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KEYWORD: colistin, population pharmacokinetics, pediatrics, multidrug-resistant 

Gram-negative bacteria 

 Noppadol Wacharachaisurapol : POPULATION PHARMACOKINETICS OF 

INTRAVENOUS  COLISTIN IN PEDIATRICS (POPPICOP study). Advisor: 

Assoc. Prof. THANYAWEE PUTHANAKIT, M.D. Co-advisor: Asst. Prof. 

Thitima Wattanavijitkul, Ph.D.,Assoc. Prof. WARUNEE PUNPANICH 

VANDEPITTE, M.D., Ph.D. 

  

Background: Colistin use in pediatrics is surging in line with the increase of 

multidrug-resistant Gram-negative bacteria (MDR-GNB). However, the appropriate dose is 

uncertain owing to the lack of pharmacokinetics data. In this study, we aimed to characterize 

the pharmacokinetic parameters of colistin in pediatric patients, identify the factors 

influencing the pharmacokinetic parameters, and propose optimal dosage regimens. 

Methods: A prospective, multicenter, population pharmacokinetic (PPK) study was 

conducted. Serial blood samples were obtained from patients after receiving the standard 

colistin recommended dose of 5 mg of colistin base activity (CBA)/kg/day. Plasma colistin 

concentrations were measured. Data were pooled from this study and the previous study to 

create a data set for PPK analysis. A PPK model was performed with the PhoenixTM 64 

version 8.3. The final model was evaluated by goodness-of-fit plots, bootstrap analysis, and 

prediction corrected-visual predictive check. Simulation using the final PPK model was done 

to propose optimal colistin dosage regimens. 

Results: From March 2018 to February 2021, 59 patients (187 plasma samples) 

were enrolled. Data were pooled with 20 patients (147 plasma samples) from the previous 

study. A total of 334 plasma colistin concentrations from 79 pediatric patients with a median 

age (IQR) of 2.6 years (0.8-6.8) were adequately described by a one-compartment model 

with first-order elimination along with serum creatinine (SCr) as a significant covariate on 

colistin clearance (CL). Colistin CL was 0.069 L/h*kg, the volume of distribution (V) was 

0.658 L/kg. Model-based simulation demonstrated that with the recommended dose of 5 mg 

of CBA/kg/day, the probability target attainment (PTA) was 18.2-30.1% and 40.2-63.0% in 

the patients with a SCr level of 0.1-0.3 mg/dL and 0.31-0.75 mg/dL, respectively when the 

target plasma colistin average steady-state concentration (Css,avg) was 2 mg/L. For a lower 

target Css,avg of 1 mg/L, PTA was 61.1–75.0% and 82.6–93.6% in the patients with a SCr 

level of 0.1-0.3 mg/dL and 0.31-0.75 mg/dL, respectively. 

Conclusions: SCr is a significant covariate on colistin clearance in pediatric 

patients. Patients with a lower SCr level require a higher dose of colistin, especially higher 

than the current recommendation, owing to the increase of colistin elimination. 
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Css,avg Plasma colistin average steady-state concentration 

CWRES Conditional weighted residuals 

DV Observed concentration 

ECMO Extracorporeal membrane oxygenation 

eGFR Estimated glomerular filtration rate 

EMA European Medicines Agency 

fAUC The unbound colistin concentration in plasma 

HPLC High performance liquid chromatography 

IIV Interindividual variability 

IPRED Individual-predicted concentration 
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Abbreviation Meaning 

IQR Interquartile range 

IWRES Individual weighted residuals 

KCMH  King Chulalongkorn Memorial Hospital 

KDIGO The Kidney Disease: Improving Global Outcomes 

LC-MS/MS Liquid chromatography-tandem mass spectometry 

LPS Lipopolysaccharide 

MDR-GNB Multidrug-resistant Gram-negative bacteria 

MIC Minimum inhibitory concentration 

NCA Non-compartmental analysis 

NLME Nonlinear mixed effects 

OFV Objective function value 

pcVPC Prediction-corrected visual predictive check 

PD Pharmacodynamic 

PK Pharmacokinetic 

PPK Population pharmacokinetic 

PRED Population-predicted concentration 

PTA Probability of target attainment  

QSNICH Queen Sirikit National Institute of Child Health 

RRT Renal replacement therapy 

RV Residual variability 

SCr Serum creatinine 

TAD Time after dose 

TDM Therapeutic drug monitoring 

US FDA United States Food and Drug Administration 

V Volume of distribution 

VPC Visual predictive check  
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CHAPTER I INTRODUCTION 

1.1. Background and rationale 

Multidrug-resistant Gram-negative bacteria (MDR-GNB) is a global health threat 

and the burden of infectious diseases from MDR-GNB is increasing rapidly [1, 2]. 

According to the high burden of MDR bacteria and the lack of new antibiotics for 

combating these organisms, the World Health Organization stated a global priority 

pathogens list of antibiotic-resistant bacteria On February 2017 [3]. The critical priority 

including carbapenem-resistant Acinetobacter baumannii, carbapenem-resistant 

Pseudomonas aeruginosa, 3rd generation cephalosporin-resistant, or carbapenem-

resistant Enterobacteriaceae (CRE). Data from National Antimicrobial Resistance 

Surveillance Center, Thailand (NARST) 2000-2020 [4] clearly shows an increase of 

the carbapenem-resistant rate of GNB; Acinetobacter spp. from 5.8% to 72.5%; P. 

aeruginosa from 10.7% to 21.5%; Klebsiella pneumoniae from 1% to 10.5%. Data from 

the antibiogram of King Chulalongkorn Memorial Hospital (KCMH) 2019 shows 

similar carbapenem-resistant rates of A. baumannii (85%) and P. aeruginosa (25%), 

but 2 times higher rate of CRE (20%). 

Pediatric patients who are infected with MDR-GNB require complex antibiotic 

regimens, longer hospitalization, and more likely to have higher morbidity and 

mortality [1]. Kapoor K et al. (2013) [5] found that the most common MDR-GNB in a 

pediatric intensive care unit (PICU) were also A. baumannii (64%), Enterobacteriaceae 

(20%), and P. aeruginosa (16%). The mortality rate was as high as 28%. One of the 

last resorts for the treatment of these carbapenem-resistant Gram-negative bacteria is 

colistin. 

Colistin or polymyxin E, discovered in 1949 in Japan, is a polypeptide antibiotic 

with concentration-dependent killing activity. At the high plasma concentration, 

colistin will act as a bactericidal drug whereas, at the low plasma concentration, colistin 

will act as a bacteriostatic drug. The mechanism of action comes from the positive 

charges of polypeptide chains that interact with the negative charges of 

lipopolysaccharide at the bacterial cell membrane. This interaction causes cell 

membrane instability and bacterial cell lysis. The use of this antibiotic had been 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 14 

inflating for almost 20 years (the 1960s to early 1970s). Afterward, colistin use declined 

rapidly according to the possible serious adverse reactions (nephrotoxicity and 

neurotoxicity). Recently, colistin has been bringing back for the treatment of MDR-

GNB infections that is resistant to many classes of antibiotics including carbapenems 

but susceptible to colistin [6]. At present, the available formulations of colistin are 

colistimethate sodium, so-called colistin methanesulfonate (CMS), and colistin sulfate. 

CMS is a prodrug of colistin used as a parenteral route and will be hydrolyzed to active 

metabolites (formed colistin A and B) while colistin sulfate is for enteral or topical use 

[2]. The dosing of CMS is usually described as “milligram of colistin base activity 

(CBA)” or “International Units (IU)”. One mg of CBA (30,000 IU) is equal to 2.4 mg 

of CMS [7]. 

Colistin is an ancient antibiotic discovered in the period that the pharmacokinetic 

(PK) study is limited. In the past ten years, pharmacokinetic studies of colistin in adults 

were published. The knowledge gained resulted in the dose recommendations in adults 

in various populations. However, the dosing of colistin in pediatric patients is 

problematic owing to the lack of pharmacokinetics knowledge in this specific 

population.  Pharmacokinetic study of colistin in this particular population is urgently 

needed to guide pediatricians for the appropriate dose of this life-saving drug. 

1.2. Objectives 

1.2.1. Primary objective 

• To describe the population PK parameters of formed colistin (colistin A, B) 

in pediatric patients and to identify the covariate(s) influencing the PK 

parameters. 

1.2.2. Secondary objectives 

• To suggest the appropriate regimen of intravenous colistin regarding the 

significant covariate(s). 

To describe the rate of acute kidney injury which is the most common adverse drug 

reaction of colistin. 
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CHAPTER II LITERATURE REVIEW 

2.1. Colistin 

2.1.1. Physicochemical properties [8] 

Colistin is a polypeptide antibiotic with a structure of a cyclic heptapeptide and a 

tripeptide side chain attached with a fatty acid at the N-terminus by acetylation. Two 

major components are colistin A (polymyxin E1) and B (polymyxin E2). The difference 

between colistin A and B is the fatty acid; 6-methyloctanoic acid for colistin A and 6-

methylheptanoic acid for colistin B. The parenteral formulation of colistin is CMS. 

CMS is a prodrug of colistin synthesized by the reaction of colistin with formaldehyde 

followed by sodium bisulfite. From this reaction, the sulfomethyl groups were added to 

the primary amines of colistin (Figure 1). 

(A)  

(B)  

Figure  1. The Structure of colistin A and B and colistin methanesulfonate. 

(A) colistin A and B, (B) colistin methanesulfonate. The fatty acid of colistin A is 6-

methyloctanoic acid; colistin B is 6-methylheptanoic acid. Thr, threonine; Leu, 

leucine; Dab, α,γ-diaminobutyric acid. α and γ indicate the respective amino group 

involved in the peptide linkage. Modified from Li J et al. [9] 
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2.1.2. Mechanism of action 

Colistin is an antibiotic with bactericidal activity. Regarding the structure of 

colistin in physiological pH in plasma, colistin has a polycationic status and acts as a 

detergent on the bacterial cell membrane. The interactions between colistin and anionic 

lipopolysaccharide (LPS) molecules in the outer membrane of Gram-negative bacteria 

causes derangement of the cell membrane. Colistin also displaces magnesium (Mg2+) 

and calcium (Ca2+) in the LPS molecules causing the instability of these structures. The 

result of this process causes an increase in the permeability of the cell envelope, leakage 

of cell contents, and, subsequently, cell death [9, 10]. 

2.1.3. Pharmacokinetics 

2.1.3.1. ADME summary 

Almost all of the available data were from adult PK studies. The summary 

of ADME is as follows: 

• Absorption: CMS is not absorbed via the gastrointestinal tract but 

well absorbed via intramuscular injection [10]. 

• Distribution: Colistin protein binding in adults and children is similar 

at 50% and 53%, respectively [11, 12]. Colistin is poorly distributed 

to the lung parenchyma, pleural fluid, and central nervous system.  An 

adult study measured colistin in bronchoalveolar lavage (BAL) fluid 

after administering CMS 220 mg of CBA/day. Colistin was 

undetectable [13]. A pediatric study reported that colistin penetration 

into the cerebrospinal fluid was minimal (<0.2 mg/L) [14]. 

• Metabolism: After administering CMS into the body, CMS will be 

hydrolyzed by esterases in plasma [15] to form a complex mixture of 

colistin, mainly is colistin A and B, and as well as sulfomethylated 

derivatives. In an in vitro study, 31.2% of CMS in human plasma was 

hydrolyzed to colistin in 4 h at 37 C [10]. This proportion of CMS 

metabolism is similar to a recent study showing that 30% of CMS 

was hydrolyzed to colistin [16]. 
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• Excretion: CMS is primarily (60%) excreted unchanged via 

glomerular filtration. There is no report about biliary excretion. 

Formed colistin is mainly eliminated from the body by non-renal 

mechanisms that are not yet fully characterized. In patients with renal 

impairment, CMS dose should be decreased regarding the decreased 

renal clearance of CMS and a greater fraction of plasma CMS would 

be converted to colistin [9]. The proposed elimination pathways of 

CMS and colistin are shown in Figure 2. 

 

 
 

Figure  2. Overview of elimination pathways of CMS and colistin after CMS 

intravenous administration. 

CMS, colistin methanesulfonate. The thickness of arrows stated the magnitude of the 

clearance pathways. Modified from Li J et al. [9]. 

2.1.3.2. Adult pharmacokinetic studies 

Currently, there are PK studies in various adult populations. According to 

the heterogeneity of studies, comparison between studies is challenging. PK parameters 

of formed colistin from traditional (full) pharmacokinetics by a non-compartmental 

analysis (NCA) are shown in Table 1. According to the limitations of traditional PK 

study such as intensive blood samplings, strict blood sampling schedule, population 

pharmacokinetic (PPK) studies were conducted among various kinds of participants. A 

summary of clinical characteristics and estimated PK parameters from PPK studies are 

shown in Table 2. Suggestions for colistin dosing from adult studies are as follows: 

• A loading dose is essential especially in critically ill patients [17-20]. 

• Loading dose could be calculated from target plasma colistin average 

steady-state concentration (Css,avg) × 2.0 × body weight (kg) when 
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colistin Css,avg is the average concentration at the steady-state. The 

desired level is at least 2 mg/L [21]. 

• The first maintenance dose should be administered 12 h after the 

loading dose [17]. 

• A higher maintenance dose would be required for patients with 

creatinine clearance of >80 mL/min/1.73 m2  [17]. 
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Table  1. PK parameters of formed colistin from traditional PK studies with non-

compartmental model analysis. 

Study N Subject Age 

(year) 

Colistin 

dosea 

Cmax 

(mg/L) 

Tmax 

(h) 

t1/2 

(h) 

V 

(L/kg) 

CL 

(L/h/k

g) 

Adult studies 

Mizuyachi 

et al., 2011 

[22] 

15 Healthy 

adults 

28.0 ± 

3.6c 

2.5 mg/kg q 

12 h 

4.4 ± 1.6 2 

(1−4) 

4.98 ± 

0.99 

1.0 ± 0.2 0.15 

Karnik et 

al., 2013 

[23] 

15 Criticall

y ill 

15−40 130−200 

mg/day 

 

4.6 

(2.5−23.2

)c 

 

0.5 

 

2.7 

(1.1−4.6)c 

 

0.3 

(0.2−0.5)

d 

 

0.07 

    1.7 

mg/kg/day 

(decreaed 

CrCl) 

5.4 

(1.8−21.8

)c 

0.5 3.3 

(1.2−5.4)c 

0.3 

(0.2−0.5)

d 

0.07 

Moni et al., 

2020 [24] 

19 Criticall

y ill 

55 ± 

13.5 

270 mg 

loading, 

270 mg/day 

maintenanc

e 

2.4 ± 1.4c 2.5 ± 

2.5c 

NA 9.9 ± 4.8c NA 

Neonatal study 

Nakwan et 

al., 2016 

[15] 

7 Criticall

y ill 

neonate

s 

13 

days 

(5−15

) d 

5 3.0 ± 0.7 c 1.3 ± 

0.9 c 

9.0 ± 6.5c 7.7 ± 9.3c 0.6 ± 

0.3c 

Pediatric study 

Wacharach

aisurapol et 

al., 2020 

[25] 

20 Criticall

y ill 

children 

8.5 

(3.5–

11.3) d 

4 mg/kg 6.1 ± 2.4c 2.5 ± 

0.6 c 

2.9 ± 0.6c 

 

0.7 ± 0.4c 0.2 ± 

0.1c 

    1.7 or 2.5 

mg/kg 

4.1 ± 1.3c 2.7 ± 

0.5 c 

2.6 ± 0.4c 0.6 ± 0.3c 0.2 ± 

0.1c 

CL, drug clearance; CrCl, creatinine clearance; Cmax, maximum concentration, Tmax, time to Cmax; t1/2, half-life; 

NA, not available; V, volume of distribution. 

amg of CBA, bmean (range), cmean ± SD, dmedian (range). 
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Table  2. Summary of estimated PK parameters and significant covariates of formed 

colistin from population pharmacokinetic studies. 

Study N Subject V 

(L) 

CL 

(L/h) 

Covariate 

tested 

Significant 

covariates 

Adult studies 

Plachouras et 

al., 2009 [18] 

18 Critically ill 189 9.1 BW, IBW, age, CrCl, Hb, Hct None 

Garonzik et 

al., 2011 [21] 

105 Critically ill 

including 

12 with 

intermittent 

HD and 4 

with CRRT 

45.1 2.7 Actual BW, IBW, BSA, BMI, 

gender, age, CrCl, and 

APACHE II score on clearance 

Actual BW, IBW, BSA, BMI 

on volume of distribution 

CrCl () on CL () 

 

Mohamed et 

al., 2012 [19] 

10 Critically ill 218 8.2 BW, IBW, gender, age, serum 

creatinine, CrCl, serum 

albumin, Hb, Hct, septicemic 

state, APACHE II score  

None 

Grégoire et 

al., 2014 [26] 

73 Critically ill 10.2 2.3 BW, gender, age, simplified 

acute physiology score (SAPS 

II), BT, CrCl, diuresis, urinary 

pH, blood pH, Hb and other 

blood chemistries 

BT () on V (), 

BUN () on CL () 

Karaiskos et 

al., 2015 [27] 

19 Critically ill 80.4 4.99 Same as Ref. [21] 

Analysis by a pool of data from 

[18, 19, 27], N = 47 

CrCl () on CL () 

Nation et al., 

2017 [17] 

215 

a 

Critically ill 

including 29 

receiving 

RRT 

57.2 2.6 Same as Ref. [21] CrCl () on CL () 

 

Kristoffersson 

et al., 2020 

[20] 

349 Critically ill 69.5 4.1 CrCL, BW, IBW, SOFA score, 

infection site 

CrCl () on CL () 

Pediatric studies 

Ooi et al., 

2019 [12] 

5 Critically ill 7.1 1.6 BW, CrCl BW () on V (), 

CrCl () on CL () 

APACHE II, The Acute Physiology and Chronic Health Evaluation II; BMI, body mass index; BSA, body 

surface area; BT, body temperature; BUN, blood urea nitrogen; BW, body weight; CL, drug clearance; CrCl, 

creatinine clearance; CRRT, continuous renal replacement therapy; Hb, hemoglobin; Hct, hematocrit; HD, 

hemodialysis; IBW, ideal body weight; RRT, renal replacement therapy; SOFA, Sequential Organ Failure 

Assessment; V, volume of distribution. a105 patients from Garonzik et al, 2011 [21] with an additional 110 

patients. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 21 

2.1.3.3. Pediatric pharmacokinetics 

Nakwan et al. (2016) [15] conducted a study on 7 critically ill neonates with 

a median age of 13 days (range from 5 to 15 days). Colistin was given as a single dose 

of 5 mg of CBA/kg birth weight. Blood samples were collected before and at 15 min, 

2, 4, 6, and 24 h after the end of colistin administration. Unfortunately, plasma colistin 

levels of all subjects at 6 h were less than 2 mg/L. The authors concluded that the current 

dose of colistin is suboptimal, higher dose, and different regimens should be studied. 

However, regarding a very specific and small number of subjects, the generalizability 

of this study is limited. Recently, Wacharachaisurapol et al. [25] conducted a study 

using NCA analysis on 20 pediatric patients and demonstrated that administering a 

loading dose of colistin improved drug exposure. A summary of PK parameters among 

these two studies is shown in Table 1. 

2.1.4. Possible covariates on colistin pharmacokinetics 

2.1.4.1. CrCl or eGFR 

Colistin is primarily eliminated via non-renal pathways as described above 

in ADME summary. However, CMS, a prodrug of colistin, is predominantly cleared by 

the renal route but a fraction of the administered dose is hydrolyzed by plasma esterases 

to colistin. In patients with impaired kidney function, the CMS clearance would be 

decreased and a greater fraction of the administered dose of CMS would be converted 

to colistin [9]. Many adult PPK studies and one pediatric PPK study also observed the 

effect of CrCl on colistin CL (Table 2). The colistin dose recommendation regarding 

CrCl in adults is as shown in Table 3. Interestingly, adult patients with CrCl ≥90 

mL/min would require a CMS dose of >5 mg of CBA/kg/day (calculating from the body 

weight of 60 kg). It is reasonable to explore the effect of CrCl or eGFR on colistin PK 

in pediatric patients. It also should be noted that the eGFR of pediatric patients is mostly 

calculated by using the modified (“bedside”) Schwartz equation: 0.413 × (height/SCr). 

Even though it is the most widely used one, there are some limitations for estimating 

GFR by using it because it is derived from chronic kidney disease (CKD) patients with 

a median age of 10.8 years (IQR, 7.7–14.3). Validation of using this equation outside 

the study population is lacking [28].  
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Table  3. Daily doses of colistin methanesulfonate (CMS) in adults for a desired 

target colistin Css,avg of 2 mg/L for narrow windows of creatinine clearance. 

(modified from reference [17]) 

Creatinine 

clearance 

(mL/min) 

CMS daily dose 

(mg of colistin base activity) 

CMS daily dose/kg a 

(mg of colistin base activity) 

0 130 2.2 

5 to <10 145 2.4 

10 to <20 160 2.7 

20 to <30 175 2.9 

30 to <40 195 3.3 

40 to <50 220 3.7 

50 to <60 245 4.1 

60 to <70 275 4.6 

70 to <80 300 5.0 

80 to <90 340 5.7 

≥90 360 6.0 

a calculated from the body weight of 60 kg 

 

2.1.4.2. Kidney biomarkers 

Serum creatinine is the biomarker used for estimating CrCL or eGFR in 

both adults and children [28, 29]. Blood urea nitrogen (BUN) is the other biomarker 

associating with kidney function even though BUN might be more sensitive to some 

conditions, e.g., hydration status of patients, low or high protein intake, gastrointestinal 

bleeding, receiving cortisol [30]. Mohamed et al., 2012 [19] explored SCr as a plausible 

covariate in an adult PPK study and found no effect of SCr on colistin PK parameters. 

However, only one out of 10 patients in this study had an abnormal SCr. Grégoire et al. 

2014 [26] explored both BUN and SCr effect on colistin PK parameters. It was found 

that the increase of BUN inversely associated with the decrease of colistin CL in this 

study. 
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2.1.4.3. Serum albumin 

Plasma protein binding affects drug distribution in the body. Serum 

albumin is the major protein in plasma [31]. Colistin is bound to albumin up to 50% 

[11, 12]. Hypoalbuminemia which can be seen in patients with severe infections 

potentially affects the unbound plasma colistin concentration. 

2.1.4.4. Body weight 

Body weight is considered as a significant covariate for the PK parameters 

[31]. Ooi et al. [12] found that body weight was related to the volume of distribution of 

both CMS and formed colistin in a pediatric PPK study. There was extensive inter-

individual variability in body weight regarding a wide age range of the patients. The 

effect of body weight could not be observed from adult studies (Table 2). 

2.1.4.5. Age  

Age may involve many demographics influencing the PK parameters rather 

than body weight [31]. Age-related changes to drug distribution are related to changes 

in body composition, the quantity of plasma proteins capable of drug binding, the 

quantity of hydrolysis enzymes such as esterases. In infants, a high percentage of body 

fluid is observed. Even though colistin is less water-soluble, CMS which is a prodrug 

of colistin is more water-soluble and might be affected by high body fluid composition 

[32, 33]. Esterase enzymes are the major hydrolysis enzymes of CMS. In neonates, the 

quantity of these enzymes is reduced [15]. This might cause a slow and low level of 

colistin compared with older children. Different SCr levels regarding the age groups 

are also observed as shown in Table 4 [34]. 

Table  4. Reference values of serum creatinine in children.  

(modified from reference [34]) 

Age (year) Serum creatinine values (mg/dL) 

0-4 0.03-0.50 

4-7 0.03-0.59 

7-10 0.22-0.59 

10-14 0.31-0.88 

>14 0.50-1.06 

Note: serum creatinine measured by the enzymatic method. 
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2.1.4.6. Gender  

Gender affects the volume of distribution especially when the patients enter 

the adolescent period regarding the change of body composition [35]. Females are more 

likely to have a higher fat composition. Even though the relationship of this plausible 

covariate could not be demonstrated in adult studies, it is reasonable to investigate the 

effect of gender on PK parameters in pediatric patients. 

2.1.5. Pharmacodynamics 

2.1.5.1. PK-PD index of colistin 

From in vitro studies, colistin is potent, concentration-dependent killing 

against MDR-GNB such as P, aeruginosa, and A. baumannii with a modest post-

antibiotic effect at high concentrations [9]. For many concentration-dependent 

antibiotics, a maximum concentration in plasma (Cmax)/minimum inhibitory 

concentration (MIC) ratio of ≥8–10 is adequate for the treatment of GNB. However, 

there is no recommended Cmax/MIC ratio for colistin. Recently, a study in mouse thigh 

and lung infection models demonstrated that the ratio of the area under the curve of the 

unbound colistin concentration in plasma (fAUC) across 24 h to MIC (fAUC/MIC) is 

the PK/PD index that correlates with the bacterial killing property [11]. Css,avg of 2 mg/L 

has been proposed as an initial target concentration to meet the desired fAUC/MIC 

when treating bloodstream infection caused by MDR-GNB with the MIC of ≤2 mg/L 

[36]. However, the target Css,avg of 2 mg/L might not be adequate for the treatment of 

pneumonia caused by MDR-GNB with the MIC of >1 mg/L regarding the poor 

distribution of colistin into the lung [11, 13]. 

2.1.5.2. Colistin MIC 

Colistin MIC is measured by several methods, e.g., E-test, broth 

microdilution. The E-test method is no longer recommended regarding this method can 

produce very major errors (false susceptibility results) of up to 12% for 

Enterobacteriaceae and 33% for P. aeruginosa and A. baumannii [37, 38]. The 

reference method recommended by CLSI is broth microdilution [39], even though most 

of the microbiology laboratory could not routinely perform it regarding the method 
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difficulty. When evaluating the PK-PD index of colistin with a MIC value, it should be 

warranted about the method of MIC determination. 

2.1.6. Clinical uses [40] 

2.1.6.1. Approved indication  

Colistin in form of CMS is approved for both adults and children for the 

treatment of acute or chronic infections caused by the following susceptible GNB: P. 

aeruginosa, Enterobacter aerogenes, E. coli, and K. pneumoniae.  However, 

practically, colistin is also used for the treatment of A. baumannii infection regarding 

this pathogen is resistant to almost all of the available antibiotics including 

carbapenems except colistin. 

2.1.6.2. Dose recommendation 

The US FDA and European Medicines Agency (EMA) dose 

recommendation of intravenous or intramuscular injection for both adults and pediatric 

patients is CMS 2.5−5 mg of CBA/kg/day in 2−4 divided doses for patients with normal 

renal function. Colistin dose should be decreased regarding impaired kidney function. 

Recently, Nation et al. [17] suggested a colistin dosing scheme for adult patients with 

various kidney functions. Administering a loading dose of 300 mg of CBA is 

recommended followed by a maintenance dose regarding different creatinine 

clearances. No available recommendations for using colistin loading dose in pediatrics. 

In obese patients, dosage should be based on ideal body weight [40, 41].  

2.1.7. Adverse drug reactions 

2.1.7.1. Nephrotoxicity 

Nephrotoxicity is the most common adverse drug reaction (ADR) of 

colistin. There is a variety of occurred nephrotoxicity, e.g., cylindruria, hematuria, 

proteinuria, elevated BUN or SCr [42]. However, reported nephrotoxicity in the 

literature is mostly based on the SCr−guided criteria including the elevation of SCr and 

the decline of creatinine clearance or eGFR which are calculated based on using SCr 

[5, 25, 43-48]. Acute kidney injury (AKI) is the nephrotoxicity defined by the Kidney 

Disease: Improving Global Outcomes (KDIGO) [49] which is a widely used definition. 
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In adults, the AKI rate was reported as 51% in patients using colistin while the matched 

control AKI rate was 22% [50]. AKI usually occurs when colistin is concomitantly 

given with other nephrotoxic drugs, e.g., vancomycin, aminoglycosides [51]. The 

steady-state trough colistin concentration of >2.42 mg/L showed association with 

nephrotoxicity in an adult study [52]. 

In children, colistin use causes less nephrotoxicity compared with adults. 

The nephrotoxicity rates reported among pediatric studies evaluating colistin efficacy 

and safety were ranged from 0 to 22.8% [5, 43-48, 53]. Among pediatric studies, the 

different nephrotoxicity rates may cause by many factors, e.g., patient characteristics, 

number of patients in the studies, nephrotoxicity definition, colistin dosing. 

Comparison of characteristics and reported nephrotoxicity among studies of pediatric 

patients receiving intravenous colistin is shown in Table 5. 

2.1.7.2. Neurotoxicity 

Neurotoxicity is the second most important ADR including dizziness, 

weakness, facial and peripheral paresthesia, vertigo, confusion, ataxia, and 

neuromuscular blockade. This ADR is less observed with CMS formulation [2]. No 

neurotoxicity was reported among pediatric studies [5, 25, 42, 44, 51, 54]. However, all 

study patients were critically ill or received sedative drugs while using mechanical 

ventilators, which potentially masked the neurotoxicity [45]. 
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Table  5. Comparison of characteristics and reported nephrotoxicity rate among 

studies of critically ill pediatric patients receiving intravenous colistin. 

Study N Age a 

(year) 

Colistin dose 

a (mg of 

CBA/kg/day) 

Duration of 

colistin a 

(day) 

Nephrotox

icity (% 

(no. of 

case)) 

Nephrotoxicity 

definition 

Nephrotoxicity defined by using the increase of SCr >1.5–2 times of the baseline 

Falagas et al., 

2009 [43]  

7 11 

(1.2−13) 

Fixed dose, 

2.1 

10 (min–

max, 2–23) 

0 SCr >1.5 times or 

>1.3 mg/dL 

Karbuz et al., 

2014 [46] 

29 (38 

courses) 

 

1.4 (0.3–

18) 

2.5 (1.7–2.7) 

or 5.0 (2.3–

5.6) 

12 (2–37) 2.6 

(1/38) 

SCr >2 times or 

SCr > normal 

value 

Ozsurekci et 

al., 2016 [55] 

64 (73 

courses) 

2.5 (0.7–

10.5) 

N/A 17.0 (12.0–

30.0) 

4.1 (3/73) SCr >2 times 

Sahbudak Bal 

et al., 2018 

[47] 

94 (104 

courses) 

Median, 

4.7 

5.0 b 12.5 ± 6.4 10.5 

(11/104) 

SCr >1.5 times 

Nephrotoxicity defined by using the decrease of ClCr or the increase of SCr 

Karli et al., 

2013 [45] 

31 (41 

courses) 

3 (min–

max, 

0.3−17.0) 

4.9 ± 0.5 b 19.8 ± 10.3 7.3 (3/41) Decreased CrCl 

>50% or SCr >1.1 

mg/dL 

Kapoor et al., 

2013 [5] 

50 3.0 

(0.1−12) 

1.7−2.5 Mean, 14.3 

(range, 7–21) 

10.0 

(5/50) 

Decreased CrCl 

>30% or SCr >2 

times 

Paksu et al., 

2012 [44] 

79 (87 

courses) 

2.5 (0.3–

18.0) 

2.25 ± 0.25 17.2 ± 8.4 2.3 

(2/87) 

Decreased CrCl 

>50% or SCr >1.1 

mg/dL 

Tamma et al., 

2013 [48] 

92 16 (11–

17.5) 

5 b (non-cystic 

fibrosis) or  

7.5 (cystic 

fibrosis)  

N/A 22.8 

(21/92) 

CrCl 60mL/min, 

or decrease in the 

category of 

clearance 

 

ARC, augmented renal clearance (eGFR >150 mL/min/1.73 m2) ; CBA, colistin base activity; CrCl, creatinine 

clearance; N/A, not available; SCr, serum creatinine. 

a Data are shown in mean ± standard deviation or median (range) or described otherwise. 

b No available data whether it was mg of CBA or colistin methanesulfonate. 

c Nephrotoxicity rate within the first week after intravenous colistin initiation. 
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2.1.8. Colistin determination 

2.1.8.1. Colistin and CMS stability 

CMS in plasma is hydrolyzed by esterases into formed colistin. At 37 C, 

CMS in plasma is hydrolyzed to formed colistin less than 10% after 2 h. However, CMS 

is hydrolyzed up to 30%, 50%, and 65% at 6, 12, and 24 h, respectively [56]. Blood 

samples should be processed and stored as soon as possible or within 2 h to avoid further 

conversion of CMS into formed colistin after collection. Besides the time issue, the 

sample processing method also affects colistin concentration in sample. Strong acid and 

excessive heat during the sample preparation process cause further conversion of CMS 

into formed colistin and lead to colistin overestimation [56, 57]. Reed et al. [58] 

reported an extraordinarily high plasma colistin Cmax of 21.4-23 mg/L in cystic fibrosis 

patients compared with 2.4−5.4 mg/L reported for other studies (Table 1). From Reed 

et al. study, plasma samples were treated with perchloric acid and hydrochloric acid 

and heated at 54 C for 1 hour. Pretreatment at 54°C with acids may accelerate the 

hydrolysis of CMS to formed colistin and would potentially be the result of high Cmax. 

2.1.8.2. Methods of colistin determination 

Colistin determination can be separated into 2 steps including the separation 

process and the detection process. The separation process can be performed by liquid 

chromatography (LC) technic. Separation of the individual components of a mixture 

occurs when the mixture travels into a non-polar stationary phase (column) by a polar 

mobile phase. In the past, this process occurred by using gravity for sample traveling 

in the machine. Currently, a high-pressure pump is applied to the system to accelerate 

processing time. So, this technic is called high performance (also known as high 

pressure) liquid chromatography (HPLC). For the detection process, it could be done 

by several technics, e.g., ultraviolet (UV) absorbance detecter, fluorescent detecter, 

depending on the chemical property of the substance. Many substances including 

colistin need to be derivatized for better detection [59, 60]. The disadvantage is that 

sample needs more processes before determination. A more recent technic is liquid 

chromatography with tandem mass spectrometry (LC-MS/MS). LC-MS/MS is a hybrid 

system in which a mass spectrometer replaces the more usual UV absorbance detector 
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in an HPLC system. Mass spectrometry ionizes atoms or molecules to facilitate their 

separation and detection in accordance with their molecular masses and charges (mass 

to charge ratio). MS method of detection results in a lower limit of detection regarding 

more sensitivity. 

HPLC methods for colistin determination were reported during 2001-2011 

[21, 58, 60]. Some showed limitations as mentioned above such as in Reed et al. study. 

All of the HPLC methods reported also have a limitation on sample derivatization 

before colistin determination. Recently, LC-MS/MS is a preferred method for colistin 

determination in both adult and pediatric colistin pharmacokinetic studies  [12, 17, 19, 

20, 25, 27]. 

2.2. Population pharmacokinetics by using nonlinear mixed-effects models 

approach    

2.2.1. Background 

The PK study is the study considering the drug movement through the body. This 

involves the absorption, distribution, metabolism, and elimination of drugs and their 

metabolites. It is crucial to understand what the human body interacts with any drugs 

especially for the dosing recommendation including dosage, route of administration, 

and intervals. The traditional PK study is relatively simple and straightforward, 

however, there are some limitations and disadvantages. The PPK approach is the 

current standard tool for estimating the PK parameters and appropriate dosing at one 

step by using computerized modeling. The advantages and disadvantages of both 

methods are shown in Table 6 [61, 62]. 

In detail, PPK is the study to obtain relevant pharmacokinetic information in 

patients who are representative of the target population. Certain patient demographics 

(e.g., body weight, age, sex, pharmacogenomics), pathophysiology, and the presence of 

other therapies can regularly alter dose-concentration relationships. Sources of 

variability, such as intersubject, intrasubject, and inter-occasion are obtained and 

quantified by this study during drug evaluation. PPK also seeks to quantitatively 

estimate the magnitude of the unexplained part of the variability in the patient 

population [61].  
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Table  6. Comparison of traditional and population pharmacokinetics. 

 Traditional approach Population PK approach 

Number of subjects Typically, 8−16 Usually more than 40 

Type of subjects Usually performed in healthy 

subjects 

Target population 

Number of samples Intensive (typically more than 

10) 

Sparse 

Sampling schedule Fixed Varied 

Evaluation for PK 

parameters 

Simple calculation Time-consuming and 

requiring skilled 

pharmacokineticists/pharmac

ometricians 

Covariate 

identification 

Difficult Yes, quantified 

 

The nonlinear mixed-effects (NLME) model approach currently is the standard 

method for population pharmacokinetics. This approach incorporates both fixed effects 

and random effects in the model and allows them to be expressed as a nonlinear function 

[63]. The number of samples per subject used for this approach is typically small, 

ranging from one to six. As does the pooled analysis technic, the NLME approach 

analyzes the data of all individuals at once but takes the interindividual random effects 

structure into account. This ensures that confounding correlations and imbalance that 

may occur in observational data are appropriately accounted for [64]. 

2.2.2. Model development [65] 

Model development is initiated by identifying a base model composed of a 

structural model and variance models. The structural model is the model that best 

describes the data without covariates, such as one- or two-compartment model. A plot 

of concentration-time profile for population data set would help reveal patterns and 

structure in the data and would lead to selecting the most appropriate and simplest one. 

The variance models consist of two main sources of variability including interindividual 

variability (IIV) and residual variability (RV). IIV is the variance of a parameter across 
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different individuals in the population; RV is the unexplained variability in the observed 

data after controlling for other sources of variability. IIV should be assumed as a 

lognormal distribution regarding its biological variation by nature is lognormal. The 

base model which consists of the simplest structural, IIV, and RV models will be chosen 

by considering the objective function value (OFV), which is comparable to twice 

negative log-likelihood (-2LL), Akaike information criterion (AIC), Bayesian 

information criterion (BIC), and graphical examinations. 

Afterward, covariate model building is performed. Covariates selected should 

have a physiological rationale for their inclusion in the base model or be described 

previously in the literature. Then the stepwise forward addition and backward 

elimination are implemented to obtain the final model. Based on the 2 test, the 

covariate is considered as a significant one in the forward addition step when it reduces 

-2LL significantly (e.g., a reduction of -2LL >6.64 correspondings with P < 0.01, degree 

of freedom = 1). Then, a backward elimination step is performed. The covariate will be 

retained in the final model when it causes an increase of -2LL significantly (e.g., a 

reduction of -2LL >10.83 correspondings with P < 0.001, degree of freedom = 1) when 

it is sequentially removed from the full model during backward elimination. 

2.2.3. Model evaluation 

2.2.3.1. Goodness-of-fit plots [66] 

Goodness-of-fit plots are graphically assessed for the accuracy of a model. 

Goodness-of-fit assessments require diagnostic plots, such as the observed 

concentrations (DV) versus individual-predicted concentrations (IPRED) or 

population-predicted concentrations (PRED); the conditional weighted residuals 

(CWRES) versus population-predicted concentrations (PRED) or time after dose 

(TAD). If the model could well describe the data, the line of identity (intercept 0 and 

slope 1) should run through the center of DV versus IPRED and PRED plots. The plots 

of CWRES should be scattered evenly above and below the zero reference line 

(intercept 0 and slope 0) and within +2, -2. 
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2.2.3.2. Bootstrap [66] 

The bootstrap method is performed to assess the reliability of the final 

model. Practically, 1,000 data sets will be generated by random sampling with 

replacement from the original data. The final model parameters will be all estimated, 

and their median and 95% CI will be also calculated. Bootstrap is considered successful 

if the 95% CI for each parameter encompassed the initial estimate parameter and met 

the prespecified convergence rate (95% CI does not include zero).  

2.2.3.3. Visual predictive check [67] 

A visual predictive check is used to assess predictive performance. The 

estimated parameters of the model are fixed and used for simulating a certain number 

of a virtual data set, e.g., 1,000 replicates. Then, observed data are compared to the 

simulated data. If the model has adequate predictive performance, the observed data 

will lie within the 90% CI of the corresponding quantiles of simulated data. However, 

when the difference of predictions within a bin is mainly due to different values of other 

independent variables, e.g., dose, covariates, the diagnosis may be problematic or 

misleading. Prediction-corrected VPC (pcVPC) differs from traditional VPC in that the 

dependent variable has been subject to prediction correction before the statistics are 

calculated. The variability coming from variations in independent variables within a 

single bin is removed by normalizing the observed and simulated dependent variable 

based on the typical population prediction. pcVPC is a more informative diagnostic tool 

for assessing mixed-effects models that facilitates the development of more predictive 

models and hence result in better possibilities for model-based decision making. 

2.3. Monte Carlo simulation for pharmacodynamic assessment 

Monte Carlo simulation or simulation is a method that incorporates the 

interindividual variability in PK among potential patients to model the probability of 

different outcomes. First, the PPK model consists of all those elements that link the 

known inputs into the system (e.g., dose, dosing regimen, PK model, PK/PD model, 

covariate-PK/PD relationships, disease progression) to the outputs of the system (e.g., 

exposure, PD response, outcome, or survival) is created. Then, the simulation will be 

done. The outputs of the system are driven by the inputs into the system and may reflect 
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something as simple as exposure (area under the curve, PK parameters, or Cmax) or 

something more complicated, such as survival. The number of replications that is 

sufficient to observe rare events is in the thousands regarding rare events rarely occur 

and large numbers are needed to see them. Large replicate numbers are also needed to 

obtain confidence intervals or estimates of variance components [68, 69]. 
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CHAPTER III METHODOLOGY 

Prior to this study, a prospective, traditional full pharmacokinetic study of 

intravenous colistin in 20 pediatric patients with an age range of 2.2−14.9 years was 

conducted regarding the lack of PK data in the pediatric population (study 1, the clinical 

trial registry number: TCTR20171119001, http://www.clinicaltrials.in.th). The main 

objectives of the study were to understand the PK characteristics of intravenous colistin 

and to explore the PK benefit of administering an intravenous colistin loading dose. In 

this study, a prospective, multicenter, population pharmacokinetic study was conducted 

to gain more understanding about PK characteristics in the pediatric population (study 

2). The age ranges of study participants were also broadened into infants from 1 month 

of age for better generalizability of the data in the population. With larger study 

participants, the effect of plausible covariates on colistin PK parameters could be tested 

and quantified. The dose recommendation could also be generated. Apart from the PK 

study, a retrospective study in larger pediatric patients was conducted for more 

understanding of the association of colistin, especially when giving a loading dose, and 

the rate of AKI in this population (study 3). The scope and characteristics of each study 

are summarized in Table 7. The methodology of the population pharmacokinetic study 

(study 2) is described in this chapter. The methodology of study 3 is described in 

Appendix A. 
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Table  7. Scope and characteristics of three studies on intravenous colistin in pediatric 

patients. 
 

Study 1 Study 2 Study 3 

Study design Prospective, 

traditional, full PK 

study 

Prospective, 

multicenter, 

population PK study 

Retrospective study 

Inclusion 

criteria for 

age 

2–18 years 1 month–12 years 1 month–18 years 

Enrollment 

period 

Aug 2014– Apr 

2018 

KCMH  

Mar 2018–March 

2021 

QSNICH  

Oct 2018–Dec 2020 

KCMH 2014−2019 

Number of 

patients 

20 (KCMH) 

(7-8 blood 

samples/subject; 

sampling time: 1, 2, 

4, 8, 12 (only for 

patients who were 

prescribed colistin 

every12 h), 24, 48, 

and 72 h after the 

first dose) 

59: KCMH 19; 

QSNICH 40 

For population PK 

analysis, 79 were 

enrolled (59 from 

study 2 and 20 from 

study 1) 

181 (including 20 

from study 1 and 15 

of KCMH from 

study 2) 

Age, median 

(interquartile 

range) 

8.5 years (3.5−11.3) 2.6 years (0.8−6.8) 2.0 years (0.7−6.9) 

Age range 

(min−max) 

2.2−14.9 years 1 month−14.9 years 

(pooled participants 

of study 1 and 2) 

1 month–17.1 years 

KCMH, King Chulalongkorn Memorial Hospital; PK, pharmacokinetic; QSNICH, 

Queen Sirikit National Institute of Child Health. 
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3.1. Study design 

This study is a prospective, multicenter, population pharmacokinetic study of 

intravenous colistin in pediatric patients. The clinical trial registry number is 

TCTR20180526001 (http://www.clinicaltrials.in.th). 

3.2. Patients and methods 

3.2.1. Population and samples 

3.2.1.1. Target population: pediatric patients  

3.2.1.2. Study population: pediatric patients who were hospitalized at King 

Chulalongkorn Memorial Hospital (KCMH), Faculty of Medicine, Chulalongkorn 

University or Queen Sirikit National Institute of Child Health (QSNICH), Department 

of Medical Services, Ministry of Public Health. 

3.2.1.3. Sample size calculation 

The general recommendations for the sample size of not less than 40 [62] 

and the number of blood samples of 1−6 per subject in various times [70]  for the 

population pharmacokinetic study were applied. The number of participants in this 

study was 60 with 2−6 blood samples per participant. 

3.2.1.4. Study participants: 60 patients 

• Thirty-five patients with the age of 1 month to 2 years 

• Twenty-five patients with the age of > 2 years to 12 years 

3.2.1.5. Inclusion criteria 

• Patients aged from 1 month to 12 years at the day of the first dose of 

colistin given 

• Adequate vascular access to enable blood collection 

• Written informed consent by a caregiver 

3.2.1.6. Exclusion criteria 

• Body weight < 3 kg 
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• Receiving intravenous colistin > 5 doses at the day of enrollment  

• Receiving renal replacement therapy (RRT) or extracorporeal 

membrane oxygenation (ECMO) 

• Received any routes of colistin within 14 days prior to the day of 

enrollment 

• Concomitantly receiving another route of colistin rather than an 

intravenous injection 

3.2.2. Data collection 

The following data were recorded in the case report form: 

• Demographic data: age, sex, actual body weight, height or length, 

underlying disease 

• Laboratory data: SCr, eGFR (0.413 × height/SCr  [28]), Alb, complete 

blood count 

• Microbiological data 

• Indication for colistin use 

• Colistin dosage regimen: mg of CBA per kg/dose, actual administration 

time, infusion time, dosing interval 

3.2.3. Recommended dose of colistin 

• The formulation of colistin injection was CMS including Mellistin 

injection (equivalent to 150 mg of CBA/vial), Siam Pharmaceutical Co. 

Ltd., Bangkok, Thailand (KCMH) (Appendix B), and Colistin-150 

injection (equivalent to 150 mg of CBA/vial), Universal Medical Industry 

Co. Ltd., Bangkok, Thailand (QSNICH) (Appendix C). 

• Loading dose: 4 mg of CBA/kg/dose  

• Maintenance dose: 5 mg of CBA/kg/day divided into every 8−12 h intervals 

• Each dose of colistin should be dissolved in 5−10 mL of normal saline 

solution and infused intravenously via infusion pump over 30 min. 
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• The first maintenance dose should be started 12 h after administering a 

loading dose. 

• Colistin could be prescribed otherwise regarding the attending physician's 

judgment. 

3.2.4. Blood sampling 

• 3 mL of whole blood in EDTA tube per sample 

• 60 patients were stratified by age into 2 groups (Figure 3): group A was 1 

month to 2 years of age (35 subjects); group B was > 2 years to 12 years of 

age (25 subjects). 

▪ Group A 

• At least 20 patients: 2−3 blood samples were collected after the 

1st dose of colistin. 

• The rest: 2−3 blood samples were collected after the 6th dose of 

colistin. 

▪ Group B 

• At least 10 patients: 3 blood samples were collected after the 1st 

dose and the 6th dose of colistin. 

• The rest: 3 blood samples were collected after the 1st dose or 

the 6th dose of colistin. 

• Blood sampling times were varied regarding drug intervals (Table 8). 

• The actual time of colistin administration and blood sampling were 

recorded. 
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Figure  3. Blood sampling stratification. 

 

Table  8. Blood sampling schedule varied by colistin administration intervals. 

Interval 

(h) 

Time (h) after starting colistin infusion a 

0.5−1 2−4 6−8 6−12 12−24 

8 X X X   

12 X X  X  

24  X X  X 

aAny two out of three sampling times could be selected for the patients who need to 

be collected only 2 blood samples. 

 

3.2.5. Determination of colistin concentration in plasma 

• Blood samples were transported from clinical sites to the Chula Clinical 

Research Laboratory (CRL) under 4 °C and were processed within 2 h after 

collection. 

• Blood samples were centrifuged at 4000 RPM under 4 °C. Plasma samples 

were stored at -70 °C until analysis. 

• Plasma formed colistin (colistin A + colistin B) was determined at the 

Clinical Pharmacokinetics and Pharmacogenomics Research Unit, 

Department of Pharmacology, Faculty of Medicine, Chulalongkorn 
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University, Bangkok, Thailand by using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) method (Shimadzu LCMS-8040 triple 

quadrupole mass spectrometer by Shimadzu Corporation, Kyoto, Japan) as 

previous reports with modifications [71, 72]. A volume of 200 µL of plasma 

was mixed with 10 µL of internal standard solution (40 mg/L of netilmicin 

sulfate) and 200 µL of distilled water. The mixture was loaded onto solid-

phase extraction (SPE) column (Oasis HLB SPE cartridges) 

preconditioned with 1 mL of methanol followed by 2 mL of distilled water. 

The SPE column was flushed with 1 mL of 5% methanol. The analytes were 

then eluted with 1.4 mL of 0.1% formic acid in methanol (vol/vol). The 

eluate was evaporated at 30 °C and the residue was reconstituted with 400 

µL of the mobile phase, and 10 µL of the reconstituted sample was injected 

into the LC-MS/MS system. The separation process was run through the 

XBridge HILIC 3.5 µm 3×150 mm column at a flow rate of 200 µL/min. 

The mobile phases were 0.1% formic acid in acetonitrile (vol/vol) and 0.1% 

formic acid in distilled water (vol/vol). Electrospray ionization in the 

positive-ion mode and multiple reaction-monitoring were used. The mass-

to-charge ratios (m/z) were 585.5/101.1 for colistin A, 578.5/101.1 for 

colistin B, and 476.25/191.25 for netilmicin sulfate (the internal standard). 

The validated assay ranges of formed colistin were 0.1-6.4 mg/L (see 

Appendix C for LC-MS/MS method validation). The plasma samples which 

exceeded colistin from the validated ranges were further diluted and 

repeated determination. 

3.2.6. Population pharmacokinetic analysis and simulation 

3.2.6.1. Software 

PPK analysis and simulation were performed using PhoenixTM version 8.3. 

A nonlinear mixed‐effects model was developed using the first‐order conditional 

estimation‐extended least‐squares (FOCE ELS) method. Plasma colistin concentration 

data from the current study and study 1 [25] were simultaneously analyzed. 
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3.2.6.2. Model development 

• Structural model: One- and two-compartment models were explored 

by observing the log-concentration versus time profiles of 20 sample-

rich participants, and goodness-of-fit plots. 

• Variance models: For the colistin population pharmacokinetics 

model, the IIV was described by the exponential error model [12, 73]. 

To find out the residual variability of the parameters, the additive, 

proportional (so-called multiplicative in Phoenix software), and 

additive with proportional residual error models were tested. 

• Covariate model: The potential covariates were considered including 

age, sex, SCr, eGFR (so-called CrCl), and serum albumin. Covariates 

were screened with a stepwise approach. During the forward addition 

step, covariates were added to the model. The significant covariates 

in this step were defined by a reduction of -2LL >6.64 (P < 0.01). All 

covariates that met these criteria were included in the full model. 

Then, a backward elimination step was done in which each covariate 

was sequentially removed from the full model. The covariates were 

retained in the final model when there was an increase of -2LL >10.83 

(P < 0.001) during backward elimination step. 

• Covariance model: Diagonal and non-diagonal models were tested. 

Model selection was based on statistical significance between models 

using -2LL, AIC, and BIC. 

3.2.6.3. Final model evaluation 

• Goodness-of-fit plots were performed to qualify the final model, 

which included PRED and IPRED versus DV, and CWRES versus 

PRED and TAD. 

• Bootstrap was performed for evaluating the stability and robustness 

of the final model. Repeated random sampling with replacement from 

the original data set generated 1000 replicates. Median values of 
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estimated parameters with 95% CI from the bootstrap method were 

compared with those estimated from the original dataset. 

• The prediction-corrected visual predictive check was used for internal 

model validation. One thousand times simulation replicates of the 

original data set were performed with the final model. The 5th, 50th, 

and 95th percentiles with the 90% CI of them were calculated. Then, 

the observed concentrations were plotted against TAD and the 

observed concentrations were compared with the distribution of 

simulated data. 

3.2.7. Pharmacodynamic assessment using simulation 

Regarding the parameter estimates from the final PPK model, a set of CL (10,000 

replicates in each clinical scenario) was simulated. The IIV and RSV were included in 

this simulation. The dosing schemes were set at  5, 7.5, 10, and 12.5 mg of CBA/kg/day 

divided into 12-h intervals. Each colistin dose was set as a 30-min intravenous infusion. 

The Css,avg was calculated using simulated CL as follows,  

Css,avg (mg/L) = AUC24h (mg/L*h)/24 (h), when AUC24h = dose per day 

(mg/kg)/CL (L/kg*h) 

The probability of target attainment (%PTA) was predicted across the target 

Css,avg of 0.25, 0.5, 1.0, 2.0, and 4.0 mg/L. 

3.2.8. Statistical analysis 

3.2.8.1. Baseline characteristics and microbiological data were reported as 

median with interquartile range (IQR) for continuous variables, and count with 

percentage for categorical variables. 

3.2.8.2. Study 2: Population pharmacokinetic analysis and simulation were 

performed. The detail for analysis is described in section 3.2.6. Population 

pharmacokinetic analysis and simulation. 

3.2.8.3. Study 3: Factors associated with AKI were assessed using 

univariable and multivariable logistic regression and are presented using odds ratios 

and 95% CI with P−values of Z−test. Factors with the association of P < 0.1 in 
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univariable analysis were selected for further multivariable analysis. The interested 

different initial doses of colistin treatment were included in the multivariable model for 

adjusting the association with AKI. Stata/SE version 13.0 was used for all data analyses. 

3.3. Study outcomes 

3.3.1. The primary outcome: the estimated parameters (V, CL) of the formed 

colistin and the covariate(s) influencing the PK parameters 

3.3.2. The Secondary outcomes 

• The dose recommendation of intravenous colistin regarding significant 

covariates 

• The associated factors of AKI rates in pediatric patients administered with 

intravenous colistin.  

3.4. Ethical considerations 

The study protocol was submitted to the Institutional Review Board of both 

clinical research sites (KCMH and QSNICH) and approved before patient enrollment 

(Appendix D). Ethical considerations were as follows: 

• Respect of person: The investigators described the study procedure and provided 

clear and adequate information before receiving consent. Written informed 

consent was obtained from the parents of all participants. Written informed assent 

was obtained from the participants aged ≥7 years, if appropriate. The participants 

could independently decide whether to join the study or not without any effects 

on their medical management. Participants were able to withdraw from the study 

at any time. The investigators will keep the patient’s information confidential. 

• Beneficence: Participants would not receive any direct benefit from this study but 

the valuable data from this study will guide the clinicians to be able to choose the 

appropriate dose of colistin for the other patients in the future. 

• Justice: Patients who met the inclusion criteria without any exclusion criteria 

were equally eligible to participate in this study. 
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 CHAPTER IV RESULTS 

4.1. Demographic and clinical data 

4.1.1. Patient demographics 

From March 2018 to February 2021, 59 patients were enrolled (19 from KCMH, 

40 from QSNICH). The proposed sample size described in the methodology was 60, 

however, the COVID-19 situation in Thailand and also in Bangkok is getting worse 

resulting in the obstacle of patient enrollment. The enrollment process was stopped at 

59 patients. This would not affect the PPK analysis process. Of 59 patients, 34 were in 

group A (age 1 month to 2 years), 25 were in group B (age > 2 years to 12 years). 

Together with 20 patients from KCMH from the previous study, a total of 79 patients 

were eligible for this study. Of these patients, 39 (49.4%) were male, and the median 

age was 2.6 years (IQR, 0.8–6.8 years); 61 (77.2%) had at least one comorbidity which 

malignancy was the most common; 73 (92.4%) were admitted to intensive care units 

(ICU). The most common colistin indication was ventilator-associated pneumonia. 

Patient demographics are summarized in Table 9. Median baseline serum creatinine 

classified by age groups are summarized in Table 10 and demonstrated that younger 

infants and children had lower baseline SCr compared with older children. 

4.1.2. Colistin administration 

A colistin loading dose of 4−5 mg of CBA/kg/dose was administered in 38 

(48.1%) patients: 29 (74.4%) of KCMH patients; 9 (22.5%) of QSNICH patients. The 

12-h dosing interval was the majority (n = 69 (87.3%): 29 (74.4%) of KCMH patients; 

40 (100%) of QSNICH patients. Median colistin maintenance dose was 5.0 mg of 

CBA/kg/day (IQR, 4.9−5.0). 

4.1.3. Microbiological data 

Bacterial cultures were obtained from 79 patients including tracheal suction 

culture (n = 54, 68.4%), hemoculture (n = 20, 25.3%), urine culture (n = 4, 5.1%), and 

wound swab culture (n = 1, 1.3%). Of the 79 patients, 47 (59.5%) were positive for 

MDR-GNB of interest including:  A. baumannii (n = 34; carbapenem-resistant isolates 

= 29, 85.3%), Enterobacteriaceae (E. coli, K. pneumoniae, and Enterobacter spp.) (n = 
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10, carbapenem-resistant isolates = 4, 40%), and P. aeruginosa (n = 3; carbapenem-

resistant isolates = 2). 

 

Table  9. Patient demographics. 

Characteristics, N = 79 Resultsa 

Age, year 2.6 (0.8−6.8) 

Age group  

1−12 months 21 (26.6) 

>1−2 years 13 (16.4) 

>2−4 years 18 (22.8) 

>4−7 years 8 (10.1) 

>7−10 years 9 (11.4) 

>10−15 years 10 (12.7) 

Weight, kg 12.0 (7.4−20.0) 

Height or length, cm 90.0 (68.0−113.0) 

Baseline eGFR, mL/min/1.73 m2 147.8 (102.5−186.9) 

Baseline serum creatinine, mg/dL 0.25 (0.19−0.32) 

0.10−0.20 27 (34.2) 

0.21−0.30 32 (40.5) 

0.31−0.40 9 (11.4) 

0.41−0.50 5 (6.3) 

0.51−0.75 6 (7.6) 

Serum albumin, g/dL 3.3 (3.1−3.6) 

Comorbidity 61 (77.2) 

Malignancy 23 (29.1) 

Neurologic disease 14 (17.7) 

Chronic cardiac disease 10 (12.7) 

Chronic pulmonary disease 9 (11.4) 

Receiving immunosuppressive agent 7 (8.9) 

Others 4 (5.1) 
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Intensive care unit admission 73 (92.4) 

Receiving colistin loading doseb 38 (48.1) 

Colistin maintenance dose, mg of CBA/kg/day 5.0 (4.9−5.0) 

Colistin indicationc  

Ventilator-associated pneumonia 53 (67.1) 

Sepsis/CLABSI/CRBSI  24 (30.4) 

Urinary tract infection 4 (5.1) 

Skin and soft tissue/surgical site infection 3 (3.8) 

Intraabdominal infection 1 (1.3) 

CBA, colistin base activity; CLABSI, central line-associated bloodstream infection; 

CRBSI, catheter-related bloodstream infection; eGFR, estimated glomerular 

filtration rate. 

a data are shown as count (%) or median (interquartile range). 

b colistin methanesulfonate 4−5 mg of CBA/kg/dose. 

c Some patients were diagnosed with >1 clinical syndromes. 

 

Table  10. Median baseline serum creatinine classified by age groups.  

Age groups n (%) Median SCr (IQR)  

1–12 months 21 (26.6) 0.24 (0.20–0.29) 

>1–2 years 13 (16.4) 0.20 (0.17–0.29) 

>2–4 years 18 (22.8) 0.21 (0.18–0.27) 

>4–7 years  8 (10.1) 0.20 (0.17–0.33) 

>7–10 years 9 (11.4) 0.34 (0.27–0.57) 

>10–15 years 10 (12.7) 0.42 (0.30–0.51) 

IQR, interquartile range; SCr, serum creatinine. 
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4.1.4. The association of giving an intravenous colistin loading dose and rates of 

AKI 

From study 3, A total of 181 children were enrolled. Ninety-five patients (52.5%) 

were male. The median age was 2.0 years (IQR, 0.7−6.9). All patients were prescribed 

colistin with concomitant antibiotics. Three most common concomitant antibiotics were 

meropenem (70.2%), sulbactam-containing antibiotics (ampicillin/sulbactam, 

cefoperazone/sulbactam, or sulbactam) (44.2%), and aminoglycosides (amikacin or 

gentamicin) (12.7%).  

Data on SCr were available in all patients (n = 181) at the 1st week after colistin 

initiation, and 170 (93.9%), 87 (48.1%), and 39 (21.5%) at the 2nd, 3rd, and 4th week, 

respectively. Overall AKI rates within the 1st week and the 4th week after colistin 

initiation among patients without impaired kidney function at baseline (eGFR 80 

mL/min/1.73 m2) (n = 157) were 20.4% (32/157) and 29.3% (46/157), respectively. 

Augmented renal clearance (eGFR 150 mL/min/1.73 m2) may cause falsely low SCr 

at the baseline, of which the definition of 1.5 times SCr may bias towards a high rate of 

AKI. Therefore, a subset of data that included only 94 patients with a baseline eGFR of 

80−150 mL/min/1.73 m2 was re-analyzed. Overall AKI rates within the 1st week and 

the 4th week after colistin initiation were 12.8% (12/94) and 21.3% (20/94), 

respectively. Stage 1 AKI still was the most common (n = 13, 65.0%). Administering a 

loading dose was not associated with AKI. The factor that was associated with AKI was 

concomitant nephrotoxic agents (Table 11). The overall 30-day mortality rate was 11%. 
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Table  11. Association of characteristics of pediatric patients without impaired kidney 

function at baseline administered with intravenous colistin and acute kidney injury. 

 Total With AKI 

n (%) 

Crude OR  

(95% CI) 

P-

Value 

Adjusted OR  

(95% CI) 

P-

Value 

Total 157 46 (29.3)     

The first dose of colistin treatment 

Loading 

dose 

62 16 (25.8) 1  1  

Standard 

dose 

95 30 (31.6) 1.33 (0.65–2.71) 0.44 1.30 (0.61-2.77) 0.49 

Colistin treatment duration in days 

1–7 79 23 (29.1) 1    

8–14 50 13 (26.0) 0.84 (0.38–1.86) 0.67   

15–30 28 10 (35.7) 1.33 (0.53–3.31) 0.54   

Age 

>2–18 years 82 19 (23.2) 1  1  

1 month–2 

years 

75 27 (36.0) 1.86 (0.93– 3.74) 0.08 1.83 (0.88-3.81) 0.10 

Gender 

Female 77 21 (27.3) 1    

Male 80 25 (31.2) 1.21 (0.61–2.41) 0.58   

Co−morbidity 

No 16 3 (18.7) 1    

Yes 141 43 (30.5) 1.90 (0.52–7.02) 0.34   

Colistin indication 

Others a 19 3 (15.8) 1  1  

Sepsis/ 

CRBSI/ 

CLABSI 

82 22 (26.8) 1.96 (0.52, 7.37) 0.32 1.87 (0.45-7.73) 0.39 

VAP 56 21 (37.5) 3.2 (0.83, 12.30) 0.09 3.62 (0.85-15.41) 0.08 

No. of concomitant nephrotoxic drugs being prescribed within 3 days after colistin initiation 

0 15 1 (6.7) 1  1  

1–2 116 33 (28.4) 5.57 (0.70–44.04) 0.10 5.25 (0.63-43.88) 0.13 

3 26 12 (46.2) 12.00 (1.37–

105.13) 

0.02 13.99 (1.49-

131.63) 

0.02 

AKI, acute kidney injury; CI, confidence interval; CLABSI, central line−associated bloodstream 

infection; CRBSI, catheter−related bloodstream infection; OR, odds ratio; VAP, 

ventilator−associated pneumonia. 
a Others included urinary tract infection, surgical site infection, and intraabdominal infection. 
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4.2. Population pharmacokinetic analysis 

Data were obtained from Study 1 (20 patients, 147 plasma samples) and Study 2 

(59 patients, 187 plasma samples) to form a data set of 334 plasma colistin 

concentrations and used for population PK modeling. Plasma colistin concentration 

versus time profile is shown in Figure 4. 

 

Figure  4. Plasma colistin concentrations versus time profile of pediatric patients after 

receiving intravenous colistin. 

4.2.1. Base model 

Plasma colistin concentration-time profiles and goodness-of-fit plots for the 

structural model from 20 sample-rich patients are shown in Figures 5 and 6, 

respectively.  The PK characteristics of colistin were well described by the one-

compartment model with first-order elimination. The population base model was 

parameterized in terms of the volume of distribution (V) and clearance (CL). The IIV 

was described by an exponential error model:  

Pi = (P) × exp (i) 

where Pi is the PK parameter estimation of the ith subject, (P) is the typical value, 

and i  is a random variable for individual ith, which is a normally distributed random 

variable with mean zero and variance 2. 
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Figure  5. Plasma colistin concentrations versus time profile of 20 patients after 

administering the first dose of colistin. 

(data from Study 1 [25]). 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure  6. Goodness-of-fit plots for the structural model. 

1-compartment (A, B) 2-compartment (C, D). Cobs, observed concentration; IPRED, 

individual-predicted concentrations; IWRES, individual weighted residuals; TAD, 

time after dose. The blue line is trend line, and the red line is trend line of absolute 

IWRES.  
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The residual variability (RV) models including additional, proportional, and 

additional with proportional were compared. The comparisons of -2LL, AIC, BIC, and 

population pharmacokinetic parameter estimates in this process are shown in Table 12. 

Even though the additional with proportional RV model resulted in the lowest -2LL 

(796.454), it was not significantly different from the result of the proportional RV 

model (796.726). Moreover, the proportional RV model resulted in lower values of AIC 

and BIC. The proportional RV model was selected. Therefore, the one-compartment 

model with exponential IIV and proportional RVmodel was the appropriate base model 

for the next step. Goodness-of-fit plots for the base model are shown in Figure 7 A, B 

and Figure 8 A, B. The base model provided well-predicted concentrations that 

corresponded to observed concentrations. However, the model seemed underpredicted 

with high observed concentrations. 

 

Table  12.  The comparisons of -2LL, AIC, BIC, and population pharmacokinetic 

parameter estimates in the residual error model selection process. 

Residual 

error 

models 

-2LL AIC BIC PK parameter estimates 

    V 

(L/kg) 

CV% 95%  

CI 

CL 

(L/kg*h) 

CV% 95% 

CI 

Add 1011.464 1021.464 1040.52 0.616 7.83 0.521-

0.711 

0.125 8.34 0.104-

0.145 

Prop 796.726 806.726 825.782 0.699 7.68 0.594-

0.805 

0.137 7.99 0.116-

0.159 

Add 

with 

Prop 

796.454 808.454 831.321 0.698 7.67 0.593-

0.803 

0.137 8.01 0.116-

0.159 

-2LL, twice negative log-likelihood; Add, additive, AIC, Akaike information criterion; BIC, 

Bayesian information criterion; CL, clearance; CV, confidence interval; Prop, proportional; V, 

volume of distribution. 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure  7. Goodness-of-fit plots (DV versus IPRED or PRED) for the base model and 

the final model. 

Base model (A and B); final model (C and D); Observed concentrations (DV) versus 

individual-predicted concentrations (IPRED) (A and C); DV versus population-

predicted concentrations (PRED) (B and D). 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure  8. oodness-of-fit plots (CWRES versus PRED or TAD) for the base model and 

the final model. 

Base model (A and B); final model (C and D); Conditional weighted residuals 

(CWRES) versus population-predicted concentrations (PRED) (A and C); CWRES 

versus time after dose (TAD) (B and D). The blue line is the trend line, and the red line 

is the trend line of absolute CWRES. 
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4.2.2. Covariate model and final model 

The relationship between individual covariate values and random effect (, 

Eta) of the volume of distribution and drug clearance was explored during the 

covariate search process. Box plots for categorical covariate and plots for 

continuous covariate versus Eta are shown in Figure 9. Of all covariates tested 

(age, sex, body weight, SCr, eGFR, Alb), V had a fair correlation with age, eGFR, 

and SCr; CL had a fair correlation with age and eGFR and a strong correlation 

with SCr. Alb and body weight were less likely to correlate with both V and CL. 

During the forward addition step, SCr and eGFR on CL reduced -2LL for >6.64. 

However, SCr on CL (CL-SCr) resulted in the most reduction of -2LL (32.147 

versus 17.805). No further addition was found to reduce -2LL for >6.64. In the 

backward elimination step, SCr was removed from the model. It was found that -

2LL was increased by 32.147 (>10.84). SCr effect on CL was retained in the final 

model. A summary of changes of -2LL during the forward addition and backward 

elimination steps is shown in Table 13.  

The relationship between V and CL was evaluated by covariance models. 

It was found that the non-diagonal model further reduced -2LL from 764.579 to 

717.148. A summary of changes of -2LL, AIC, and BIC is shown in Table 14. 

The final population PK model is as follows: 

 

CL (L/kg*h) = CL × SCr 1 × exp (CL) 

V (L/kg) = V × exp (V) 

 

where V and CL are the typical values of V and CL, respectively. 1 is 

the correction factor of SCr. The details of V, CL, and 1 are summarized in 

Table 15. 
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CL, Sex (0-female, 1 male) V, Sex (0-female, 1 male) 

  
CL, Age (year)  V, Age (year) 

 

 
CL, Alb (g/dL) V, Alb (g/dL) 

  
CL, eGFR (mL/min/1.73 m2) V, eGFR (mL/min/1.73 m2) 

  
CL, SCr (mg/dL) V, SCr (mg/dL) 

  
CL, Body weight (kg) V, Body weight (kg) 

  
Figure  9. Scatterplots of the relationship between individual covariate values and 

random effect of drug clearance and volume of distribution during the covariate 

search process. 

 or Eta, random effect; CL, drug clearance, V, volume of distribution. 
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Table  13. Forward addition and backward elimination steps of covariate model 

development. 

Steps Covariate 

added/subtracted 

-2LL  -2LL 

cstep00 Base model 796.726  

First, find effect to add that reduces -2LL the most (>6.64) 

cstep01  V-Age 794.802 1.924 

cstep02  CL-Age 794.322 2.404 

cstep03  V-SCr 793.830 2.896 

cstep04  CL-SCr 764.579 32.147 

cstep05  V-eGFR 796.724 0.002 

cstep06  CL-eGFR 778.921 17.805 

Result: cstep04 CL-SCr was chosen. 

Second, find effect to add on CL-SCr that reduces -2LL the most (>6.64) 

cstep07  CL-SCr V-Age 762.735 1.862 

cstep08  CL-SCr CL-Age 764.120 0.477 

cstep09  CL-SCr V-SCr  761.552 3.045 

cstep10  CL-SCr V-eGFR 764.317 0.28 

cstep11  CL-SCr CL-eGFR 764.289 0.308 

Result: No further effect chosen to add. 

Third, find effect to subtract that increases -2LL the least (<10.83) 

 CL-SCr 796.726 32.147 

Result: No effect chosen to subtract. Final scenario to use was cstep04 CL-SCr. 

-2LL, twice negative log-likelihood; CL, clearance; eGFR, estimated glomerular 

filtration rate; SCr, serum creatinine; V, volume of distribution. 

Remark: At step cstep06, eGFR on CL significantly reduced -2LL for > 6.64 (17.805) but less than 

SCr on CL (32.147), Thus, SCr was selected. 
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Table  14. Evalulation of covariance model. 

Covariance models -2LL AIC BIC 

Diagonal 764.579 776.579 799.446 

Non-diagonal 717.148 731.148 757.826 

-2LL, twice negative log-likelihood; AIC, Akaike information criterion; BIC, 

Bayesian information criterion. 

 

 

Table  15. Population pharmacokinetic parameter estimates of the final model and 

bootstrap. 

Parameters Base model 

parameters 

Final model 

parameters 

Bootstrap (N = 1000) 

 Estimate %RSE Estimate %RSE Median 2.5th 

percentile 

97.5th 

percentile 

CL, L/kg*h 0.137 7.99 0.069 18.40 0.069 0.048  0.097 

V, L/kg 0.699 7.68 0.658 6.84 0.657 0.579  0.752 

1 NA NA -0.530 -20.75 -0.533 -0.753  -0.318 

Interindividual variability 

2
CL 

(shrinkage) 

0.449 

(6.33%) 

19.60 0.337 

(4.81%) 

20.42 0.330   

2
V 

(shrinkage) 

0.233 

(22.9%) 

29.16 0.301 

(10.44%) 

21.92 0.295   

Residual variability 

prop 0.319 7.71 0.306 6.72 0.304 0.265 0.341 

CL, clearance; RSE, relative standard error; V, volume of distribution, V, typical value of 

V; CL, typical value of CL; 1, the correction factor of serum creatinine; 2
V, variance of 

interindividual variability for V; 2
CL, variance of interindividual variability for CL; prop, 

residual error for the final model. 
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4.2.3. Model evaluation 

4.2.3.1. Goodness-of-fit plots 

The goodness-of-fit plots of the final model are shown in Figures 7 C, D 

and 8 C, D. Compared with the base model, the final model showed no obvious bias or 

significant trends within the plots of IPRED (Figure 7 C) and PRED (Figure 7 D) versus 

DV, and the data fitting was considerably improved. In the plots of CWRES versus 

PRED (figure 8 C) and TAD (figure 8 D), the majority of concentration data were 

distributed around 0 and within an acceptable range of -2 to +2, which indicated no 

significant systematic deviations in the model fitting. 

4.2.3.2. Bootstrap 

A 1000-run times bootstrap analysis was performed with no failure and 

demonstrated the robustness of the final PPK model. The parameter estimates from the 

original data set were similar to median values and within the 95% CI range of bootstrap 

results. A summary of the bootstrap details is shown in Table 15. 

4.2.3.3. Prediction-corrected visual predictive check 

A pcVPC of plasma colistin concentration versus TAD is shown in Figure 

10. Most of the observed 5th, 50th, and 95th quantiles distributed within the 90% CI of 

the predicted corresponding quantiles, indicating the precision of the final model. 

Overall, the evaluation of the colistin PPK model demonstrated that the final model 

provided a sufficient description of the data. 
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Figure  10. Prediction corrected-visual predictive check of the final model. 

The observed colistin concentrations are shown as blue circles. Red solid line, dash 

line, and dot line represent the 5th, 50th, and 95th percentiles of the observed 

concentrations; the 3 shaded areas represent the 90% confidence interval for 

corresponding percentiles. 

4.3. Pharmacodynamic assessment using simulation 

All subsequent simulations were based on the validated final model. PPK 

parameter estimates, and variabilities were included in the simulation to create 10,000 

replicates of virtual patients for each dosage regimen and SCr levels. The probability 

of target attainment (PTA) was predicted across the target Css,avg of 0.25, 0.5, 1.0, 2.0, 

and 4.0 mg/L at the dosing schemes of  5, 7.5, 10, and 12.5 mg of CBA/kg/day divided 

into 12-h intervals with a 30-min intravenous infusion and 5 different SCr levels. The 

data and code for simulations are demonstrated in Appendix G and H. The results of % 

PTA are summarized in Table 16. It was demonstrated that the dose of 5 mg of 
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CBA/kg/day recommended by the US FDA and EMA would lead to an unacceptable 

PTA of less than 80% across all SCr ranges in this study when the target Css,avg was 2 

mg/L. Patients with lower SCr require a higher dose compared with those with higher 

SCr. However, with a lower target Css,avg of ≤1 mg/L, colistin dose of 7.5 and 5 mg of 

CBA/kg/day were adequate for the patients with SCr levels of 0.1−0.3 and >0.3 mg/dL, 

respectively. 
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Table  16. Probability of target attainment of simulated patients with different serum 

creatinine levels who achieved target Css,avg at different colistin dosing regimens (N = 

10,000 replicates per clinical scenario). 

Serum 

creatinine  

(mg/dL) 

Colistin dose  

(mg 

CBA/kg/day)a,b 

Probability of target attainment (%) 

Target Css,avg (mg/L) 

0.25 0.5 1.0 2.0 4.0 

0.1-0.20 5 99.6 93.1 61.1 18.2 1.7 

 7.5 100 98.4 83.0 42.4 8.2 
 

10 100 99.7 93.3 61.3 18.8 

 12.5 100 99.9 97.2 75.2 30.6 

0.21-0.30 5 99.9 97.1 75.0 30.1 4.0 

 7.5 100 99.5 90.8 57.0 16.2 
 

10 100 99.9 97.0 74.9 30.7 

 12.5 100 100 98.9 86.1 45.0 

0.31-0.40 5 99.9 98.5 82.6 40.2 7.1 

 7.5 100 99.8 94.5 66.6 23.6 
 

10 100 100 98.2 82.7 40.2 

 12.5 100 100 99.4 91.4 56.3 

0.41-0.50 5 100 99.1 88.2 49.2 10.7 

 7.5 100 99.9 96.7 74.3 31.1 
 

10 100 100 99.0 88.3 49.1 

 12.5 100 100 99.7 94.4 64.6 

0.51-0.75 5 100 99.6 93.6 63.0 19.4 

 7.5 100 100 98.6 84.1 44.0 
 

10 100 100 99.7 93.7 62.9 

 12.5 100 100 99.9 97.5 76.6 

CBA, colistin base activity; Css,avg, average plasma colistin concentration at the 

steady-state.  
a 30-min intravenous infusion per dose. 
b divided into 12-h intervals. 

Remark: The median age of the study participants was 2.6 years (IQR, 0.8−6.8). 

Implementing data from this table to patients with the age outside the range 

described should be warranted. 
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CHAPTER V DISCUSSION 

This study aimed to describe the population pharmacokinetic parameters of 

formed colistin in pediatric patients and to investigate the probability of target 

attainment of various intravenous colistin doses to suggest the most appropriate 

regimen regarding the significant covariate. To the best of our knowledge, this is the 

largest study on this issue. Seventy-nine patients were enrolled in the analysis. Almost 

all of them were critically ill and admitted to ICUs. Two-thirds of them were treated 

with colistin for ventilator-associated pneumonia and one-thirds were treated for 

bloodstream infection. The currently recommended dose of colistin is insufficient when 

the initial target Css,avg is 2 mg/L. Serum creatinine is the significant covariate of colistin 

apparent clearance. Thus, colistin in form of CMS should be prescribed according to 

SCr levels. 

The one-compartment model with first-order elimination best described the PK 

behavior of intravenous colistin in pediatric patients, which is consistent with previous 

PPK studies in adults [17-21, 26, 27] and pediatrics [12, 73]. From the base model in 

this study, the typical value (mean) of CL was 0.137 L/kg*h. This was similar to 

previous pediatric studies of Wacharachaisurapol et al. [25] (0.15  L/kg*h, NCA 

analysis,), Ooi et al. [12] (0.123 L/kg*h, PPK analysis), and Antachopoulos et al. [73] 

(0.131 L/kg*h, PPK analysis). The typical value of V was 0.699 L/kg. This was similar 

to previous pediatric studies of Wacharachaisurapol et al (0.65 L/kg) and Ooi et al. 

(0.628 L/kg) but quite different from 1.38 L/kg reported from Antachopoulos et al. 

without a clear possible explanation. 

Many PPK studies in adults reported that CrCL affected the apparent CL of 

formed colistin [17, 20, 21, 27, 43] even though it was mainly eliminated by non-renal 

pathways. This was also observed in a PPK study in pediatric patients [12]. The reason 

is that CMS, which is mainly eliminated by the renal pathway, is accumulated in 

patients with decreased CrCl. The excessive amount of CMS is more converted to 

formed colistin [9]. On the other hand, when kidney function is increased, formed 

colistin in plasma tends to have a lower level. For example, patients in Antachopoulos 

et al. [73] had a median eGFR of 130 mL/min/1.73 m2 which was not different from 

our study of 140 mL/min/1.73 m2.  The probabilities to achieve the target Css,avg of 2 
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mg/L by using a recommended dose of 5 mg of CBA/kg/day would be only 41.2% and  

30.1−40.2%, respectively. Blood urea nitrogen, a kidney function biomarker, was also 

identified as a covariate of colistin apparent CL in one adult study [26]. It is not 

surprising that SCr was inversely associated with colistin CL in this study. Even though 

both of SCr and eGFR (or CrCl) affected colistin clearance (Table 13), SCr was selected 

as the significant covariate and remained in the final model regarding the statistical (-

2LL) criteria. Greater statistical significance of SCr compared with eGFR influencing 

colistin apparent CL in this study potentially regarding the eGFR calculating method. 

Even though the most widely used eGFR calculation in pediatrics is the modified 

(“bedside”) Schwartz equation: 0.413 × (height/SCr) [28], there are several limitations 

to using this bedside equation. First, this equation was evaluated in children with a 

median age of 10.8 years (IQR, 7.7–14.3). This age range was different from our 

participants with a median age of 2.6 years (IQR, 0.8–6.8). Differences in age range 

might affect baseline SCr levels that are with respect to body mass. Older children, 

especially >7 years, have a higher normal SCr level with less variability compared with 

younger children and infants (Table 4). Second, the equation evaluated was from the 

data of children with mild to moderate chronic kidney disease with a median SCr level 

of 1.3 mg/dL (IQR, 1.0–1.8) resulted in a low median GFR of 41.3 mL/min/1.73 m2 

(IQR, 32.0–51.7) compared with a median SCr of 0.25 mg/dL (IQR, 0.19−0.32) and 

median eGFR of 147.8 mL/min/1.73 m2 (IQR, 102.5−186.9) reported from the current 

study. Schwartz and colleagues also suggested that their formula needed to be validated 

in children with higher GFR to confirm the generalizability. A further issue to be 

concerned about is that the inaccurate height or length measurement made calculated 

eGFR less reliable. Measuring height or length in critically ill pediatric patients in bed 

or infants and young children <2 years of age in lying position could cause inaccurate 

results [74, 75]. Compared with eGFR, SCr is more straightforward and less interfered 

with by another factor because it is measured directly in a blood sample. SCr level is 

correlated with age, body mass, and kidney function. Different SCr levels in patients of 

the same age range reflect different kidney functions. 

Low SCr level may occur regarding pathophysiologic changes such as augmented 

renal clearance (ARC). ARC was found in up to 10–67% of critically ill pediatric 
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patients [76-78]. The ARC could cause enhanced excretion of serum creatinine and 

drugs owing to glomerular hyperfiltration. Patients with a very low SCr potentially have 

low plasma colistin concentrations regarding this reason.  

The volume of distribution of formed colistin was related to body weight reported 

from pediatric PPK studies [12, 73]. It was found that younger children with a higher 

volume of distribution had lower plasma colistin levels [25]. However, the association 

of age and volume of distribution could not be demonstrated in this study. The possible 

explanations are that the majority of patients in the current study were young children 

and the range of body weight may not different enough to demonstrate the effect on the 

volume of distribution. We also used colistin dose which was normalized by body 

weight in the modeling process. The plausibility of body weight on PK parameters was 

diminished and made the final model simpler. 

The ratio of the AUC of the unbound colistin concentration in plasma across 24 

h to MIC is the PK/PD index that correlates with the bacterial killing property [11]. 

Css,avg of 2 mg/L has been proposed as an initial target concentration for bloodstream 

and some other infections when the colistin MIC is ≤2 mg/L [17]. This target also seems 

appropriate for pediatric patients [12].   The US FDA and EMA  recommended colistin 

dose in children of 2.5−5 mg of CBA/kg/day [40, 41]. From the simulation, 18.2−63.0% 

of simulated patients with a colistin dose of 5 mg of CBA/kg/day achieved the target 

Css,avg of 2 mg/L. Ooi et al. [12] conducted a PPK study in 5 pediatric patients with a 

median age of 1.75 years (range 1.25 months to 6.25 years) receiving colistin 6.6 mg 

of CBA/kg/day. The median Css,avg was only 0.88 mg/L, with wide interindividual 

variability. More recently, Antachopoulos et al. [73] published a PPK study of 17 

critically ill pediatric patients with a median age of 3.3 years (range 3 months to 13.75 

years). The colistin doses were 6.6 mg of CBA/kg/day in 6 patients, 9.9 mg of 

CBA/kg/day in 10, and 11.6 mg of CBA/kg/day in one. The Css,avg was 1.11−8.47 mg/L 

(median 2.92 mg/L). Only ten (58.8%) patients achieved Css,avg of  ≥2 mg/L. The data 

from the current study, together with the data from Ooi et al. and Antachopoulos et al., 

are evidence that the current colistin dose recommendation of 2.5–5 mg of CBA/kg/day 

for pediatric patients is subtherapeutic. However, colistin is almost always prescribed 

in a combination of antibiotics regarding the recommendations [17, 79]. All patients 
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reported in Study 3 were prescribed colistin with at least one concomitant antibiotic; 

meropenem was the majority of 70%. The 30-day mortality rate was only 11.0%  [80] 

and within the range of 7.1–29.3% reported from other pediatric studies [5, 12, 43-46, 

53, 55]. In vitro studies demonstrated synergistic effects of carbapenems and colistin 

against carbapenem-resistant A. baumannii (meropenem + colistin) and carbapenem-

resistant K. pneumoniae (doripenem + colistin) [81, 82]. Combination of doripenem 

and colistin at the highest dosage regimens also suppressed colistin-resistant and 

colistin-heteroresistant strains of K. pneumoniae. However, treating MDR-GNB with a 

higher colistin MIC of  >2 mg/L, the other antibiotics such as amikacin (if sensitive), 

or a new antibiotic like cefiderocol might be a preferable option. 

Since Css,avg of <2 mg/L might be appropriate when the MIC of the target 

pathogen is <2 mg/L in bloodstream infection or <1 mg/L in lung infection. Local 

epidemiology and colistin MIC distribution of common MDR-GNB are crucial data to 

guide the appropriate target of the individual institution. The actual MIC by a proper 

method (e.g., broth microdilution) should be obtained. Dose adjustment could be 

considered following the recommendations from this study (Table 12). For example, 

during 2019−2020, 45 clinical isolates of A. baumannii from KCMH pediatric patients 

were obtained for colistin MIC (unpublished internal data). The MIC distribution was: 

<0.5 mg/L, 26.6%; 0.5 mg/L, 33.3%; 1 mg/L, 22.2%; 2 mg/L, 13.3%; >2 mg/L, 4.4%. 

The initial target Css,avg of 1 mg/L would be appropriate. At this target Css,avg, the initial 

dose of 7.5 mg of CBA/kg/day might be adequate for patients with a SCr of 0.1−0.3 

mg/dL while 5 mg of CBA/kg/day might be adequate for patients with higher SCr 

values. A concern for using a higher dose of colistin is potential nephrotoxicity. 

However, nephrotoxicity was less observed in pediatric patients compared with adults. 

Some pediatric studies used a higher dose of colistin. Iosifidis et al. [54] conducted a 

retrospective study of 13 pediatric patients using 19 colistin courses. High dose colistin 

(6.6−7.5 mg of CBA/kg/day) was used in 5 courses without nephrotoxicity 

(nephrotoxicity definition: elevation of SCr values beyond the estimated normal range 

for the patient’s age group). None experienced AKI in Ooi et al. [12]. One out of 17 

patients in Antachopoulos et al. [73] who was administered with colistin 9.9 mg of 

CBA/kg/day had an elevated SCr level. However, the author concluded that kidney 
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impairment in this patient might occur regarding the patient’s comorbidity of rapidly 

progressing Burkitt lymphoma. This patient was also administered with concomitant 

nephrotoxic agents (gentamicin and teicoplanin). 

The application of dose suggestion (Table 16) from this study should be 

warranted in patients outside the age range of study participants. The reason is that the 

dose suggestion from the current study is with respect to SCr levels. Number of 

participants classified by age groups together with a median (IQR) of baseline SCr 

showing in Table 10 revealed that two-thirds of participants were 1 month to 7 years of 

age and shared a similar normal range of SCr. Thus, altered SCr level indicated different 

kidney functions that directly affected colistin apparent CL. Patients with a higher SCr 

may require a lower dose of colistin. On the other hand, older children, especially >7–

15 years of age, have higher normal SCr levels. This could also be observed in our study 

participants (Table 10). For example, a 12-year-old patient with a SCr of 0.6 mg/dL 

should have a normal kidney function while a 2-year-old patient with the same SCr 

level may have an impaired kidney function. In this case, the older patient may require 

a higher dose of colistin compared with the younger patient with the same SCr level. 

Dose suggestion also could not be applied for neonates owing to this study did 

not include those populations even though the colistin dose of 5 mg of CBA/kg/day was 

also subtherapeutic for neonates reported from Nakwan et al. [15]. Subtherapeutic 

plasma colistin levels in neonates may cause by a high volume of distribution in 

accordance with the high total body water of this population. The supporting evidence 

was the longer elimination half-life of colistin regarding CMS and/or formed colistin 

distributed from the circulation and needed a period of time to re-enter the circulation. 

The other reason is that the immaturity of hydrolysis enzymes, mainly blood esterases, 

of the neonates compared with older children and adults. This may cause delayed 

conversion of CMS into formed colistin. 

 Further studies for the specific populations are required. Patients with less severe 

infections such as UTI without sepsis might need different colistin regimens compared 

with our recommendation owing to almost all of the patients in this study is critically 

ill. Critically ill patients have altered pharmacokinetics regarding their 
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pathophysiologic changes [83]. When applicable, the therapeutic drug monitoring of 

plasma colistin should be performed to guide the appropriate dose and to avoid 

nephrotoxicity related to the excessive dose of colistin. While using a higher dose, 

adverse drug reactions especially nephrotoxicity should be monitored. Nephrotoxicity 

caused by colistin mostly occurs within the first week after colistin initiation. 

Administering a loading dose of colistin is now a standard of care recommended 

in adults [17, 84]. Without this approach, it might take many hours or even days for 

colistin to achieve the steady-state level, especially in critically ill patients [18, 20]. No 

recommendation of using colistin loading dose is suggested in pediatric patients [40, 

41]. In children, it was found that colistin treatment without a loading dose may have 

an association with mortality [85]. A small PPK study demonstrated that plasma colistin 

concentration reached the steady-state within 12–24 h after initiation without a loading 

dose [12]. From our previous PK study (study 1, [25]) of an intravenous colistin loading 

dose, the median average concentration after giving a loading dose of 4 mg of CBA/kg 

achieved the target level of ≥2 mg/L which improved the drug exposure [25]. Moreover, 

giving a colistin loading dose did not increase the AKI risk (Table 10). This strategy is 

reasonable to apply to pediatric patients. 

The method of formed colistin determination was successfully developed 

regarding the Bioanalytical Method Validation Guidance for Industry under the 

recommendation of the U.S. Department of Health and Human Services, Food and Drug 

Administration, Center for Drug Evaluation and Research (CDER), Center for 

Veterinary Medicine (CVM) [86]. Even though it was an in-house development 

method, it has met all requirements of validation. Colistin determination has a great 

potential to be implemented in clinical services soon. This would be beneficial for 

therapeutic drug monitoring especially in the patients who need to receive a higher dose 

of colistin.  

Our study has several strengths. First, we started with a full PK study in pediatric 

patients and gained initial knowledge of colistin PK characteristics and the PK benefit 

of giving a colistin loading dose. The knowledge we gained was used as the basis for 

the current study. A larger study population with a broader age range into infancy was 

conducted. More sophisticated PK method like population pharmacokinetic analysis 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 68 

was applied to gain more understanding in pediatric patients. A significant covariate 

was identified and dose simulation regarding this was successfully performed. A higher 

dose of colistin is necessary especially in patients with low SCr levels. The knowledge 

of colistin-associated nephrotoxicity was explored in a larger pediatric population. It 

was found that administering a colistin loading dose did not increase the AKI risk. 

This study also has some limitations. In Study 2, even though the multicenter 

collaboration was beneficial in higher rates of patient enrolment, heterogeneity among 

centers might affect the internal validity. Furthermore, colistin used among the clinical 

centers was not from the same manufacturer. Sensitivity analysis was done and 

confirmed that they were similar. In Study 3, the study participants came from all 20 

patients from Study 1, 15 KCMH patients from Study 2, and 146 KCMH patients 

outside Study 1 and 2 to form a larger data set. No data from QSNICH on nephrotoxicity 

was included. However, the results of Study 3 could probably be generalized regarding 

both clinical centers were the same level of tertiary care settings. The findings from this 

study could not be generalized to the age groups outside the study population: neonates 

might have different pharmacokinetic patterns; adolescents have higher normal SCr 

values compared with the majority of patients in this study. The application of dose 

recommendation in this study also should be warranted in non-critically ill patients 

regarding almost all patients in this study were critically ill and might have different 

pharmacokinetics. Patients with severe kidney impairment or who underwent renal 

replacement therapy did not include in this study, the appropriate dose for those patients 

could not be recommended. Proposed higher recommended doses and their association 

with efficacy and safety were not explored. There are some challenges in clinical 

practice also. Colistin MIC that is necessary for determining the target Css,avg could be 

performed only in some advanced reference microbiology laboratories. Plasma colistin 

level determination requires a sophisticated machine and experienced personnel. 

However, if a good system and logistics were set, samples shifting to the reference 

centers would be possible. 

The remaining research gaps that are needed to be explored include (i) the 

efficacy and safety of higher recommended doses from the simulations in children (ii) 

the appropriate dose of colistin for the special populations such as neonates, pediatric 
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patients with impaired kidney function, or those who underwent organ support 

machines (RRT, ECMO), (iii) the role of colistin therapeutic drug monitoring. 

In conclusion, we successfully developed a population pharmacokinetic model of 

intravenous colistin in pediatric patients. Serum creatinine level is a significant 

covariate on colistin clearance. Simulations based on the final model revealed that the 

currently recommended dose of 5 mg of CBA/kg/day is subtherapeutic when the target 

Css,avg is ≥2 mg/L. For the target Css,avg of ≤1 mg/L, this dose might be adequate only 

for the patients with SCr level of >0.3 mg/dL, and a higher dose of 7.5 mg of 

CBA/kg/day might be required for the patients with lower SCr levels. 
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Appendix A: The methodology of study 3 (No Increased Acute Kidney Injury 

Rate Through Giving an Intravenous Colistin Loading Dose in Pediatric 

Patients) 

Study design 

 This retrospective study was conducted at King Chulalongkorn Memorial 

Hospital, Bangkok, Thailand. Pediatric patients who were prescribed intravenous 

colistin were identified by searching the pharmacy unit database. Generic names of 

colistin (colistin, colistimethate sodium, colistin methanesulfonate, CMS) were used 

for searching the patients aged ≤18 years during the period of January 2014 and 

December 2019. Eligibility criteria included (i) age 1 month to 18 years, (ii) receiving 

intravenous colistin 48 h and (iii) having baseline serum creatinine (SCr) result and 

interval follow−up during day 3–7 after prescribing colistin. Premature infants <37 

weeks and those receiving renal replacement therapy (RRT) or extracorporeal 

membrane oxygenation (ECMO) prior to colistin initiation were excluded. This study 

was approved by the Institutional Review Board of the Faculty of Medicine, 

Chulalongkorn University (IRB no. 177/63). 

Definitions 

 Colistin loading dose was defined as a CMS intravenous injection of at least 4–

5 mg of colistin base activity (CBA)/kg/dose. Baseline SCr was defined as a SCr within 

48 h before colistin initiation. Follow−up SCr was defined as a SCr at day 3–7 after 

colistin initiation and weekly SCr for 3 further consecutive weeks (if available). If there 

were more than one SCr value in the period, the highest SCr value was chosen. All SCr 

was measured by the enzymatic method at the clinical pathology laboratory, King 

Chulalongkorn Memorial Hospital. The eGFR was calculated by using the modified 

Schwartz equation: eGFR = k × Ht/SCr, k = 0.413 for all patients. In patients with eGFR 

80 mL/min/1.73 m2, AKI was defined according to the Kidney Disease: Improving 

Global Outcomes (KDIGO) SCr criteria. Stage 1 AKI was defined as an increase of 

follow−up SCr >1.5–1.9 times of baseline. Stage 2 AKI was defined as an increase of 

follow−up SCr >2.0–2.9 times of baseline. Stage 3 AKI was defined as an increase of 
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follow−up SCr >3 times of baseline or necessary to receive RRT. Urine output criteria 

were not applied in this study regarding the less reliability of the documentation 

retrospectively and drug−induced AKI is unlikely to cause oliguria (Miano et al., 2018). 

In infants and young children with the age of 1 month to 2 years which are at risk 

population for AKI, pRIFLE criteria which are more sensitive (Sutherland et al., 2015) 

were also used for AKI diagnosis and compared with KDIGO SCr criteria. In patients 

with eGFR <80 mL/min/1.73 m2 who were considered having impaired kidney function 

before colistin initiation were considered to have deteriorated kidney function when the 

follow−up SCr increased >1.5 times of baseline. Augmented renal clearance (ARC) 

was defined as a baseline eGFR >150 mL/min/1.73 m2 (Van Der Heggen et al., 2019). 

In patients who developed AKI, the recovery from AKI was considered when the 

follow−up SCr was <1.5 times of baseline. 

Antibiotic resistance pattern was reported as multidrug resistance (MDR) defined 

as resistance to ≥3 classes of antibiotics; extensive drug resistance (XDR) defined as 

resistance to all but one or two classes of antibiotics; pandrug resistance (PDR) defined 

as resistance to all antibiotics tested; carbapenem resistance (CR) defined as resistance 

to at least one carbapenem and was reported separately from MDR, XDR, and PDR 

patterns. Colistin MIC was performed by Etest (bioMérieux, Marcy l’Étoile, France) at 

Microbiology unit, King Chulalongkorn Memorial hospital. 

Empirical treatment was defined as a colistin prescribing indication according to 

the clinical syndromes and before knowing microbiological data. Targeted treatment 

was defined as a colistin prescribing indication according to the known microbiological 

result of MDR−GNB. Thirty−day mortality was defined as death from any cause 

occurring within 30 days after colistin initiation. Patients who were discharged before 

30 days were considered as alive.  

Data collection and management 

 A case record form was created for study purposes. All medical records of the 

identified cases were reviewed by the investigators. Patients' data including 

demographics, colistin indication, colistin dosing, serial SCr (baseline and follow−up), 

microbiological data, and treatment outcomes (renal replacement therapy and 30−day 
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mortality) were extracted manually from electronic medical records to the case record 

forms.  

Data analysis 

Categorical variables were analyzed with Pearson’s Chi−square test or Fisher’s 

exact test, as appropriate, and are presented as counts and percentages. Continuous 

variables were analyzed with t−test and are presented as mean with 95% confidence 

interval (CI) and/or median with interquartile ranges (IQR).  Factors associated with 

AKI were assessed using univariable and multivariable logistic regression and are 

presented using odds ratios and 95% CI with P−values of Z−test. Factors with an 

association of P < 0.1 in univariable analysis were selected for further multivariable 

analysis. The interested different initial doses of colistin treatment were included in the 

multivariable model for adjusting the association with AKI. Stata/SE version 13.0 was 

used for all data analyses. 
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Appendix B: Colistin package inserts 
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Appendix C: Validation of LC-MS/MS method for colistin determination 

Principle of method validation 

Linearity, standard calibration curve, and LLOQ 

Linearity was tested using a set of calibration points, prepared in blank human 

plasma covering a range of interests. The calibration curve was established by plotting 

the peak area ratio (y) versus the nominal concentration (x) of the analyte. The 

calibration curves were derived by weighted (1/y) linear regression analysis. The 

correlation coefficient (r2) of at least 0.99 was set as a criterion of acceptance. The lower 

limit of quantification (LLOQ) was assessed as the lowest concentration on the 

calibration curve that produced a signal/noise ratio of 5 and established based on 6 

replications during 5 consecutive days. The acceptable accuracy and precision of LLOQ 

were within ±20%. 

Accuracy and precision 

Intra-  and inter- day accuracy and precision were analyzed using 5 replicates at 

three levels of QC samples (LQC, MQC, and HQC). Intra- and inter-day accuracy were 

expressed as percentages of theoretical concentration at each QC level (85-115%. Intra- 

and inter- day precision were evaluated as the coefficient of variation ( % CV)  within 

15%. 

Specificity 

Specificity was carried out by screening 6 different batches of blank human 

plasma.  Each batch was tested for interference from endogenous plasma components 

by comparing the chromatograms of blank plasma with that of the corresponding spiked 

plasma at LLOQ concentration. The acceptance criterion was defined as no other peak 

observed at the same retention time of analytes and internal standard (IS) (netilmicin). 

Matrix effect and carryover effect 

Matrix effect was assessed by the signal from endogenous molecules of blank 

plasma that interfered with the signal from analytes. Six individual blank plasma were 

prepared at two different concentrations (low and high). The matrix effect was assessed 

by comparing the peak areas of analytes with blank plasma spiked with analytes after 
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extraction to those of the analytes from neat solution at equivalent concentration and 

reported as matrix factor.  For carryover effect, three blank samples were injected 

following the highest calibrator (upper limit of quantification, ULOQ).  

 

Results of method validation 

Linearity and LLOQ  

Seven points plasma calibration curves for formed colistin were created by 

plotting the peak area ratio of (colistin A + colistin B) to IS against a nominal 

concentration of calibrators. Weighted (1/y) linear regression analysis exhibited good 

linearity and reproducibility with r2 values > 0.99 in all experiments. The linearity 

regression of the peak area ratio versus concentrations was fitted over the concentration 

range of 0.1-6.4 mg/L. The LLOQ value was 0.1 mg/L. The example of calibration 

curve is shown in Figure AC1. 

 

Figure AD1. Example of colistin calibration curve range. 

Accuracy and precision  

The accuracy and precision results were summarized in Table AC1.  The results 

are all within the acceptable range of variation and deviation recommended by the FDA 

guidance (<15%), demonstrating that this method is reproducible. 
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TABLE AC1. Intra- and inter-day accuracy and precision for colistin QC samples. 

  

Colistin levels 

Intra-day Inter-day 

Precision  

(%CV) 

Accuracy  

(%nominal) 

Precision  

(%CV) 

Accuracy  

(%nominal) 

Low QC (0.3 mg/L) 9.36 99.89 3.08 99.89 

Medium QC (0.6 mg/L) 9.89 98.46 2.69 98.46 

High QC (1.2 mg/L) 5.27 101.20 6.24 101.57 

LLOQ (0.1 mg/L) 3.94 102.33 5.59 103.33 

 

Specificity  

No other interfering peak was observed at the same retention time of the analytes 

and IS in all six different batches of blank plasma. Six batches of plasma were pooled 

and used to prepare a blank, calibrators, and QC samples for the entire experiment.   

Matrix effect 

The matrix factor (mean ± SD) at LQC and HQC levels were found to be 1.07 ± 

0.05 and 1.06 ± 0.02 for formed colistin. This method demonstrated a minimal matrix 

effect on the ionization of formed colistin.  

Carryover  

The percentage of carryover was < 0.2% and the detected concentration in the 

blank sample was less than the LLOQ concentration of all analytes. 
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Appendix D: Ethical approvals 
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Appendix E: Worksheet using for simulations. 

SCr 

level 

N Time Dose CRav CRsd CRvariance MD InfTime ADDL II 

(mg/dL) 
 

(h) (mg of 

CBA/kg) 

(mg/d

L) 

  
(mg of 

CBA/kg) 

(h) (doses

) 

(h) 

0.10-

0.20 

27 0 5 0.17 0.03 0.0009 2.5 0.5 4 12 

  
0 5 0.17 0.03 0.0009 3.75 0.5 4 12 

  
0 5 0.17 0.03 0.0009 5 0.5 4 12 

  
0 6.25 0.17 0.03 0.0009 6.25 0.5 4 12 

0.21-

0.30 

32 0 5 0.26 0.03 0.0009 2.5 0.5 4 12 

  
0 5 0.26 0.03 0.0009 3.75 0.5 4 12 

  
0 5 0.26 0.03 0.0009 5 0.5 4 12 

  
0 6.25 0.26 0.03 0.0009 6.25 0.5 4 12 

0.31-

0.40 

9 0 5 0.35 0.03 0.0009 2.5 0.5 4 12 

  
0 5 0.35 0.03 0.0009 3.75 0.5 4 12 

  
0 5 0.35 0.03 0.0009 5 0.5 4 12 

  
0 6.25 0.35 0.03 0.0009 6.25 0.5 4 12 

0.41-

0.50 

5 0 5 0.45 0.02 0.0004 2.5 0.5 4 12 

  
0 5 0.45 0.02 0.0004 3.75 0.5 4 12 

  
0 5 0.45 0.02 0.0004 5 0.5 4 12 

  
0 6.25 0.45 0.02 0.0004 6.25 0.5 4 12 

0.51-

0.75 

6 0 5 0.66 0.09 0.0081 2.5 0.5 4 12 

  
0 5 0.66 0.09 0.0081 3.75 0.5 4 12 

  
0 5 0.66 0.09 0.0081 5 0.5 4 12 

  
0 6.25 0.66 0.09 0.0081 6.25 0.5 4 12 

ADDL, number of additional doses; av, average; CR, serum creatinine; II, dosing interval; InfTime, infusion 

time; MD, maintenance dose; sd, standard deviation. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 83 

Appendix F: Codes for model simulations. 

 
 

Note: Value of CR in line 31 was changed in accordance with the different serum 

creatinine levels. 
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Appendix G: Published manuscript entitled “ No Increased Acute Kidney Injury 

Rate Through Giving an Intravenous Colistin Loading Dose in Pediatric 

Patients” 
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Appendix H: Accepted manuscript entitled “Dose recommendations for 

intravenous colistin in pediatric patients from a prospective, multicenter, 

population pharmacokinetic study” 
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