three 
parts of interactions, including appropriate antibiotics consisting of antibiotic regimens 
and PK/PD index and target, the patients consisting of pharmacokinetic parameters, 
and bacteria consisting of MICs, are needed to simulate [10]. Achievement in a 
Probability of target attainment (PTA) or a cumulative fraction of response (CFR) 
values ≥ 90% represent the optimal antibiotic dosing regimens. 

 

2.4.2 Pharmacokinetics/pharmacodynamics of antibiotics 
    Focusing on classic antibiotic groups, the PK parameters and PK/PD 

index/target of the antibiotic options are as follows:  
 

2.4.2.1 Carbapenems (meropenem, imipenem) 

2.4.2.1.1 PK/PD of carbapenems 
                   Carbapenems are one of the beta-lactam groups. The 

mechanism of action is to bind to penicillin-binding proteins (PBPs) which prevent 
completing transpeptidation (cross-linking) of peptidoglycan strands, preventing the 
bacterial cell wall synthesis [58].  

                    The pharmacokinetics of meropenem include 2% of 
protein binding, 0.18-0.30 (L/Kg) of volume of distribution, 1 hour of half-life, and 
70% of excretion unchanged by renal [58, 59]. 

                     The pharmacokinetics of imipenem include 20% of 
protein binding, 0.20-0.23 (L/Kg) of volume of distribution, 1 hour of half-life, and 60-
70 (with cilastatin) of excretion unchanged by renal [58, 60] 

                    The optimal PK/PD index of carbapenem is T>MIC [61]. 
The recommendation of the PK/PD target for carbapenems in critically ill patients is              
100% f T>MIC. In critically ill patients, the beta-lactam target is 100% f T>MIC which 
is the minimum to achieve clinical efficacy in ICU [62]. 



  18 

2.4.2.1.2 Carbapenems with Monte Carlo simulation 
                           In 2013, Jaruratanasirikul S et al conducted Thai 

population pharmacokinetics and assess the probability of target attainment (PTA) for 
imipenem in VAP patients. PK/PD index and target of the study are 20% fT>MIC and 
40% fT>MIC. The study found that all imipenem regimens (0.5 g q 6 hours infusion 30 
minutes, 0.5 g q 6 hours infusion 2 hours, and 1 g q 6 hours infusion 2 hours) 
achieved in the target (PTA ≥ 90%) at MICs ≤ 2 µg/mL. For pathogens with MICs of 4 
µg/mL, the PTA of 40% fT>MIC following administration of 1 g every 6 hours (infusion 
2 hours) was 98.75%. None of any regimens achieved the target at MICs ≥ 8 µg/mL 
[63]. 

 In 2015, Jaruratanasirikul S et al conducted Thai 
population pharmacokinetics and assess the probability of target attainment (PTA) for 
meropenem in critically ill patients. PK/PD index and target of the study are 40% 
fT>MIC and 80% fT>MIC. For pathogens with MICs of 2 and 4 g/ml, the PTA of 80% 
fT>MIC following administration of 2 g every 8 hours (infusion 4 hours) were 94.72% 
and 84.32%, respectively [64]. Similar to the study of Thunyapituk N et al in 2019, 
PK/PD target and index are 40% fT>MIC, 75% fT>MIC, and 100% fT>MIC. The study 
found that all meropenem regimens achieved the target (PTA ≥ 90%) at MICs ≤ 4 
µg/mL. The continuous infusion regimens - 1 g every 6 hours (continuous infusion), 1 
g every 8 hours (continuous infusion) and 2 g q 8 hours (continuous infusion) 
achieved in the target (PTA ≥ 90%) at MICs ≤ 8 µg/mL [65].  

Overall, previous results found that prolonged infusion and 
continuous infusion have a benefit for the CRE treatment, particularly higher MICs.  

 

2.4.2.2 Aminoglycosides (amikacin, gentamicin) 

2.4.2.2.1 PK/PD of aminoglycosides 
                           Aminoglycosides have a role in the CRE treatment as 

adjunctive agents [11]. Mechanisms of action of aminoglycosides are inhibition of 
ribosomal translocation where the peptidyl-tRNA moves from the A-site to the P-site; 
they can also disrupt the integrity of bacterial cell membrane [58].  
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                          The pharmacokinetics of aminoglycosides includes 0-30% of 
protein binding, < 0.3 (L/Kg) of volume of distribution, 2-3 hour of half-life, and 94-
98% of excretion unchanged by renal [58, 66, 67] 

                         PK/PD index and target for amikacin are fCmax:MIC at least 
8 – 10. The usual dose recommendations of aminoglycosides consist of 5 to 7 
mg/kg/day for gentamicin and 15 to 20 mg/kg/day for amikacin [11], whereas the 
alternative dose recommendations for the CRE treatment are 10 to 15 mg/kg/day for 
gentamicin and 25 to 30 mg/kg/day for amikacin [11, 68].  

2.4.2.2.2 Aminoglycosides with Monte Carlo simulation 
           In 2008, Rea R.S., et al showed conducted a population 
pharmacokinetic study and pharmacokinetic simulation. One hundred two patients     
(n = 102) (body weight 81.4 ± 30.3 kg and creatinine clearance (CrCL) 2.2 ± 1.9 
mg/dL) included to develop pharmacokinetic model and use the final model for 
simulation. At Cmax/MIC ≥ 10, aminoglycoside dosage regimens ranged from 5 to 30 
mg/kg, 15-30 mg/kg and 30 mg/kg achieved the PTA target (> 90%) at MICs of 0.5, 1 
and 2 µg/mL, respectively [45].                            
  In 2016, Roger et al evaluated whether high amikacin and 
high gentamicin doses were achieved in the targets for ICU patients with severe 
sepsis (30 mg/kg amikacin or 8 mg/kg gentamicin). The targeted concentrations for 
amikacin were peak ≥60 µg/mL and trough 2.5 µg/mL, whereas for gentamicin were 
peak ≥ 30 µg/mL and trough 0.5 µg/mL; the target PK/PD ratio was 10×MIC. Severe 
sepsis patients (n = 63) had median (IQR) SOFA at the initiation of aminoglycoside 
therapy were 7 (4–10). The results at the first dose showed that 36 of 47 patients 
(77%) achieved the target (peak concentrations ≥ 60 µg/mL) of amikacin when 
received more than 30 mg/kg of amikacin, whereas one of 16 patients (6%) achieved 
in the target (peak concentrations ≥ 30 µg/mL) received more than 8 mg/kg of 
amikacin. At the target PK/PD ratio, 59 of 63 patients (94%) achieved the target. As a 
result, the recommended doses of amikacin and gentamicin for severe sepsis 
patients were 30 mg/kg and 8 mg/kg, respectively.  
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 In 2017, Kato H et al conducted pharmacokinetics and 
pharmacodynamics for an optimal initial dosing regimen. The results recommended 
that the initial total daily dose of amikacin required to achieve Cmax/MIC ≥ 8 µg/mL 
was 15 mg/kg daily, and also recommended 15 mg/kg/day as the maintenance 
dosage for amikacin MICs ≤ 4 µg/mL. For amikacin MICs ≥ 8 µg/mL, amikacin 
monotherapy regimens should not be considered [69]. 
 

2.4.2.3 Tigecycline 

2.4.2.3.1 PK/PD of aminoglycosides 
         Tigecycline is a semisynthetic glycylglycine derivative. A 

mechanism of action is bacterial protein synthesis inhibition by binding to the 30S 
ribosomal subunit. Compared with tetracyclines, they exhibit bacteriostatic activity, 
but tigecycline has five times higher binding than tetracyclines. [11, 24, 45].  

                           The pharmacokinetics of tigecycline include 71-89% of 
protein binding and 7-9 (L/Kg) of volume of distribution. The half-life of multiple 
doses is approximately 37 to 67 hours [70]. The tigecycline elimination included two 
routes; the major route is feces (containing 58.6 ± 4.5% ~ 59% of the dose) by 
biliary/fecal excretion and another route is urines (containing 33.2 ± 1.9% ~ 33% of 
the dose) by unchanged tigecycline [71, 72].  

                           The optimal PK/PD index of colistin is AUC/MIC [61]. PK/PD 
index and target for tigecycline are fAUC0-24/MIC ≥ 0.9 [73]. 

2.4.2.3.2 Tigecycline with Monte Carlo simulation 
          In 2017, Xie J, et al assessed PTA and CFR of tigecycline 
for CRE from their population PK/PD study which included 10 critically ill patients (n 
=10; APACHE II score at admission 20 (13–22)). Three PK/PD indices and targets were 
used in the PK/PD study as follows: AUC0–24/MIC = 4.5 for HAP, AUC0–24/MIC = 6.96 for 
cIAI, and AUC0–24/MIC = 17.9 for cSSSI. The tigecycline dosing regimens were 1) 100 
mg loading dose followed by 50 mg maintenance dose every 12 hours, 2) 200 mg 
loading dose followed by 100 mg maintenance dose every 12 hours, 3) 300 mg 
loading dose followed by 50 mg maintenance dose every 12 hours and 4) 400 mg 
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loading dose followed by 200 mg maintenance dose every 12 hours. The PTA was 
simulated on day 5th (120-144 hours). The PTA results showed at AUC0–24/MIC = 4.5 
and 6.96, all dosing regimens in normal weight achieved PTA of 90% at MICs of ≤ 4 
µg/mL, whereas AUC0–24/MIC = 17.9, all dosing regimens in normal weight achieved 
PTA of 90% at MICs of ≤ 1 µg/mL. Furthermore, the PTA of obese patients was lower 
than normal-weight patients. High dose tigecycline (200 mg q 12 hours) met achieved 
PTA of 90% for AUC0–24/MIC = 4.5 and 6.96 at MICs of ≤ 4 µg/mL and AUC0–24/MIC = 
17.9 at MICs of ≤ 2 µg/mL, respectively. For CFR, tigecycline dosing regimens ranged 
of 100-200 mg q 12 hours met CFR of 90% at AUC0–24/MIC = 4.5, 6.96 and 17.9 for 
Klebsiella pneumoniae and Escherichia coli [74]. 
                                       In 2018, Ni w et al simulated PK/PD of tigecycline to 
evaluate PTA in CRKP-HAP. The PK/PD index and target was fAUC0-24h/MIC ≥ 0.9. Only 
tigecycline maintenance dosing regimens are used to simulate as follows: 1) 50 mg 
every 12 hours 2) 75 mg every 12 hours and 3) 100 mg every 12 hours. One-hundred 
sixty-four (n = 164) CRKP isolates were included in the study. Their carbapenemase 
types consisted of KPC (n = 145 of 164; 88.4%), NDM (n = 13 of 164; 7.95%), IMP (n = 
4 of 164; 2.4%) and OXA-48-like (0%). Furthermore, MIC50 and MIC90 for KPC-
producing isolates were 1 µg/mL and 2 µg/mL, whereas MIC50 and MIC90 for non-KPC-
producing isolates were 1 µg/mL and 1 µg/mL. The PK/PD results found all 
tigecycline dosing regimens reached a PTA of 90% at MICs ≤ 0.5 µg/mL. Only 75 mg 
and 100 mg twice daily reached PTA of 90% at MICs ≤ 1 µg/mL (MIC50), whereas none 
of the tigecycline dosing regimens reached PTA of 90% at MICs ≤ 2 µg/mL (MIC90). For 
CFR, only tigecycline 100 mg q 12 hours met CFR of 90% for CP-KP [75].  
 

2.4.2.4 Colistin 

  2.4.2.4.1 PK/PD of colistin 
                             Colistin or polymyxin E is one of the groups of polymyxin 

antibiotics. The prodrug of colistin is colistimethate (CMS). A mechanism of action is 
to disrupt cell membrane permeability (by charge alteration).  
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                             The pharmacokinetics of colistin includes 59-74% of 
protein binding in critically ill patients, 12.4 L of volume of distribution, and 3 hour of 
half-life. The optimal PK/PD index of colistin is AUC/MIC [61]. At steady state, the 
recommendation of the PK/PD target for colistin is an area under the plasma 
concentration-time curve across 24 hours (AUCss,24 hr) of ~50 mg hour/L which equals 
a target average steady-state plasma concentration (Css,avg) of ~2 µg/mL for total drug 
[76].  

 2.4.2.4.2 Colistin with Monte Carlo simulation 
                            In 2019, Jitaree et al conducted a study to describe the 

optimal dosage regimen of colistin for the treatment of CRE in critically ill patients. 
The PK/PD targets were fAUC/MIC ≥ 25. Additionally, they determined the dose 
ranges based on creatinine clearance (CrCL ≥80, 51 to 79, 30 to 50, 11 to 29, and ≤10 
mL/min). At a MIC of 0.5 µg/mL, the recommended dose of colistin included 150 mg 
every 12 hours, 114 mg every 12 hours, 150 mg every 24 hours, 60 mg every 24 
hours for CrCL ≥80, 51 to 79, 30 to 50, and ≤ 11 mL/min, respectively. At a MIC of 2 
µg/mL, the recommended dose of colistin included 180 mg every 8 hours, 150 mg 
every 12 hours, and 120 mg every 24 hours for CrCL 51 to 79, 29 to 50, and ≤ 10 
mL/min, respectively. At a MIC of 8 µg/mL, the recommended dose of colistin 
included 150 mg every 8 hours and 180 mg every 12 hours for CrCL 11 to 29 and ≤ 
10 mL/min, respectively. At MIC 16 µg/mL, the recommended dose of colistin 
included 180 mg every 8 hours for CrCL ≤ 10 mL/min. At a MIC of ≥ 32 µg/mL, all 
regimens were not recommended [77]. 

 

2.4.2.5 Fosfomycin 

  2.4.2.5.1 PK/PD of fosfomycin 
                           Fosfomycin is a bactericidal antibiotic agent. The 

mechanism of action is cell wall inhibition which interferes with the formation of the 
peptidoglycan precursor UDP N-acetylmuramic acid. 
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                           The pharmacokinetics of fosfomycin includes very low 
protein binding, 2.73 ± 0.41 (L/Kg) of volume of distribution, 1.54 ± 0.40 hour of the 
half-life, and 93 - 99% of excretion unchanged by renal [78].   

                           The optimal PK/PD index of fosfomycin is unclear 
depending on the microorganism. AUC/MIC is appropriate for Pseudomonas  
aeruginosa, E. coli and Proteus spp., whereas T > MIC is appropriate for 
Staphylococcus aureus and Enterococcus spp. [79].   

 2.4.2.5.2 Fosfomycin with Monte carlo simulation 
                            In 2016, Albiero J et al published evidence that compared 

combination therapy (fosfomycin-carbapenem) with monotherapy. At MIC50 and MIC90 
of fosfomycin equal to 64 and 512 µg/mL, respectively. Only fosfomycin regimens of 
4 g every 8 hours (12 g/day), 6 g every 6 hours (24 g/day), and 8 g every 8 hours (24 
g/day) as a 0.5 and 3- hours infusion achieved the PTA target at MICs ≤ 64 of µg/mL 
[80].  In 2019, Rodríguez-Gascón et al showed 24 g/d (every 6-8 hours) achieved the 
≥90% PTA target at MICs ≤ 16 µg/mL [81]. In 2020, Leelawattanachai P et al 
simulated fosfomycin dosing regimens with NDM-positive isolates. The PK/PD target 
and index were fAUC0-24 = 21.5. The results showed 24 g/day (8 g infusion 1 h every 8 
hours) in patients with CrCL ≥ 50 mL/min) met the ≥90% PTA target at MICs ≤ 128 
µg/mL. Furthermore, infusion times between 1 hour and 4 hours were not different 
in the PTA [82].  

 

                2.4.2.6 Ceftazidime/avibactam 

  2.4.2.6.1 PK/PD of ceftazidime/avibactam 
 Ceftazidime-avibactam is one of the ß-lactam and ß-

lactamase inhibitors (BLBIs) combined with ceftazidime (a broad-spectrum 
cephalosporin) and avibactam (a novel ß-lactamase inhibitor). Avibactam has 
activities against KPC and some OXA-producing isolates, but it has no activity against 
MBL-producing isolates [83]. 

The pharmacokinetics of ceftazidime included low 
volume distributions at a steady-state (14.3 L; range 10.8-17.1), 10% of protein 
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binding, 1.76-1.98 hours of the half-life, and 80-90% of excretion in the urine, 
whereas the pharmacokinetics of avibactam included low oral bioavailability (7%), 
low volume distributions at steady state (15-25 L), low protein binding (5.7-8.2%), 
1.49-1.59 hours of the half-life and 97% of excretion in the urine as unchanged form.  
Ceftazidime-avibactam is administrated by parenteral due to low oral bioavailability. 
The recommended dosing regimens were 2.5 h infusion 2-3 hours every 8 hours. 
Nonetheless, it is eliminated by renal clearance; dose adjustment is required in 
patients with CrCL ≤ 50 ml/min.  

 The targeted PK/PD indices and targets were           
100%fT > MIC for ceftazidime (CAZ) and fCtrough exceeding 1 µg/mL for 100% of the 
dosing interval (100%fT> 1 µg/mL) [84].     

2.4.2.6.2 Ceftazidime-avibactam with Monte Carlo simulation 
       In 2018, Stein GE et al determined PTA from Monte Carlo 

simulations. The 2.5 g infusion 2 h every 8 hours of CZA dosing regimens achieved 
PTA (>90%) at MICs ≤ 16 µg/mL in patients with CrCL 51–130 mL/min and 131-190 
mL/min. Nonetheless, the 1.25 g infusion 2 h every 8 hours of CZA dosing regimens 
achieved PTA (>90%) at MICs ≤ 16 µg/mL in patients with CrCL 31–50 mL/min [84]. 

  

2.5 Risk factors for mortality in patients with the CRE infections 
      There were mortality-associated risk factors in patients infected with CRE such as 
BSI, type of antibiotic regimens, Charlson Comorbidity Index (CCI), or severity of 
infection (Table 3). Understanding risk factors for mortality in patients with CRE 
infection could be beneficial in planning either the treatment or preventable factors 
for a death decrease in the high-risk patients  
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CHAPTER III 
Research methodology 

 

3.1 Conceptual framework 
 

 
 

Figure 1 Conceptual framework 
 

3.2 Research design 
Experimental studies and quasi-experimental studies were approached in the 

study. Experimental studies are investigated in the laboratory setting and using a 
computer for simulation; they contain two sub-study designs, including in vitro study 
and PK/PD study. Additionally, a quasi-experimental study with an intervention group 
(prospective phase) and a control group (retrospective phase) was designed to 
evaluate treatment outcomes of optimal combination regimens.  
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3.3 Population and sample sizes 

3.3.1 Experimental study 

3.3.1.1 In vitro study 
3.3.1.1.1 Population 

                           Any CRE clinical isolates are obtained from 17 hospitals              
(n = 17). The majority of CRE clinical isolates are collected from two settings, 
including Phramongkutklao hospital and the bacterial culture bank of the 
department of medical sciences in health region V (which was obtained from 16 
western hospitals in health region V, Thailand). Lists of hospitals stratified by hospital 
levels are shown in Table 4. 

 

Table 4 Lists of hospitals stratified by hospital levels 

No. Hospital levels No Hospital name 

1 
Super-tertiary hospital 
(University hospitals):  
1 hospital 

1.1 Phramongkutklao hospital 

2 
Advance-level Hospital (A):  
3 hospitals 

2.1 Nakhon Pathom hospital 

2.2 Ratchaburi hospital 

2.3 Samut Sakhon hospital 

3 
Standard-level Hospital (S):  
8 hospitals 

3.1 BanPong hospital 

3.2 Banphaeo general hospital 

3.3 Chaophrayayommarat hospital 

3.4 Huahin hospital 

3.5 Phanhon Phon Phayuha Sena hospital 

3.6 Phra Chomklao Phetchaburi hospital 

3.7 Prachuap Khiri Khan hospital 
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Table 4 Lists of hospitals stratified by hospital levels 

No. Hospital levels No Hospital name 

3.8 Somdetphraphutthaloetla hospital 

4 
Middle-level Hospital (M1): 
5 hospitals 

4.1 Damnoen Saduak hospital 

4.2 Krathumbaen hospital 

4.3 Makarak hospital 

4.4 Photharam hospital 

4.5 Somdet Phra Sangkharat 17th Hospital 

 
3.3.1.1.2 Samples  

   1) Eligible criteria 

1.1) CRE clinical isolates are obtained from the bacterial 
culture bank of the department of medical sciences in health region V from 1/7/2019 
to 31/10/2020. 

1.2) CRE clinical isolates from Phramongkutklao hospital 
are obtained from the sterile sites and non-sterile sites with clinical symptoms 
followed by CDC/NHSN Surveillance Definitions for Specific Types of Infections from 
1/1/2018 to 30/4/2020 [90]. 

 
3.3.1.1.3 Sample size calculations  

                         The estimation of the sample size is determined by the 
single population proportion formula. If the proportion is larger than 5%, the finite 
population correction formula is used to calculate the sample size as follows: 

 

n' = 
NZ2 P (1-P)

d2(N-1) + Z2 P (1-P) 
 

 
where  n’ = Sample size with finite population correction 
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           N = Population size 
Z = Z statistic a level of confidence 

           P = Prevalence proportion (one proportion) 
           d = Precision proportion 

 
However, when the prevalence is below 10% (the 

proportion (P) = 0.1), Naing et al suggested that the precision (d) should be half of P 
because the assumption of sample size determination is a normal approximation. 
Checking assumption, n’P and n’(1-P) must be greater than 5 [91].  

Calculation of sample sizes, a level of confidence were 
95% CI (Z = 1.96; two-tailed alpha = 0.0250, type I error would be 5%), P = the 
prevalence of CRE from previous study at Rajavithi Hospital in 2015 (P = 5.8% = 
0.058),                           n/N = 411/7,039 [92],  d = a half of P (d = 0.029) are 
calculated with the formula as follows: 

     n' = 
7,039 X1.962 X 0.058 X (1-0.058)

0.0292(7,039-1) + 1.962 0.058 X (1-0.058)
 

           

 n’ = 241.06 ~242 
 
The expected total CRE isolates should be at least 242 

isolates (n’ ~ 242). Accept assumption for normal approximation because n’P and 
n’(1-P) are greater than 5 (n’P = 13.98 and n’(1-P) = 13.17). 

Nonetheless, the total CRE clinical isolates in a real-world 
situation were obtained only 199 isolates. All CRE clinical isolates (n = 49) from 
Phramongkutklao hospital were collected, whereas 150 CRE clinical isolates from the 
bacterial culture bank of the department of medical sciences in health region V 
would be sampled. Calculation of a level of confidence were 92.32% CI (Z = 1.77; 
two-tailed alpha = 0.0384). Accept assumption for normal approximation because 
n’P and n’(1-P) are greater than 5 (n’P = 11.48 and n’(1-P) = 10.81). Thus, type I error 
would be 7.68%.  
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3.3.1.1.4 Sampling technique 
                         Only CRE clinical isolates from the bacterial culture bank of 

the department of medical sciences in health region V are sampled, whereas all CRE 
clinical isolates from Phramongkutklao hospital were collected due to a few isolates. 
Proportional sampling is a systematic sampling technique that will be divided a 
population into subpopulations in a multicenter study. The number of isolates in 
each hospital (each stratum) will be calculated with the formula [93]: 

 

                ni =
Ni

N
 × n 

 

where ni = The number of CRE isolates of each hospital  
          n = The expected total CRE samples (n = 150) 

          Ni = The total CRE isolates of each hospital  
                from bacterial culture bank  
          N = The total CRE isolates  
                from bacterial culture bank (n = 190) 
 

3.3.1.2 Pharmacokinetics and pharmacodynamic study (PK/PD study) 
   In the case of PK/PD experiments on the computer, the eligible 

criteria of population pharmacokinetic study are selected from a literature review as 
follows:   

   1) The studies are the population pharmacokinetic studies from 
Thai critically ill patients (If none of the studies, the studies from Asian critically ill 
patients and/or the highest number of critically ill patients will be considered, 
respectively). 

2) The studies analyzed the results based on the compartment 
model. 

3) The studies have sufficient pharmacokinetic parameters, 
including  
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                               - Clearance (Cl), volume of distribution of the central 
compartment (Vc) for one-compartment model 

- Clearance (Cl), volume of distribution of the central 
compartment (Vc), intercompartment clearance (Q), and volume of the peripheral 
compartment (Vp) for two-compartment model 

 

3.3.2 Quasi-Experimental study 
     3.3.2.1 Population  

               Any patients have been diagnosed with any diseases caused by 
CRE infection by ID physicians at Phramongkutklao hospital.  

3.3.2.2 Samples 
3.3.2.2.1 Inclusion criteria   

1) Any patients have been diagnosed with any diseases 
caused by CRE infection by ID physicians at Phramongkutklao hospital from 
1/10/2019 to 31/1/2022 

2) Any patients aged ≥ 18 years 
3) Any patients have ≥ 2 of the signs and symptoms of 

SIRS [94]. 

- Fever (temperature > 38 °C) or  
  hypothermia (temperature < 36°C) 
- Tachypnea (heart rate > 90 beats per minute)  
- Respiratory rate > 20 beats per minute  
  or Paco2 < 32 mm Hg (4.3 kPa) 
- White blood cell count > 12,000 cells/mL   
  or White blood cell count < 4,000 cells/mL  

3.3.2.2.2 Exclusion criteria   
1) Patients are breastfeeding or pregnant. 
2) Patients are insufficient or incomplete information on 

the medical electronic record such as patients transferred.    
 



  37 

3.3.2.2 Sample size calculations  
                      The estimation of the sample size is determined by the 
formula [95]. 

n =
[Z α/2 + Zβ]2 X [π1(1-π1)+ π2(1-π2)]

[π1-π2]2  

 
where           n = sample sizes per groups 

   Zα/2, Zβ  = Z statistic a level of confidence 

                 π1 = Proportion of group 1 

         π2 = Proportion of group 2 

 π1-π2 = the difference in proportions 
 
 The samples are divided into two groups – intervention and 

control groups. Calculation of sample sizes per groups, a level of confidence (Zα/2) = 

1.96 at 5% (95% CI), desired power (Zβ) = 0.84 (80%). In 2019, Prawang A et al study 
conducted a clinical study at Pramongkutklao hospital. All-cause 14-day mortality 

rate from the patients infected with CRKP was 40% (π1) [49]. For this study, the goal 
is to reduce the all-cause 14-day mortality to 25%, resulting all-cause 14-day 

mortality rate would be 15% (π2). 
 

n =
[1.96 + 0.84]2 X [0.40 x (1 - 0.40)+ 0.15 x (1 - 0.15)]

[0.40 - 0.15]2  

                                         
                             n = 46.0992 ~ 47 

drop out 10%: n = 4.60992 ~ 5 

   n ~ 47 + 5 = 51 
 
As described above, two groups will be studied, corresponding to a 

total of 102 participants (ntotal/group = 51) 
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3.4 Research procedure 
       This study consisted of three steps based on the study design, including in vitro 
study, PK/PD study, and clinical study.  

3.4.1 In vitro study 

  3.4.1.1 Tools/reagents 
3.4.1.1.1 Tools/reagents for phenotyping testing 

a) General preparations  
-  Disposable gloves 
-  70% Ethanol 

b) For culture medium preparations  
- MacConkey agar (Clinical Diagnostics Ltd., Part, 

Bangkok, Thailand and Oxoid Ltd, Basingstoke, 
Hampshire, England) 

- Blood agar (Clinical Diagnostics Ltd., Part, Bangkok, 
Thailand) 

- Muller Hinton Agar power (Himedia®,  
    Himedia Laboratories Pvt. Ltd., India) 
- Cation-adjusted Mueller Hinton Broth (CAMHB or                 

MHB II) (BBL™ Mueller Hinton II Broth (Cation-
Adjusted), Becton Dickinson and Company, France) 

-  Tryptic Soy Broth powder  
      (Oxoid Ltd, Hampshire, England) 
-  Agar-agar powder (TM media, Titan Biotech Ltd.,  

  New Delhi India and Himedia®,                                        
  Himedia Laboratories  Pvt. Ltd., India) 

-     Sterile distilled water 
-  Laboratory bottle in size of 2 L 
-  Petri disk 

      c) For antibiotic stock solution  
- Meropenem powder 
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- Imipenem/cilastatin powder 
- Amikacin powder 
- Gentamicin powder 
- CMS/Colistin powder 
- Fosfomycin powder 
- G-6-P solution 
- Aztreonam powder 
- Tigecycline powder 
- Sterile water for injection 10 mL 
- Eppendorf 2 mL 
- A syringe of 5 ml with a needle of 18” 
- 0.22-µm membrane filter 

d) For antibiotic susceptibility testing 
- Normal saline powder (Univar ®, Ajax Finechem Pty Ltd, 

Taren Point, Australia 
- Fosfomycin E-test strips  
- Ceftazidime-avibactam E-test strips 
- Lab test tube 
- U-type 96 well cell culture plate 
    (SPL, Gyeonggi-do, Korea) 
- Commercial 96 well plates  
     for an automated system (DKMGN plates) 
-   1 µL inoculation loops 
- Cotton Swab Sterile 
- Forceps  
- Pipets and pipet tips 
- Vortex 

3.4.1.1.2 Tools/reagents for genotyping testing 
a) General preparations  

- Disposable gloves 
- 70% Ethanol 
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b) For DNA extraction  
- Proteinase K Solution  
- RNase A Solution  
- Digestion Solution  
- Lysis Solution  
- Wash Buffer I (concentrated)  
- Wash Buffer II (concentrated)  
- Elution Buffer (10 mM Tris-Cl, pH 9.0, 0.1 mM EDTA)  
- GeneJET Genomic DNA Purification Columns  
- Collection Tubes  
- Microcentrifuge tubes (Eppendorf 2 mL) 
- Dry bath of heating up to 56 °C 
- Vortex 

c) For Polymerase chain reaction (PCR) testing 
- 2X PCR master mix (JumpStartTM REDTaq® ReadyMixTM 

Reaction Mix for PCR, 100 reactions, Sigma-Aldrich®, 
Merck Ltd, Darmstadt, Germany) 

- Carbapenemase primers (100 nmol RxnReady® Oligos, 
RxnReady® Primer Pools, Integrated DNA Technologies, 
Inc., Iowa, USA) 

- Mcr-1 primers (100 nmol RxnReady® Oligos, RxnReady® 
Primer Pools, Integrated DNA Technologies, Inc., Iowa, 
USA) 

- ERIC primers (100 nmol RxnReady® Oligos, RxnReady® 
Primer Pools, Integrated DNA Technologies, Inc., Iowa, 
USA) 

- Microcentrifuge tubes (Eppendorf 2 mL) 
- Microcentrifuge tube for PCR (Eppendorf 0.2 mL) 
- Pipets and pipet tips 
- Vortex 
- PCR thermal cycler 
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d) For gel electrophoresis 
- 1% agarose gel 
- Tris base, acetic acid, and EDTA (TAE solution) 
- 1% Ethidium bromide 
- Loading dye 
- Pipets and pipet tips 
- Electrophoresis equipment 
- UV light 

 

3.4.1.2 Phenotyping testing 

                  3.4.1.2.1 Culture media preparations  
             (1) Cation-adjusted Mueller Hinton Broth (CAMHB) for 
antimicrobial susceptibility testing with broth microdilution method (2X) and 
synergistic testing (4X) with checkerboard method [96]. 

- For broth microdilution method (2X), weight 44 gm of 
the CAMHB powder in a laboratory bottle in size of 2 L 
and add 1 L of distilled water to the container 

- For synergistic testing (4X), weight 88 gm of the CAMHB 
powder in a laboratory bottle in size of 2 L and add 1 L 
of distilled water to the container 

- Agitate the medium (the mixed solution) 
- Boil 1 minute to dissolve the medium completely 
- Autoclave at 121°C, pressure 15 Ibf/in2, 15 minutes  
- Cool to room temperature 
- Store the medium at 2-8 ºC  

(2) Mueller-Hinton Agar (MHA) for antimicrobial susceptibility 
testing with gradient-method [97]. 

- Weight 38 gm of the MHA powder in a laboratory bottle 
in size of 2 L 

- Add 1 L of distilled water to the container 
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- Agitate the medium (the mixed solution) 
- Autoclave at 121°C, pressure 15 Ibf/in2, 15 minutes  
- Cool to 45-50 ºC 
- Gently mix well before pouring into sterile Petri dishes 

      (~ 20 ml) 
- Cool to room temperature 
- Store the MHA plates at 2-8 ºC 

(3) Tryptic soy broth agar (TSA) for bacterial isolation and 
cultivation   

- Weight 24 gm of tryptic soy broth powder in a 
laboratory bottle in size of 2 L 

- Weight 15 gm of agar powder and add it to 
       the Erlenmeyer-flask 
- Add 1 L of distilled water to the container 
-     Agitate the medium (the mixed solution) 
- Autoclave at 121°C, pressure 15 Ibf/in2, 15 minutes  
- Cool to 45-50 ºC 
- Gently mix well before pouring into sterile Petri dishes 

      (~ 20 ml) 
- Cool to room temperature 
- Store the TSA plates at 2-8 ºC 

3.4.1.2.2 Reagent preparations 
3.4.1.2.2.1 0.9% NSS solution 

-  Weight 0.9 g of antibiotic powder in a laboratory    
 bottle in size of 250 mL 

-  Add 100 mL of distilled water to the container 
-  Mix the solution well  
-  Autoclave at 121°C, pressure 15 Ibf/in2,  

 15 minutes  
-  Cool to room temperature 
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-  Store the solution at 2-8 ºC 

                              3.4.1.2.2 Antibiotic solution preparations  
                An antibiotic stock solution is prepared for antibiotic 
susceptibility testing with broth microdilution and synergistic testing with the 
checkboard method. Each antibiotic stock solution is determined the final 
concentration by weight to volume as follows: 
           1) Meropenem stock solution                                      

- A desired working meropenem stock solution 
 = 12,500 µg/mL 

- Weight 0.0625 g of antibiotic powder in a conical 
tube of 15 ml 

- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution  

- Label the desired concentration  
- Seal the Eppendorf using parafilm 

2) Imipenem/cilastatin stock solution                                    
- A desired working Imipenem/cilastatin stock 

solution = 12,500 µg/mL 
- Weight 0.125 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution  
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- Label the desired concentration  
- Seal the Eppendorf using parafilm 

3) Amikacin stock solution                                      
- A desired working amikacin stock solution = 

12,500 µg/mL 
- Weight 0.0625 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution  

- Label the desired concentration  
- Seal the eppendorf using parafilm 

4) Gentamicin stock solution                                      
- A desired working gentamicin stock solution  

= 50,000 µg/mL 
- Weight 0.0625 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution  

- Label the desired concentration  
- Seal the Eppendorf using parafilm 

5) CMS/Colistin stock solutio                                     
- A desired working CMS/colistin stock solution      

= 5,290 µg/mL 
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- Weight 0.1024 g g of antibiotic powder in a conical 
tube of 15 ml 

- Add 10 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution 

- Label the desired concentration  
- Seal the Eppendorf using parafilm 

6) Tigecycline stock solution                                      
- A desired working tigecycline stock solution  

= 12, 500 µg/mL 
- Weight 0.0625 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution 

- Label the desired concentration  
- Seal the eppendorf using parafilm 

7) Fosfomycin stock solution                                      
- A desired working fosfomycin stock solution  

= 50,000 µg/mL 
- Weight 0.0625 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
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- Filter into Eppendorf of 2 mL using a syringe with 
a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution 

- Label the desired concentration  
- Seal the eppendorf using parafilm 

8) G-6-P stock solution                                      
- A desired working fosfomycin stock solution = 

500,000 µg/mL 
- Weight 1 g of antibiotic powder in a conical tube 

of 15 ml 
- Add 2 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution 

- Label the desired concentration  
- Seal the eppendorf using parafilm 

9) Aztreonam stock solution                                      
- A desired working fosfomycin stock solution  

= 12, 500 µg/mL 
- Weight 0.0625 g of antibiotic powder in a conical 

tube of 15 ml 
- Add 5 mL of distilled water to the container 
- Mix well using vortex so that the antibiotic 

powder goes into the solution  
- Filter into Eppendorf of 2 mL using a syringe with 

a needle and 0.22-µm membrane filter for 
sterilization of antibiotic stock solution 

- Label the desired concentration  
- Seal the eppendorf using parafilm   
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3.4.1.2.3 Antimicrobial susceptibility testing 
                               Antimicrobial susceptibility testing (AST) is a test used to 
determine each antibiotic activity (mono antibiotic activity testing). 

      1) Subculture CRE isolates 
          Before antimicrobial susceptibility testing, CRE isolates are a 

subculture for bacterial growth and identifying type of bacteria. 
  - Firstly, after getting samples, isolate CRE isolates by 

transferring stocked skim milk at -80 ºC on the surface of 
sheep blood agar or tryptic soy agar (culture medium used 
for bacterial growth). Then, incubate them at 37 °C for       
10-12 hours 

   - Secondly, pick up 3-5 bacterial colonies from the sheep 
blood agar plate into the MacConkey agar plate (culture 
medium used for identifying CRE) by streaking them 
directly on the surface of the medium. Then, incubate 
them at 37 °C for 10-12 hours. To identify CRE isolates       
(K. pneumoniae, E. coli, E. cloacae), the morphology of 
colonies on MacConkey agar appeared large and mucoid-
pink.  

- Before determining antimicrobial susceptibility, all strains 
were isolated again on sheep blood agar. Then, incubate 
them at 37 °C for 6 hours. 

2) Prepare bacterial inoculum preparation of 0.5 McFarland 
by direct colony suspension method [98]           

- Select at least 3-5 colonies from the last sheep blood agar 
plates  

- Pick up these isolated colonies with a sterile loop  
- Suspended to 0.9% in normal saline  
- Adjust the suspension by adding more bacterial colonies or 

0.9% sodium chloride solution until the mixed suspension 
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achieves turbidity equivalent to 0.5 McFarland standard 
which provides a density of a bacterial suspension with  
~ 108 colony forming units (CFU/mL) (CLSI 
recommendation: “Should use adequate light to visually 
compare the inoculum tube and the 0.5 McFarland 
standard against a card with a white background and 
contrasting black lines”)  

3) Perform MICs  
  3.1) Broth microdilution method 

    Only CRE clinical isolates collected from 
Pramongkutklao hospitals (n =49) were performed MICs using broth microdilution 
method. 

3.1.1) Prepared two-fold serial dilutions of antibiotics 
 Twelve dilutions of each studied antibiotic using 

the two-fold serial dilution method were prepared as follows:  
 

 
Figure 2 Twelve dilutions of each studied antibiotic 

using the two-fold serial dilution method 
 3.1.1.1) Meropenem 

-  Desired range of two-fold serial dilutions 
(0.125 to 256 µg/mL for meropenem) 

- Prepare a serial of two-fold dilution of 
meropenem and imipenem for 25 CRE 
strains (n = 25) as follows: 
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• Use the micropipette to dispense 102.4 
µL of the meropenem stock solution to 
the first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 

• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the meropenem 
solution from the second channels to 
the next channels 

• Discard 2.5 ml at the last channels of     
    multichannel reservoirs 

3.1.1.2) Imipenem 
-  Desired range of two-fold serial dilutions 

(0.125 to 256 µg/mL for imipenem) 
- Prepare a serial of two-fold dilution of 

imipenem for 25 CRE strains (n = 25) as 
follows: 

• Use the micropipette to dispense 102.4 
µL of the imipenem stock solution to 
the first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 
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• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the meropenem 
solution from the second channel to 
the next channels 

• Discard 2.5 mL at the last channels of  
    multichannel reservoirs 

3.1.1.3) Colistin 
-  Desired range of two-fold serial dilutions 

(0.0625 to 128 µg/mL for colistin) 
- Prepare a serial of two-fold dilution of 

colistin for 25 CRE strains (n = 25) as 
follows: 

• Use the micropipette to dispense 
120.98 µL of the colistin stock solution 
to the first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 

• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the colistin solution 
from the second channel to the next 
channels 

• Discard 2.5 ml at the last channels of    
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   multichannel reservoirs 

3.1.1.4) Tigecycline 
-  Desired range of two-fold serial dilutions 

(0.03125 to 64 µg/mL for tigecycline) 
- Prepare a serial of two-fold dilution of 

tigecycline for 25 CRE strains (n = 25) as 
follows: 

• Use the micropipette to dispense 25.6 
µL of the tigecycline stock solution to 
the first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 

• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the tigecycline 
solution from the second channel to 
the next channels 

• Discard 2.5 ml at the last channels of    
   multichannel reservoirs 

3.1.1.5) Amikacin  
-  Desired range of two-fold serial dilutions 

(0.0625 to 128 µg/mL for amikacin) 
- Prepare a serial of two-fold dilution of 

amikacin for 25 CRE strains (n = 25) 
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• Use the micropipette to dispense 51.2 
µL of the amikacin stock solution to the 
first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 

• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the amikacin 
solution from the second channel to 
the next channels 

• Discard 2.5 ml at the last channels of    
 multichannel reservoirs 

3.1.1.6) Gentamicin 
-  Desired range of two-fold serial dilutions 

(0.03125 to 64 µg/mL for gentamicin) 
- Prepare a serial of two-fold dilution of 

gentamicin for 25 CRE strains (n = 25) as 
follows: 

• Use the micropipette to dispense 6.4 µL 
of the gentamicin stock solution to the 
first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 
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• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the gentamicin 
solution from the second channel to 
the next channels 

• Discard 2.5 ml at the last channels of    
 multichannel reservoirs 

3.1.1.7) Aztreonam 
-  Desired range of two-fold serial dilutions 

(0.0625 to 128 µg/mL for aztreonam) 
- Prepare a serial of two-fold dilution of 

aztreonam for 25 CRE strains (n = 25) as 
follows: 

• Use the micropipette to dispense 51.2 
µL of the aztreonam stock solution to 
the first and second channels of 
multichannel reservoirs 

• Use the micropipette to dispense 2.5 
ml of the sterile water to all the 
channels across a row of multichannel 
reservoirs 

• Gently mix the solution in the first and 
second channels 

• Use the micropipette to continually 
carry out 2.5 ml of the aztreonam 
solution from the second channel to 
the next channels 

• Discard 2.5 ml at the last channels of    
    multichannel reservoirs 
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3.1.2) Prepared the final inoculum 
   - Mix 0.5 McFarland bacterial suspension 5 µL with   
     cation-adjust MHB II 5 mL in a ratio of 1:1000  

3.1.3) Dispense the solution and incubation 
- Dispense 50 µL of two-fold serial antibiotic 

solution across each column of 96 microwell 
plates 

  - Dispense 50 µL of the final inoculum of each 
isolate across each row of 96 microwell plates  

  - Incubate the 96 microwell plates for 18-20 hours  

  at 35 ○C 
3.1.4) Read and Interpreting the results 

- After these isolates were incubated, read the MICs 
value at the first well that precipitate did not 
present  

- Interpreting the results following CLSI or EUCAST 
guidelines 

 
  3.2) Gradient method for fosfomycin and  
        ceftazidime-avibactam [99] 

- Swab a lawn of bacteria from bacterial inoculum 
with 0.5 McFarland suspension by using a cotton 
s t r i p  on  the su r face  o f  MHA aga r  p l a te s 

- Place E-test strips onto each MHA agar plates 

- Incubate the plates for 18 hours at 35 ○C 
- Read the MICs value at the point that contains the 

inhibition zone intersected by the scale on the E 
strips 

- Interpreting the results following CLSI guidelines or 
EUCAST guideline 
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Figure 3 Antimicrobial susceptibility testing with broth microdilution  

and gradient method for Pharmongkutklao hospital 
 

3.3) Broth microdilution method using DKMGN plate 
(Sensititre™)  

Only CRE clinical isolates collected from Health Region 
V hospitals (n = 150) were performed MICs using broth microdilution method with 
DKMGN plate. 

-   Add 30 µL of 0.5 McFarland bacterial suspension to  
    cation-adjust MHB II 11 mL 
-   Vortex the mixture 
- Add 50 µL of the mixture to each of the DKMGN well 

plates 
- Seal the DKMGN well plates 
- Incubate the DKMGN well plates for 18-20 hours  

at 35 ○C 
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- Read the MICs value at the first well that precipitate 
did not present  

- Interpreting the results following CLSI or EUCAST 
guidelines/ 

 

 
Figure 4 Antimicrobial susceptibility testing with Broth microdilution method  

using DKMGN plate for Health Region V hospitals 
 

3.4.1.2.4 Synergistic testing 
   After determining the MICs of studied antibiotics, eleven 
antibiotic combinations were performed with the synergistic effect by checkerboard 
technique. These antibiotic-based combinations consisted of amikacin-based 
regimens, gentamicin-based regimens, colistin-based regimens, fosfomycin-based 
regimens, and triple-based regimens. Table showed all antibiotic combination 
regimens.  
   1) Amikacin-based regimens 
      For amikacin-based regimens consisted of amikacin 
combined with fosfomycin and amikacin combined with tigecycline.  
 1.1) Amikacin-fosfomycin 
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            Eighteen CRE clinical isolates (n = 18) which had 
fosfomycin MICs of 12-256 µg/mL were included to synergistic testing. 
    - Desired range of two-fold serial dilutions (0.5 to 32 
µg/mL for amikacin and 1 to 1,024 µg/mL for fosfomycin) 

- Prepare a serial of two-fold dilution of amikacin  

• Use the micropipette to dispense 102.4 µL of 
the amikacin stock solution to the first and 
second channels of multichannel reservoirs 

• Use the micropipette to dispense 10 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 10 
mL of the amikacin solution from the second 
channel to the next channels 

• Discard 10 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 1.31 mL of the 
fosfomycin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 16 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 
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• Use the micropipette to continually carry out 16 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 16 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 21 µL with cation-adjust 
MHB II 21 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial amikacin 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values 
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
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• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as        
    indifferent 
▪ FICI values > 4 are classified as antagonism 
 

 
Figure 5 Checkerboard synergy testing for amikacin-fosfomycin combination 

 
  1.2) Amikacin-tigecycline 

              All CRE clinical isolates (n = 49) were included in 
synergistic testing.  

- Desired range of two-fold serial dilutions (0.0625 to 64  
µg/mL for amikacin and 0.125 to 8 µg/mL for 
tigecycline) 

- Prepare a serial of two-fold dilution of amikacin  

• Use the micropipette to dispense 307.2 µL of 
the amikacin stock solution to the first and 
second channels of multichannel reservoirs 
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• Use the micropipette to dispense 15 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 15 
mL of the amikacin solution from the second 
channel to the next channels 

• Discard 15 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 32 µL of the 
tigecycline stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 25 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 25 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 25 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 15 µL with cation-adjust 
MHB II 15 mL in a ratio of 1:1000 
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- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial amikacin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

   at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
▪ FICI values > 4 are classified as antagonism 
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Figure 6 Checkerboard synergy testing for amikacin-tigecycline combination 

 
2) Gentamicin-based regimens 

       For gentamicin-based regimens consisted of gentamicin 
combined with fosfomycin and gentamicin combined with tigecycline.  
      2.1) Gentamicin-fosfomycin 
            Eighteen CRE clinical isolates (n = 18) which had 
fosfomycin MICs of 12-256 µg/mL were included in synergistic testing. 

- Desired range of two-fold serial dilutions (0.25 to 16 
µg/mL for gentamicin and 1 to 1,024 µg/mL for 
fosfomycin) 

- Prepare a serial of two-fold dilution of gentamicin  

• Use the micropipette to dispense 12.8 µL of the 
gentamicin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 10 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 



  63 

• Use the micropipette to continually carry out 10 
mL of the gentamicin solution from the second 
channel to the next channels 

• Discard 10 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 1.31 mL of the 
fosfomycin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 16 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 16 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 16 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 21 µL with cation-adjust 
MHB II 21 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial gentamicin 
solution across each well from row A to row G 
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• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
▪ FICI values > 4 are classified as antagonism 
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Figure 7 Checkerboard synergy testing for gentamicin-fosfomycin combination 
 
      2.2) Gentamicin-tigecycline 
             All CRE clinical isolates (n = 49) were included in 
synergistic testing.  

- Desired range of two-fold serial dilutions (0.0625 to 8 
µg/mL for gentamicin and 0.125 to 8 µg/mL for 
tigecycline) 

- Prepare a serial of two-fold dilution of gentamicin  

• Use the micropipette to dispense 9.6 µL of the 
amikacin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 15 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 15 
mL of the gentamicin solution from the second 
channel to the next channels 
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• Discard 15 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 32 µL of the 
tigecycline stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 25 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 25 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 25 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 15 µL with cation-adjust 
MHB II 15 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial gentamicin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 



  67 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
▪ FICI values > 4 are classified as antagonism 

 

 
Figure 8 Checkerboard synergy testing for gentamicin-tigecycline combination 
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3) Colistin-based regimens 
       For colistin-based regimens consisted of colistin combined 
with fosfomycin, gentamicin, amikacin, and fosfomycin 
       3.1) Colistin-fosfomycin 
             Nine CRE clinical isolates (n = 9) which had colistin MICs 
of ≤ 16 µg/mL and fosfomycin MICs of 12-256 µg/mL were included in synergistic 
testing. 

- Desired range of two-fold serial dilutions (1 to 64 
µg/mL for colistin and 1 to 1,024 µg/mL for 
fosfomycin) 

- Prepare a serial of two-fold dilution of colistin 

• Use the micropipette to dispense 242 µL of the 
colistin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 6 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 6 
mL of the colistin solution from the second 
channel to the next channels 

• Discard 6 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 1.31 mL of the 
fosfomycin stock solution to the first and second 
channels of multichannel reservoirs 
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• Use the micropipette to dispense 16 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 10 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 10 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 21 µL with cation-adjust 
MHB II 21 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial colistin 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours 

  at 35 ○C 
- Read and interpret the results 
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• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
▪ FICI values > 4 are classified as antagonism 

 

 
Figure 9 Checkerboard synergy testing for colistin-fosfomycin combination 

           
3.2) Colistin-amikacin  

               Twenty-four CRE clinical isolates (n = 24) which had 
colistin MICs of ≤ 16 µg/mL were included in synergistic testing. 

- Desired range of two-fold serial dilutions (0.0625 to 64 
µg/mL for colistin and 0.5 to 32 µg/mL for amikacin) 
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- Prepare a serial of two-fold dilution of colistin 

• Use the micropipette to dispense 291 µL of the 
colistin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 6 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 6 
mL of the colistin solution from the second 
channel to the next channels 

• Discard 6 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of amikacin 

• Use the micropipette to dispense 82 µL of the 
amikacin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 8 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 8 
mL of the amikacin solution from the second 
channel to the next channels 

• Discard 8 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
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  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 15 µL with cation-adjust 
MHB II 15 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial amikacin 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial colistin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
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▪ FICI values > 4 are classified as antagonism 
 

 
Figure  10 Checkerboard synergy testing for colistin-amikacin combination 

 
3.3) Colistin-gentamicin 

               Twenty-four CRE clinical isolates (n = 24) which had 
colistin MICs of ≤ 16 µg/mL were included in synergistic testing. 
    - Desired range of two-fold serial dilutions (0.0625 to 64 
µg/mL for colistin and 0.25 to 16 µg/mL for gentamicin) 

- Prepare a serial of two-fold dilution of colistin 

• Use the micropipette to dispense 291 µL of the 
colistin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 6 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 6 
mL of the colistin solution from the second 
channel to the next channels 



  74 

• Discard 6 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of gentamicin 

• Use the micropipette to dispense 10.24 µL of 
the gentamicin stock solution to the first and 
second channels of multichannel reservoirs 

• Use the micropipette to dispense 8 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 8 
mL of the gentamicin solution from the second 
channel to the next channels 

• Discard 8 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 15 µL with cation-adjust 
MHB II 15 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial gentamicin 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial colistin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 
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• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
   indifferent 
▪ FICI values > 4 are classified as antagonism 
 

 
Figure 11 Checkerboard synergy testing for colistin-gentamicin combination 
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3.4) Colistin-tigecycline 
               Twenty-four CRE clinical isolates (n = 24) which had 
colistin MICs of ≤ 16 µg/mL were included in synergistic testing. 

- Desired range of two-fold serial dilutions (0.0625 to 64 
µg/mL for colistin and 0.03125 to 2 µg/mL for 
tigecycline) 

- Prepare a serial of two-fold dilution of colistin 

• Use the micropipette to dispense 291 µL of the 
colistin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 6 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 6 
mL of the colistin solution from the second 
channel to the next channels 

• Discard 6 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 5.12 µL of the 
tigecycline stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 8 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 
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• Use the micropipette to continually carry out 8 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 8 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 15 µL with cation-adjust 
MHB II 15 mL in a ratio of 1:1000 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial colistin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
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• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 

▪ FICI values > 4 are classified as antagonism 
 

 
Figure 12 Checkerboard synergy testing for colistin-tigecycline combination 

 
 4) Fosfomycin-based regimens 

       For fosfomycin-based regimens consisted of fosfomycin 
combined with tigecycline. Twenty-one CRE clinical isolates, including eighteen CRE 
clinical isolates (n = 18) for fosfomycin MICs of 12-256 µg/mL and three CRE clinical 
isolates (n = 3) for fosfomycin MICs of >1,024 µg/mL, were included to synergistic 
testing. 

- Desired range of two-fold serial dilutions (0.125 to 8 
µg/mL for tigecycline and 1 to 1,024 µg/mL for 
fosfomycin) 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 17.92 µL of 
the tigecycline stock solution to the first and 
second channels of multichannel reservoirs 



  79 

• Use the micropipette to dispense 7 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 7 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 7 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 1.31 mL of the 
fosfomycin stock solution to the first and second 
channels of multichannel reservoirs 

• Use the micropipette to dispense 16 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 16 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 16 mL at the last channels of 
multichannel reservoirs 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 21 µL with cation-adjust 
MHB II 21 mL in a ratio of 1:1000 
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- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row G 

• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 11 

• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 
▪ FICI values > 4 are classified as antagonism 
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Figure 13 Checkerboard synergy testing for tigecycline-fosfomycin combination 

 
5) Triple-based regimens  

  For triple-based regimens consisted of two antibiotic 
regimens, including fosfomycin-tigecycline plus amikacin and fosfomycin-tigecycline 
plus gentamicin. Six CRE clinical isolates (n = 6) being high antibiotic resistance were 
included in synergistic testing.  

  5.1) Fosfomycin-tigecycline-amikacin 
        Three isolates (n = 3) included colistin MICs > 2 µg/mL, 

fosfomycin MICs > 32 µg/mL, tigecycline MICs > 0.5 µg/mL, amikacin MICs > 16 
µg/mL, and gentamicin MICs ≤ 4 µg/mL. 

- Desired range of two-fold serial dilutions (0.125 to 8 
µg/mL for tigecycline, 1 to 1,024 µg/mL for fosfomycin 
and amikacin 4 µg/mL) 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 11.52 µL of 
the tigecycline stock solution to the first and 
second channels of multichannel reservoirs 
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• Use the micropipette to dispense 4.5 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 4.5 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 4.5 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 286.72 µL of 
the fosfomycin stock solution to the first and 
second channels of multichannel reservoirs 

• Use the micropipette to dispense 3.5 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 3.5 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 3.5 mL at the last channels of 
multichannel reservoirs 

- Prepare amikacin solution  

• Use the micropipette to dispense 23.04 µL of 
the amikacin stock solution to multichannel 
reservoirs 
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• Use the micropipette to dispense 18 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 5 µL with cation-adjust 
MHB II 5 mL in a ratio of 1:1000 

• Add G-6-P 0.4 µL to each of the multichannel 
reservoirs 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row H 

• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 12 

• Dispense 25 µL of amikacin solution across each 
of well, except column 12 and row H 

• Dispense 50 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 50 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 
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• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
    indifferent 

▪ FICI values > 4 are classified as antagonism 
 

 
Figure 14 Checkerboard synergy testing  

for tigecycline-fosfomycin-amikacin combination 
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  5.2) Fosfomycin-tigecycline-gentamicin 
        Three isolates (n = 3) included colistin MICs > 2 µg/mL, 

fosfomycin MICs > 32 µg/mL, tigecycline MICs > 0.5 µg/mL, amikacin MICs ≤ 16 
µg/mL and gentamicin MICs > 4 µg/mL. 

- Prepare a serial of two-fold dilution of tigecycline 

• Use the micropipette to dispense 11.52 µL of 
the tigecycline stock solution to the first and 
second channels of multichannel reservoirs 

• Use the micropipette to dispense 4.5 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

• Use the micropipette to continually carry out 4.5 
mL of the tigecycline solution from the second 
channel to the next channels 

• Discard 4.5 mL at the last channels of 
multichannel reservoirs 

- Prepare a serial of two-fold dilution of fosfomycin 

• Use the micropipette to dispense 286.72 µL of 
the fosfomycin stock solution to the first and 
second channels of multichannel reservoirs 

• Use the micropipette to dispense 3.5 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 
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• Use the micropipette to continually carry out 3.5 
mL of the fosfomycin solution from the second 
channel to the next channels 

• Discard 3.5 mL at the last channels of 
multichannel reservoirs 

- Prepare gentamicin solution  

• Use the micropipette to dispense 6.08 µL of the 
gentamicin stock solution (12,500 µg/mL) to 
multichannel reservoirs 

• Use the micropipette to dispense 19 mL of the 
sterile water to all the channels across a row of 
multichannel reservoirs 

• Gently mix the solution in the first and second 
channels 

- Prepare the final inoculum in each channel of  
  multichannel reservoirs 

• Use the micropipette to mix 0.5 McFarland 
bacterial suspension 5 µL with cation-adjust 
MHB II 5 mL in a ratio of 1:1000 

• Add G-6-P 0.4 µL to each of the multichannel 
reservoirs 

- Dispense the solution to 96 microwell plate 

• Dispense 25 µL of two-fold serial tigecycline 
solution across each well from row A to row H 

• Dispense 25 µL of two-fold serial fosfomycin 
solution across each well from column 1 to 
column 12 

• Dispense 25 µL of amikacin solution across each 
of well, except column 12 and row H 
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• Dispense 25 µL of 0.9% NSS solution into each 
row H wells and each column 12 wells 

• Dispense 25 µL of the final inoculum to each of 
the 96 wells 

- Incubate the 96-microwell plate for 18-20 hours  

  at 35 ○C 
- Read and interpret the results 

• After these isolates were incubated, read the 
MICs value of each antibiotic at the first well that 
precipitate did not present  

• Calculate FICI values  
 

FICI = 
MIC A combination A and B

MIC A alone
+ 

MIC B combination A and B

MIC B alone
 

 

• Interpret the results following FICI values 
▪ FICI values ≤ 0.5 are classified as synergy 
▪ FICI values > 0.5 to 1 are classified as additive 
▪ FICI values > 1 to 4 are classified as  
   indifferent 
▪ FICI values > 4 are classified as antagonism 
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Figure 15 Checkerboard synergy testing 

 for tigecycline-fosfomycin-gentamicin combination 
 

3.4.1.3 Genotyping testing 

                  3.4.1.3.1 DNA Extraction 
                     Before doing any PCR test, the CRE clinical isolates from 

Pramongkutklao hospital are included to extract DNA (GeneJET™ Genomic DNA 
Purification Kit, Thermo Fisher Scientific, Co., LTD). The procedure is following to the 
manufacturer’s instruments. 

  1) Lysis the CRE clinical isolates 
     - Add 180 µL of digestion solution to Eppendorf 2 mL 
     - Using a sterile loop, harvest up to 1 full loop of the colony 
of CRE isolates on the surface of blood agar and suspend thoroughly by vortex 
     - Add 20 µL of proteinase K solution and mix thoroughly by 
vortex to obtain a uniform suspension. 
       - Incubate the samples at 56 °C with a water bath for less 
than 30 minutes (shake them occasionally) until the cells are completely lysed. The 
color of the samples would change from white to light white.  
        - Add 20 µL of RNase A Solution and mix thoroughly by 
vortex 
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  - Incubate the samples for 10 min at room temperature 
        - Add 200 µL of lysis solution to the sample and mix 
thoroughly by vortex for about 15 s until a homogeneous mixture is obtained.  

- Add 400 µL of 50% ethanol and mix by vortex 
  2) Purification of the lysate DNA 

- Transfer the lysate samples to a GeneJET Genomic DNA 
Purification Column inserted in a collection tube.  

- Centrifuge the column in a collection tube for 1 min at 

6,000  g, discard the flow-through solution and place the purification column back 
into the collection tube.   

- Add 500 µl of wash buffer I (with ethanol added), 

centrifuge for 1 min at 8,000  g, discard the flow-through, and place the purification 
column back into the collection tube. 

- Add 500 µl of wash buffer II (with ethanol added), 

centrifuge for 3 min at 12,000  g), discard the flow-through, and the collection tube 
- Place the purification column back into the Eppendorf     

2 mL 
- Add 60 of elution buffer to the center of the GeneJET 

Genomic DNA Purification Column membrane to elute genomic DNA, incubate for 2-5 

min at room temperature, centrifuge for 1 min at 8,000  g, and first collect the 
purified DNA in Eppendorf 

- Add 75 of elution buffer to the center of the GeneJET 
Genomic DNA Purification Column membrane to elute genomic DNA, incubate for 2-5 

min at room temperature, centrifuge for 2 min at 12,000  g, and second collect the 
purified DNA in Eppendorf 

- Label each Eppendorf 
- Discard the purification column.  
- Store at -20 °C        
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3.4.1.3.2 Amplification 
            Polymerase chain reaction (PCR) is an amplification method to 

generate multiple copies of a DNA sequence. For this study, Enterobacterial 
repetitive intergenic consensus polymerase chain reaction (ERIC-PCR) and multiplex 
PCR are used to analyze bacterial diversity and detect mcr-1 genes and 
carbapenemase genes. 

1) Enterobacterial repetitive intergenic consensus 
polymerase chain reaction (ERIC-PCR) 

      Enterobacterial repetitive intergenic consensus polymerase 
chain reaction (ERIC-PCR) is a method for analyzing bacterial diversity. The 
procedures consist of three steps.  

 1.1) Select primer [100] 
           Universal primers are used for ERIC-PCR, including 

  - Primer ERIC-F: 5’-ATGTAAGCTCCTGGGGATTCAC-3’,  
- Primer ERIC-R: 5’-AAGTAAGTGACTGGGGTGAGCG-3’ 

       1.2) Prepare a master mix  
     Table 5 showed ERIC master mix for a PCR reaction (1X 
reaction = 1 sample). Calculate a total volume of ERIC master mix needed to 
multiple amounts of ERIC master mix per reaction by the number of DNA samples.  
 

Table 5 ERIC master mix (1X reaction) 

No Reagent Volume (µl) 
1 MQ water 5.7 

2 2X PCR master mix 7.5 

3 20X ERIC-F (x) 0.4 
4 20X ERIC-R (x) 0.4 

5 DNA template 1 
 Total volume 15 

 
1.3) Incubate reactions in a thermal cycler [100] 
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Amplification was performed overnight using a thermal 
cycler as follows: one cycle of 2 min at 95°C (initial denaturation), followed by 35 
cycles of 50 seconds at 95°C (denature), 30 seconds at 46°C (anneal), and 30 seconds 
at 49°C (elongation) and 3 min at 72°C (final elongation). The amplification ended 
with one cycle of 10 min at 72°C.  

1.4) Analyze and Interpret results [100] 
- The amplified products of ERIC-PCR and a standard 1 

kb ladder maker as a reference are analyzed by 1% electrophoresis agarose gel in  
0.5 × Tris/Borate/EDTA (TBE)  

- Stained with ethidium bromide 
- Visualize DNA by using UV transilluminator   
- Read the results by identifying and grouping the 

positions of bands (amplicon sizes) between the PCR products and the PCR reference 
- Interpret the results: if positions of band patterns are 

different in more than three bands, it indicates that different strains 
-  Cluster the CRE isolates following the results into 

the similarity or difference groups 
 

2) Multiplex- polymerase chain reaction (Multiplex-PCR)  
        2.1) Select primers  

             Primer sequences used for multiplex PCR are selected 
from studies conducted by Poirel et al in 2011 [101]. Primers used to identify 
carbapenemase genes and mcr-1 gene are shown in Table 6. 
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Table 6 Primers used to identify carbapenemase genes 

Targeted Gene 
Primer sequence 
(5' to 3' Direction) 

Amplicon Size, 
bp 

blaKPC 
F-5′-CGTCTAGTTCTGCTGTCTTG-3′ 
R- 5′-CTTGTCATCCTTGTTAGGCG-3′ 

798 

blaNDM 
F- 5′-GGTTTGGCGATCTGGTTTTC-3′ 
R- 5′-CGGAATGGCTCATCACGATC-3′ 

621 

blaIMP 
F- 5′-GGAATAGAGTGGCTTAAYTCTC-3′  
R- 5′-GGTTTAAYAAAACAACCA C-3’ 

232 

blaVIM 
F- 5′-GATGGTGTTTGGTCGCATA-3′  
F- 5′-CGAATGCGCAGCACCAG-3’ 

390 

blaOXA-48 
F- 5′-GCGTGGTTAAGGATGAACAC-3′ 
R- 5′-CATCAAGTTCAACCCAACCG-3 

438 

mcr-1 
F- 5’-CGG TCA GTC CGT TTG TTC-3’ 
R- 5’-CTT GGT CGG TCT GTA GGG-3’ 

205 

 
Bacterial strains for used as positive control [102] 

• KPC-3 positive K. pneumoniae (NCTC 13438) 

• NDM positive K. pneumoniae (NCTC 13443) 

• IMP-type positive E. coli (NCTC 13476) 

• VIM-10 positive Pseudomonas aeruginosa (NCTC 3437) 

• OXA-48 positive K. pneumoniae (NCTC 13442)  
  Negative control: No template control (PCR master mix only) 
 

2.2) Prepare master mix [103] 
      Table 7 and 8 showed multiplex-PCR master mix for a 

PCR reaction (1X reaction = 1 sample). Calculate a total volume of multiplex-PCR 
master mix needed to multiple amounts of multiplex-PCR master mix per reaction 
by the number of DNA samples. 
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Table 7 Multiplex-PCR master mix for mcr-1 gene (1X reaction) 

No Reagent Volume (µl) 
1 MQ water 5.7 

2 2X PCR  7.5 

3 20X mcr-1-F (x) 0.4 
4 20X mcr-1-R (x) 0.4 

5 DNA template 1 
 Total volume 15 

 
Table 8 Multiplex-PCR master mix for carbapenemase gene (1X reaction) 

No Reagent Volume (µl) 

1 MQ water 3.5 
2 PCR master mix 7.5 

3 20 µM-IMP (2x) 0.4 

4 20 µM-VIM (2x) 0.4 
5 20 µM-OXA-48 (2x) 0.4 

6 20 µM-NDM (2x) 0.4 

7 20 µM-KPC (2x) 0.4 
8 DNA template 2 

 Total volume         15 
 
2.3) Incubate reactions in a thermal cycler [103] 

- The mcr-1 PCR conditions for amplification were as 
follows: one cycle of 3 min at 94°C (initial denaturation), followed by 35 cycles of 30 
seconds at 94°C (denature), 35 seconds at 53°C (anneal), and 45 seconds at 72°C 
(elongation); and a final extension step for 5 min at 72 °C (final elongation).  

- The multiplex PCR conditions for amplification were 
as follows:  a cycle of preincubation for 3 min at 94 °C (initial denaturation), 35 cycles 
of 30 seconds at 94 °C (denature), 35 seconds at 57 °C (anneal), and 45 seconds at           
72 °C (extension); and a final extension step for 5 min at 72 °C (final extension) [104]. 
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2.4) Analyze and Interpret results [100] 
- The amplified products of multiplex-PCR (DNA 

fragments) and control are analyzed by 1 % electrophoresis agarose gel in 0.5 × 
Tris/Borate/EDTA (TBE)  

- Stained with ethidium bromide 
- Visualize DNA by using a UV transilluminator 

equipped with a camera 
- Read the results by identifying the positions of bands 

(amplicon sizes) between the PCR products and the PCR reference 
- Interpret the results: if positions of band patterns are 

similar, it indicates that similar carbapenemase genes or mcr-1 genes 
 

3.4.2 PK/PD study 
        All pharmacokinetic parameters of critically ill patients were obtained from 
previous studies. The relationship between drug concentration levels and time was 
generated using a one-compartment model for meropenem, gentamicin, colistin, and 
ceftazidime-avibactam, or two-compartment model for imipenem, amikacin, 
tigecycline, CMS and fosfomycin with the linear pharmacokinetic behavior. For 
meropenem, amikacin, gentamicin, colistin, and fosfomycin, these antibiotics were 
simulated the plasma concentration-time using the equations containing CrCL as a 
covariate factor.  

Two steps are developed to design the optimal combination regimens in the 
PK/PD study, including the selection of pharmacokinetic or pharmacodynamic 
parameters and Monte Carlo simulation. 

 
 
 

3.4.2.1 Pharmacokinetic/pharmacodynamic (PK/PD) parameters 
Pharmacokinetic and pharmacodynamic parameters should firstly be selected 

in order to design optimal antibiotic dosing regimens. This section describes the 
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population pharmacokinetic parameters, antibiotic PK/PD parameters, and antibiotic 
dosage regimens for simulation, based on antibiotic options for the CRE treatment.  

            1) Meropenem 
       1.1) Population pharmacokinetic parameters 

  The population pharmacokinetic model for meropenem was the 
one-compartment model. Pharmacokinetic data from Jaruratanasirikul S, et al in  
2015 was retrieved [64]. The patients (n =9; 171 samples) are Thai critically ill who 
had APACHE II score 16-33, SOFA score 5-14, and CrCL > 50 mL/min. A final model 
was as follows: 

- CL = TVCL x eη1; TVCL =(θ1+ θ2)x MDRD Clcr 

- V   = TVV x eη2 
 

A set of parameters was generated is shown in Table 9.  
 

Table 9 A set of parameters of meropenem 

PK parameters Estimate % RSE 
CL (L/h) 7.82 22.1 

Vd (L) 23.7 12.6 
Abbreviations: Vd, volume of distribution; CL, total body clearance; RSE = Relative standard error; 
IIV = Interindividual variability  
 

1.2) PK/PD index and target 
           PK/PD index and target for meropenem are 100% fT > MIC [62].  
 

1.3) Antibiotic dosage regimens for simulation 
          Twenty-eight meropenem dosage regimens (n = 28) for simulation 

are loading dose 0-2 g, followed by 1-2 g infusion 0.5-3 hours every 6-8 hours. Both 
typical parameters and covariate parameters with final models were simulated. 
Furthermore, different PK profiles were simulated with patients having CrCL of < 10 
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mL/min, 10–25 mL/min, 26–50 mL/min, and 51–90 mL/min, respectively. The dosing 
regimens were simulated over a 24 h period. 

            2) Imipenem 
2.1) Population pharmacokinetic parameters 

The population pharmacokinetic model for imipenem was the two-
compartment model. Pharmacokinetic data from Jaruratanasirikul S, et al in 2013 was 
retrieved [63]. The patients (n = 9) are Thai critically ill who were intubated, received 
mechanical ventilation, and CrCL > 60 mL/min. A set of parameters was generated 
shown in Table 10.  

 

Table 10 A set of parameters of imipenem 

PK parameters Mean S.D. 
CL (L/h) 20.86 6.130 

Vd (L) 23.59 5.070 

Vd (L/kg) 0.368 0.123 
K12 (/h) 2.819 1.448 

K21 (/h) 5.598 5.283 
Ke (/h) 0.901 0.283 

Abbreviations: CL, total body clearance; Vd, volume of distribution;  
k12 = intercompartmental transfer rate constant from central to peripheral compartment;  
k21 = intercompartmental transfer rate constant from peripheral to central compartment;  
ke = elimination rate constant from central compartment 

 

2.2) PK/PD index and target 
            PK/PD index and target for imipenem are 100% fT > MIC [62].  
 

2.3) Antibiotic dosage regimens for simulation 
Twelve imipenem dosage regimens (n = 12) for simulation are 

loading dose 0-1 g, followed by 0.5-1 g infusion 2-3 hours every 6 hours. Only typical 
parameters are used to simulate. The dosing regimens were simulated over a 24 h 
period.  
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            3) Amikacin  
  3.1) Population pharmacokinetic parameters 

             The population pharmacokinetic model for amikacin was the two-
compartment model. Pharmacokinetic data from Delattre IK, et al in 2010 was 
retrieved [105]. Eighty-eight adult patients with sepsis or septic shock were enrolled 
in the study. They had APACHE II score of 20 (6-45), SOFA score of 8 (1-19), and CrCL 
55.5 (12.3-408.3) mL/min. A final covariate model was as follows: 

CLpop = CL + CrCLθCL-CrCL 

A set of parameters was generated are shown in Table 11.  
 

Table 11 A set of parameters of amikacin 
PK parameters Estimates % RSE 

CL (L/h) 0.77 28.4 

Vc (L) 19.2 5.31 
Q (L/h) 4.38 18.3 

Vp (L) 9.38 7.15 

θCL-CrCL (mL/min) 1.42 18.4 
Abbreviations: CL, Clearance; VC, Central volume of distribution; Q, intercompartmental 
clearance; Vp, Peripheral volume of distribution; RSE, Relative standard error;   

θCL-CrCL, fractional change on CL resulting from CrCL; CrCL, creatinine clearance 

(estimated by the Cockcroft-Gault); Covariate model: CLpop = CL + CrCLθCL-CrCL 
 

3.2) PK/PD index and target 
 The effective PK/PD targets and indices of aminoglycosides were 

Cmax/MIC > 8, indicative of good clinical outcomes [106]. The safe PK/PD targets of 
aminoglycosides were AUC0-24 (mg × h/L) > 700 which occurred nephrotoxicity rate of 
more than 10% [107]. 
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3.3) Antibiotic dosage regimens for simulation 
Twenty-nine dosage regimens (n = 29) for simulation are loading 

dose 25-30 mg/kg, followed by 15-20 mg/kg q 24 hours. Both typical parameters and 
covariate parameters with final models were simulated. Furthermore, different PK 
profiles were simulated with patients having CrCL of < 10 mL/min, 10–25 mL/min, 
26–50 mL/min, 51–90 mL/min, and 91-130 mL/min, respectively. The dosing 
regimens were simulated over a 24 h period. 
 

            4) Gentamicin 
4.1) Population pharmacokinetic parameters                

The population pharmacokinetic model for gentamicin was the one-
compartment model. Pharmacokinetic data from Rea RS, et al in 2008 were 
retrieved. The patients were ICU patients (n = 102) with GFR 48.1 ± 26.5 (mL/min) 

[108]. A final covariate model was as follows: CL = 
3.14 x CrCL1.2

54.81.2+ CrCL1.2 , where CrCL, 

creatinine clearance (estimated by glomerular filtration rate (GFR):  

GFR (mL/min)= 186.3 X Cr-1.154 X Age-0.203 x (1.212 if black)x (0.742 if female) 
where Cr is serum creatinine level (µg/mL) 
 

A set of parameters was generated shown in Table 12. 

Table 12 A set of parameters of gentamicin 

PK parameters Estimate % CV 

CL (L/h) 3.14 83.7 
V(L) 53.0 64.4 

Abbreviations: CL, Clearance; VC, Central volume of distribution; Q, intercompartmental 
clearance; Vp, Peripheral volume of distribution; CV, Coefficient of variation;   

Covariate model: CL = 
3.14 x CrCL1.2

54.81.2+ CrCL1.2 ;  

CrCL, creatinine clearance (estimated by glomerular filtration rate (GFR): 

 GFR (mL/min)= 186.3 X Cr-1.154 X Age-0.203 x(1.212 if black)x(0.742 if female) 
 where Cr is serum creatinine level (µg/mL) 
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4.2) PK/PD index and target 
The effective PK/PD targets and indices of aminoglycosides were 

Cmax/MIC > 8, indicative of good clinical outcomes [106]. The safe PK/PD targets of 
aminoglycosides were AUC0-24 (mg × h/L) > 700 which occurred nephrotoxicity rate of 
more than 10% [107]. 

 
4.3) Antibiotic dosage regimens for simulation 

    Thirty-one dosage regimens (n = 31) for simulation are loading dose 
7-8 mg/kg, followed by 5-7 mg/kg q 24 hours. Both typical parameters and covariate 
parameters with final models were simulated. Furthermore, different PK profiles were 
simulated with patients having CrCL of < 10 mL/min, 10–25 mL/min, 26–50 mL/min, 
51–90 mL/min, and 91-130 mL/min, respectively. The dosing regimens were 
simulated over a 24 h period. 

 

            5) Tigecycline 
5.1) Population pharmacokinetic parameters 

The population pharmacokinetic model for tigecycline was the two-
compartment model. Pharmacokinetic data from Borsuk-De Moor A, et al in 2018 was 
retrieved. The patients are ICU patients with sepsis or septic shock in Poland (n = 37; 
SOFA = 13 (2-21)) [109]. A set of parameters was generated as shown in Table 13.   

 
Table 13 A set of parameters of tigecycline 

PK parameters Estimate % RSE 

CL (L/h) 22.1 3.16 

VC (L) 162.0 5.3 
Q (L/h) 69.4 32.6 

Vp (L) 87.9 8.67 
Abbreviations: CL, Clearance; VC, Central volume of distribution;  
Q, intercompartmental clearance; Vp, Peripheral volume of distribution;  
RSE, Relative standard error 
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5.2) PK/PD index and target 
                       PK/PD index and target for tigecycline are fAUC0-24/MIC > 0.9 [73]. 

 
5.3) Antibiotic dosage regimens for simulation  

                         Six dosage regimens (n = 6) for simulation are loading doses of 200-
400 mg, followed by 100-200 mg every 12 hours or 100-200 mg every 24 hours. Only 
typical parameters were simulated. The tigecycline unbound fraction of 80% was 
used. The dosing regimens were simulated over a 24 h period. 

 

            6) Colistimethate sodium (CMS) and colistin  
6.1) Population pharmacokinetic parameters 

         The population pharmacokinetic model for colistimethate sodium 
(CMS) was two-compartment; colistin was the one-compartment model [110]. 
Pharmacokinetic data from Nation R.L, et al. was retrieved [111]. The patients (n = 
214) had APACHE II score (median 21; range 4-43), whereas Clcr 39.8 mL/min (range 0-
314 mL/min). A set of parameters was generated are shown in Table 14. 

 
6.2) PK/PD index and target 
       PK/PD index and target for colistin are fAUC/MIC ≥ 25 [112].  
 
6.3) Antibiotic dosage regimens for simulation 
       Twenty-one colistin dosage regimens (n = 21) for simulation are 

loading dose 300 mg, followed by 100-150 mg every 12 hours or 150-180 mg every 
24 hours. Only covariate parameters with final models were simulated. Furthermore, 
different PK profiles were simulated with patients having creatinine clearance of < 10 
mL/min, 10–25 mL/min, 26–50 mL/min, 51–90 mL/min, and 91-130 mL/min, 
respectively. The dosing regimens were simulated over a 24 h period. 
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Table 14 A set of parameters of colistimethate sodium (CMS) and colistin  

Category Parameter Estimate %SE %IIV 
CMS CLD1 (L/h) 12.9 - 40.4  

V1 (L) 16.1 - 70.9  
V2 (L) 9.57 10.5 80.1  
CLRCMS (L/h/CrCL) 0.0340 6.85 75.2  
CLNRCMS (L/h) 2.52 3.71 39.8 

Colistin V3/fm (L) 57.2 5.13 43.5  
CLTC/fm (L/h) 3.59 - 37.9  
CLRC/fm (L/h/CrCL) 0.00834 27.7 -  
CLNRC/fm (L/h) 3.11 4.38 - 

Abbreviations: CLD1 = Distributional clearance between the central and peripheral 
compartments for CMS; V1 = Central volume for CMS; V2 = Peripheral volume for CMS; 
CLRCMS = Renal clearance of CMS, CLNRCMS = Non-renal clearance of CMS; V3 = Volume of 
distribution of formed colistin; CLTc = Total clearance of colistin; CLRC = Renal clearance of 
colistin; CLNRC = Non-renal clearance of colistin; %SE = The standard error of the estimates; 
%IIV = The inter-individual variability in the population; CrCL = creatinine clearance 

 

            7) Fosfomycin 
7.1) Population pharmacokinetic parameters 

       The population pharmacokinetic model for fosfomycin was the two-
compartment model. Pharmacokinetic data from Parker S. L, et al in 2015 was 
retrieved [113]. The patients were ICU/critically ill patients (n = 10; APACHE II score = 
11.5 (8.8 - 16.5); SOFA score on ICU admission = 7 (6 to 10) in Greece. A final model 
is represented as follows:  

                                   TVCL = θ1-6 X CLCR/90 
     where TVCL = typical value of CL  
               CLCR = creatinine clearance 

               θ1-6 = typical value of fosfomycin CL in the 

population, with each sampling day defined as an individual occasion (θ), from days 

1 (θ1), 2 (θ2), 3 (θ3), 4 (θ4), 5 (θ5), 6 (θ6), 7 (θ7) 
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 A set of parameters was generated are showed in Table 15  [113]. 
 

Table 15 A set of parameters of fosfomycin 

PK parameters Estimate % CV 
CL (L/h) 2.06 91.9 

VC (L) 26.5 39.0 
Q (L/h) 19.8 - 

Vp (L) 22.3 - 
Abbreviations: CL, Clearance; VC, Central volume of distribution;  
Q, intercompartmental clearance; Vp, Peripheral volume of distribution; %CV, coefficient 
of variation 
 

7.2) PK/PD index and target 
 PK/PD index and target for fosfomycin are fAUC0-24h/MIC = 21.5 [114]. 
 

7.3) Antibiotic dosage regimens for simulation 
     Twenty fosfomycin dosage regimens (n = 20) for simulation are 
loading doses of 4-8 g, followed by 2-6 g every infusion 1-2 hours every 4-6 hours. 
Both typical parameters and covariate parameters with final models were simulated. 
Furthermore, different PK profiles were simulated with patients having CrCL                      
< 10 mL/min, 10–25 mL/min, 26–50 mL/min, and 51–90 mL/min, respectively. The 
dosing regimens were simulated over a 24 h period. 
 

            8) Ceftazidime-avibactam 
 8.1) Population pharmacokinetic parameters 

 The population pharmacokinetic model for ceftazidime-avibactam 
was the one-compartment model. Pharmacokinetic data from Stein GE, et al in 2019 
was retrieved [84]. The patients were ICU and critically ill patients (n = 10; APACHE II 
score = 21 (11-33)) in Michigan, USA. A set of parameters of ceftazidime-avibactam 
were presented in Table 16. 
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Table 16 A set of parameters of ceftazidime-avibactam 

Antibiotics PK parameters Mean SD 

Ceftazidime 
CL (L/h) 6.14 3.80 

V (L) 34.78 10.49 

Avibactam 
CL (L/h) 11.09 6.78 

V (L) 50.81 14.32 
Abbreviations: CL, Clearance; V, Volume of distribution; SD, standard deviation 

 
8.2) PK/PD index and target 
       PK/PD index and target for ceftazidime-avibactam are 100% fT>MIC 

for ceftazidime and 100%fT > 1 µg/mL for avibactam [84]. 
 
8.3) Antibiotic dosage regimens for simulation 
    Eight ceftazidime-avibactam dosage regimens (n = 8) for simulation 

are 2.5 g every 6 or 8 hours. Only typical parameters were simulated. The dosing 
regimens were simulated over a 24 h period. 
 

3.4.2.2 Monte Carlo simulation  
  3.4.2.2.1 Calculate antibiotic concentrations in plasma [115] 
                    The values from population pharmacokinetic and antibiotic 
parameters are substituted into mathematic equations to calculate antibiotic 
concentrations in plasma at any time point from the start of infusion to the 
achievement in steady-state. The equations are divided into two groups, based on 
the number of compartment models. 

1.1) IV infusion for one-compartment model  
               IV infusion for the one-compartment model is used to 

calculate antibiotic concentrations in plasma of meropenem, amikacin, gentamicin, 
and colistin.           

 



  104 

 
 

   Formula: 

C(t)= 
D

Tinf 
 × 

1

kVd 
 × (1-e-k (t-tD))  ;if t-tD ≤T inf  

C(t)= 
D

Tinf 
 × 

1

kVd 
 × (1-e-kTinf) × e-k (t-tD-Tinf)   ;if t-tD >T inf  

where C (t) = plasma concentration during IV infusion  
                   at any time (t) 

 D  = antibiotic dose (g) 
 t   = at time t after dose D given at time tD 
Tinf = infusion time (duration of infusion) 
Vd  = volume of distribution  
K   = first order elimination  

 
1.2) IV infusion for two-compartment model 

                  IV infusion for two-compartment model is used to 
calculate antibiotic concentrations in plasma of imipenem, tigecycline, CMS, 
and fosfomycin.  

       Formula: 
 
 

C(t)= 
D

Tinf 
 × [

A

α 
 × (1-e-α (t-tD)) + 

B

β 
 × (1-e-β (t-tD))  ]    ;if t-tD ≤T inf  

C(t)= 
D

Tinf 
 × [

A

α 
 × (1-e-αTinf) × e-α (t-tD-Tinf)  

 +  
B

β 
 × (1-e-βTinf) × e-β (t-tD-Tinf)  

]    ;if t-tD >T inf 

where C (t) = plasma concentration during IV infusion at any time (t) 
D    = antibiotic dose (g) 
t     = at time t after dose D given at time tD 
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Tinf  = infusion time (duration of infusion) 
V1   = volume of distribution of central compartment  
V2   = volume of distribution of peripheral compartment  
K12  = first order elimination from central compartment to  
         peripheral compartment 
K21  = first order elimination from peripheral compartment  
         to central compartment          
CL  = the central compartmental clearance                          
Q   = the inter-compartmental clearance 

𝛼, 𝛽 = parameterized in micro-constants 

A  = 
1

V1
 × 

α-k21

α-β
= 

1

V1
 × 

α-
Q
V2

α-β
  

B  =  
1

V1
 × 

β-k21

β-α
= 

1

V1
 × 

β-
Q
V2

β-α
 

α =  
k21 x k

β
= 

Q
V2

 × 
CL
V1

β
 

β  = 
1

2
[k12 + k21 + k − √(k12 + k21 + k)2 − 4k21k] 

 = 
1

2
[

Q

V1
+ 

Q

V2
+ 

CL

V1
- √(

Q

V1
+ 

Q

V2
+ 

CL

V1
)

2
− 4

Q

V2

CL

V1
 ]  

 
3.4.2.2.2 Generate data by using Monte Carlo simulation 
         All parameters of each antibiotic and the results of calculated 

antibiotic concentrations will be added to Microsoft Excel. The lognormal distribution 
is used to generate random sample data for Monte Carlo simulation (Oracle Crystal 
Ball program). 

  
 3.4.2.2.3 Perform and calculate the results 

                        To calculate PK/PD target and index using the 10,000 virtual 
plasma concentration and time. The trapezoidal rule was used to calculate AUC; 
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fAUC was calculated and divided by the given MIC to estimate the desired PK/PD 
value.  

After calculating the data following to desired PK/PD target 
and index, the Probability of Target Attainment (PTA) was calculated. Then, calculate 
the proportion or the percentage of Cumulative fraction of response (CFR) from PTA 
following the below equation [116]. 

CFR = ∑ PTAi

n

i=1

 x Fi  

                      where PTAi = PTA of each MICs  
         Fi = the fraction of the population of CRE strains at each MICs 

 

3.4.3 Clinical study 

3.4.3.1 Design of the optimal antibiotic combination regimens 
 After investigated the in vitro study to select the optimal antibiotic 

options and simulated the PK/PD of antibiotics to select the optimal antibiotic dosing 
regimens, the optimal antibiotic combination regimens for the treatment of BSIs are 
designed and are approved by ID physicians, ID pharmacists and a researcher. The 
details of the optimal antibiotic combination regimens revealed in appendix i. 

 

3.4.3.2 Recruited participants, data collection and intervention 
          For the clinical study, all recruited participants were divided into two 

groups – control groups and intervention groups. The research procedure could be 
done by the groups of participants as follows: 

3.4.3.2.1 Control groups 
                             Retrospective study with chart review via electronic medical 
record can be used to collect patients’ data. The procedure consisted of as follows: 

• Requested the CEO of the hospital for collecting patients’ 
data 

• Recruited participants infected CRE, especially 
carbapenem-resistant K. pneumoniae, E.Coli and 



  107 

Enterobacter cloacae, from 1 January 2018 to 30 
September 2020  

• Screened participants using inclusion criteria as follows: 
adult BSI patients (≥18 years) with the positive CRE 
hemoculture during the period. 

• Excluded participants using exclusion criteria as follows: 
pregnancy or breastfeeding, insufficient or incomplete 
data, duplicated data, and not receiving antibiotics for the 
empirical therapy for at least 2 days followed by the 
documented therapy for the CRE treatment. 

• Data of eligible participants would be reviewed and 
collected by the electronic medical record. 

• Collected the participant data and their clinical outcomes 

• Analyzed and concluded the results 

3.4.3.2.2 Intervention groups 
            A prospective study with a quasi-experimental design can be 

used to collect patients’ data. The procedure consisted of as follows: 

• Requested the CEO of the hospital for collecting patients’ 
data 

• To generate the suggested recommendation based on 
infection disease  

• Recruited participants infected CRE, especially 
carbapenem-resistant K. pneumoniae, E.Coli and 
Enterobacter cloacae, from 1 October 2020 to 30 
September 2022   

• Screened participants using inclusion criteria as follows: 
adult BSI patients (≥18 years) with the positive CRE 
hemoculture during the period (routine blood culture 
collection)  
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• Contact participants or their authorized relatives to provide 
informed consent for research. Investigators communicated 
the objective of the study, the procedure for collecting 
specimens, and the risks and benefits before obtaining 
informed consent. 

• The rest of the routine blood culture collections are 
cultured using DKMGN plates. Next, the antimicrobial 
susceptibility testing results are reported to physicians. 

• The physicians decided on the treatment infection and 
whether the suggested recommendation.  

• Data of eligible participants would be reviewed and 
collected by the medical record. 

• Followed up and collected the clinical outcomes of the 
participant until finished a course of antibiotics for the CRE 
treatment 

• Analyzed and concluded the results 
 

 
 

Figure 16 Clinical study procedure
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3.5 Definition of the study 

- Carbapenem Resistance Enterobacteriaceae (CRE) is defined as any 
Enterobacteriaceae which are resistant to any carbapenem (not including 
intermediate) MIC of meropenem, imipenem, doripenem ≥ 4 µg/mL or MIC 
ertapenem ≥ 2 µg/mL [15] 

- Sterile site is defined as the specimens from blood, cerebrospinal fluid (CSF), 
pleural fluid, peritoneal fluid, pericardial fluid, bone, joint fluid, and internal 
body sites  

- Non-sterile sites with clinical symptoms are defined as non-sterile sites with 
clinical symptoms followed by CDC/NHSN Surveillance Definitions for Specific 
Types of Infections [90] 

- Monotherapy is defined as any regimens that contain one antibiotic agent for 
the CRE treatment, including meropenem, imipenem, amikacin, gentamicin, 
tigecycline, colistin, and fosfomycin (7 antibiotic agents) 

- Combination regimens are defined as any regimens that contain two antibiotic 
agents for the CRE treatment, including colistin-based regimens 
aminoglycoside-based regimens, fosfomycin-based regimens 

- Colistin-based regimens are defined as colistin plus other antibiotics, including 
colistin-carbapenems, colistin-aminoglycosides, colistin-tigecycline, colistin-
fosfomycin  

- Aminoglycoside-based regimens are defined as amikacin-based regimens and 
gentamicin-based regimens.  

- Amikacin-based regimens are defined as amikacin plus other antibiotics, 
including amikacin-carbapenems, amikacin-tigecycline, amikacin-fosfomycin  

- Gentamicin-based regimens are defined as gentamicin plus other antibiotics, 
including gentamicin-carbapenems, gentamicin-tigecycline, and gentamicin-
fosfomycin. 

- Fosfomycin-based regimens are defined as fosfomycin plus other antibiotics 
including fosfomycin-carbapenems or fosfomycin-tigecycline. 



  110 

- Triple based regimens are defined as a combination of three antibiotics for 
the treatment of CRE 

- Probability of target attainment (PTA) is defined as the probability that at 
least a specific value of a pharmacodynamic index (fT>MIC, Cmax: MIC, 
fAUC/MIC) is achieved at a certain concentration (mostly, Minimum Inhibitory 
concentration) in Monte Carlo simulations 

- Cumulative fraction of response (CFR) is defined as the expected population 
probability of target attainment for a specific drug dose (PTA) and a specific 
population of microorganisms (which the MIC category ranked from lowest to 
highest MIC value of a population of microorganisms) [116]. 

- Optimal combination regimens are defined as the dosing regimens of each 
antibiotic MIC or the MIC values from the synergistic study reached greater than 
90% of PTA for documented therapy and greater than 90% of CFR for empirical 
therapy. The protocol of the optimal combination regimens was designed 
based on in vitro study of the clinical CRE isolates of Phramongkutklao hospital. 

- Multi-drug resistant (MDR) pathogen is defined as an isolated CRE that is non-
susceptible to at least 1 agent in greater than 3 classes of antimicrobials [117]. 

- Extensively drug-resistant (XDR) is defined as an isolated CRE that is non-
susceptible to at least 1 agent in all, excepting fewer than 2 classes of 
antimicrobials [117]. 

- Pan drug-resistant (PDR) bacteria are defined as isolated CRE that are non-
susceptible to all agents in all classes of antimicrobials [117]. 

- Appropriate documented antibiotic therapy is defined as receiving antibiotic 
regimens that are coverage activities against the suspected pathogens within 48 
hours after the diagnosis of BSI. 

- CRE infections are defined as any infections caused by CRE reported microbial 
laboratory reports and diagnosed by ID physicians at Phramongkutklao hospital  

- Systemic Inflammatory Response Syndrome (SIRS) are 2 or more of four 
following conditions: temperature >38°C or < 36°C; 2) heart rate > 90/min; 3) 
respiratory rate > 20/min or PaCO2 < 32 mm Hg (4.3 kPa); 4) White blood cell 
count > 12 000/mm3 or < 4000/mm3 [94] 
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- Sepsis is defined as a life-threatening syndrome that induced organ dysfunction 
caused by dysregulation of the host response to infection. The criteria of 
defined as sepsis in the study consist of 1) SIRS, 2) documented CRE infections 
and 3) at least 2 points of SOFA score [94] 

- Septic shock is defined as a subset of sepsis that had abnormalities of 
circulation and metabolism leading to substantially increased mortality. The 
criteria defined as a septic shock in the study consist of 1) having sepsis 2) 
hypotension (mean arterial blood pressure of < 65 mmHg) that needs one or 
more vasopressor therapy to maintain blood circulation and 3) a serum lactate 
level > 2 mmol/L after adequate fluid resuscitation after adequate fluid 
resuscitation [94] 

- Vasopressor use is defined as the use of vasopressor during receiving 
antibiotics for documented therapy. 

- Treatment outcomes are defined as clinical outcomes, process outcomes, 
and microbiological outcomes. 

- Clinical outcomes are defined as clinical improvement/failure, 14- and 30- day 
mortality, and length of stay. 

- Clinical improvement is defined as the resolution of the signs and symptoms 
of the infection with no change or additional antibiotic agents to treatment at 
the end of the treatment course, except for de-escalation to narrow-spectrum 
antibiotics. 

- Clinical failure is defined as the signs and symptoms of the infection being 
more serious with change or additional antibiotic agents to treatment, failure 
because the treating physicians judged clinical improvement to be insufficient. 
In addition, recurrence of the infection, development of superinfection, or an 
adverse drug effect constituted a failure [118] 

- 14- day mortality is defined as all-cause mortality within 14 days, measured 
from the day indicated as CRE infections (day 0).  

- 30- day mortality is defined as all-cause mortality within 30 days, measured 
from the day indicated as CRE infections (day 0).  
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- Length of stay (LOS) is defined as the duration of a hospitalization, measured 
from admitted to discharged day.  

- Process outcome is defined as the following recommendations of optimal 
combination regimens which collect data from ID physicians.   

- Microbiological outcome is defined as microbiological eradication or 
microbiological persistence after the treatment. 

3.6 Data collection 

     3.6.1 In vitro study (detail in appendix section) 
- Reported culture date 
- Ward (if any)  
- Bacteria species 
- Source of specimens 
- MICs of antibiotic agents for single antibiotic agents with SIR category and 

combined antibiotic agents 
- CP-CRE genes from multiplex-PCR        
- FICI values and types of synergistic activities from synergistic testing 

3.6.2 PK/PD study 
- % PTA of each antibiotic 
- % CFR of each antibiotic 

3.6.3 Clinical study (detail in appendix section) 
  3.6.3.1 Patient data 

- Sex   
- Age 
- Admission date 
- Baseline laboratory: serum creatinine (Scr), alanine 

aminotransferase (ALT) 
- Comorbidity: Charlson Comorbidity Index (CCI) 
- Severity: Pitt bacteremia score and SIR criteria 

3.6.3.2 Pathogen data 
- Culture date: collected culture date  
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- Bacteria species 
- Source of specimens 
- MICs of each antibiotic with SIR category 

3.6.3.3 Treatment data 

- Antibiotic exposure (< 90 days before admission) 
- Diagnosis date of CRE infections  
- Type of infections 
- Vasopressor use 
- Mechanical use 
- Sepsis 
- Sepsis shock 
- Appropriate antibiotic therapy  
- Antibiotic combination regimens 
- Antibiotic dosing regimens 
- Duration of treatment 

3.9.3.4 Treatment outcomes 
- Clinical improvement/failure, 14-day clinical failure 
- Mortality at 14 and 30 days  
- Length of stays (days) 
- Acceptance to the protocol or not (process outcomes) 
- Microbiological eradication or persistence (microbiological 

outcomes) 
 

3.7 Outcomes 

3.7.1 In vitro study 
- Frequency and percentage of CRE (only Phramongkutklao hospital) 
- Frequency and percentage of bacteria species and source of specimens 
- Frequency and percentage of antimicrobial susceptibility (SIR), MIC 

distribution  



  114 

- Frequency and percentage of CP-CRE, types of carbapenemase genes 
(blaNDM, blaVIM, blaIMP, blaKPC, blaOXA-48) 

- MICs at 50 and 90 percentiles of single antibiotic agents 
- Frequency and percentage of synergistic activity of each combination 

3.7.2 PK/PD study  
- PTA and CFR of single antibiotic dosing regimens 

3.7.3 Clinical study  
3.7.3.1 Patient data 

- Frequency and percentage of sex, underlying disease 
- Mean ± standard deviation or median (interquartile range) of 

age, Charlson Comorbidity Index (CCI) for comorbidity, Pitt 
bacteremia score and SIR criteria for severity, Scr, ALT 

3.7.3.2 Pathogen data 
- Frequency and percentage of antimicrobial susceptibility (SIR), 

type of bacteria 
3.7.3.3 Treatment data 

- Frequency and percentage of type of antibiotic exposure       
(< 90 days before admission) 

- Frequency and percentage of vasopressor use, mechanical 
use, sepsis, septic shock 

- Frequency and percentage of type of infections  
- Frequency and percentage of appropriate antibiotic therapy  
- Frequency and percentage of antibiotic combination regimens 
- Mean ± standard deviation or median (interquartile range) of 

duration of treatment 
3.7.3.4 Treatment outcomes 

3.7.3.4.1 Clinical outcomes 
- Frequency and percentage of clinical 

improvement/failure 
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- Frequency and percentage of 14- and 30- days of 
mortality  

- Mean ± standard deviation or median (interquartile 
range) of the length of stay 

3.7.3.4.2 Process outcomes 
- Frequency and percentage of acceptance of the 

protocol  
3.7.3.4.3 Microbiological outcomes 

- Frequency and percentage of eradication or 
persistence   

 

3.8 Statistics and analysis 
       3.8.1 Statistical and analysis methods 
        3.8.1.1 Descriptive statistics 
           Descriptive statistics will be used to describe the results. 
Categorical variables will be displayed as frequency and percentage, whereas 
continuous variables will be displayed as mean ± standard deviation (if normal 
distribution) or median ± interquartile range (if not normal distribution). 
          3.8.1.1.1 In vitro study 

- Frequency and percentage of CRE (only 
Phramongkutklao hospital), bacteria species, 
antimicrobial susceptibility (SIR), MIC distribution, 
types of carbapenemase genes (blaNDM, blaVIM, blaIMP, 
blaKPC, blaOXA-48), synergistic effects of each 
combination 

- MICs at 50 and 90 percentiles of single antibiotic 
agents 

3.8.1.1.2 PK/PD study  
- PTA and CFR of each antibiotic dosing regimen 
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3.8.1.1.3 Clinical study  
    Categorical variables 

- Patient data: frequency and percentage of sex,  
CCI ≥ 3, Pitt bacteremia score ≥ 4 

-   Pathogen data: antimicrobial susceptibility 
- Treatment data: frequency and percentage of 

antibiotic exposure (< 90 days before admission), 
type of antibiotic combination regimens, type of 
infections, appropriate antibiotic therapy, 
vasopressor use, type of antibiotic treatment 
regimens, vasopressor use, mechanical use, sepsis, 
sepsis shock 

- Treatment outcomes: frequency and percentage 
of 14- and 30- days of mortality, clinical 
improvement/failure, process outcomes, and 
microbiological outcomes 

Continuous variables 
- Patient data: mean ± S.D. or median (interquartile 

range) of age, Charlson Comorbidity Index (CCI) for 
comorbidity, SIR criteria and Pitt bacteremia score 
for severity, Scr and ALT 

- Treatment data: mean ± S.D. or median 
(interquartile range) for the duration of antibiotic 
treatment 

- Treatment outcomes: mean ± S.D. or median 
(interquartile range) for a length of stay 

.  
3.8.1.2 Inferential statistics 

 Inferential statistics are used to test normal distribution and 
compare the differences between retrospective and prospective groups as well as 
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survival and non-survival groups. Only continuous variables and normal distribution 
will be evaluated using the Shapiro-Wilk test 

1) For comparisons categorical variables between two groups in 
the clinical study will be analyzed using the pearson X2 test or fisher’s exact test (if 
an expected value for each cell (E) is less than 5 and a frequency of the expected 
value (E < 5) below 20% of cells). 

2) For comparisons continuous variables between two groups 
in the clinical study will be analyzed using the independence t-test (if normal 
distribution) or Wilcoxon-Mann Whitney test (if not normal distribution). 
    3) For 14-day and 30-day mortality, and 14-day clinical failure  
Kaplan–Meier was used to estimate the survival and failure curves, and the log-rank 
test was used to test the differences between the two groups. 
   4) Logistic regression is used to analyze risk factors for 
mortality. 
 

All tests of inferential statistics will be used two-tailed,                       
P-values ≤ 0.05 for statistical significance testing.  
     

3.8.1.3 Programs for analysis  
Software programs will be used for analysis as follows: 
- Microsoft Excel for descriptive statistics and PK/PD study 
- Statistical program for inferential statistics (Stata 14) 
- Crystal ball program for Monte Carlo simulation in PK/PD study 

 

3.9 Ethical approval  
     Ethical approval for this study was obtained from the Ethics Committee for 
Human Research of Silpakorn University, Nakhon Pathom, Thailand (Ethics number: 
REC 63.0429-033-1871 issued on 13 August 2020) and the ethics review committee of 
the Royal Thai Army Medical Department and Phramongkutklao Hospital, Bangkok, 
Thailand (Ethics number: Q011h/63 issued on 13 July 2020) . 
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CHAPTER IV  
RESULTS 

 

4.1 In vitro results 
      A total of 199 non-duplicated CRE clinical isolates from various specimens were 
collected from 12 multicenter hospitals – 49 isolates from a university hospital                    
(hospital-level U) and 150 isolates from 4 regional hospitals (advanced hospitals – 
Hospital-level A) and 8 general hospitals (5 standard hospitals –  hospital-level S and 
3 middle hospital – Hospital-level M1).    

 4.1.1 Phenotypic results 

             4.1.1.1 Antimicrobial susceptibility results 
               Using CLSI and EUCAST breakpoint for susceptibility interpretations, 
the majority of CRE isolates showed non-susceptibility to studied antibiotics, except 
aminoglycosides. Antimicrobial susceptibility testing results were performed for 163 
strains of CRKP (81.91%), 33 strains of CREC (16.58%), and 3 strains of CREclo (1.51%). 
The total antibiotic susceptible rates were 175 (87.94%) for amikacin, 141 (70.85%) 
for gentamicin, 112 (56.28%) for colistin, 95 (47.74%) for tigecycline, 59 (30.41%) for 
ceftazidime/avibactam, 20 (10.05%) for imipenem, 4 (8.16%) for fosfomycin, 15 
(7.54%) for meropenem, 7 (3.52%) for aztreonam. The antibiotic susceptibility rates, 
MIC50, MIC90, and MIC distributions of CRE clinical isolates were presented in Table 17. 

The MIC distributions of the studied antibiotics were distributed in 
high-level resistance at the university hospitals. In the comparison of the antibiotic 
susceptible rates between the university hospital (hospital-level U) and the non-
university hospitals (Hospital-level A, S and M1), CRE clinical isolates of the university 
hospital were more non-susceptible to meropenem, imipenem, colistin, and 
tigecycline than other hospital levels. On the other hand, these non-university 
hospitals remained less susceptible to aminoglycoside and  ceftazidime-avibactam 
than the university hospital. The antibiotic susceptibility rates, MIC50, MIC90, and MIC 
distributions of CRE clinical isolates divided by hospital levels were presented in 
Table 18 and Figure 17-25 .  
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Table 17 The antibiotic susceptibility, MIC50, and MIC90 of total isolates  

Antibiotics 
Total 

isolates  
(n) 

MIC range MIC50 MIC90 N (%S) $ 

MEM 199 <=0.125->16 >16 >16 15 (7.54) 

IMP 199 <=0.5->16 16 >16 20 (10.05) 
AMK 199 <=4->32 8 32 175 (87.94) 

GEN 199 <=0.5->8 1 >8 141 (70.85) 

COL 199 0.125->8 2 >8 112 (56.28) 
TGC 199 <=0.25-4 1 2 95 (47.74) 

FOS 49 12->1,024 >1,024 >1,024 4 (8.16) 

ATM 199 <=0.5->32 >32 >32 7 (3.52) 
CZA 194 <=0.5/4->16/4 >16/4 >16/4 59 (30.41) 

Abbreviations: MEM, Meropenem; IMP, Imipenem; AMK, Amikacin; GEN, Gentamicin; COL, 
Colistin; TGC, Tigecycline; FOS, Fosfomycin; ATM, Aztreonam; CZA, Ceftazidime-avibactam  
$ Using the intermediate breakpoint following CLSI 2021 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 17 MIC distributions, MIC50 and MIC90 of meropenem divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 18 MIC distributions, MIC50 and MIC90 of imipenem divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 19 MIC distributions, MIC50 and MIC90 of amikacin divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 20 MIC distributions, MIC50 and MIC90 of gentamicin divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 21 MIC distributions, MIC50 and MIC90 of tigecycline divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 22 MIC distributions, MIC50 and MIC90 of colistin divided by settings 
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(a) University hospital (Pramongkutklao hospital) 

 
Figure 23 MIC distributions, MIC50 and MIC90 of fosfomycin 
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(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 24 MIC distributions, MIC50 and MIC90 of aztreonam divided by settings 



  129 

(a) University hospital (Pramongkutklao hospital) 

 
 
(b) Non-university hospital (western hospitals in health region V) 

 
Figure 25 MIC distributions, MIC50 and MIC90 of ceftazidime-avibactam 

divided by settings 
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             4.1.1.2 Antibiotic combination results 
A total of CRE isolates (n = 49) from the university hospital were 

included to investigate synergistic effects with 11 antibiotic combinations divided into 
5 combination antibiotic-based-regimens, including colistin-based regimens, amikacin-
based regimens, gentamicin-based regimens, fosfomycin-based regimens, and triple 
antibiotic-based regimens.  

   The top five synergistic effects in antibiotic combinations as shown 
in 8 of 18 (44.44%) isolates for amikacin – fosfomycin, 7 of 21 (33.33%) isolates for 
fosfomycin – tigecycline, 2 of 9 (22.22%) isolates for colistin – fosfomycin, 3 of 18 
(16.67%) isolates for gentamicin – fosfomycin and 1 of 6 (16.67%) isolates for 
fosfomycin-tigecycline-amikacin (16.67%).  

The top five of additive effect in antibiotic combinations was shown 
in 37 of 49 (75.5%) isolates for amikacin-tigecycline, 34 of 49 (69.4%) for gentamicin-
tigecycline, 15 of 23 (65.22%) isolates for gentamicin-colistin, 14 of 23 (60.87%) 
isolates for amikacin-colistin and 13 of 23 (56.52%) isolates for colistin-tigecycline, 
respectively.  

Moreover, an indifferent effect was observed in triple combination 
regimens – 5 of 6 (83.33%) isolates for fosfomycin-tigecycline-gentamicin and 4 of 6 
(66.66%) isolates for fosfomycin-tigecycline-amikacin, respectively.  

None of any CRE isolates showed antagonism in the checkerboard 
assays. The synergistic testing results were shown in Table 19. 
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  4.1.2 Genotypic results 

              4.1.2.1 ERIC PCR 
                Only CRE clinical isolates obtained from the university hospitals (n 
= 49) were investigated by using the ERIC PCR technique to determine their types. 
The results showed no discriminative DNA banding patterns in the CRE clinical 
isolates. Therefore, none of any isolates were classified into main groups. DNA 
banding patterns of the CRE clinical isolates from the university hospital were 
presented in Figure 26. 
 

 
Figure 26 DNA banding patterns of the CRE clinical isolates from the university 

hospital (n = 49) 
 

             4.1.2.2 mcr-1 PCR 
               One-hundred ninety-nine isolates (n = 199) were investigated by 
using the mcr-1 PCR technique to determine colistin-resistance genes. The results 
showed that 5 of 199 (2.51%) isolates were found in mcr-1 genes. Based on hospital 
levels, mcr-1 positive isolates were only found in hospital-level A. DNA banding 
patterns of the mcr-1 positive isolates were presented in Figure 27. 
 

             4.1.2.3 Multiplex PCR 
                        Of 199 CRE isolates, NDM and OXA-48 were performed in our study, 
whereas KPC, VIM and IMP did not find. The prevalence of carbapenemase were as 
follow: OXA-48 (n = 91; 45.73%), NDM (n = 72; 36.18%), OXA-48 plus NDM (n = 31; 
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15.58%) and not detected any carbapenemase (n = 5; 2.51%). DNA banding patterns 
of the carbapenemase positive isolates were presented in Figure 28. 
 

 
Figure 27 DNA banding patterns of the mcr-1 positive isolates (n = 5) 

 

 
Figure 28 DNA banding patterns of the carbapenemase positive isolates 

 
Based on the type of carbapenem resistance bacteria, CRKP and 

CREC were found in either NDM or OXA-48. The most common carbapenemase 
genes in CRKP and CREC were OXA-48 (n = 86; 52.76%) and NDM (n = 27; 81.82%), 
respectively. Furthermore, CREClo were found only NDM (n = 1; 33.33%). Table 20 
showed the type of carbapenemase divided by carbapenem resistance bacteria.  

 
 
 

Table 20 Type of carbapenemase divided by carbapenem resistance bacteria  
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Carbapenemase  CRKP CREC CREClo Total 

NDM 44 (26.99) 27 (81.82) 1 (33.33) 72 (36.18) 
OXA-48 86 (52.76) 5 (15.15) 0 (0) 91 (45.73) 

NDM plus OXA-48 30 (18.4) 1 (3.03) 0 (0) 31 (15.58) 

Not detected  
any carbapenemase  

3 (1.84) 0 (0) 2 (66.67) 5 (2.51) 

Total 163 (100) 33 (100) 3 (100) 199 (100) 
Abbreviations: CRKP, carbapenem resistance Klebsiella pneumoniae;  
CREC, carbapenem resistance Escherichia coli; CREClo carbapenem resistance Enterobacter cloacae 

NDM, New Delhi metallo-β-lactamase-1; OXA-48, Oxacillinases-48 
 
For CRKP isolates, OXA-48 (n = 26; 53.06%), OXA-48 plus NDM (n = 

21; 42.86%) and NDM (n = 1; 2.02%) were revealed from 49 isolates from the 
university hospital. In the western hospitals in health region V, of the 114 isolates of 
CRKP, OXA-48 (n = 60 of 114; 52.63%) was the most common carbapenemase gene 
detected followed by NDM (43 of 114; 37.72%), NDM plus OXA-48 (9 of 114; 7.89%) 
and not found any carbapenemase (2 of 114; 1.75%).  

According to CREC isolates, the detected carbapenemase genes 
included NDM (27 of 33; 81.82%), OXA-48 (5 of 33; 15.15%) and NDM plus OXA-48 (1 
of 33; 3.03%), respectively. Not found any carbapenemase gene (2 of 3; 66.7%) and 
NDM (1 of 3; 33.3%) was detected in CREClo isolates.  

According to multiplex PCR and mcr-1 PCR, 5 of 199 CRE clinical 
isolates (1.51%) contained mcr-1 genes. Five mcr-1 producing isolates revealed in the 
CRKP isolates from Hospital-level A. Moreover, they were found to co-harbor the 
mcr-1 and OXA-48 genes.  Table 21 showed type of carbapenemase genes and mcr-1 
divided by hospital levels. 
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  4.1.3 Characteristics of phenotypic results and genotypic results 
          The susceptible rates of tigecycline, colistin, amikacin and gentamicin were 
90.28%, 84.72%, 55.56% and 55.56% for NDM positive isolates, 64.84%, 47.25%, 
89.01% and 80.22% for OXA-48 isolates as well as 32.26%, 12.9%, 80.65% and 
83.87% for NDM plus OXA-48 isolates, respectively. Table 22 showed MIC range, 
MIC50, MIC90, and the antibiotic susceptible rates divided by each carbapenemase 
gene. 

Interestingly, 24.12% (n = 48 of 199) of CRE clinical isolates showed no 
categorical agreement of interpretive criteria for aminoglycosides following to CLSI 
guideline. The frequencies of no agreement were NDM (n = 25 of 48; 52.08%), NDM  
plus OXA-48 (n = 8 of 48; 16.67%) and OXA-48 (n = 14 of 48; 29.17%), respectively. 
Additionally, the frequencies of agreement were OXA-48 (n = 77 of 151; 50.99%), 
NDM  (n = 47 of 151; 31.13%), and NDM plus OXA-48 (n = 23  of 151; 15.23%), 
respectively. Table 23 showed categorical agreement of interpretive criteria for 
aminoglycosides following to CLSI guideline 
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4.2 PK/PD results 

      4.2.1. Probability of Target Attaining (PTA)                 

4.2.1.1 Carbapenems 

4.2.1.1.1 Meropenem 
            At MIC50 and MIC90 (> 16 µg/mL), none of any 

meropenem dosing regimens were achieved in the PTA target. At MICs of 1-2 µg/mL 
(non-resistant breakpoints), meropenem dosing regimens (1 g) of 3-hours prolonged 
infusion achieved in the ≥90% PTA at 100%fT>MIC in general patients and patients 
with CrCL of > 25 mL/min. Additionally, the prolonged infusion of 3-hours given 6 
hours could provide the PTA targets more than the prolonged infusion of 3-hours 
given 8 hours. Patient with creatinine clearance 10-25 mL/min, maintenance doses 
0.75 -1 g with a 3-hours prolonged infusion every 12 hours achieved in the PTA 
target. None of any prolonged infusion regimens met the PTA target in a patient with 
CrCL < 10 mL/min. Table 24 showed the ≥90% PTA at 100%fT>MIC in general 
patients and patients with CrCL ranging from 0-9, 10-25, 26-50, 51-90 mL/min. 
 

4.2.1.1.2 Imipenem 
                                      At MIC50 (16 µg/mL) and MIC90 (> 16 µg/mL), none of any 
meropenem dosing regimens were achieved in the PTA target. In general patients, 
only the prolonged infusion of 3-hours could provide the ≥90% PTA at 100%fT>MIC 
with a MIC of 0.5 µg/mL. Table 25 showed the ≥90% PTA at 100%fT>MIC in general 
patients. 
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4.2.1.2 Aminoglycosides 

4.2.1.2.1 Amikacin 
At a MIC of 1 µg/mL, all amikacin dosage regimens met the 

PTA target (Cmax/MIC > 8) in critically ill patients. At a MIC of 2 µg/mL, a loading 
dose of 25–30 mg/kg followed by a maintenance dose of 15–20 mg/kg of amikacin 
met the PTA target in patients with creatinine clearance levels of more than 50 
mL/min. No regimens achieved the target at MIC50 (8 µg/mL) and MIC90 (32 µg/mL). 
The PTA for different amikacin regimens is presented in Table 26. 
 

4.2.1.2.2 Gentamicin 
For gentamicin, all dosage regimens met the PTA target in 

critically ill patients with a MIC of 0.5 and 1 (MIC 50) µg/mL. At a MIC of 1 µg/mL, 4 
mg/kg, and 5 mg/kg every 24 and 48 hours (extended infusion) reached the PTA 
target in patients with creatinine clearance at 51–90 and 10–50 mL/min, respectively. 
None of any gentamicin regimens met the target at MIC90 (>8 µg/mL). The PTA for 
different gentamicin regimens is presented in Table 27. 
 

4.2.1.3 Tigecycline 
For tigecycline dosage regimens to meet the PTA at fAUC0-24/MIC ≥ 

0.9, once-daily high-dose tigecycline (400 mg loading dose followed by 200 mg 
supplemental doses every 12 hours) achieved ≥ 90% PTA with a MIC of 1 µg/mL (MIC 
50) and 2 µg/mL (MIC 90). Twice daily tigecycline dosing regimens achieved the PTA 
target with a MIC of 1 µg/mL (MIC 50), whereas all tigecycline dosing regimens 
reached the PTA target of a MIC of 0.5 µg/mL. The assessments of PTA for different 
tigecycline dosages are shown in Table 28. 
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4.2.1.4 Colistin 
At a loading dose of 300 mg followed by a maintenance dose of 

100-150 mg every 12 hours, achieved ≥ 90% PTA (fAUC0-24/MIC ≥ 25) at MICs ≤ 4 
µg/mL in patients with CrCL ≤ 25 mL/min as well as at MICs ≤ 2 µg/mL (MIC50) in 
patients with CrCL of ≤ 50 mL/min, respectively. At a MIC of 0.5 µg/mL, a loading 
dose of 300 mg followed by a maintenance dose of 150-180 mg every 8 hours, 
achieved ≥ 90% PTA in patients with CrCL of > 50 mL/min. None of the colistin 
regimens met the target at MIC90 (> 8 µg/mL). The PTA for the colistin dosing 
regimens is presented in Table 29. 

 

4.2.1.5 Fosfomycin 
                         On day 1st of treatment, fosfomycin dosing regimens reached the ≥ 
90% PTA (fAUC0-24/MIC = 21.5) at MICs ≤ 256 µg/mL as follows: 24 g/day (a loading 
dose of 8 g, followed by 4 g drip in 1 hour every 4 hours or 6 g drip in 1 hour every 6 
hours) in general patients, 16 g/day (a loading dose 8 g, followed by 4 g drip in 0.5-2 
hour every 6 hours) in patients with creatinine clearance 51-90 mL/min, and 12 g/day 
(a loading dose 8 g, followed by 4 g drip in 0.5-2 hour every 8 hours) in patients with 
creatinine clearance 26-50 mL/min.  

Furthermore, 12 g/day of fosfomycin dosing regimens (a loading dose 
of 8 g, followed by 4 g drip in 0.5-2 hours every 8 hours) in patients with CrCL 51-90 
mL/min as well as all dosing regimens with CrCL ≤ 50 mL/min reached in the PTA 
target at MICs ≤ 128 of µg/mL on day 1st of treatment. 

On day 2nd of treatment, all fosfomycin dosing regimens achieved in 
the ≥ 90% PTA at MICs ≤ 256 of µg/mL, except a loading dose of 4 mg, followed by 
2 g drip in 0.5-2 hours every 12 hours in a patient with creatinine clearance 0-9 
mL/min.  

On day 5th of treatment, all fosfomycin dosing regimens achieved the 
≥ 90% PTA at MICs ≤ 256 µg/mL. No regimens achieved the target at MIC50 and MIC90 
(>1,024 µg/mL). The PTA for the fosfomycin dosing regimens is presented in Table 
30-33. 



  151 

4.2.1.6 Ceftazidime-avibactam  
       For ceftazidime-avibactam dosing regimens, the 6-hours and 8-
hours intervals were achieved in the PTA target at MICs ≤ 4 and ≤ 8 µg/mL, 
respectively. Regarding PTA for various ceftazidime-avibactam regimens, for 
pathogens with a MIC of 8 µg/mL (the current susceptibility breakpoint for 
ceftazidime-avibactam), the optimal PTA target of fTime>MIC ≥50% was achieved in 
all studied regimens. For ≥90% PTA target of fTime>MIC 100%, the current 
ceftazidime-avibactam recommended dose, namely 2.5 g every 8 h, has to be 
infused longer time as 2-3 hours to optimally cover CRKP with a ceftazidime-
avibactam MIC of 8 µg/mL. Whereas the regimen of 2.5 g every 8 hours with standard 
infusion time (0.5h) was effective against only isolates with ceftazidime-avibactam 
MICs of ≤4 µg/mL. This approach of prolonged infusion was also able to achieve 
PK/PD index of avibactam at avibactam fCtrough exceeding 0.5 µg/mL entire time 
interval of ceftazidime-avibactam administration. None of the ceftazidime-avibactam 
dosing regimens met the PTA target at MIC 50 and MIC 90 (>16/4 µg/mL). Prolonged 
infusion regimens had obtained a higher PTA target than standard infusion. The PTA 
for the fosfomycin dosing regimens is presented in Table 34. 
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4.2.2. Cumulative Fraction of Response (CFR) 

4.2.2.1 Carbapenems 

4.2.2.1.1 Meropenem 
 None of any meropenem dosing regimens met the ≥ 90% 

CFR target even divided by settings, types of Enterobacterales, and hospital levels. 
Table 35-37 showed the percentage of CFR for the meropenem dosing regimens.  

4.2.2.1.2 Imipenem 
There were no imipenem dosing regimens divided by 

settings, types of Enterobacteriaceae and hospital levels achieved in the ≥ 90% CFR 
target. Table 38-40 showed the percentage of CFR for the imipenem dosing regimens.  
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4.2.2.2 Aminoglycosides 

4.2.2.2.1 Amikacin 
  There were no amikacin dosing regimens divided by 

settings, types of Enterobacteriaceae, and hospital levels achieved in the ≥ 90% CFR 
target. Table 41-43 showed the percentage of CFR for the amikacin dosing regimens. 
    

4.2.2.2.2 Gentamicin 
 There were no gentamicin dosing regimens divided by 

settings, types of Enterobacteriaceae, and hospital levels achieved in the ≥ 90% CFR 
target. Table 44-46 showed the percentage of CFR for the gentamicin dosing 
regimens. 
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4.2.2.3 Tigecycline 
          Double high dose tigecycline (loading dose 400 mg, followed by 200 
mg infusion 0.5 h every 12 hours) reached the ≥ 90% CFR target for either the 
university or non-university hospitals. Based on the type of carbapenem-resistant 
Enterobacterales and hospital levels from Health region V, double high dose 
tigecycline was also achieved in the CFR target. Nonetheless, the CFR of the usual 
dosing regimen (tigecycline 100 mg every 12 hours) ranged from 76-88%. Table 47-49 
showed the percentage of CFR for the tigecyccline dosing regimens                            
 

4.2.2.4 Colistin 
          Although most colistin dosing regimens divided by settings could not 
achieve the CFR target, the colistin dosing regimens ranged from 100-150 mg every 
12 hours in patients with CrCL of 0-9 mL/min (91% of CFR). Based on hospital levels, 
hospital-level U and A could not reach the CFR target, whereas the hospital-level S 
and M1 met the CFR target in patients with CrCL > 25 mL/min. 
         Based on CrCL, the colistin dosing regimens (loading dose 300 mg and 
maintenance dose 100-180 mg infusion 0.5 hours every 12 hours) met the CFR target 
in patients with CrCL ≤ 50 mL/min for E. coli and E. cloacae. Additionally, loading 
dose 300 mg and maintenance dose 150 mg infusion 0.5 hours every 8 hours) 
reached the CFR target in patients with CrCL 51-90 mL/min, whereas none of any 
colistin regimens in patients with CrCL 91-130 mL/min were achieved in the CFR. 
Table 50-52 showed the percentage of CFR for the colistin dosing regimens 
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4.2.2.5 Fosfomycin 
          None of the fosfomycin dosing regimens for all patients divided by 
creatinine clearance on day 1, day 2, and day 5 met the CFR target. Table 53 showed 
the percentage of CFR for the fosfomycin dosing regimens 
 

4.2.2.6 Ceftazidime-avibactam 
                   Based on a CFR of ≥90%, no ceftazidime-avibactam regimens were 
effective against all studied CRKP isolates with various types of carbapenemase. 
Focusing on only CRKP isolates carrying only blaOXA-48, the optimal CFR target of 
fT>MIC ≥50% was achieved in all studied ceftazidime-avibactam regimens. Whereas, 
for fT>MIC 100%, regimens of 2.5 g infused longer time as 2-3 hours every 8 hours 
gave CFR ≥90% in critically ill patients with OXA-48 type CRKP infection or isolates 
giving susceptible to ceftazidime-avibactam based on CLSI guideline. Table 54-56 
showed the percentage of CFR for the ceftazidime-avibactam dosing regimens 
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4.3 Clinical results 

4.3.1 Baseline characteristics 
              Of the 121 patients with positive hemocultures for CRE, 102 patients met 
the inclusion criteria, and 19 patients were excluded from the study. A total of 
participants in the final analysis included 88 patients (n = 88) that divided the 48 
patients into retrospective group (n = 48) and 40 patients into prospective group (n = 
40). The flowchart of patients in the study is presented in Figure 29. 
 

 
 

Figure 29 Flowchart of patients in the study 
 

Table 57 showed baseline characteristics of all pateints (n = 88). In the 
retrospective groups, 26 patients (54.17%) were male, the median age was 66 years, 
the mean CCI score was 4.67 ± 2.58, the mean Pitt bacteremia score was 5.72 ± 2.86, 
29 patients (60.42%) had sepsis, 17 patients (35.42%) had septic shock, 44 patients 
(91.67%) used mechanical ventilators, 38 patients (79.17%) received vasopressors. 
Vascular catheter-related infections were the most common types of infection (n = 
20; 41.67%) in retrospective, followed by IAIs (n = 9; 18.75%). In the prospective 
group, 26 patients (50.00%) were male, the median age was 68 years, the mean CCI 
score was 4.18 ± 2.71, the mean Pitt bacteremia score was 5.36 ± 3.45, 20 patients 
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(50.00%) had sepsis, 14 patients (35.00%) had septic shock, 32 patients (80.00%) used 
mechanical ventilators, 26 patients (72.22%) received vasopressors. Vascular 
catheter-related infections were the most common types of infection (n = 21; 
52.50%) in prospective groups, followed by IAIs (n = 7; 17.50%).  

In the antimicrobial susceptibility testing, CRKP and CREC in the 
retrospective group were susceptible to tigecycline (89.58%), amikacin (89.58%), and 
gentamicin (66.67%) as well as intermediate to colistin (47.92%). CRKP in the 
prospective group was susceptible to gentamicin (87.50%), amikacin (83.33%), 
tigecycline (60.00%) as well as intermediate to colistin (60.00%). 

All patients included to analyzed at 14-day mortality divided to survived 
and non-survived patients. Of 63 survived patients (71.59%), 38 patients (60.32%) 
were male, the mean Pitt bacteremia score was 5.11 ± 3.45, 32 patients (50.79%) had 
sepsis, 21 patients (33.33%) had septic shock, 51 patients (80.95%) used mechanical 
ventilators, 44 patients (69.84%) received vasopressors. In 25 non-survived patients 
(28.41%), 14 patients (56.00%) were male. mean Pitt bacteremia score was 6.61 ± 
1.85, 17 patients (68.00%) had sepsis, 10 patients (40.00%) had septic shock, 25 
patients (100%) used mechanical ventilators, 24 patients (96.00%) received 
vasopressors. Pitt bacteremia score, mechanical use, and vasopressor use were 
statistically significant between survived and non-survived groups.  

All patients included to analyzed at 30-day mortality also divided to 
survived and non-survived patients. In 47 survived patients (43.41%), 26 patients 
(55.32%) were male, the mean Pitt bacteremia score was 4.75 ± 3.62, 27 patients 
(46.81%) had sepsis, 13 patients (27.66%) had septic shock, 35 patients (74.47%) used 
mechanical ventilators, 30 patients (63.83%) received vasopressors. In 41 non-
survived patients (46.59%) at 30-day, 26 patients (63.41%) were male, the mean Pitt 
bacteremia score was 6.41 ± 2.24, 27 patients (65.85%) had sepsis, 18 patients 
(43.90%) had septic shock, 41 patients (53.95%) used mechanical ventilators, 38 
patients (92.68%) received vasopressors. Table 59 showed survived and non-survived 
patients at 14-day and 30-day mortality. 
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4.3.2 Treatment regimens 
       Among the antibiotic regimens in the study, 6.82% (n = 6 of 88) and 
93.18% (n = 82 of 88) were treated with monotherapy and combination therapy, 
respectively. The most frequent therapies were aminoglycoside-based regimen (n = 
40 of 88; 45.45%) and colistin-based regimens (n = 40 of 72; 45.45%). None of the 
carbapenem-based regimens were shown in the study. 
      Table 58 showed treatment characteristics of patients. In retrospective 
group, the most antibiotic-based regimens were colistin-based regimens (n = 24 of 
48; 50.00%) and the most frequent antibiotic regimens were colistin plus meropenem 
(n = 9). In prospective group, gentamicin-based regimens were the most antibiotic-
based regimens (n = 14 of 40; 63.63%) and gentamicin plus tigecycline were the most 
frequent antibiotic regimens (n = 8). Fosfomycin-based regimens and triple-based 
regimens were only used in the retrospective group. The duration of treatment was 
not significant. 

Table 60 showed treatment characteristics of survive and non-survive 
patients of 14-day mortality and 30-day mortality. For 14-day mortality, there was 63 
(n = 63; 71.59%) and 25 patients (n = 25; 28.41%) in survive and non-survive groups, 
respectively. In survive group, 38 patients (60.32%) were male, the median age was 
66 years, the mean CCI score was 4.30 ± 2.70, the mean Pitt bacteremia score was 
5.11 ± 3.45, 32 patients (50.79%) had sepsis, 21 patients (33.33%) had septic shock, 
51 patients (80.95%) used mechanical ventilators, 44 patients (69.84%) received 
vasopressors. Vascular catheter-related infections were the most common types of 
infection (n = 29; 46.03%) in retrospective, followed by IAIs (n = 10; 15.87%). In the 
non-survive group, 14 patients (56.00%) were male, the median age was 68 years, the 
mean CCI score was 4.8 ± 2.50, the mean Pitt bacteremia score was 6.60 ± 1.85, 17 
patients (68%) had sepsis, 10 patients (40%) had septic shock, 25 patients (100.00%) 
used mechanical ventilators, 24 patients (96%) received vasopressors. Vascular 
catheter-related infections were the most common types of infection (n = 12; 48%) 
in prospective groups, followed by IAIs (n = 6; 24%). In the antimicrobial susceptibility 
testing, CRKP and CREC in the survive group were susceptible to amikacin (82.54%), 
gentamicin (76.19%) and tigecycline (73.02%), as well as intermediate to colistin 
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(52.38%). CRKP and CREC in the non-survive group was susceptible amikacin 
(92.00%), tigecycline (84.00%) and gentamicin (76.00%) and as well as intermediate 
to colistin (56.00%). 

For 30-day mortality, there was 47 (n = 47; 53.41%) and 41 patients                     
(n = 41; 46.59%) in survive and non-survive groups, respectively. In survive group, 26 
patients (55.32%) were male, the median age was 63 years, the mean CCI score was 
4.09 ± 2.87, the mean Pitt bacteremia score was 4.75 ± 3.62, 22 patients (46.81%) 
had sepsis, 13 patients (27.66%) had septic shock, 35 patients (74.47%) used 
mechanical ventilators, 30 patients (63.83%) received vasopressors. Vascular 
catheter-related infections were the most common types of infection (n = 25; 
53.19%) followed by IAIs (n = 5; 10.64%). In the non-survive group, 41 patients 
(46.51%) were male, the median age was 68 years, the mean CCI score was 4.85 ± 
2.31, the mean Pitt bacteremia score was 6.41 ± 2.24, 27 patients (65.85%) had 
sepsis, 18 patients (43.90%) had septic shock, 41 patients (53.95%) used mechanical 
ventilators, 38 patients (92.68%) received vasopressors. Vascular catheter-related 
infections were the most common types of infection (n = 16; 39.02%), followed by 
IAIs (n = 11; 26.83%). In the antimicrobial susceptibility testing, CRKP and CREC in the 
survive group were susceptible to amikacin (82.98%), gentamicin (74.47%) and 
tigecycline (74.47%), as well as intermediate to colistin (55.32%). CRKP and CREC in 
the non-survive group was susceptible amikacin (87.80%), tigecycline (78.05%) and 
gentamicin (78.05%) and as well as intermediate to colistin (51.22%). 

 Table 61 showed the frequency and the percentage of all antibiotic 
combination regimens, including dual therapy and triple therapy. The most antibiotic 
combination regimens were dual therapy either retrospective or prospective groups. 
The most antibiotic combination regimens in retrospective and prospective groups 
were colistin-based regimens and aminoglycoside-based regimens, respectively. 
There were no differences in each combination regimens. 
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4.3.2 Treatment outcomes 
              Table 62 showed overall treatment outcomes of the study. They are 
divided into mortality, clinical outcomes, microbiological outcome, and process 
outcome.  

              4.3.2.1 Mortality 

4.3.2.1.1 Mortality rates 
           At 14 days, patients in the retrospective groups died 18, 
whereas Patients in the prospective groups died 7. There was statistically difference 
in the 14-day mortality rate (p-value = 0.038). At 30 days, patients in the 
retrospective groups died 26, whereas patients in the prospective groups died 15. 
There was no difference in the 30-day mortality rate (p-value = 0.119). Figure 30 
showed flowchart of patients in the study and the frequency of mortality at 14 and 
30 days. 
 

 
  

Figure 30 Flowchart of patients in the study and 
 the frequency of mortality at 14 and 30 days 
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4.3.2.1.2 Kaplan-Meier curves and log-rank test  
         Figure 31 and Figure 32 showed Kaplan-Meier curves of 
survival to 14-day and 30-day divided by retrospective and prospective groups, 
respectively.  

At 14-day mortality, the retrospective group were 
significantly different in the prospective group when using log-rank test analysis                      
(p-value = 0.0368), whereas there was no difference in 30-day mortality (p-value = 
0.0778).  

4.3.2.1.3 Factors associated with mortality 
            The risk factors were associated with 14-day mortality in 
univariate analysis, including receiving PK/PD dose optimization with pharmacists 
(intervention) (OR = 0.35; 95%CI = 0.13-0.96; p-value = 0.042) and using vasopressors 
(OR = 10.36; 95%CI = 1.31-82.25; p-value = 0.027). When using multivariate analysis, 
both receiving intervention (OR = 0.35; 95%CI = 0.12-0.98; p-value = 0.046) and using 
vasopressors were significantly associated with 14-day mortality (OR = 10.54; 95%CI = 
1.31-85.00; p-value = 0.027). 
         The risk factors were associated with 30-day mortality in 
univariate analysis, including receiving intervention (OR = 0.51; 95%CI = 0.21-1.19; p-
value = 0.120), age (OR = 1.02; 95%CI = 1.00-1.05; p-value = 0.040), using 
vasopressors (OR = 7.18; 95%CI = 1.92-26.80; p-value = 0.003), CCI score ≥ 3 (OR = 
2.21; 95%CI = 0.90-5.41; p-value = 0.085), Sepsis (OR = 2.19; 95%CI = 0.93-5.19; p-
value = 0.075) and Intra-abdominal infections (OR = 3.53; 95%CI = 1.01-12.38; p-value = 
0.048). When using multivariate analysis, only using vasopressors were significantly 
associated with 30-day mortality (OR = 6.05; 95%CI = 1.48-24.70; p-value = 0.012). 
 

4.3.2.2 Clinical outcomes 
      Clinical failure was 54.17% (n = 26 of 48) in retrospective group and 
32.50% (n = 13 of 40) in prospective group. Clinical outcomes between retrospective 
and prospective groups were statistically significance (p-value = 0.042). At 14-day 
clinical failure (Figure 33), the retrospective group were significantly different in the 
prospective group when using log-rank test analysis (p-value = 0.0463).  
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4.3.2.3 Microbiological outcome 
Microbiological eradication was 90.63% (n = 29 of 32) in 

retrospective patients and 83.78% (n = 31 of 37) in prospective patients. No 
significant differences between retrospective and prospective groups were found (p-
value = 0.489). 

 

4.3.2.4 Process outcomes 
                         The physician acceptance following protocols was acceptance with 
minimum requirement of protocol (77.50%; n = 31 of 40) and fully acceptance 
(22.50; n = 9 of 40). The most acceptance with minimum requirement of protocol 
were antibiotic combination options, whereas antibiotic dosing regimens occasionally 
followed the protocol, especially tigecycline dosing regimens at a MIC of 0.5 µg/mL. 
 
 



 
  

21
7 

Ta
bl

e 
62

 O
ve

ra
ll 

tre
at

m
en

t o
ut

co
m

es
 o

f t
he

 st
ud

y 
 

 

Va
ria

bl
es

 
Re

tro
sp

ec
tiv

e 
(n

 =
 4

8)
 

Pr
os

pe
ct

ive
 (n

 =
 4

0)
 

P-
va

lu
e 

a. 
Cl

ini
ca

l o
ut

co
m

es
 

14
-d

ay
 m

or
ta

lit
y 

18
 (3

7.5
0)

 
7 

(1
7.5

0)
 

0.0
38

 *, 
#  

30
-d

ay
 m

or
ta

lit
y 

26
 (5

4.1
7)

 
15

 (3
7.5

0)
 

0.1
19

 #  

Cl
ini

ca
l f

ail
ur

e, 
n 

(%
) 

26
 (5

4.1
7)

 
13

 (3
2.5

0)
 

0.0
42

 *, 
#  

Le
ng

th
 o

f s
ta

y 
(d

ay
s),

 m
ed

ian
 (I

QR
) 

50
 (8

3.5
) 

51
.5 

(4
7.5

) 
0.8

27
5 

$$
 

b.
 P

ro
ce

ss
 o

ut
co

m
es

 

Fu
lly

 a
cc

ep
ta

nc
e 

of
 p

ro
to

co
l, 

n 
(%

) 
NA

 
9 

(2
2.5

0)
 

 

Ac
ce

pt
an

ce
 w

ith
 m

ini
m

um
 

re
qu

ire
m

en
t o

f p
ro

to
co

l, 
n 

(%
) 

NA
 

31
 (7

7.5
0)

 
 

No
 a

cc
ep

ta
nc

e, 
n 

(%
) 

NA
 

0 
(0

) 
 

C.
 M

icr
ob

iol
og

ica
l 

ou
tc

om
es

, n
 (%

) 

 
 

 
0.4

89
 ##

 

M
icr

ob
iol

og
ica

l e
ra

dic
at

io
n 

29
/3

2 
(9

0.6
3)

 
31

/3
7 

(8
3.7

8)
 

 

M
icr

ob
iol

og
ica

l p
er

sis
te

nt
 

3/
32

 (9
.38

) 
6/

37
 (1

6.2
2)

 
 

* S
ign

ific
an

ce
 if

 P
-v

al
ue

 ≤
 0

.05
  #  P

-v
al

ue
 u

sin
g c

hi-
sq

ua
re

 te
st 

##
 P

-v
alu

e 
us

ing
 fi

sh
er

’s 
ex

ac
t t

es
t  

Ab
br

ev
iat

ion
s: 

 N
A,

 n
ot

 a
na

lyz
e



  
 

218 

 
 

 
Figure 31 Kaplan-Meier and log-rank test analysis of survival at 14-day 
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Figure 32 Kaplan-Meier and log-rank test analysis of survival at 30-day 
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Figure 33 Kaplan-Meier and log-rank test analysis of 14-day clinical failure 
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CHAPTER V  
DISCUSSION AND CONCLUSION 

 
Nowadays, limited available antibiotic options for treating infections caused 

by CRE are a critical problem for antibiotic resistance gram-negative bacteria 
worldwide. Mostly, second-line antibiotics have been used in clinical settings. In 
Thailand, the carbapenem-resistant rates of gram-negative bacteria have continually 
increased over time. Nonetheless, there is a lack of linkage between an in vitro study 
involving antibiotic susceptibility with molecular epidemiology and a clinical study in 
multicenter. This is the first study to report the optimal antibiotic options and 
appropriate antibiotic dosing regimens through clinical study towards CRE across 
multiple hospitals in Thailand.   

In this study, carbapenem resistance among a total of CRE isolates was mainly 
found among K. pneumoniae (n = 163 of 199; 81.91%), followed by E. coli (n = 33 of 
199; 16.58%) and E. Cloacae (n = 3 of 199; 1.51%). Our findings are consistent with 
those of Thongkoom et al., who found that the most common CRE isolates from a 
tertiary care hospital in Thailand, were K. pneumoniae (n = 290 of 411; 71%), 
followed by E. Coli (n = 47 of 411; 11.4%) and E. Cloacae (n = 31 of 411; 7.5%) [118]. 
In contrast, a systematic review and meta-analysis found that the majority of CRE 
were  K. pneumoniae (63.6%), followed by E. Cloacae and E. Coli., respectively [119]. 

The prevalence rates of susceptible to studied antibiotics among CRE isolates 
were determined as follows: amikacin (n = 175 of 199; 87.84%), gentamicin (n = 141 
of 199; 70.85%), colistin (n = 112 of 199; 56.28%), tigecycline (n = 95 of 199; 47.74%), 
CZA (n = 59 of 194; 30.41%), imipenem (n = 20 of 199; 10.05%), fosfomycin (n = 4 of 
49; 8.16%), meropenem (n = 15 of 199; 7.54%) and aztreonam (n = 7 of 199; 3.52%). 
Our susceptibility results of studied antibiotics were reported as low compared with 
Thongkoom P et al in 2017. The previous study showed the susceptibility testing in 
CRE isolates from a tertiary hospital in Thailand; the susceptibility rates of CRKP, 
CREC and CrCLo isolates to meropenem, imipenem, amikacin, gentamicin and 
tigecycline were 40-80%, 1-7%, 0%, 0-7%, 12-53%, respectively [118].  
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In Thailand, there was the diversity of carbapenemase genes found over time.  
The presence of carbapenemase types in our study was not inconsistent with 
previous studies. Most isolates harbored one of carbapenemase genes, including 
OXA-48 (n = 91 of 199; 45.73%), NDM (n =72 of 199; 36.18%) NDM plus OXA-48 (n = 
31 of 199; 15.58%). In 2012, Rimrang et al collected CRE clinical isolates from 
Srinagarind Hospital, Khon Kaen University from 2010 to 2011. CRKP isolates found 
two of the blaIMP-14a and two of blaNDM, whereas CREC found two of blaNDM. NDM-
producing isolates had higher carbapenem MICs than IMP-14a-producing isolates. 
NDM-producing isolates were highly susceptible to amikacin (100%) and gentamicin 
(50%), whereas IMP-14a producers were susceptible to amikacin and gentamicin 
(50%) [5]. In 2015, Netikul and Kiratisin conducted a surveillance study of CRE clinical 
isolates at Siriraj hospital, Bangkok during 2009-2011. They found that 12.1% of CRKP 
isolates (n = 4 of 36) only carried blaIMP, whereas 5.9% of CREC (n = 1 and 0.8% of 
CREclo carried blaKPC, respectively. None of the CRE isolates found blaNDM or blaOXA-48 
[120].  

OXA-48 and co-existence of OXA-48 also reported since 2016. In 2016, 
Weewan A collected 53 CRE isolates at Prapokklao Hospital, Chanthaburi. She found 
the carbapenemase enzyme, including NDM (43,4%), IMP (35.8 %),and NDM plus OXA 
(5.7%) [6]. In 2018, Laolerd W et al reported 223 non-duplicated clinical strains of 
CRE isolates from Ramathibodi Hospital between March 2012 and September 2016. 
Of the 168 CRKP isolates, 27.80% (n = 62) were blaNDM, followed by blaNDM plus 
blaOXA-48-like (24.66%; n = 55) and blaOXA-48-like (21.97%; n = 49). Of 27 CREC isolates, 
9.87% (n = 22) were blaNDM, followed by blaOXA-48-like (1.79%; n = 4) and blaNDM plus 
blaOXA-48-like (0.45%; n = 1). Of 17 CREclo, 4.04% (n = 9) were blaNDM, followed by 
blaIMP (2.24%; n = 5) and blaOXA-48-like (1.35%; n = 3) [121]. In 2019, Prawang A et al 
reported 30 coRKP isolates collected from patients admitted at Pharmongkutklao 
hospital; of 93.33% (n = 28) carried blaOXA-48. None of the other carbapenamase 
found [122]. In 2021, Paveenkittiporn W et al obtained 3,946 CRE clinical isolates 
from multicenter hospitals in health region V using data from a national antimicrobial 
resistance surveillance system developed by the Thailand National Institute of Health 
(NIH) from 2016 to 2018. The most common carbapenemase types in CRKP (n = 



  
 

224 

2,659) were blaOXA-48-like (59%), followed by blaNDM (55%) and blaIMP (2%). The most 
common carbapenemase types in CREC (n = 799) were blaNDM (94%), followed by 
blaOXA-48-like (18%) and blaIMP (<1%), whereas the most common carbapenemase 
types in CREClo (n = 113) were blaNDM (59%), followed by blaIMP (25%), and blaOXA-48-

like (22%). The results also concordance with this study which 16% (n = 634) of the 
CRE isolates showed coexistence of blaNDM plus blaOXA-48-like [123].  

As mentioned above, although the most common identified carbapenemase 
are NDM and OXA-48, NDM and OXA-48-producing strains have continually reported 
over the last 5 years. It seems to be that the carbapenemase genes will continue to 
evolve. The features related to the evolution of carbapenmase genes are as follows: 
1) geographical conditions, such as infectious control (hygiene), high selective 
pressure reflected to antibiotic use (overuse or misuse) 2) genetic structures of the 
carbapenemase genes 3) human exchange e.g. foreign travel, tourism or medical 
tourism [124]. Indeed, carbapenemase genes can be carried the mobile genetic 
elements (such as plasmid, transposons and integrons). The conjugation of NDM and 
OXA-48 may occur even the same or different bacterial species, especially 
Acinetobacter spp, which found the co-producing of NDM and OXA-48. In China, Yin 
C et al found the co-producing of KPC-2 and NDM or 5 in CRE isolates because the 
carbapenemase genes could be transferable plasmids [125]. Thus, Horizontal gene 
transfer (HGT) may occur and can transfer the mobile genetic elements between 
bacteria with same bacterial species or different bacterial species [126, 127].  

Different carbapenemase types in each hospital may affect carbapenem-
resistant levels. The higher virulence of CRE clinical isolates may also be associated 
with carbapenemase genes which were investigated by Tamma P.D. et al in 2017 
[128]. Our CRE clinical isolates seem to be more virulent due to containing at least 
one of the carbapenemase-producing CRE isolates. At meropenem MICs ≤ 4 µg/mL, 
our majority of the carbapenemase positive isolates were OXA-48 producing isolates 
(16 of 65; 24.6%), followed by NDM (2 of 71; 2.82%) and NDM plus OXA-48 (2 of 10; 
20%). In 2016, Fattouh R et al showed types of carbapenemase having meropenem 
MICs ≤ 4 µg/mL as follows: 66.6% of OXA-48 positive (n = 20 of 30), 50.1% of KPC 
positive (n = 32 of 63), and 8.8% of NDM-positive (n = 20 of 90). Furthermore, NDM-
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positive isolates had meropenem MICs ≥ 2 µg/mL, whereas OXA-48 and KPC-positive 
isolates were relatively distributed across the meropenem MIC, ranging from ≤ 0.12 
to ≥ 16 µg/mL [23]. It seems to be containing NDM-producing isolates are likely to 
have stronger resistance levels than OXA-48 and KPC-producing isolates, respectively. 
The molecular resistance mechanisms should also be considered for designing 
antibiotic dosing regimens. 

Carbapenems have a role in the treatment of infections caused by CRE based 
on MIC levels. The prolonged infusion with shorten interval regimens (loading dose 2 
g followed by 1 g infusion 3 hours every 6 hours) reached the ≥ 90% PTA target of 
100%fT >MIC at carbapenem MICs ≤ 2 µg/mL. The results are in concordance with a 
systematic review and meta-analysis conducted by Yu Z et al in 2018. The results 
favored the prolonged infusion because it significantly had a higher clinical 
improvement rate (OR = 2.10, 95% CI = 1.31-3.38) and a lower mortality (RR = 0.66, 
95% CI = 0.50-0.88) compared with intermittent bolus [129]. In 2019,              
Thunyapituk N et al also performed the dosing regimens of 3 hours of prolonged 
infusion every 6 hours could reach the PTA target of 100%fT >MIC at meropenem 
MICs ≤ 2 µg/mL [65]. Nonetheless, Del Bono V et al in 2017 assessed the 
achievement of 40% T>MIC measured by meropenem-levels in 19 critically ill 
patients with BSI caused by KPC-KP were 95% (n = 18 of 19), 68% (n = 13 of 19) and 
32% (n = 6 of 19) at MICs of 8 µg/mL, 16 µg/mL and 32 µg/mL, respectively. The 
difference in PK/PD target of meropenem in each study may affect the achievement 
of the target at each MIC. 

Based on the current evidence, administration of high dose prolonged 
infusion carbapenem-based regimen (e.g. double carbapenem regimens) for the 
treatment of infections caused by KPC-producing isolates could be recommended if 
carbapenem MICs ≤ 8 µg/mL [41, 130]. Our findings showed that more than 80% of 
CRE isolates being non-susceptible to meropenem and imipenem (14.57% (n = 29 of 
199) for meropenem MICs ≤ 8 µg/mL and 29.15% (n = 58 of 199) for imipenem MICs 
≤ 8 µg/mL). None of the KPC-producing isolates were found in the study. Thus, 
carbapenem-based regimens may not be considered the first antibiotic regimen for 
treating CRE in Thailand. 
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For colistin, our findings showed 56.28% of all isolates (n = 112 of 199) were 
intermediate to colistin (colistin MICs ≤ 2 µg/mL). Based on hospital levels, university 
hospital (n = 9 of 49; 18.37%) had lower-intermediate to colistin than non-university 
hospital (n = 103 of 150; 68.67%). In 2019, Jitaree K et al showed intermediate rates 
to colistin for 116 CRE isolates (n = 96 for CRKP and n = 20 for CREC) in a tertiary 
hospital were 78.44% (n = 91 of 116 isolates) [77]. Our CRE isolates may be higher 
resistance to colistin than the previous study because of carrying OXA-48 in most CRE 
clinical isolates (n = 132 of 199; 66.33%). The resistant genes associated with colistin-
resistance isolates were OXA-48 and mcr-1 Interestingly, we observed the 
coexistence of mcr-1 with OXA-48 in carbapenem-resistant K. pneumoniae. Among 
these coexistence resistance gene, 80% (4 of 5) had colistin MICs > 8 µg/mL. Previous 
studies have demonstrated the co-occurrence of mcr-1 and OXA-48 is common in 
colistin-resistance isolates; these isolates had colistin MICs ranged of 32-64 µg/mL 
[131]. The reason may be most pathogens containing the carbapenemase and mcr-1 
positive genes on their plasmids or integrons can carry, transfer, and move the 
genetic elements to another pathogen, leading to a high level of resistance in colistin 
and carbapenem [132]. Moreover, increasing the use of colistin for the treatment of 
infections caused by Gram-negative bacteria as well as horizontal gene transfer 
between drug-resistant Gram-negative bacteria might be principal factors that led to 
the emergence of CoRKP worldwide [133]. The molecular mechanism of these 
clinical isolates should be warranted for further investigation.  

Colistin is recommended as a backbone of treatment for patients infected by 
CRE when the CRE clinical isolates were susceptible to at least 2 antibiotic agents, 
including colistin [83]. Selecting suitable colistin dosage regimens for the treatment 
has led to maximizing the clinical efficacy. Based on colistin MICs, a higher MIC could 
lead to treatment failure and the development of antibiotic resistance. Our results 
found that 35.17% (n = 70 of 199) of CRE isolates had high MICs of colistin (MICs ≥ 16 
µg/mL). Colistin revealed an extremely high rate of resistance (81.63%) in our studied 
CRE isolates compared with other studies in which the resistance rate did not exceed 
15% [134, 135]. Resulted of PK/PD study recommended colistin MICs to achieve PTA 
in all patients with various creatinine clearances ranging from 0.5 to 16 µg/mL [77]. 
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For CFR, some dosing regimens in patients with CrCL below 25 mL/min met ≥ 90% 
CFR targets in hospital-level S and M1; the colistin dosing regimens in all patients 
with creatinine clearance below 50 and 90 mL/min reached ≥ 90% CFR targets in 
CREC and CREclo isolates, respectively. None of any regimens achieved ≥ 90% CFR 
targets in hospital-level U and A or CRKP isolates. The results were consistence with 
Jitaree K et al study in 2019, which determined the CFR using CRE isolates from a 
tertiary hospital. Their results reported CFR of overall colistin regimens is 
approximately 70–86% [77]. Although high rates of colistin resistance were reported, 
colistin remains the activity against the CRE isolates depending on antibiotic 
resistance rate or types of pathogens. Selecting colistin-containing regimens for the 
therapy of CRE may be used with caution.  

When colistin resistance occurs, tigecycline may be an interesting option for 
the treatment of infections. Our finding showed 47.74% (n = 95 of 199) of CRE 
isolates were susceptible to tigecycline at tigecycline MICs ≤ 0.5 µg/mL. Nonetheless, 
previous studies reported wide tigecycline susceptibility rates ranging from 12 to 
100% [87, 118, 136, 137] in Thailand, as well as 58.0–86.1% in other countries [40, 
138]. There may be differences in the cutoff tigecycline breakpoints (in a range of 
between 0.5 and 2 µg/mL). The fact that type of carbapenemase genes may affect 
wide disparities of tigecycline MICs among CRE isolates. Compared to MIC50 and MIC90, 
the CRE isolates harboring OXA-48 and OXA-48 plus NDM had higher tigecycline MICs 
than the CRE isolates harboring NDM. Similar to colistin, there was resistance to 
tigecycline in OXA-48 positive isolates (susceptibility rate ranging from 64.84% for 
OXA-48 and 32.26% for OXA-48 plus NDM), whereas NDM-positive isolates were 
susceptible (90.28%). Thus, tigecycline may be an interesting option for NDM-positive 
isolates if knowing carbapenemase genes. 

To date, a high-dose tigecycline-based combination may be considered in 
critically ill patients for the treatment options for CRE infections. The potential 
benefit of the tigecycline regimens is non-nephrotoxicity compared to colistin or 
aminoglycosides [41]. According to the tigecycline PK/PD study, all high dose 
tigecycline regimens reached the PTA target for isolates with a MIC of 0.5 µg/mL. At 
MIC = 1 µg/mL, a loading dose of 200 mg of tigecycline followed by a maintenance 
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dose of 100 mg every 12 h (400 mg/day) was able to reach the PTA target; these 
results were consistent with those of previous studies [75, 139]. At MIC = 2 µg/mL, 
our results showed that double high-dose tigecycline regimens (a loading dose of 400 
mg tigecycline followed by a maintenance dose of 200 mg every 12 h: 400 mg/day) 
also achieved the PTA targets. Once-daily high doses of tigecycline (loading dose of 
400 mg followed by maintenance doses of 200 mg every 24 h) also met the PTA 
target with a MIC of 1 µg/mL, owning to it have a concentration-dependent killing 
property and long half-life (~27–42 hours) [140]. For CFR, double high-dose 
tigecycline regimens achieved the ≥ 90% CFR in all hospital levels. Besides, the 
double-dosing regimens remained activity against CRKP, CREC, and CREclo. Using a 
CFR > 90% for fAUC0-24/MIC ≥ 0.9, only high-dose tigecycline regimens achieved the 
target: a loading dose of 400 mg with a maintenance dose of 200 mg every 12 hours, 
whereas the usual regimen (a loading dose of 200 mg with a maintenance dose of 
100 mg every 12 hours) met almost 90% CFR. The results were consistent with the 
previous study, a high dose (tigecycline 200 mg initially, followed by 100 mg every 12 
hours) achieved in a favorable CFR target leads to reduce 30-day and ICU mortality 
when compared with the standard dose (tigecycline 100 mg initially, followed by 50 
mg every 12 hours) (OR (95%CI) = 2.25 (0.55-9.24) and 12.48 (2.06-75.43), 
respectively), respectively [47, 75]. Although differences in the cutoff tigecycline 
breakpoints (ranging from 0.5 to 2 µg/mL), hospital levels, and types of CRE 
pathogens, using high-dose tigecycline dosing regimens could be a potential activity 
for the treatment of CRE infections, especially the higher colistin MICs or renal failure 
occurs [41]. The efficacy and safety of various high-dose tigecycline against CRE 
should be investigated in large-scale clinical studies.    

Fosfomycin is a therapeutic alternative for the treatment of infections caused 
by CRE. The appropriate intravenous fosfomycin dosing regimens should be used to 
increase clinical outcomes, especially in critically ill patients. In this study, all dosing 
regimens yielded ≥ 90% PTA target at a MIC of 128 µg/mL. Furthermore, every 
fosfomycin dosing regimen consisted of a loading dose of 8 g followed by a 
maintenance dose based on CrCL, including 4-6 g every 6 hours (16-24 g/day) in 
patients with CrCL 51-90 mL/min, 4 g every 8 hours (12 g/day) in patients with CrCL 
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10-50 mL/min and 4 g every 12 hours (8 g/day) in patients with CrCL < 10 mL/min, 
can reach ≥ 90% PTA target for AUC0-24/MIC of > 21.5 at a MIC of 256 µg/mL. 
Considering the highest dosing regimens (24/day), our findings showed the 
Fosfomycin dosing regimens achieved the desired target at different fosfomycin MICs 
compared with previous studies. Of 24 g/day achieved ≥ 90% PTA for 70%fT>MIC, 
Albiero J et al in 2016 showed the target at a MIC of ≤ 16 µg/mL [80], whereas 
Rodriguez-Gascon A et al in 2019 met the target at a MIC of ≤ 64 µg/mL [81]. In 
Thailand, a study conducted by Leelawattanachai P et al in 2020 also showed 24 
g/day (8 g every 8 hours infusion 1 hour) in patients with CrCL ≥ 50 mL/min yield to 
optimal PK/PD target (≥ 90% PTA for AUC0-24/MIC of > 21.5) at MICs of ≤ 128 µg/mL 
[82]. Differences in PK/PD index and target may affect reaching the PTA target in each 
MIC. 

According to CFR, any fosfomycin dosing regimens in our study could not 
reach ≥ 90% CFR whether be it settings, hospital levels, or types of carbapenemase. 
These results were consistent with previous studies, performing none of any 
fosfomycin dosing regimens in any studies met ≥ 90% CFR [80, 82]. Interesting, our 
findings harboring OXA-48 (n = 26 of 49; 53%) and NDM + OXA-48 (n = 21 of 49; 43%) 
showed the fosfomycin MIC range, MIC50 and MIC90 against CRE were 12 to >1,024 
µg/mL, > 1,024 µg/mL. Leelawattanachai P et al study using PK/PD target for NDM 
producing isolates performed fosfomycin MIC range, MIC50 and MIC90 were 0.38 to       
> 1,024 µg/mL, 48 µg/mL, and >1,024 µg/mL in 129 non-duplicated CRE clinical 
isolates in a university hospital. For Albiero J et al study harboring KPC-2 (n = 18) 
showed the fosfomycin MIC range, MIC50 and MIC90 were 16 to 1,024 µg/mL, 64 
µg/mL and 8-fold higher [80]. It is noteworthy that KPC-producing isolates had lower 
fosfomycin MICs than NDM or OXA-48 producing isolates. Thus, intravenous 
fosfomycin should be considered when determining the fosfomycin susceptibility 
that differently depends on carbapenemases-producing CRE. 

 Amikacin and gentamicin were the top two antibiotics being susceptible to 
aminoglycosides. The susceptible rates of amikacin were 87.94% (n = 175 of 199), 
whereas 70.85% (n = 141 of 199) of a total of CRE isolates were susceptible to 
gentamicin. Data from NARST 2020 showed the susceptibility rates to amikacin and 



  
 

230 

gentamicin ranged from 93.0 - 96.8% for amikacin and 74.1-87.6% for gentamicin 
[141]. Although the susceptibility rates of amikacin and gentamicin in the study had 
lower than the susceptibility rates from NARST, there was more susceptible than 
other antibiotics.  

Noteworthy is CRE clinical isolates were resistant to one of the two 
aminoglycosides tested (e.g. resistant to gentamicin, but susceptible to amikacin), 
especially among NDM-producing isolates (n = 25 of 48; 52.08%). In 2011,                 
Bercot B et al evaluated the prevalence of 16S rRNA methylase genes in 16 NDM 
producing isolates; they found that 75% of those enterobacterial isolates performed 
16S rRNA methylase genes [142]. In 2017, Nordmann P et al used a total of 48 
enterobacterial isolates, including 28 isolates resistant to aminoglycosides and 10 
isolates susceptible to aminoglycosides to develop and evaluate a rapid colorimetric 
test for identifying aminoglycoside (amikacin and gentamicin) resistance. The results 
showed that 10 aminoglycosides-susceptible enterobacterial isolates were 
susceptible to both amikacin and gentamicin. For aminoglycosides-resistant 
enterobacterial isolates, all clinical isolates that produced methylases (n = 18) were 
resistant to both amikacin and gentamicin at high MIC levels (amikacin and 
gentamicin MICs > 256 µg/mL), whereas most aminoglycoside-resistant isolates 
produced aminoglycoside-modifying enzymes (AMEs) performed non-susceptible to 
one of the two aminoglycosides tested [143]. In 2019, Upadhyaya P and colleagues 
found the loss of rmtF methylase genes may be associated with loss of amikacin 
resistance [144]. The mobile genetic elements related to carbapenemase gene 
transmission on chromosomes or plasmids may be involved in the presence of highly 
spreading antibiotic resistance [145]. As described above, our CRE clinical isolates 
being not cross-resistant to aminoglycosides may be mainly associated with 
aminoglycoside-modifying enzymes (AMEs).  

The antibiotic susceptibility pattern may be associated with types of 
carbapenemase genes. Our study showed the susceptibility to aminoglycosides, 
colistin and tigecycline were different among the carbapenemase genes. The NDM-
producing isolates were more susceptible to colistin and tigecycline than OXA-48 and 
NDM plus OXA-48 producing isolates. Additionally, the antibiotic-resistant pattern in 
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the OXA-48 producing isolates was similar to NDM plus OXA-48-producing isolates, 
which be highly resistant to all antibiotics, except amikacin. Nonetheless, the number 
of carbapenemase genes may not be proportional to the percentage of 
susceptibility. A similar finding was similar to previous studies. Most NDM-positive 
isolates remained susceptible to colistin and tigecycline [144, 146] but resistant to 
aminoglycosides owning to carrying 16S rRNA methylase genes (rmtF) [147]. Thus, 
recognizing the types of carbapenemase genes may predict the characteristic of the 
aminoglycoside susceptibility pattern and aminoglycoside-resistance mechanism. 

High-dose regimens of aminoglycosides were simulated for critically ill 
patients in order to increase the probability of achieving target peak concentrations. 
Our findings showed the regimens of amikacin and gentamicin met the PTA targets 
(at Cmax/MIC ≥ 8) with MICs of no more than 2 and 1 µg/mL, respectively. In 2017, 
Kato et al recommended the initial total daily dose of amikacin required to achieve a 
Cmax/MIC ≥ 8 µg/mL was 15 mg/kg daily, and also recommended 15 mg/kg/day as the 
maintenance dosage for amikacin MICs ≤ 4 µg/mL [69]. Additionally, Rea RS et al in 
2008 showed aminoglycoside dosage regimens (ranging from 5 to 30 mg/kg) achieved 
the PTA target at MICs of 0.5 µg/mL with the corresponding target of Cmax/MIC ≥ 10 
[148]. Although our study used the minimum PK/PD target of aminoglycosides when 
compared with the previous study, the dosage regimens did not achieve the targets 
within the non-susceptibility breakpoints. Considering our aminoglycoside 
susceptibility, MIC50 of amikacin and gentamicin were 8 and 1 µg/mL. Using high-
dose regimens of aminoglycosides as the adjuncts in the antibiotic combination-
based regimens may be beneficial when synergism occurs because the 
aminoglycoside MICs were reduced to 1-2-fold contributing to achieving the PTA 
target.  

Aztreonam is new hope antibiotic for combating antibiotic resistance to gram-
negative bacteria. Aztreonam was not hydrolyzed by NDM, whereas ceftazidime-
avibactam was not hydrolyzed by OXA-48 [149]. According to carbapenemase types, 
NDM and OXA-48 were the majority in Thailand, respectively [5, 121]. We 
hypothesized both antibiotics may have good activity against CRE. Our findings were 
not consistence with the hypothesis, 96% of total CRE isolates were resistant to 
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aztreonam because of the background of resistance, particularly ESBLs which have 
activity to hydrolyze most penicillin, cephalosporins and monobactam (aztreonam).  

For a new BLBI, the ceftazidime-avibactam susceptibility rates of  ceftazidime-
avibactam were 30.41% (n = 59 of 194), ranging from 11.11% to 55.10% (55.10% for  
hospital-level U , 36.11% for Hospital-level A, 11.11% for  hospital-level S and 
20.83% for Hospital-level M1). In a university hospital, most CRE clinical isolates 
harbored OXA-48 (n = 24 of 44; 89.55%). Only 2 of 24 isolates had ceftazidime-
avibactam MICs > 256 µg/mL, whereas 22 of 24 isolates had ceftazidime-avibactam 
MICs, ranging from 0.125 to 2 µg/mL. According to non-university hospitals, the main 
carbapenemase genes were NDM (n = 71 of 150; 47.7%), whereas the CRE isolates 
which contained OXA-48 (n = 65 of 150; 43%) which the 37 of 65 (56.92%) CRE 
isolates had ceftazidime-avibactam MICs ≥ 8/4 µg/mL. It is noteworthy that 
ceftazidime-avibactam MICs in the non-university hospitals were higher resistant than 
in the university hospital. Compared with other studies the susceptible rate of 
ceftazidime-avibactam in CRE was diverse across the region, ranging from 53.3 to 
96.6% [150-153]. In the region with a highly susceptible rate of 
ceftazidime/avibactam, KPCs were the major epidemic genotype [150, 152, 153].  In 
Arabian Peninsula, the susceptible rate of ceftazidime-avibactam was 53.3%; OXA-48 
was the most common CRE genotype that resembles our result [151]. Hence, the 
genotype of epidemic CRE strain in each hospital region was the key contributor to 
the ceftazidime-avibactam susceptible rate. 

Although, it is highly active against class D of carbapenemase, 41.57% (n = 37 
of 89) of all OXA-48 positive isolates had high levels of ceftazidime-avibactam (≥ 
16/4 µg/mL). These isolates developed ceftazidime-avibactam resistance led to an 
increase in the MIC values. The resistance mechanisms may be associated with the 
amino acid mutation. Typically, naïve OXA-48 contained Proline (Pro) at position 68 
and tyrosine (Tyr) at position 211. Substitution of Proline (Pro) by alanine (Ala) (Ala68 
Pro) at position 68 and Tyr by serine (Ser) (Ser211Tyr) at position 211 may occur in 
the ceftazidime-avibactam resistance isolates [154]. 

PK/PD profile of ceftazidime-avibactam provided a rationale for optimization 
regimens. For optimal ceftazidime-avibactam dosage regimens for fTime>MIC 100%, 
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the current recommended dose was effective against isolates with ceftazidime-
avibactam MICs of ≤ 4 µg/mL despite ceftazidime-avibactam MIC susceptible 
breakpoint specified at ≤ 8 µg/mL. Additionally, this dosage was not only enough for 
all range of susceptible strains, particularly the nearest MIC susceptible breakpoint 
but it also did not reach ≥ 90% PTA of AVI at 100%fT ≥ 0.5 µg/mL. The critical 
threshold of AVI at 0.5 µg/mL was considered appropriate to completely inhibit the 
various types of beta-lactamases in Enterobacterales [155]. Besides, the 
recommended dosing regimens cannot meet the CFR targets because of harboring 
the NDM-positive isolates (n = 91 of 194; 46.91%). The ceftazidime-avibactam dosing 
regimens recommended from IDSA in 2020 were 2.5 g every 8 hours infusion 2 hours 
if OXA-48 positive CRE isolates were detected and are susceptible to ceftazidime-
avibactam [156]. Additionally, ceftazidime-avibactam was recommended as the first-
line antimicrobial agent against CRE in the KPC epidemic region in some guidelines 
[157]. Thus, as our finding simulated ceftazidime-avibactam dosing regimens 
supported by a previous study [158], the current recommended ceftazidime-
avibactam dose of 2.5 g every 8 hours has to be infused longer time as 2-3 h in order 
to optimally cover CRE with an  ceftazidime-avibactam MIC of ≤ 8 µg/mL and also 
achieved optimal PK/PD index of AVI.  

     Based on hospital levels, the university hospital was mostly higher resistance 
rates to antibiotics than the other hospital levels. Furthermore, the antibiotic-
resistant rates had higher in the regional hospital than in the others. The resistant 
rates of colistin, tigecycline, ceftazidime-avibactam, and aztreonam were higher in 
hospital-level A than in other levels, whereas aminoglycoside seldom changed in the 
resistant rates. The diverse resistance rates may be caused by the antibiotic use for 
the treatment of patients with the difference in complicated infections at each 
hospital level. Further study should be investigated the relationship between defined 
daily dose (DDD) and antibiotic resistance rates. 

As mentioned above, the combination of antibiotics with MIC-based dose 
optimization is a recommended strategy in clinical practice due to reduce mortality 
[9, 47, 159]. When selecting antibiotics for combination, one of the active antibiotics 
should be susceptible to producing synergistic or additive effects when antibiotics are 
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combined. When synergistic or additive effects occur, MICs of one of the active 
antibiotics in a combination antibiotic regimen are decreased by at least 1-fold 
compared to single antibiotic regimens. Consequently, the MICs moved from resistant 
to susceptible, leading to the achievement of PTA and CFR targets with usual dosing 
regimens [160]. 

Notably, the CRKP isolates producing OXA-48-like showed more antibiotic 
synergy than the CRKP isolates producing NDM. Coproduction of blaNDM and 
aminoglycoside resistance genes (e.g., 16S Ribosomal RNA Methyltransferases F: 
RmtF) may be associated with mobile genetic elements in CRKP isolates and lead to 
a high level of resistance to aminoglycosides [161]. Based on epidemic spreading 
characteristics, aminoglycoside-based regimens may be used as the first option for 
the treatment of infections caused by OXA-48-like-producing isolates. 

Aminoglycoside-based regimens may be selected as the appropriate antibiotic 
regimens owning to being susceptible to amikacin and gentamicin in our clinical 
setting. Overall, the combination of amikacin and fosfomycin also demonstrated the 
highest synergism. Synergy rates of the CRE clinical isolates for aminoglycoside-based 
regimens included amikacin-fosfomycin (n = 8 of 18; 44.44%), gentamicin-fosfomycin 
(n = 3 of 18; 16.67%), amikacin-tigecycline (n = 4 of 49; 8.16%) and gentamicin-
tigecycline (n = 4 of 49; 8.16%). In 2019, Prawang A et al evaluated the synergistic 
effects in the same setting for the 30 CoRKP clinical isolates that showed 100% (n = 
30 of 30) of susceptibility rates for gentamicin and amikacin and 26.27% (n = 8 of 30) 
for fosfomycin.  Their findings showed the greater synergistic effects of CoRKP 
included gentamicin-fosfomycin (n = 3 of 10; 30.00%) and gentamicin-tigecycline (n = 
4 of 30; 13.33%) [137]. Although both studies had different antibiotic susceptibility 
rates, the results are concordant. The synergy mechanism was aminoglycosides 
interfere with protein synthesis at 30S ribosomal subunit and affect to decrease 
expression of the protein (i.e. carbapenemase - KPC or NDM); besides, they can 
increase permeabilizing of the outer membrane and affect to penetrate of a second 
antibiotic to the inner membrane [43]. For PK/PD study, none of any aminoglycoside 
regimens met both ≥ 90% PTA at their resistant breakpoints and reached the ≥ 90% 
CFR targets. However, aminoglycosides are mostly used as an adjunct to mainstay 
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antibiotics [83]. When combined with antibiotics, the aminoglycoside MIC values are 
shifted from high to low levels (approximately a 2-fold reduction in the MICs 
compared with MICs of single agents) [160]. Therefore, amikacin or gentamicin should 
be considered as an option in the combination antibiotic regimens in our clinical 
settings for the CRE treatment both documented and empirical therapy; 
nephrotoxicity and ototoxicity need to be closely monitored.  

Colistin-based regimens may be a treatment option for the CRE clinical 
isolates. Our results demonstrated that the CRE isolates exhibited synergistic effect 
ranged of 8.70-22.22%, including colistin-fosfomycin (n = 2 of 9; 22.22%), colistin-
gentamicin (n = 4 of 23; 17.39%), colistin-tigecycline (n = 4 of 23; 17.39%) and 
colistin-amikacin (n = 2 of 23; 8.70%). Furthermore, none of any antibiotic regimens 
showed antagonism. In 2013, Evren E et al assessed in vitro activity of colistin in 
combination with fosfomycin against 12 OXA-48 producing CRKP isolates. The MICs of 
colistin and fosfomycin ranged from 1-32 µg/mL and 64-512 µg/mL, respectively. The 
results revealed fully antagonistic against all isolated tested [40]. Furthermore, 
Gaibani P et al in 2014 revealed the synergistic effects of colistin with tigecycline (n = 
2 of 17; 11.76%) in KPC-producing K. pneumoniae isolates [29]. In 2018, Brennan-
Krohn T et al investigated in vitro antibiotic synergy of colistin-containing 
combinations in 20 colistin-resistant Enterobacteriaceae isolates, which mostly being 
KPC-producing isolates (n = 6).  Synergy rates by using the checkboard technique for 
the combination of colistin with tigecycline, and amikacin were 25.0% and 15%, 
respectively. Overall, the synergy rates revealed in the range of 0-25% even 
carbapenemase resistance genes may not be similar to previous studies in both 
synergy rates and synergistic testing patterns. Zusman O et al in 2017 reviewed the 
proposed synergistic mechanism of colistin-based regimens [162]. Colistin showed a 
detergent-like effect. Colistin containing positively charged binds to the negatively 
charged phosphate groups of lipid A on the lipopolysaccharide (LPS) at the outer 
membrane of gram-negative bacteria, leading to displacing the calcium and 
magnesium cations into LPS as well as disrupting the LPS structure. Consequently, a 
change in permeability of the outer membrane allows colistin to penetrate the inner 
membrane [163]. Furthermore, other antibiotics also get through of outer membrane 
[162]. In my viewpoint, colistin may be beneficial as the last resort for salvage use in 
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combination; nephrotoxicity should be concerned, especially combined with 
aminoglycosides. 

The combination of fosfomycin with tigecycline showed the synergy rates 
against 7 CRE isolates (n = 7 of 21; 33.33%) which most CRE isolates had fosfomycin 
MICs ranging from 16 - 256 µg/mL. In 2013, Evren E et al also evaluated in vitro 
activity of fosfomycin in combination with tigecycline against 12 OXA-48-producing 
CRKP isolates. The MICs of fosfomycin and tigecycline ranged from 64-512 µg/mL and 
0.25-16 µg/mL, respectively. The results revealed 25% of synergistic effects (n = 4 of 
12) [40]. In 2019, Prawang A et al demonstrated the synergistic effects against 30 
OXA-48 -producing CoRKP clinical isolates. The fosfomycin and tigecycline MICs 
ranged of       ≤16 - >2,024 µg/mL and 0.5-1 µg/mL, respectively. The synergy rates 
of fosfomycin-tigecycline were 30% (n = 3 of 10) [137]. Overall, the synergy rate was 
similar to previous studies due to harboring the same carbapenemase genes. In my 
opinion, fosfomycin-based regimens may be beneficial use for OXA-48 producing 
isolates if one of these antibiotics had less than or equal to 1-2- fold MICs above 
resistance breakpoints. 

Notably, high synergy rates occur when any antibiotics are combined 
through different targets. For all antibiotics tested, antibiotics tested could be 
classified into three groups based on drug targets of bacteria. Group 1 includes the 
antibiotics targeting the cell wall, including fosfomycin. Group 2 includes the 
antibiotics targeting the outer membrane, including colistin. Group 3 includes the 
antibiotics targeting the 30S ribosomal subunit, including amikacin, gentamicin, and 
tigecycline. Indeed, we hypothesize that colistin-based regimens had a greater 
synergy rate than other combination-based regimens owning to in vitro and clinical 
data from the systematic review and meta-analysis studies support synergy use for 
colistin-based regimens [159, 162]. However, the results were not similar to the 
hypothesis. High colistin resistance occurs in the CRE clinical isolates, affecting lower 
synergy rates than expected results.  

According to combination regimens, aminoglycoside combined with 
fosfomycin may be higher synergy rates than other combination regimens. The 
proposed mechanism for synergy is that fosfomycin disrupted the cell wall by 
interfering with the formation of the peptidoglycan precursor UDP N-acetylmuramic 
acid (UDPMurNAc), which will allow penetration of aminoglycosides to increase 
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permeability at the cell membrane and will inhibit protein synthesis at 30S ribosomal 
subunit. On the other hand, aminoglycoside combined with tigecycline had the 
lowest synergy rates. The proposed mechanism for synergy by Zavascki AP et al in 
2017 is that aminoglycosides may increase the permeability of cell membrane and 
will penetrate tigecycline to the ribosome [43]. In a comparison of two 
aminoglycosides, amikacin can increase the permeability of the cell membrane more 
than gentamicin [164]. Then both aminoglycosides and tigecycline bind to 30S 
ribosomal subunits. Aminoglycosides inhibit protein synthesis which targets the 
mechanisms of translation elongation of amino acid, whereas tigecycline inhibits 
protein synthesis which targets the mechanisms of blocking the interaction of 
aminoacyl-tRNA with the A site of the ribosome. The error of protein synthesis will 
lead to a reduction in β-lactamase expression [43].  

Different drug targets may be a factor to increase the success of synergy. 
Additionally, amikacin combined with fosfomycin had a potential activity against 
OXA-48, NDM, and NDM plus OXA-48 producing isolates. The high synergy rates for 
NDM plus OXA-48 producing isolates included 75% (n = 3 of 4) for colistin-tigecycline, 
57.15 % (n = 4 of 7) for amikacin-fosfomycin and 42.86% (n = 3 of 7) for gentamicin-
fosfomycin. Of OXA-48 producing isolates, the high synergy rates were performed 
33.34% (n = 3 of 9) for amikacin-fosfomycin, 33.34% (n = 3 of 9) fosfomycin-
tigecycline and 23.53% (n = 4 of 17), whereas amikacin-fosfomycin also had 
synergistic effects against NDM-producing isolates. Nonetheless, the synergy rate is 
likely to be low when aminoglycosides are combined with tigecycline or triple 
combination regimens. That may emphasize that an antibiotic combined with the 
difference in drug targets may increase the synergistic effect, affecting to maximize 
their therapeutic effects.  

As mentioned above, several studies showed effective antibiotic 
combination regimens from in vitro studies and PK/PD studies, however, the most 
effective combination antibiotic regimens for treating CRE patients in the clinical 
study remain to be further studied. The differences in antimicrobial susceptibility 
testing and resistance mechanism in each region affect the selection of antibiotic 
agents. In Thailand, the most effective antibiotics for these patients included colistin, 
amikacin, gentamicin, and tigecycline. Generally, evidence-based clinical decision 
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making based on either in vitro antimicrobial susceptibility testing or physician 
experience affects selecting one or more of these antibiotics to treat these patients.  

In 2020, IDSA recommended the new treatment options if detected 
carbapenemase enzymes. Ceftazidime-avibactam is preferred for OXA-48-like-
producing isolates, whereas ceftazidime-avibactam plus aztreonam, or cefiderocol 
are preferred for MBL-producing isolates. In cases of carbapenemase enzymens 
cannot be identified, colistin-based regimens may be recommended as a last resort 
for the CRE isolates [157]. In Thailand, a patients infected with a CRE strain is 
unknown types of carbapenamase enzymes in the routine practice. Furthermore, the 
new antibiotic options may not be selected as the first option in the antibiotic lists. 
Thus, antibiotic combination regimens might be considered in the routine practice.  

Based on the clinical outcome results, colistin-based regimens might not be 
considered as the first option following to IDSA recommendation. Although, using 
each antibiotic-based regimen in the study was not statistically different, the 
mortality rates revealed that aminoglycoside-based regimens had lower mortality 
rates at 14-days and 30-days than other based regimens. The lowest mortality rates 
of aminoglycoside-based regimens at 14-day were 17.39% in gentamicin combination 
regimens and 10.26% of aminoglycosides plus tigecycline. The results were 
concordance with previous studies. In 2015, Gonzalez-Padill M et al conducted a 
retrospective cohort study. They found that colistin plus tigecycline or colistin plus 
meropenem had higher mortality rates than gentamicin plus tigecycline (colistin-
based regimens vs aminoglycoside-based regimens = 66.67%; n = 6 vs 23.80%; n = 
25) [166]. In 2021, Effah, C.Y., et al conducted a systematic review and meta-analysis 
included 21 studies (n = 2,841) between 2015 and 2020 to evaluate the clinical 
impact of various antibiotic regimens among patients infected with CRKP. The 
antibiotic susceptibility rates included 47.6% for colistin, 63.1% for gentamicin and 
25.7% for tigecycline. The results showed mortality rates on polymyxin-containing 
regimens and polymyxin-sparing regimens (n = 576 from 3 studies) were not different 
(OR = 0.99; 95%CI, 0.26-3.01; I2 = 87%; p < 0.001), whereas aminoglycoside-containing 
regimens and aminoglycoside-sparing regimens (n = 913 from 5 studies) were 
significantly different (OR = 0.86; 95%CI, 0.35-1.13; I2 = 45%; p = 0.71) [167]. Thus, 



  
 

239 

aminoglycoside-based regimens should be considered as an option for the CRE 
treatment in our setting.  

Although amikacin or gentamicin combined with other antibiotics had lower 
synergistic effects than other combined regimens, aminoglycoside-based regimens 
revealed the good treatment outcomes in a patient received aminoglycoside-based 
regimens, especially aminoglycoside combined with tigecycline. The reasons 
consisted of 1) the isolates remained susceptible to amikacin and gentamicin 2) the 

association of non-β-lactams and carbapenemase 3) the antibiotic dosing regimens. 
Firstly, more than 80% of the CRE clinical isolates remained susceptible to amikacin 
and gentamicin, contributing to decrease from high MICS to lower MICs. Secondly, 

the CRE clinical isolates produced carbapenemase enzymes for destroying β-lactams 

antibiotics, whereas non-β-lactams being not associated with carbapenemase 
enzymes (such as aminoglycosides and tigecycline) play a role to combat all 
carbapenemases of CRE strains. Lastly, high-dose antibiotic regimen adjustments 
based on the PK/PD principle for high-MIC pathogens are often used in clinical study. 
The benefits of these regimens can be achieved with more PK/PD targets of 90% at 
each MIC, contributing to increasing penetration to organ targets and improving 
treatment success. Thus, high-dose aminoglycoside-based combination therapy may 
be an optimal regimen for the treatment of CRE infections.  

Overall, the 14-day and 30-day mortality rates, clinical outcomes, and 
microbiological outcomes in prospective groups had lower than in retrospective 
groups due to differences in antibiotic options in combination therapy. Overall, the 
selected antibiotic regimen for the CRE treatment was such combination therapy 
than monotherapy, with 93.06% (n = 67 of 72) receiving combination antibiotic 
regimens. Colistin-based regimens and aminoglycoside-based regimens were the 
most frequent combination antibiotic regimens in retrospective and prospective 
groups, respectively. Our protocol based on in vitro study showed low susceptibility 
to colistin (18.37%) and highly susceptible to aminoglycoside (91.84%), 
recommended aminoglycoside-based regimens if resistant to colistin. Our 
recommendation was similar to the previous study. Bano RJ. et al in 2018 also 
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recommended aminoglycoside-based regimens for the treatment of patients with 
septic shock, bloodstream infections severe sepsis, or shock (high-risk) if resistant to 
all carbapenem and colistin but susceptible to colistin [83].  

CRE infection was a high risk associated with mortality in the clinical study. 
CRE patients in Prawang A et al study died 40%-60.71%, aged 66 years, median Pitt 
score of 3.5-5, 78.57% of patients with shock and 17.86% of patients receiving 
appropriate empirical antibiotics, whereas CRE patients in our study aged 66-68 years, 
median Pitt score 5.36-5.72, 35% with shock and 60% of patients receiving 
appropriate empirical antibiotics [49]. In 2019, Li C et al found the 30-day mortality 
rate in BSI patients infected with CRE in China was 53.1% (n = 52 of 98) and only 
26.5% of all patients (n = 26 of 98) received appropriate empirical therapy within 48 
hours after the onset of bacteremia [168]. In 2017, Gradel KO et al showed patients 
received appropriate empirical therapy had lower mortality rate than patients 
received inappropriate empirical therapy either short-term mortality (day 2-30) 
(15.1% vs 17.4%; aORs 0.85, 95%CI 0.70-1.02) or long-term mortality (day 31-365) 
(22.3% vs 30.7%; aORs 1.35, 95%CI 1.13-1.60) [169]. Although receiving appropriate 
empirical therapy is not a difference in short-term mortality, receiving appropriate 
empirical antibiotics may be involved in the mortality rates in clinical practice. 
Nonetheless, it would also be difficult to compare because of differences in study 
design and resistance mechanism. Our study used a quasi-experimental study that 
could manipulate independent variables before independent variables are 
measured, whereas the previous study used an observational study that cannot 
manipulate. Additionally, the most CRE in the previous study was KPC (74%), 
followed by OXA-48 (17%) and VIM (9%), whereas our study included OXA-48 
(53.06%) and OXA-48 plus NDM (42.86%). The differences in results should be 
interpreted with caution.  

The reported mortality among the patients with CRE infections is high, ranging 
from 17.50% to 54.17% (37.50% to 54.17% in retrospective groups and 17.50% to 
37.50% in prospective groups). Focusing on 14-day mortality, the mortality rate was  
17.50% to 37.50% (37.50% in retrospective groups and 17.50% in prospective 
groups). Nonetheless, the overall mortality and 14-day mortality in this present study 
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seems to have a lower rate than the previous study in the same setting, ranging from 
40% to 60.71% (40% in CRKP and 60.71% in CoRKP for 14-day mortality) [49].  

I hypothesized that intervention may be associated with the improved 
treatment outcomes. The study also demonstrated that patients received PK/PD 
dosing regimen protocol (intervention) in prospective groups had significant 

difference in lower 14-day mortality rate (P-value = 0.038), overall clinical failure (P-

value = 0.042) and 14-day clinical failure (P-value = 0.0463) than patients not 
received intervention However, there was no difference in 30-day mortality rate and 
microbiologic outcomes.  

Receiving intervention is also a statistically significant predictor of the 14-day 
mortality in multivariate analysis (OR = 0.35; 95%CI 0.12-0.98; p-value = 0.046) and 
14-day clinical failure (OR = 0.38; 95%CI 0.15-1.00; p-value = 0.049). Furthermore, 
physicians accepted to the minimum requirement of protocol in all prospective 
patients may result to decrease 14-day mortality. The most regimen that are likely to 
not comply with the PK/PD dosing protocol was tigecycline dosing regimens at MIC ≤ 
0.5 µg/mL. The recommended tigecycline dosing regimens are loading dose 200 mg, 
followed by maintenance dose 100 mg every 24 hours; however, general tigecycline 
dosing regimen in routine practice is high-dose regimens (loading dose 200 mg, 
followed by maintenance dose 100 mg every 12 hours).   

The intervention in the present study is designed by integrating the concept 
of “individualized optimal antibiotic dosing regimens based on PK/PD properties”. 
The optimal dosing regimens should be selected on: 1) optimal antibiotic options 
from in vitro results, including mono antibiotic activities and combined antibiotic 
activities, should be sufficient for covering the CRE strains; 2) optimal antibiotic 
dosing from PK/PD analysis affects more achievement PK/PD target and index and 
achieve adequate drug levels at the infection site. The concept can be applied to 
individual-level and hospital-level. In individual-level, all patients may not use the 
same pattern of antibiotic dosing regimen, they should be received their optimal 
antibiotic dosing regimen based on MIC-adjust following the PK/PD dosing protocol. 
In hospital-level, accumulating the optimal antibiotic dosing regimens in individuals 
can reasonably select the more precise pattern for empiric or documented therapy.  
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Vasopressor use is associated with increased risk of 14-day mortality, 30-day 
mortality and 14-day clinical failure in all patients. Using vasopressor were different 
between survivors and non-survivors (63.83% to 69.84% in survivors and 92.68 to 
96% in non-survivors). Similar to previous studies, vasopressor use are important 
predictors of survival (OR = 4.31; 95%CI 0.83–22.53; p-value = 0.08) in multivariate 
logistic regression [170]. The most frequent of vasopressor agents in the study were 
norepinephrine. In 2016, Surviving Sepsis Campaign (SSC) Bundle recommends the 
sepsis management within the first hour, including administering broad-spectrum 
antibiotics, administering crystalloid (30 ml/kg) for hypotension or lactate ≥ 4 
mmol/L, and administering vasopressors to maintain MAP ≥ 65 mmHg if the patient 
occurs  hypotension during or after fluid resuscitation [94]. In 2020, Li Y et al 
conducted a systematic review and meta-analysis to evaluate the clinical outcomes 
of early and late initiation of norepinephrine in patients with septic shock. The results 
showed that early start of norepinephrine (definition based on each reference study) 
was associated with reduced short-term mortality (OR = 0.45; 95% CI, 0.34 to 0.61; P 
< 0.00001; x2= 3.74; I2 = 0%). Early start of norepinephrine can increase cardiac 
output and improve microcirculation and tissue oxygenation, whereas high dose and 
prolonged exposure to vasopressors may potentially add to the increased mortality 
rate [171]. However, the study did not focus on timing of start vasopressor. Future 
research could investigate.  

Our study has several limitations. Firstly, in vitro study was only investigated 
at Pramongkutkloa hospital and hospitals in the western region of Thailand; it cannot 
generalize to others. Secondly, our colleague can control any system becoming a 
static laboratory of in vitro study, whereas there are complex dynamics in humans 
due to the immune response. Thirdly, we focused on the antibiotic resistance 
mechanisms from carbapenemase production; non-carbapenemase production, e.g. 
efflux pump or porin loss, do not investigate. Lastly, results from the clinical study 
were obtained from a single center with relatively small sample size. Therefore, the 
power was not enough to detect a different effect (power = 74.75%), and the 
outcome may not apply in different hospitals in Thailand.  

Further studies on CRE infections will be performed as follows: 1) investigating 
a synergistic activity of other combination antibiotic regimens (e.g. ceftazidime-
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avibactam plus aztreonam) against NDM plus OXA-48 positive isolates 2) investigating 
whole-genome sequencing in the CRE clinical isolates with negative detecting 
carbapenemase enzymes to obtain further information on the genetic variants 
associated with antibiotic resistance genes of other resistance mechanisms 3) 
simulating PTA and CFR if covariates of tigecycline are identified  4) developing 
population pharmacokinetic model to characterize the pharmacokinetic parameters 
in Thai patients 5) using the methodology in a large multicenter to confirm the 
results from the clinical study 6) antibiotic levels to confirm the achievement of 
PK/PD of 90%, especially aminoglycosides and 7) selecting appropriate antibiotic 
regimens to be more accurate and precise for individual patients based on PK/PD 
principle with MICs and genetic polymorphism. 

 
In conclusion, CRE, including CRKP, CREC, and CREclo isolates were resistant 

to aztreonam, ceftazidime-avibactam, tigecycline, and colistin, whereas they 
remained susceptible to amikacin and gentamicin. University hospitals had higher 
resistance rates than non-university hospitals. NDM and OXA-48 enzymes were the 
most common carbapenemase among the CRE clinical isolates. All CRE clinical 
isolates carrying the mcr-1 gene also co-existed with blaOXA-48. High-dose 
aminoglycosides-based regimens should be considered the optimal antibiotic 
regimens for the treatment of infections caused by CRE in critically ill patients. The 
benefit of the aminoglycosides combined with other antibiotics might improve the 
PTA and CFR achievement and reduce the mortality rates when compared with other 
combination regimens. Nonetheless, a large sample of CRE clinical isolates should be 
assessed to confirm the combination activity of these antibiotics against CRKP, CREC, 
and CREclo isolates. 
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