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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 Phoenix™ 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 (Cssavg) Was 2 mg/L. For a lower
target Cssavg 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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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, 3 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
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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 1U) 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

o 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 Il 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).

7-NH,
|

(«)L.-Dab —— D-Leu —— L-Leu

Fatty acid = (a)L-Dab =—+ L-Thr = (a)L-Dab —> (a, y)L-Dab l
| | ™~ L-Thr  +— (a)L-Dab +— (a)L-Dab
y-NH, ¥-NH, I I
(A) y-NH, 7-NH,
SO, Na*
|
CH,
|
Y—NH,
|
/ (a)L-Dab —— D-Leu — L-Leu
Fatty acid =—— (a)L-Dab = L-Thr = (a)L-Dab —= («, y)L-Dab l
l l ™~ L-Thr +— (a)L-Dab +— (a)L-Dab
y—NH, y—NH,
| | I |
CH, CH, ¥-NH, T-NH,
I I
50,Na* S0, Na* C'I*z C""z
(B) SO, Na* S0, Na*

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, a,y-diaminobutyric acid. a and y indicate the respective amino group

involved in the peptide linkage. Modified from Li J et al. [9]



16

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 (Mg?*)
and calcium (Ca?*) 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:

o Absorption: CMS is not absorbed via the gastrointestinal tract but
well absorbed via intramuscular injection [10].

o 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].

o 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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o 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.

Ho- 0% R
.. enal
CMS Colist
CMS olstin clearance
injection into 60%
the body
Non-renal Renal Non-renal
clearance clearance clearance

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:

o A loading dose is essential especially in critically ill patients [17-20].
o Loading dose could be calculated from target plasma colistin average
steady-state concentration (Cssavg) X 2.0 x body weight (kg) when
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colistin Cssavg 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 m? [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 Colistin Crnax Tmax t1/2 \% CL
(year) dose? (mg/L) (h) (h) (L/kg) (L/h/k
9)
Adult studies
Mizuyachi 15 Healthy 28.0+ 25mgkgq 44=x16 2 498 = 10+02 015
etal., 2011 adults 3.6° 12h (1-4) 0.99
[22]
Karnik et 15 Criticall 15-40 130-200 4.6 0.5 2.7 0.3 0.07
al., 2013 yill mg/day (2.5-23.2 (1.1-4.6)° (0.2-0.5)
[23] ) d
1.7 5.4 0.5 3.3 0.3 0.07
mg/kg/day  (1.8-21.8 (1.2-5.4)° (0.2-0.5)
(decreaed ) d
CrCl)
Monietal.,, 19 Criticall 55=% 270 mg 2414 25% NA 9.9+48° NA
2020 [24] yill 135 loading, 2.5
270 mg/day
maintenanc
e
Neonatal study
Nakwanet 7 Criticall 13 5 30+£0.7¢ 13+ 90+£65° 7.7x93° 06+
al., 2016 yill days 0.9¢ 0.3°
[15] neonate  (5-15
s )d
Pediatric study
Wacharach 20  Criticall 8.5 4 mg/kg 6.1+£24° 25+ 29+06° 07+x04° 02z
aisurapol et yill (3.5- 0.6°¢ 0.1°
al., 2020 children  11.3)¢
[25]
1.70r25 41+13° 27% 26+04° 06+03° 02%
mg/kg 05¢ 0.1°

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, Pmean (range), “mean + SD, Ymedian (range).



20

Table 2. Summary of estimated PK parameters and significant covariates of formed

colistin from population pharmacokinetic studies.

Study N Subject \Y CL Covariate Significant
L) (L/h)  tested covariates
Adult studies
Plachouraset 18 Critically ill 189 9.1 BW, IBW, age, CrCl, Hb, Hct None
al., 2009 [18]
Garonzik et 105  Criticallyill 45.1 2.7 Actual BW, IBW, BSA, BMI, crcl (MHoncL (M
al., 2011 [21] including gender, age, CrCl and
12 with APACHE I score on clearance
intermittent Actual BW, IBW, BSA, BMI
HD and 4 on volume of distribution
with CRRT
Mohamed et 10 Critically ill 218 8.2 BW, IBW, gender, age, serum None
al., 2012 [19] creatinine, CrCl, serum
albumin, Hb, Hct, septicemic
state, APACHE Il score
Grégoire et 73 Criticallyill =~ 102 23  BW, gender, age, simplified BT (M onV{),
al., 2014 [26] acute physiology score (SAPS BUN (T) on CL (i«)
I1), BT, CrCl, diuresis, urinary
pH, blood pH, Hb and other
blood chemistries
Karaiskoset 19  Criticallyill 804 499  SameasRef. [21] crcl (MoncL (h
al., 2015 [27] Analysis by a pool of data from
[18, 19, 27], N = 47
Nationetal, 215 Criticallyill ~57.2 2.6  SameasRef. [21] crcl(MoncCL (1)
2017 [17] a including 29
receiving
RRT
Kristoffersson 349  Criticallyill 695 41  CrCL,BW, IBW, SOFAscore,  CrCI (1) on CL (1)
etal., 2020 infection site
[20]
Pediatric studies
Ooi etal., 5 Critically ill 7.1 1.6 BW, CrCl BW (MonV (1),
2019 [12] crcl (MoncL (M

APACHE II, The Acute Physiology and Chronic Health Evaluation 11; 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. 2105 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 x (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 0f 2 mg/L for narrow windows of creatinine clearance.

(modified from reference [17])

Creatinine CMS daily dose CMS daily dose/kg ?
clearance (mg of colistin base activity) (mg of colistin base activity)
(mL/min)

0 130 2.2

5to0 <10 145 2.4

10 to <20 160 2.7

20t0 <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

4 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]. Cssavg 0f 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 Cssavg 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? Colistin dose ~ Duration of Nephrotox  Nephrotoxicity
(year) & (mg of colistin 2 icity (% definition
CBA/kg/day) (day) (no. of
case))

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

Falagasetal.,, 7 11 Fixed dose, 10 (min- 0 SCr >1.5 times or

2009 [43] (1.2-13) 21 max, 2-23) >1.3 mg/dL

Karbuzetal, 29(38 1.4 (0.3- 25(1.7-2.7) 12 (2-37) 2.6 SCr >2 times or

2014 [46] courses)  18) or 5.0 (2.3~ (1/38) SCr > normal
5.6) value

Ozsurekei et 64 (73 2.5(0.7- N/A 17.0 (12.0- 4.1 (3/73) SCr >2 times

al.,, 2016 [55] courses)  10.5) 30.0)

Sahbudak Bal 94 (104 Median, 5.0° 125+6.4 10.5 SCr >1.5 times

etal.,, 2018 courses) 4.7 (11/104)

[47]

Nephrotoxicity defined by using the decrease of Clcror the increase of SCr

Karli et al., 31 (41 3 (min— 49+05° 19.8+£10.3 7.3 (3/41) Decreased CrCl

2013 [45] courses)  max, >50% or SCr>1.1

0.3-17.0) mg/dL
Kapoor etal., 50 3.0 1.7-25 Mean, 14.3 10.0 Decreased CrCl
2013 [5] (0.1-12) (range, 7-21)  (5/50) >30% or SCr >2
times
Paksu et al., 79 (87 25(0.3- 2.25+0.25 17.2+84 2.3 Decreased CrCl
2012 [44] courses)  18.0) (2/87) >50% or SCr >1.1
mg/dL

Tammaetal., 92 16 (11— 55 (non-cystic  N/A 22.8 CrCIl <60mL/min,

2013 [48] 17.5) fibrosis) or (21/92) or decrease in the
7.5 (cystic category of
fibrosis) clearance

ARC, augmented renal clearance (eGFR >150 mL/min/1.73 m?) ; CBA, colistin base activity; CrCl, creatinine
clearance; N/A, not available; SCr, serum creatinine.

2 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.

¢ Nephrotoxicity rate within the first week after intravenous colistin initiation.



28

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  Target population
subjects

Number of samples  Intensive (typically more than  Sparse

10)
Sampling schedule  Fixed Varied
Evaluation for PK Simple calculation Time-consuming and
parameters requiring skilled
pharmacokineticists/pharmac
ometricians
Covariate Difficult Yes, quantified

identification

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 (11V) and residual variability (RV). IV 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. 11V should be assumed as a
lognormal distribution regarding its biological variation by nature is lognormal. The
base model which consists of the simplest structural, 11V, 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 y? 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 O 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 (pcVVPC) 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 Il 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, Prospective, Retrospective study
traditional, full PK  multicenter,
study population PK study
Inclusion 2-18 years 1 month-12 years 1 month-18 years
criteria for
age
Enrollment Aug 2014- Apr KCMH KCMH 2014-2019
period 2018 Mar 2018-March
2021
QSNICH
Oct 2018-Dec 2020
Number of 20 (KCMH) 59: KCMH 19; 181 (including 20
patients (7-8 blood QSNICH 40 from study 1 and 15
samples/subject; For population PK of KCMH from
sampling time: 1, 2, analysis, 79 were study 2)
4,8, 12 (only for enrolled (59 from
patients who were study 2 and 20 from
prescribed colistin study 1)
everyl2 h), 24, 48,
and 72 h after the
first dose)
Age, median 8.5 years (3.5-11.3) 2.6 years (0.8-6.8) 2.0 years (0.7-6.9)

(interquartile
range)

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
o Thirty-five patients with the age of 1 month to 2 years
o Twenty-five patients with the age of > 2 years to 12 years
3.2.1.5. Inclusion criteria

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

colistin given
o Adequate vascular access to enable blood collection
o Written informed consent by a caregiver
3.2.1.6. Exclusion criteria

o Body weight < 3 kg
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o Receiving intravenous colistin > 5 doses at the day of enroliment

° Receiving renal replacement therapy (RRT) or extracorporeal

membrane oxygenation (ECMO)

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

enrollment

o 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:

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

underlying disease

e Laboratory data: SCr, eGFR (0.413 x height/SCr [28]), Alb, complete
blood count

o Microbiological data
° Indication for colistin use

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

time, infusion time, dosing interval
3.2.3. Recommended dose of colistin

J 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).

o Loading dose: 4 mg of CBA/kg/dose
o 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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o The first maintenance dose should be started 12 h after administering a

loading dose.

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

judgment.
3.2.4. Blood sampling
o 3 mL of whole blood in EDTA tube per sample

o 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

o At least 20 patients: 2—3 blood samples were collected after the

1%t dose of colistin.

o The rest: 2—3 blood samples were collected after the 6™ dose of

colistin.
. Group B

o At least 10 patients: 3 blood samples were collected after the 1%

dose and the 6 dose of colistin.

o The rest: 3 blood samples were collected after the 1% dose or

the 6™ dose of colistin.
o 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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60 subjects

Group A Group B
35 subjects 25 subjects
1 month—2 years =2 years—12 years

At least

10 subjects Uiz

20 subjects 15 subjects

23"
after the 2 2 G dose® afie - after the 1# dose

* Subjects with a BW of <5 kg were
collected 2 blood samples
# Could be after 7! or 8" dose as feasible

Figure 3. Blood sampling stratification.

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

Interval Time (h) after starting colistin infusion ?

(h) 0.5-1 2-4 6-8 6-12 12-24
8 X X X

12 X X X

24 X X X

2Any 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

o 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.

o 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 pL of plasma
was mixed with 10 pL of internal standard solution (40 mg/L of netilmicin
sulfate) and 200 pL 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
pL of the mobile phase, and 10 pL of the reconstituted sample was injected
into the LC-MS/MS system. The separation process was run through the
XBridge HILIC 3.5 um 3x150 mm column at a flow rate of 200 puL/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 Phoenix™ 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 11V 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.

o 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 5™, 50,
and 95" 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 11V 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 Cssavg Was calculated using simulated CL as follows,

Cssavg (Mmg/L) = AUC2s (mg/L*h)/24 (h), when AUC2n = dose per day
(mg/kg)/CL (L/kg*h)

The probability of target attainment (%PTA) was predicted across the target
Cssavg 0f 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% CIl 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

o The dose recommendation of intravenous colistin regarding significant
covariates
o 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 Results?®

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(11.49)
>10-15 years 10 (12.7)

Weight, kg
Height or length, cm
Baseline eGFR, mL/min/1.73 m?
Baseline serum creatinine, mg/dL
0.10-0.20
0.21-0.30
0.31-0.40
0.41-0.50
0.51-0.75
Serum albumin, g/dL

Comorbidity
Malignancy
Neurologic disease
Chronic cardiac disease
Chronic pulmonary disease
Receiving immunosuppressive agent
Others

12.0 (7.4-20.0)
90.0 (68.0-113.0)
147.8 (102.5-186.9)
0.25 (0.19-0.32)
27 (34.2)

32 (40.5)

9 (11.4)

5 (6.3)

6 (7.6)
3.3(3.1-3.6)

61 (77.2)

23 (29.1)

14 (17.7)

10 (12.7)

9 (11.4)

7(8.9)

4 (5.1)



Intensive care unit admission
Receiving colistin loading dose®
Colistin maintenance dose, mg of CBA/kg/day
Colistin indication®
Ventilator-associated pneumonia
Sepsis/CLABSI/CRBSI
Urinary tract infection
Skin and soft tissue/surgical site infection
Intraabdominal infection
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73 (92.4)
38 (48.1)
5.0 (4.9-5.0)

53 (67.1)
24 (30.4)
4 (5.1)
3(3.8)
1(1.3)

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

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

filtration rate.

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

® colistin methanesulfonate 4-5 mg of CBA/kg/dose.

¢ 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 1% week after colistin
initiation, and 170 (93.9%), 87 (48.1%), and 39 (21.5%) at the 2", 3", and 4" week,
respectively. Overall AKI rates within the 1%t week and the 4™ week after colistin
initiation among patients without impaired kidney function at baseline (eGFR >80
mL/min/1.73 m?) (n = 157) were 20.4% (32/157) and 29.3% (46/157), respectively.
Augmented renal clearance (eGFR >150 mL/min/1.73 m?) 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 m? was re-analyzed. Overall AKI rates within the 1% week and
the 4" 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  Crude OR P- Adjusted OR P-
n (%) (95% CI) Value  (95% CI) Value
Total 157 46 (29.3)
The first dose of colistin treatment
Loading 62 16 (25.8) 1 1
dose
Standard 95 30(31.6) 1.33(0.65-2.71) 0.44 1.30 (0.61-2.77)  0.49
dose
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
1month-2 75 27 (36.0)  1.86(0.93-3.74) 0.08 1.83(0.88-3.81) 0.10
years
Gender
Female 77 21(273) 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 2 19 3(15.8) 1 1
Sepsis/ 82 22 (26.8)  1.96(0.52,7.37) 0.32 1.87 (0.45-7.73) 0.39
CRBSV/
CLABSI
VAP 56 21(375)  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) 557(0.70-44.04) 0.10 5.25(0.63-43.88) 0.13
>3 26 12 (46.2)  12.00 (1.37- 0.02 13.99 (1.49- 0.02
105.13) 131.63)

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.

aQOthers 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.
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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 11V

was described by an exponential error model:
Pi=0(P) x exp (ni)

where Pi is the PK parameter estimation of the i subject, 6(P) is the typical value,
and ni is a random variable for individual i, which is a normally distributed random

variable with mean zero and variance w?.
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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 11V 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 -2LL AIC BIC PK parameter estimates
error
models
V CV% 95% CL CV% 95%
(L/kg) Cl (L/kg*h) Cl
Add 1011.464 1021.464 1040.52 0.616 7.83 0.521- 0.125 8.34  0.104-
0.711 0.145
Prop 796.726  806.726  825.782 0.699 7.68  0.594- 0.137 7.99  0.116-
0.805 0.159
Add 796.454  808.454 831.321 0.698 7.67 0.593- 0.137 8.01  0.116-
with 0.803 0.159
Prop

-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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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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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 (n,
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 VV 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) = 0cL x SCr  x exp (ncL)

V (L/kg) = 0v x exp (mv)

where Ov and OcL are the typical values of V and CL, respectively. 01 is
the correction factor of SCr. The details of Ov, OcL, and 01 are summarized in
Table 15.
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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.

n or Eta, random effect; CL, drug clearance, V, volume of distribution.



Table 13. Forward addition and backward elimination steps of covariate model

development.

Steps Covariate -2LL A-2LL
added/subtracted

cstep00 Base model 796.726

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

cstepO1 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 -2L L 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
cstepl0 CL-SCr V-eGFR 764.317 0.28

cstepll 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 AlIC 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 Final model Bootstrap (N = 1000)
parameters parameters
Estimate %RSE ~ Estimate %RSE  Median 2.5" 97.5"

percentile percentile
OcL, L/kg*h  0.137 7.99 0.069 18.40 0.069  0.048 0.097
Ov, L/kg 0.699 7.68 0.658 6.84 0.657  0.579 0.752

01 NA NA -0.530 -20.75  -0.533 -0.753 -0.318
Interindividual variability

oL 0.449 19.60 0.337 20.42 0.330

(shrinkage)  (6.33%) (4.81%)

%Y 0.233 29.16 0.301 21.92 0.295

(shrinkage)  (22.9%) (10.44%)

Residual variability

Gprop 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; 0cL, typical value of CL; 05, the correction factor of serum creatinine; w2y, variance of
interindividual variability for V; o?c., variance of interindividual variability for CL; Gprops

residual error for the final model.



58

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 5%, 50", and 95" 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 5" 50" and 95" 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 Cssavg 0f 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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CBAJ/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 Cssavg of <1 mg/L, colistin dose of 7.5 and 5 mg of
CBAJ/Kkg/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 Colistin dose Probability of target attainment (%)
creatinine (mg Target Css,avg (Mg/L)
(mg/dL) CBA/kg/day)*” 025 05 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 99.4 914 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; Cssavg, average plasma colistin concentration at the

steady-state.

2 30-min intravenous infusion per dose.
® 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 CrCI. 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 m? which was not different from
our study of 140 mL/min/1.73 m2. The probabilities to achieve the target Cssavg 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 (-
2L L) 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 x (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 m?
(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 m? (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].
Cssavg 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
Cssavg 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 Cssavg 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
CBAV/kg/day in 10, and 11.6 mg of CBA/kg/day in one. The Cssavg Was 1.11-8.47 mg/L
(median 2.92 mg/L). Only ten (58.8%) patients achieved Cssavg 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 Cssavg 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 Cssavg, 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. losifidis 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
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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 Cssavg 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
Cssavg is >2 mg/L. For the target Cssavg 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
CBAV/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 x Ht/SCr, k= 0.413 for all patients. In patients with eGFR
>80 mL/min/1.73 m?, 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 m? 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 m? (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 I’Etoile, 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.



Appendix B: Colistin package inserts

MELLISTIN 150 MG INJECTION
Name and strength of active ingredient :-
Each vial contains Colistimethate sodium equivalent to Colistin 150 mg
Each gram of Colistin contains sodium 0.089 mg (0.0043 mmol)
Product description :-
White to almost white sterle powder for reconstitution for injection
Properties :-
Pharmacodynamics :
Colistimethate sodium is the sulfamethy! derivative of Colistin. Colistin or Polymyxin E is a Polymyxin antibiotic
obtained from Bacillus polymyxa var. Colistinus that is active against many gram-negative bacilll and inactive
against gram-positive bacteria, fungi, and viruses. The of action is (Colistin-
methanesulfonate) s hydrolyzed to Colistin which acting like a cationic detergent and binds to the bacterial
cytoplasmic membrane of susceptible bactera. This alters permeabity and causes leakage of bacterial coll wall.
This leads to bacterial death. In vitro, Colistin is active against these bactera as follows
Aerobic gram-negative bacteria
Acinetobacter sp., Acinetobacter bournannii, Citrobacter sp., Escherichia coli, Enterobacter cerogenes.
Haemophilus influenza, Kiebsiella preumonice, Pseudomonas oeruginosa, Saimonelia sp., Shigella sp. And some
strains of Bordetello 9p., Vibrio 9p.
Some bacteria have been reported resistance to Colistin. Those are Proteus sp., Providencia sp., Serratic sp.,
Neisseria N and tragils.
Pharmacokinetics :
Colistimethate sodium is not absorbed from the GI tract and must be given parenterally. The drug is widely
distributed into body tissues such as the liver, kidneys, lung, heart, and muscle. In patients with normal or
inflamed meninges, only minimal concentrations of antimicroblal activity are attained in cerebrospinal fluid (CSF).
More than 50% of Colistin bound to serum proteins. It also crosses the placenta and is distributed into milic.
Colistimethate sodium is hydrolyzed to Colistin and possibly other metabolites with fower substituted amino
groups. The plasma haif-ife of Colistimethate sodium is 1.5-8 hours in aduts with nomal renal function and s
prolonged in patients with impaired renal function. Both Colistimethate sodium and metabolites of the drug are
excreted mainly by the kidneys.
Colistimethate sodium may be removed by hemodialysis and. o a lesser extent, by peritoneal dialysis.
Indication :-
Colistimethate sodium is used parenterally for the treatment of acute or chronic infections caused by certain
susceptible gram-negative bacilli such as Acinetobacter baumannil (inchuding Acinetobacter boumannil which
resistant 1o ail antibiotics). Pseudomonas eruginosa (including Pseudomonas ceruginosa which resistant to all
antibiotics), Escherichia col (including ESBL-producing Escherichia coll). Kiebsiella pneumoniae (including
ESBL-producing Klebsieilo (oerogenes, . influenzo,
Saimonelia sp., Shigelia sp., Proteus sp.. Providencia sp., Serratia sp. and some strains of Bordetella sp., Vibrio
sp. Colistimethate sodium Is administered by oral inhalation via nebulization for the treatment of
Pseudomonas ceruginosa in respiratory tract infections among patients with cystic fibrosis.
Mode of administration :-
MELLISTIN 150 MG injection is administered by IM injection, IV injection, continuous IV iffusion or oral
inhalation.
With concem of microblal contamination, the drug should be used promptly after the preparation and the
remaining mixed solution should be discarded.
Color changing or any precipitation should be observed before use.

opar for (IM) and (IV) injection
MELLISTIN 150 MG injection is reconstituted by adding 2 mi of sterile water for injection to a vial, the resultant
solution contains 75 mg of Colistin per mi. The vial should be swirled gently to avoid frothing.
The drug should be injected directly into @ vein over 3-5 minute period every 12 hours.
Preparation for intravenous (IV) infusion
For continuous IV infusion, one-half of the total daily dose should be injected directly into vein over 3-5 minute
period every 12 hours. The remaining one-half of the total daily dose should be added 1o a compatible IV
solutions as the following: 0.9% sodium chioride injection, 5% dextrose, 5% dextrose and 0.225% sodium chioride
injection, 5% dextrose and 0.45% sodium chloride injection, 5% dextrose and 0.9% sodium chioride injection.
lactated Ringer's solution or 10% invert sugar. Swirl gently to avoid frothing.
Intravenous (IV) infusion administration
The drug should be administered 1-2 hours after the initial dose by siow IV infusion over the next 22-23 hours.
The infusion rate should be 5-6 mg/hour in patients with normal renal function. For patients with impaired renal
function, the nfusion rate should be reduced depending on the degree of renal impairment.
Proparation for oral inhalation
For oral inhalation via nebulization, an isotonic solution of Colistimethate sodium has been prepared by diluting
the appropriate dose in 2-4 mi of preservative-free 0.9% sodium chloride Injection or sterile water and should be
used promptly after being prepared.
Stability
Following reconstitution with sterile water for injection, Colistimethate sodium solutions containing 75 mg of
Colistin per mi should be stored at 2-8°C or 25°C and used within 10 days. For the reconstitution with 0.9% NSS
or DSW, Colistimethate sodium solutions Gontaining 1.5 mg of Colistin per mi shoukd be stored at 2-8°C or 25°C
and used within 72 hours. However, Solutions of Colistimethate sodium should be used promptly after being
mixed.
Recommendation dose :-
Dosage and administration depend on severity of infection, patient status, renal function, and causative organism
or follow physician's instruction.
The usual IM or IV dosage of Colistimethate sodium for adults and children with normal renal function is 2.5-5
mg/kg of Colistin daily given in 2-4 divided doses.
The maximum IM or IV dosage of Colistimethate sodium is 5 mg/kg of Colistin daily.
For early treatment of Pseudomonas ceruginosa respiratory infections in adults and pediatric cystic fibrosis
patients, Colistimethate sodium has been given by cral inhalation via nebulization in a dosage of 33.33-66.66 mg
of Colistin 2 or 3 times daily.

Mellistin

MG
INJECTION
IM/IV

In patients with renal impairment, the dose and frequency of Colistimethate sodium should be decraased in
proportion 1o the degree of renal impaiment

Suggested of dosage schedules for adults with impaired renal function

Renal fuction Normal Mild Moderate Severe
Serum creatinine (mg/dL) 0712 1315 1625 26-4
Urea clearance (% of normal) 80-100 40-70 2540 1025
Dose (mg) 100-150 75115 6180 | 100-150
Frequency (times per daily) 24 2 tor2 q 36 hr
Total daily dose (mg) 300 150-230 133-150 100
Approx. daily dose (mg/kg/day) 5 2538 25 15

Contraindication :-

Colistimethate sodium is contraindicated in individuals who are hypersensitive to the drug or Polymyxins.

‘Waming and Precaution :-

Waning :

1. wmummwmmmhnm

2. Colistimethate sodium may cause transient

Precaution :

1. Maximum dosage: Do not exceed § mg/kg/day in patients with normal renal function

2 sodium may cause ‘manifested as decreased urine output. increased serum

concentrations of BUN and creatinine, proteinuria, hematuria, and casts in the urine. If these symptoms occur,

dosing should be adjusted or the drug should be discontinued immediately.

. Colistimethate sodium may cause transient nervous system effect. including circumoral or peripheral paresthesia

o numbness, tingling or formication of the extremities or tongue, dizziness, vertigo, giddiness, ataxia, blurred

vision, and slurred speech. These adverse nervous system effects generally appear within the first 4 days of

therapy and disapppar when the drug is discontinued. The patient should be monitored closely; some of these
adverse nervous system effects may be alleviated by reducing dosage of the drug.

4. Treatment with Collistimethate sodium alters the normal flora in the gut leading to overgrowth of Clostridium
difficile. C. difficile produces toxins which contribute to the development of CDAD that must be considered in
all patients who present with diarthea following Colistimethate sodium use. Mild cases of colitis may respond to
muummmmdwwmmmmmm
fluid, electrolyte, protein therapy.

s.wmwmmmamudwmmmm
which have similar toxic potentials and with neuromuscular blocking agents should be avoided.

6. Patients who received Colistimethate sodium by oral inhalation via may cause
It has been suggested that premedication with bronchodilators may reduce the potentials for development of
bronchoconstriction.

Interactions with other medicaments:-

1. Since nephrotoxic effects may additive, concumrent or sequential use of Colistimethate sodium and other drugs
with similar toxic potentials (e.g.. B
polymyxin B sulate, vancomycin) shoukd be avoided, if possible.

2. Neuromuscular blocking agents (e.g., other, gallamine) and other
m(cmmm)mmmmmmmummm
caution in patients recewing Colistimethate sodium.

Pregnancy and lactation :-

There are no adequate and well-controlied study in pregnant women. Use during pregnancy only when the

potential benefits justify the possible risks 1o the fetus.

It is not known whether Colistimethate sodium is distributed into milk. The drug should be temporarily discontinue

dunng nursing administration.

Undesirable effects -

Adverse reactions which may occur during the use of the drug are

Renal effects: nephrotoxicity, manifested as decreased urine output, increased serum concentrations of BUN and

©

of sodium can cause
mmmmmummwmmwm
and death. Overdosage of the drug may also cause acute renal failure, manifested as decreased urine output and
increase in serum concentrations of BUN and creatinine.
Treatment for overdosage : The drug should be discontinued and initiate supportive treatment.
Colistimethate sodium may be removed by hemodialysis and, to a lesser extent, by peritoneal dialysis.
Storage condition :-
Keep out of reach of children.
Dry powder should be kept below 30°C before reconstitution.
Do not freeze the solution.

Dosage forms and packaging available :-
Sterile powder for injection is contained in clear colorless glass vial (glass type Iif) with grey chiorobutyl rubber
and aluminium cap. Each vial contains sterile powder equivalent to Colistin 150 mg. It may contain 1, , 10, 20,

30, 50, and 100 vials per box.
Update : (13/11/2017)

Manufacturer -

Siam Bheasach Co., Ltd.

123 Sol Chokechai Ruammitr, Vibhavadi-Rangsit Rd., Chomphon, Chatuchak. Bangkok 10900, Thailand
and 9 Sol Chokechai Ruammiltr 3, Vibhavadi-Rangsit Rd., Dindang. Dindang. Bangkok 10400, Thailand
Distributor :-

Siam Pharmaceutical Co.. Ltd.

171/1-2 Soi Chokechai Ruammitr, Vibhavadi-Rangsit Rd.. Chomphon, Chatuchak, Bangkok 10800, Thailand

Tel 026250999
MELL-150-03-L-THAI-ENG-A0004
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Colistin-150

FORIV/IM
Each vial contains - Sterile Colistimethate Sodium equivalent to
Colistin 150 mg
Product

description :
White or yellowish white sterile powder to be dis:

Ived in sterile

The dose and frequency of IM or IV colistimethate sodium should

be decreased in proportion to the of renal

degree impairment. P
- Serum creatinine 1.3 10 1.5 mg/100 mL : 2.5-3.8 mg/kg daly given

IMor IV in 2 divided doses.

- Serum creatinine 1.6 10 2.5 mg/100 mL : 2.5 mg/kg daily given IM

or IV in a single dose or in 2 divided doses.
Semmuwm26to40mg/l°0mL 1.5 mg/kg daily given
IM or IV every 36 hours.

Mode of administration :

COLISTIN-150 is administered by IM nn;oﬁion IV injection, or
been by oral

contmuous N Infusqon Ths drug also has

75

mwmwmmmﬂuwmm.w
be given promptly after preparation.
- Colistin has been associated with acute attacks of porph
ambwmdumhpaphyﬁcpaﬂm
with other
- Usewnhcepha!ospoms gmup, vancomycin, capreom

i cisplatin,
potyrnyxhsnwymﬂnaddﬂvesdeaﬂladofnemm otol

solution for injection.

Pharmacodynamic :
C Sodium is
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in aqueous solution and

nisms. It ly by

ing the bacterial Itis

f Colisti Sodium has a

action on most gram-negative bacilli and of the other gram-negative or-

ganisms, Acir Spp. ia col, spp., Klebsella
pertussis,

spp. and

COLISTIN-150 s

- If use before, dmummwmlnw

contains 75 mg of colistin per mL..

- IV injection : For direct i v

Emm by adding 2 mL
of sterile water for injection to a vial, swirled gently. The resultant solution

one-half of

blocking agent is ity of ¢
lu\geddumondmunmhuodm(ureumzm pai
id be

the total daily dose should be injected directly into a vein over a 3- to

5- minute period every 12 hours.

-V infusion : For continuous IV infusion, one-half of the total daily
dose should be injected directly into a vein over a 3- to 5- minute period;

'y and lactation :

Pregnancy : Avoid. Possible risk of fetal toxicity especial
second and third trimesters.

Lactation :Avoid. Itis distributed into breast milk.

the remaining one-half of the total daily dose should be added toa Undesirable effects :
and

IV solution (0.9% NaCl, 5% dextrose, 5% dextrose

Spp..
Shigella spp. are sensitive.
Pharmacokinetics :

Peak plasma concentrations usually occur 2 to 3 hours after an
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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 (r?) 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 (1S) (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 r? 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 ACL1.

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 ACL1. Intra- and inter-day accuracy and precision for colistin QC samples.

Intra-day Inter-day
Colistin levels Precision Accuracy Precision Accuracy
(%CV) (%onominal) (%CV) (%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 E: Worksheet using for simulations.
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SCr N Time  Dose CRay  CRsa  CRuariance MD InfTime ADDL I
level
(mg/dL) (h) (mg of (mg/d (mg of (h) (doses  (h)
CBA/kg) L) CBA/kg) )
0.10- 270 5 0.17 0.03  0.0009 25 0.5 4 12
0.20
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- 32 0 5 0.26 0.03  0.0009 25 0.5 4 12
0.30
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- 9 0 5 0.35 0.03  0.0009 25 0.5 4 12
0.40
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 05 4 12
0.41- 5 0 5 0.45 0.02  0.0004 25 0.5 4 12
0.50
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- 6 0 5 0.66 0.09  0.0081 25 0.5 4 12
0.75
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; Il, dosing interval; InfTime, infusion

time; MD, maintenance dose; sd, standard deviation.
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1 B test(}!

2 deriv(fl = -cl * Al)

3 dosepoint (R1)

4 c =Rl /W

5 error (CEps = 0.3086)

5 cbserve (CCbhs = C * (1 + CEps))

7 stparm(V = tvV * exp(nV))

8 stparm(Cl = tvCl * CREATININE~dCIldCREATININE * exp(nCl))
9 //fcovariate (SEX())

10 //fcovariate (AGE)

11 [/ /fcovariate (WT)

12 / /fcovariate (HT)

13

14 //fcovariate (CLCR)

15 //fcovariate (ALBUMIN)

16 / /fcovariate (HCT)

17 fixef (tvV = c(, 0.658, ))

18 fixef(tvCl = c(, 0.0869, ))

19 [/ /Eixef (dVAAGE (enable=c(0)) = c(, 0, ))

20 [/ /Eixef (dC1dAGE (enable=c(1)) = c(, 0, ))
21 [/ /Eixef (AVACREATININE (enable=c(2)) = c(, 0, ))
22 fixef (dC14dCREATININE (enable=c(3)) = c(, -0.53, }}
23 [/ /Eixef (dVACLCR (enable=c(4)) = c(, 0, ))
24 //Eixef (dC1ldCLCR (enable=c(5)) = c(, 0, ))
25 //Eixef (dVAWT (enable=c(6)) = c(, 0, ))

28 [/ /Eixef (dC1dWT (enable=c(7)) = c(, 0, ))

27 ranef (block (nV, ncl) = «(0.300, 0, 0.337))
28 covariate (CRav, CRsd)

29

30 stparm (CREATININE = CRav + CRsd * ncCR)

3 ranef (diag (nCR) (freeze}) = c(0.0009))

3z

33

34 L

35

Note: Value of nCR in line 31 was changed in accordance with the different serum
creatinine levels.
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Objectives: A colistin loading dose is required to achieve adequate drug exposure for the treatment of
multidrug-resistant Gram-negative bacteria. However, data on acute kidney injury (AKI) rates associated
with this approach in children have been unavailable. The aim of this study was to examine AKI rates in
children who were prescribed a colistin loading dose.
Methods: A retrospective study was conducted in patients aged 1 month to 18 years who had received
intravenous colistin for =48 h. Loading dose (LD) was defined as colistin methanesulfonate at 4-5 mg
of colistin base activity/kg/dose. AKI was defined according to KDIGO serum creatinine (SCr) criteria — SCr
> 1.5 times the baseline, measured 3-7 days after colistin initiation. Augmented renal clearance (ARC) was
defined as an estimated glomerular filtration rate (eGFR) >150 mL/min/1.73 m?. The rates of AKI were
compared between children receiving or not receiving an LD, and between different eGFR groups.
Results: In total, 181 children were enrolled. The mean age was 4.3 years (95% confidence interval [CI],
3.6-4.9years). Ninety-five of the subjects (52.5%) were male. There were 157 children with a baseline eGFR
of = 80 mL/min/1.73 m. The overall AKI rate within the first week in this group was 20.4% (95% CI, 14.4—
27.6%):LD,16.1% vsno LD, 23.2% (p =0.29). Subgroup analysis, excluding patients with ARC, showed a lower
AKl rate of 12.8% (95% (1, 6.8-21.3%): LD, 9.7% vs no LD, 14.3% (p = 0.53).
Conclusions: AKI rate was not different among children who received an intravenous colistin loading dose.
This approach should be implemented to ensure the necessary drug exposure required for good treatment
outcomes.
@© 2021 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.orgflicenses/by-nc-nd/4.0/).

Introduction

Resistance Surveillance Center Thailand, 2019). King Chulalong-
korn Memorial Hospital, a leading teaching university hospital in

Multidrug-resistant Gram-negative bacteria (MDR-GNB) are
the major cause of hospital-associated infections. The appearance
of carbapenem-resistant strains of MDR-GNB, including Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacteria-
ceae, is increasing globally. In Thailand, A. baumannii, P. aeruginosa,
and Klebsiella pneumoniae are resistant to carbapenems in up to
81%, 25%, and 17% of cases, respectively (National Antimicrobial

* Corresponding author at: Division of Infectious Diseases, Department of
Pediatrics, Faculty of Medicine, Chulalongkorn University, 1873 Rama IV Road,
Pathumwan, Bangkok 10330, Thailand.

E-mail address: Thanyawee P@chula.ac.th (T. Puthanakit).
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Bangkok, has reported twice the rate of carbapenem-resistant
P. aeruginosa (49%) and K. pneumoniae (36%) compared with the
national data. The current treatment of carbapenem-resistant
organisms requires a combination of antibiotics. Colistin (poly-
myxin E) is one of the last resorts for use in combinations. The
available parenteral formulation of colistin is colistimethate
sodium, also known as colistin methanesulfonate (CMS) (Falagas
and Kasiakou, 2006). This is hydrolyzed by blood esterases to the
active forms (colistin A, B) (Nakwan et al., 2016). Administering a
colistin loading dose is essential to achieve a pharmacokinetic/
pharmacodynamic target within 24 h (Nation et al, 2017;
Wacharachaisurapol et al., 2020). Nephrotoxicity is a common
adverse effect of colistin. In adults, the acute kidney injury (AKI)

1201-9712/© 2021 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd{4.0/).



N. Wacharachaisurapol, S. Kawichai, A. Chanakul et al.

rate was reported as 51% in patients using colistin, while in the
matched controls the AKI rate was 22% (Miano et al, 2018). In
children, the nephrotoxicity rate has been reported over a range
from 0 to 22.8%, based on various nephrotoxicity definitions
(Falagas et al., 2009a; Isgiider et al., 2016; Kapoor et al, 2013;
Karbuz et al., 2014; Karli et al., 2013; Paksu et al., 2012; Sahbudak
Bal et al, 2018; Tamma et al., 2013). The nephrotoxicity usually
occurred when colistin was given concomitantly with other, more
nephrotoxic drugs, such as vancomycin or aminoglycosides
(Rattanaumpawan et al, 2011). However, there is no study on
AKI rate resulting from a loading dose of CMS in pediatric patients.
The primary objective of this study was to describe the AKI rates
among pediatric patients who were prescribed an intravenous
colistin loading dose in comparision with the standard initial dose.
The secondary objective was to identify other associated factors
affecting these AKI rates.

Materials and methods
Study design

This retrospective study was conducted at King Chulalongkorn
Memorial Hospital, Bangkok, Thailand. Pediatric patients who had
been 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 data on patients aged <18 years between January
2014 and December 2019. Eligibility criteria included: (i) aged 1
month to 18 years; (ii) received intravenous colistin for >48 h; and
(iii) available results for baseline serum creatinine (SCr) and levels
at follow-up measured 3-7 days after colistin initiation. 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, Chulalong-
korn University (IRB no. 177/63).

Definitions

Colistin loading dose was defined as an intravenous CMS
injection of at least 4-5 mg of colistin base activity (CBA)/kg/dose.
Baseline SCr was defined as SCr level measured less than 48 h
before colistin initiation. Follow-up SCr was defined as a SCrat days
3-7 after colistin initiation, and weekly SCr for 3 further
consecutive weeks (if available). If there was more than one SCr
value in the period, the highest SCr value was chosen. All SCr levels
were measured using an enzymatic method in the Clinical
Pathology Laboratory, King Chulalongkorn Memorial Hospital.
The eGFR was calculated using the modified Schwartz equation:
eGFR = k x Ht/SCr, k= 0413 (Schwartz et al., 2009) for all patients.
In patients with eGFR >80 mL/min/1.73 m?, AKI was defined
according to the Kidney Disease: Improving Global Outcomes
(KDIGO) SCr criteria (Khwaja, 2012): Stage 1 AKI was defined as an
increase in follow-up SCr equivalent to >1.5-1.9 times baseline.
Stage 2 AKI was defined as follow-up SCr of >2.0-2.9 times
baseline. Stage 3 AKI was defined as follow-up SCr of >3 times
baseline or a requirement for RRT.

Urine output criteria were not applied in this study because the
retrospective documentation was less reliable in this regard, and
drug-induced AKI is unlikely to cause oliguria (Miano et al., 2018).
In infants and young children aged 1 month to 2 years who are at
risk for AKI, pRIFLE criteria are more sensitive (Sutherland et al.,
2015); these were also used for AKI diagnosis and compared with
the KDIGO SCr criteria. In patients with eGFR <80 mL/min/1.73 m?,
who were considered as having impaired kidney function before
colistin initiation, were considered to have deteriorated kidney
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function when the follow-up SCr increased to >1.5 times baseline.
Augmented renal clearance (ARC) was defined as a baseline eGFR >
150 mL{min{1.73 m? (Van Der Heggen et al., 2019). In patients who
developed AKI, recovery from AKI was defined as a follow-up SCr of
<1.5 times baseline.

Antibiotic resistance patterns were reported in terms of:
multidrug resistance (MDR), defined as resistance to >3 classes
of antibiotic; extensive drug resistance (XDR), defined as resistance
to all but one or two classes of antibiotic; pandrug resistance (PDR),
defined as resistance to all antibiotics tested; carbapenem
resistance (CR), defined as resistance to at least one carbapenem
and reported separately from MDR, XDR, and PDR patterns. Colistin
MIC was performed by Etest (BioMérieux, Marcy I'Etoile, France) in
the 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 surviving.

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.
Patient data, including demographics, colistin indication, colistin
dosing, serial SCr (baseline and follow-up), microbiological data,
and treatment outcomes (renal replacement therapy and 30-day
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 presented as counts
and percentages. Continuous variables were analyzed with t-tests
and presented as mean with 95% confidence interval (CI) and/or
median with interquartile range (IQR). Factors associated with AKI
were assessed using univariable and multivariable logistic regres-
sion, and presented using odds ratios and 95% Cl, with Z-test
p-values. Factors with an association of p < 0.1 in univariable
analysis were selected for further multivariable analysis. The
different initial doses of colistin treatment of interest were
included in the multivariable model for adjusting the association
with AKL Stata/SE version 13.0 was used for all data analyses.

Results
Patient demographics

Of the 216 children aged 1 month to 18 years, who received
colistin between January 2014 and December 2019, 35 were
excluded: eight were premature neonates; 21 had received RRT,
and six had received ECMO prior to colistin initiation. In total, 181
children were eligible for this study. Of these patients, 95 (52.5%)
were male, and the mean age was 4.3 years (95% Cl, 3.6-4.9 years);
164 (90.6%) had at least one comorbidity and 155 (85.6%) were
admitted to intensive care units (ICU). The most common
comorbidity was malignancy (24.9%). For the first dose of colistin,
70 patients (38.7%) received a loading dose and 111 (61.3%)
received a standard initial dose (no loading dose). The proportion
of patients receiving a colistin loading dose increased from 10.5%
during 2014-2017 to 86.6% during 2018-2019, in accordance with
the institutional guidelines for colistin dosing for pediatric patients
launched in the third quarter of 2017. Patient demographics
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according to the first dose of intravenous colistin are shown in
Table 1.

Microbiological data

Of the 181 included patients, 92 (50.8%) were prescribed
colistin as a targeted treatment for a catheter-related bloodstream
infection, lower respiratory tract infection, urinary tract infection,
surgical site infection, or intra-abdominal infection. Ninety-six
specimens obtained from 92 patients grew A. baumannii (n = 68;
MDR = 8, 11.8%; XDR = 20, 29.4%; PDR = 36, 52.9%; CR = 61, 89.7%),
P aeruginosa (n=13; MDR =4, 30.8%; XDR =3, 23.1%; PDR = 3, 23.1%;
CR =9, 69.2%), and Enterobacteriaceae (E. coli and K. pneumoniae)
(n=15:MDR=2,13.3%; XDR =9,60.0%; PDR =3, 20.0%; CR=9,60.0%).
Twenty-four isolates underwent colistin MIC assays using Etest
(BioMérieux, Marcy I'Etoile, France). The MIC distribution was 0.75
mg/L (20.8%), 1 mg/L (8.3%), 1.5 mg/L (33.3%), and 2 mg/L (37.5%).

Colistin dose and duration
The mean colistin loading dose was CMS 4.3 mg of CBA/kg/dose

(95% Cl, 4.1-4.5 mg of CBA/kg/dose). The mean colistin mainte-
nance dose was CMS 5.1 mg of CBA/kg/day (95% Cl, 5.0-5.2 mg of
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CBA/kg/day). The mean duration of colistin therapy among
patients receiving colistin as targeted treatment (n = 92) was
longer than for those receiving colistin as empirical treatment
(n = 89) (12.6 days; 95% Cl, 11.4-13.8 days vs 5.8 days; 95% (I,
5.0-6.6 days; p < 0.0001). The mean duration of colistin therapy
was similar between patients receiving a loading dose (n=70) or a
standard initial dose (n=111) (8.9 days; 95% Cl, 7.4-10.4 days vs 9.4
days; 95% Cl, 8.3-10.5 days, p = 0.58).

Concomitant antibiotics

Concomitant antibiotics were prescribed as one (63.0%), two
(30.4%), or three (6.6%) drugs. The concomitant antibiotics
included meropenem in 127 patients (70.2%), sulbactam-contain-
ing antibiotics (ampicillin/sulbactam, cefoperazone/sulbactam, or
sulbactam) in 80 (44.2%), aminoglycosides (amikacin or gentami-
cin) in 23 (12.7%), fluoroquinolones (ciprofloxacin or levofloxacin)
in 15 (8.3%), and other antibiotics in 15 (8.3%).

Acute kidney injury rates and recovery

Data on SCr were available for all patients (n = 181) at the 1st
week after colistin initiation, and for 170 (93.9%), 87 (48.1%), and

Table 1
Patient demographics and medical characteristics classified according to first dose of intravenous colistin.
TotalN = 181 Receiving a loading Receiving a standard initial p-Value®
doseN = 70 doseN = 111

Age (year) 43 (36-49) 51 (3.8-6.4) 3.7 (2.9-45) 0.049
1 month-2 years 97 (53.6) 35 (5000) 62 (55.9) 044
>2-18 years 84 (46.4) 35 (5000) 49 (441) 044

Male sex 95 (52.5) 30 (42.9) 65 (58.6) 0.04

Weight (kg) 16.0 (13.8-18.1) 18.4 (14.6-22.2) 14.4 (12.0-16.9) 0.07

Baseline eGFR (mLjmin/1.73 m?) 133.3 (1246-142.0) 144.4 (130.2-158.7) 126.3 (115.4-137.2) 0,045
<80 24(13.3) 8(11.4) 16 (14.4) 0.56
80-150 94 (519) 31(44.3) 63 (56.8) 010
>150 63 (34.8) 31 (44.3) 32 (288) 0.03

Comorbidity® 164 (90.6) 62 (88.6) 102 (91.9) 0.46
Malignancy 45 (24.9) 17 (243) 28 (25.2) 089
Chronic cardiac disease 39 (21.6) 12(17a) 27 (24.3) 025
Neurological disease 31(171) 13 (18.6) 18 (16.2) 0.68
Chronic pulmonary disease 25(13.8) 12(17a) 13 (11.7) 030
Receivi mmunosuppressive agent 22(12.2) 11(15.7) 11 (9.9) 024
Chronic liver diseases 17 (94) 7 (10.0) 10 (9.0) 0.82
Others 17 (94) 4(5.7) 13 (11.7) 018

Intensive care unit admission 155 (85.6) 59 (84.3) 96 (86.5) 0.68

Colistin indication
Sepsis/CRBSI/CLABSI 95 (52.5) 40 (571) 55 (49.6) 033
VAP 66 (36.5) 24 (343) 42 (378) 063
Others® 20 (11.0) 6 (8.6) 14 (12.6) 040

Overall colistin duration (day) 92 89 94 0.61

(8.4-10.1) (74-10.5) (8.4-101)

Receiving concomitant nephrotoxic drugs within 3 days 161 (89.0) 61 (87.1) 100 (90.1) 0.54
after colist
IV furosemide 110 (60.8) 37 (52.9) 73 (65.8) 0.08
IV vancomycin 89 (49.2) 42 (60.0) 47 (42.3) 0.02
IV aminoglycosides 31(171) 13 (18.6) 18 (16.2) 0.68
IV amphotericin B 18 (9.9) 2(29) 16 (14.4) 0.01
IV acyclovir or IV ganciclovir 17 (94) 8(1.4) 9(81) 045
Cyclospaorin or tacrolimus 15(83) 7 (10.0) 8(72) 0.51
NSAIDs 1(0.6) o 1(09) 100

No. of concomitant nephrotoxic drugs being prescribed
within 3 days of colistin initiation
None 20 (11.0) 9(129) 11 (9.9) 053
1-2 133 (7355) 50 (71.4) 83 (74.8) 062
=3 28 (15.5) 11 (15.7) 17 (15.3) 094

CLABSI, central line-associated bloodstream infection; CRBSI, catheter-related bloodstream infection; eGFR, estimated glomerular filtration rate; HAP, hospital-associated

pneumoenia; IV, intravenous; LD, loading dose; NSAIDs, nonsteroidal anti.
Data are shown as mean (95% confidence intervals) or n (%).

y drugs; VAP, venti = iated p

* p-Value of t-test for mean; Pearson's chi-square test or Fisher's exact test for proportions.
b Comorbidity summation exceeds 100% owing to some patients having more than one comorbidity.
© Others included urinary tract infection, surgical site infection, and intra-abdominal infection.

93

86



N. Wacharachaisurapol, S. Kawichai, A. Chanakul et al.

39(21.5%) at the 2nd, 3rd, and 4th weeks, respectively. Overall AKI
rates at the 1st week and the 4th week after colistin initiation
among patients with eGFR >80 mL/min/1.73 m? (n = 157) were
20.4% (32/157) and 29.3% (46/157), respectively. Comparisons of
AKI rates between patients receiving or not receiving a colistin
loading dose are shown in Figure 1A and B.

Among 46 patients who developed AKI, stage 1 AKI was the
most commen (n =31, 67.4%). AKI mostly developed within the first
week (n = 32, 69.6%). Seven children died with associated
multiorgan failure, while 39 children recovered from AKI with a
mean time to recovery of 8.7 days (95% Cl, 6.6-10.8 days). No
patient underwent renal replacement therapy.

Among 24 patients with impaired kidney function at baseline,
two (8.3%) developed deteriorated kidney function within the 1st
week after colistin initiation. One of these received peritoneal
dialysis. However, both of them died due to underlying disease
involving complex congenital heart anomalies.

Augmented renal clearance may cause falsely low SCrreadings at
baseline, meaning that our definition of 1.5 times SCr may cause bias
towards a high rate of AKI. Therefore, we analyzed a subset of data
thatincluded only patients with a baseline eGFR of 80-150 mL/min/
1.73 m? (n=94). Overall AKI rates at the 1st week and 4th week after
colistin initiation were 12.8% (12/94) and 21.3% (20/94), respective-
ly. Stage 1 AKI remained the most common (n = 13, 65.0%).
Comparisons of AKI rates between patients receiving or not
receiving a colistin loading dose are shown in Figure 1C and D.

In infants and young children aged 1 month to 2 years, which
formed the majority in this study and seem to be a risk group for
AKI (Table 2), we analyzed the AKI rate using more sensitive
criteria (pRIFLE) and found no significant difference between
KDIGO and pRIFLE in AKI rate (36% vs 40%).

Associated factors of AKI
Comparative analyses between patients with or without AKl are

shown in Table 2. Receiving a colistin loading dose was not
associated with an increase in AKI rate. However, receiving >3

17.9%
12.9%

10%
3.2% H2%
- 0.0% 11%
0% —
Any AKI Stage 1 Stage 2 Stage 3
ReceivingLD, N=62  m Not recelving LD, N295
40% ©
30%
§ 20%
ES 14.3%
97% 9.7% 9,
o I 95%
3.2%
16%
o I 00k gy 00%
Any AKI Stage 1 Sage2 Stage3

Receiving LD, N=31  ® Not receiving LD, N=63

Figure 1. Comparisons ofacute ki
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concomitant nephrotoxic drugs was associated with an increase in
AKI rate.

Treatment outcomes

Of 181 patients, one (0.6%) with impaired kidney function
before colistin initiation received renal replacement therapy.
Twenty patients died within 30 days after colistin initiation,
resulting in a 30-day mortality rate of 11.0%. Ten fatality cases
(50.0%) were associated with MDR-CNB infections (ventilator-
associated pneumonia, n = 7; bloodstream infection, n = 1; intra-
abdominal infection, n = 1; surgical site infection with meningitis,
n = 1), while ten (50.0%) were associated with the underlying
diseases or other infections (congenital heart disease, n = 4;
malignancy, n = 2; cirrhosis with liver failure, n = 1; Pneumocystis
Jjirovecii pneumonia with respiratory failure, n = 2; invasive
pulmonary aspergillosis with pulmonary hemorrhage, n = 1).

Discussion

Our study explored the association between administration of
an intravenous colistin loading dose and AKI rate in pediatric
patients. The rates of AKI within the 1st week were 16.1% and 23.2%
for those who received a loading dose and a standard initial dose,
respectively. Among patients with AKI, two-thirds of cases
occurred within the 1st week, and two-thirds of these were stage
1 AKI, with a reversible condition. The significantly associated
factor for AKI in the pediatric population was concomitant
nephrotoxic drugs.

Nephrotoxicity is known to be a common adverse drug reaction
caused by colistin, with a variety of associated conditions, such as
cylindruria, hematuria, proteinuria, and elevated blood urea
nitrogen or serum creatinine (Falagas et al., 2009b). However,
nephrotoxicity reported in the literature is mostly based on SCr-
associated criteria, including elevation of SCr and a decline in
creatinine clearance or eGFR (Falagas et al., 2009a; Kapoor et al.,
2013; Karbuz et al., 2014; Karli et al., 2013; Paksu et al., 2012;

a0% (8)
31.6%

3% 5%
b 211%
€ 20% 17.7%
ES

0% 81%7.4%

. 3.2%
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Any AKI Stage 1 Stage 2 Stage 3

Recelving LD, N=62  m Not receiving LD, N=95

0% (o)
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. 23.8%
EE Rrrt™ 159%
g
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65% g0 .
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- | -
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Receiving LD, N=31  ® Not receiving LD, N=63

ney injury (AKI)rates between patients receiving or not receiving a colistin loading dose (LD): (A) within the first week after colistin initiation;

(B)within 4 weeks after colistin initiation; (C) withinthe first week after colistin initiation, excluding patients with augmented renal clearance; (D) within 4 weeks after colistin
initiation, excluding patients with augmented renal clearance. There were no significant differences among patients receiving or not receiving LD; all p-values > 0.05. AKl was
staged according to the Kidney Disease: Improving Global Outcomes (KDIGO) serum creatinine criteria.
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Table 2
Association of characteristics at baseline and during intravenous colistin treatment with acute kidney injury in pediatric patients without impaired kidney function at
baseline.
Total ‘With AKI Crude OR p-Value Adjusted OR p-Value
n (%) (95% CI) (95% C1)
Total 157 46 (29.3)
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) 044 1.30 (0.61-2.77) 0.49
Colistin treatment duration in days
1-7 79 23 (291) 1
8-14 50 13 (26.0) 0.84 (0.38-1.86) 067
15=-30 28 10 (35.7) 1.33 (0.53-331) 054
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) 010
Gender
Female 77 21 (273) 1
Male 80 25(312) 1.21 (0.61-2.41) 0.58
Comorbidity
No 16 3(187) 1
Yes 141 43 (30.5) 1.90 (0.52-7.02) 034
Colistin indication
Others* 19 3(158) 1 1
Sepsis/CRBSI/CLABSI 82 22 (26.8) 1.96 (0.52, 7.37) 032 1.87 (0.45-7.73) 039
VAP 56 21 (375) 3.2 (0.83,1230) 0.09 3.62 (0.85-1541) 0,08
No. of concomitant nephrotoxic drugs being prescribed within 3 days of colistin initiation
0 15 1
1-2 116 33(284) 5.57 (0.70-44.04) 010 5.25 (0.63-43.88) 013
=3 26 12 (46.2) 12.00 (1.37-105.13) 0.02 13.99 (149-131.63) 0.02

AKI, acute kidney injury;: Cl, confidence interval; CLABSI, central line-associated bloodstream infection: CRBSI, catheter-related bloodstream infection; OR, odds ratio; VAP,

ventilator-associated pneurnonia.

* Others included urinary tract infection, surgical site infection, and intra-abdominal infection.

Sahbudak Bal et al., 2018; Tamma et al., 2013; Wacharachaisurapol
et al, 2020). In this study. we reported nephrotoxicity as AKI
defined according to the KDIGO SCr criteria. The overall AKI rate
that occurred within the 1st week after colistin initiation was
20.4%. Recently, Kaddourah et al. (2017) conducted a large
(n = 4683) prospective, multinational study of the epidemiology
of AKI in pediatric and young adult ICU patients with a median age
of 66.0 months (IQR, 18.8-151.1 months). The AKI definitions of

Table 3

KDIGO were used. The AKI rate within the 1st week after ICU
admission was as high as 26.9%. Among those with AKI, more than
half (56.9%) were stage 1. In our study, almost all of the patients
(85.6%) were admitted to ICU. Thus, our patients’ status was similar
to that of the patients in the Kaddourah et al. study. The AKI rates
and stage 1 AKI were comparable (20.4% vs 26.9%, p = 0.07 and
15.9% vs 15.3%, p = 0.84). However, severe (stage 2 and stage 3) AKI
was less commeon in our study (4.5% vs 11.6%, p = 0.005).

Comparison of characteristics and reported nephrotoxicity rates among studies of critically ill pediatric patients receiving intravenous colistin.

Study No. of Age” (years) Colistin dose® Duration of colistin®  Nephrotoxicity % Nephrotoxicity definition
patients (mg of CBAJkgjday) (days) (no. of cases)
Nephrotoxicity defined as an increase of SCr to »1.5-2 times baseline
Falagas et al. (2009a) 7 11 (1.2-13) Fixed dose, 2.1 10 (min-max, (1] SCr > 1.5 times
2-23) or > 1.3 mgfdL
Karbuz et al. (2014) 29 (38 14 (0.3-18) 25(17-27) or 12 (2-37) 26(1/38) SCr > 2 times
courses) 50(23-56) or SCr > normal value
Ozsurekci et al. (2016) 64 (73 25(0.7-10.5) NJA 17.0 (12.0-30.0) 4.1 (3/73) SCr > 2 times
courses)
Sahbudak Bal et al. (2018) 94 (104 Median, 4.7 5.0° 125 £ 64 10.5 (11/104) SCr > 1.5 times
courses)
Present study, 2021
Patients with baseline 157 22 (0.8-8.0) 52£07 91 +£59 204° (32/157) SCr > 1.5 times
eGFR > 80 mLjminf1.73 m?
Excluded patients with ARC 94 16 (0.7-6.8) 52£09 89+53 12.8° (12/94) SCr> 1.5 times
Nephrotoxicity defined as a decrease in Clg, or an increase in SCr
Karli et al. (2013) 31 (41 3 (min-max, 03- 49 £ 05" 198 + 103 73 (3)41) Decreased Clg, > 50%
courses) 17.0) or SCr > 1.1 mg/dL
Kapoor et al. (2013) 50 3.0 (01-12) 17-25 Mean, 14.3 10.0 (5/50) Decreased Clg, > 30%
(range, 7-21) or SCr > 2 times
Paksu et al. (2012) 79 (87 25(03-18.0) 2254025 17.2+84 23(2/87) Decreased Cle, > 50%
courses) or SCr > 1.1 mg/dL
Tamma et al. (2013) 92 16 (11-17.5) 5" (non-cystic NJA 22.8 (21/92) Cl, < 60 mLjmin or

fibrosis) or

7.5 (cystic fibrosis)

decrease
in category of clearance

ARC, augmented renal clearance (eGFR > 150 mL{minf1.73 mz): CBA. colistin base activity; Clc,, creatinine clearance; NJA, not available; SCr, serum creatinine.
 Data are shown as mean =+ standard deviation or median (range), or described otherwise.

" No available data on whether it was mg of CBA or colistin methanesulfonate.
© Nephrotoxicity rate within the first week after intravenous colistin initiation.
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The AKI rates reported among pediatric studies evaluating
colistin efficacy and safety ranged from 0 to 22.8% (Falagas et al,
2009a; isgﬂdsr et al,, 2016; Kapoor et al., 2013; Karbuz et al., 2014;
Karli et al., 2013; Paksu et al,, 2012; Sahbudak Bal et al,, 2018;
Tamma et al., 2013), while the rate was found to be as high as 51% in
an adult study (Miano et al.,, 2018). Among pediatric studies, the
differing AKI rates were probably caused by many factors, such as
patient characteristics, number of patients studied, AKI definition,
and colistin dosing. Comparisons of characteristics and reported
nephrotoxicity among studies of pediatric patients receiving
intravenous colistin are shown in Table 3. The overall AKI rates
found in our study appear to be higher than those in previous
studies owing to the stricter AKI definition and the longer AKI
follow-up of up to 4 weeks, during which other causes of AKI could
be significant confounders. None of the previous pediatric studies
reported the association between giving an intravenous colistin
loading dose and AKI rate. However, a review from Vardakas et al.
(2016) reported a range of AKI rates of 15.6-53% among adult
patients receiving a colistin loading dose. In our study, it was found
that giving a colistin loading dose did not increase AKI risk. This is
consistent with some adult studies showing similar findings
(Hassan et al., 2018; Omrani et al., 2015).

For our study, a control group (nen-colistin antibiotics) was not
available. However, Ozsurekci et al. (2016) reported the nephro-
toxicity rates among pediatric patients with MDR or XDR Gram-
negative infection who were treated with colistin and non-colistin
antibiotics. It was found that there was no significant difference
between the two groups. This implied that using colistin did not
increase the AKI risk, which was different from an adult study
showing an AKI rate of 51% in the colistin group versus 22% in the
control group (Miano et al., 2018). The risk factors for nephrotoxi-
city in patients receiving colistin include concomitant nephrotoxic
drugs (e.g., vancomycin, aminoglycosides), liver disease, and low
hemoglobin level (Miano et al, 2018; Rattanaumpawan et al.,
2011). In our study, a number of concomitant nephrotoxic drugs >3
was found to be the significantly associated factor for AKI. AKI
developed mostly within the 1st week after colistin initiation
(69.6% in our study), which was also the case in previous pediatric
studies (90.9-100%) (Sahbudak Bal et al., 2018; Tamma et al., 2013).
The majority of cases were stage 1 AKI, which recovered with
supportive treatment. Tamma et al. reported only 4.8% of AKI
patients needed dialysis (Tamma et al., 2013). No AKI patient in our
study required renal replacement therapy. However, one patient
with impaired kidney function at baseline required peritoneal
dialysis after colistin initiation.

In critically ill patients (e.g., patients with sepsis or burn
injuries), ARC commonly occurs, especially in the first few days of
illness (Blot et al., 2014). ARC can be as high as 10-67% in critically
ill pediatric patients (Huttner et al., 2015; van den Anker et al,,
2017; Van Der Heggen et al., 2019). The effects of ARC could be a
cause of falsely high AKI rates and low plasma antibiotic
concentrations (Huttner et al., 2015; van den Anker et al.,, 2017;
Van Der Heggen et al., 2019; Wacharachaisurapol et al., 2020), as
well as ARC-enhanced excretion of serum creatinine and drugs as
compared with the baseline owing to glomerular hyperfiltration.
The definition of AKI according to the KDICO SCr criteria is based
on a comparison of follow-up vs baseline SCr. The baseline SCr is
probably falsely low owing to ARC. This could lead to a falsely high
AKI rate. In our study, the baseline SCr used might not have been
the true baseline for the patients because it was measured at the
start of the illness. In consideration of this issue, a subgroup
analysis was performed by excluding patients with probable ARC
(eGFR > 150 mL/min/m?). The overall AKI rate within the 1st week
after colistin initiation fell from 20.4% to 12.8%. Concerning the ARC
effect on antibiotic levels, the colistin dose recommended by the
manufacturer (no loading dose recommended) (US FDA, 2017) for
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pediatric patients may not be adequate, especially in a setting with
a high prevalence of MDR-GNB with increased colistin MIC (Ooi
et al., 2019; Wacharachaisurapol et al., 2020), as in our setfing.
Even though the MIC distribution in our study showed that all 24
isolates with colistin MIC results were colistin-susceptible, based
on a susceptibility breakpoint of €2 mg/L, as recommended by the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (Tsuji et al., 2019), 37.5% were on the cut-off. Moreover,
the colistin Etest can produce very major errors (false susceptibility
results) of up to 12% for Enterobacteriaceae and 33% for
P. aeruginosa and A. baumannii. Broth microdilution, which is
the reference method, should be used for evaluating colistin MIC
(Chew et al,, 2017; Matuschek et al., 2018).

The current treatment guidelines on using polymixins endorsed
by the American College of Clinical Pharmacy (ACCP), Infectious
Diseases Society of America (IDSA), International Society of Anti-
Infective Pharmacology (ISAP), Society for Critical Care Medicine
(SCCM), and Society of Infectious Diseases Pharmacists (SIDP)
recommends administering an intravenous colistin loading dose in
adult patients to improve drug exposure (Tsuji et al, 2019).
Without a loading dose, colistin may take many hours or even days
to achieve a steady-state level, especially in critically ill patients
(Plachouras et al., 2009). Karageorgos et al. conducted a systematic
review on intravenous colistin use for infections due to MDR-GNB
in critically ill pediatric patients, and suggested that the absence of
a loading dose may have an association with mortality (Kar-
ageorgos et al,, 2019). From our previous pharmacokinetic study of
intravenous colistin, the median Cayerage after giving a loading dose
reached the desired level of =2 mg/L, which improved drug
exposure (Wacharachaisurapol et al., 2020).

Our study has several strengths. It is the first to describe and
comparing AKI rates in pediatric patients who were prescribed or
were not prescribed a colistin loading dose. The time for AKI
follow-up was up to 4 weeks. The overall AKI rate was similar to the
rate reported in a large study conducted in pediatric ICU patients.
Giving a colistin loading dose did not increase the AKI risk. The
associated factors for AKI were also identified.

This study also has some limitations. First, the findings cannot
be generalized to the age groups outside the study population, for
example in infants <1 month of age. Second, there was no control
group of patients who were not prescribed colistin. Thus, the exact
AKI rate caused by colistin could not be identified.

In conclusion, the results of this study showed that giving a
colistin loading dose of 4-5 mg of CBA/kg/dose did not increase AKI
risk. The significant associated factor for developing AKI was
receiving >3 concomitant nephrotoxic drugs. AKI monitoring
using serum creatinine is suggested especially for the first week
after colistin initiation, since most AKI cases developed within this
period.
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Abstract

Objectives: We aimed to describe population pharmacokinetics of intravenous colistin use in
children and propose optimal dosage regimens.

Methods: A prospective, multicenter, population pharmacokinetic (PPK) study was conducted.
Phoenix™ 64 version 8.3 was used for PPK analysis. Simulations were performed to estimate the
probability of target attainment of patients achieving target plasma colistin average steady-state
concentrations (Css avg).

Results: A total of 334 plasma colistin concentrations were obtained from 79 pediatric patients
with a median age (interquartile range) of 2.6 years (0.8—6.8 years): 73 (92.4%) were admitted to
intensive care units. Colistin pharmacokinetics were adequately described by a one-compartment
model with first-order elimination along with serum creatinine (SCr) as a significant covariate on
colistin clearance. The simulation demonstrated that the recommended dose of 5 mg of colistin
base activity (CBA)/kg/day resulted in 18.2—63.0% probability to achieve a target Css.ave of 2 mg/L.
With a lower targeted Cssave of 1 mg/L, colistin dosing with 7.5 and 5 mg of CBA/kg/day were
adequate for children with SCr levels of 0.1-0.3 and >0.3 mg/dL, respectively.

Conclusions: SCr is a significant covariate on colistin clearance in children. Colistin dosing
should be selected regarding the patient’s SCr level and the desired target Ces ave.

Keywords: Colistin; Pharmacokinetics; Pediatrics; Multidrug-resistant bacteria
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Introduction

The global burden of multidrug-resistant Gram-negative bacteria (MDR-GNB) is
mncreasing rapidly (World Health Organization, 2017). In Thailand, the rates of carbapenem-
resistant Gram-negative bacteria are as high as 60% of Acinetobacter baumannii, 30% of
Pseudomonas aeruginosa, and 10% of Klebsiella pneumoniae (National Antimicrobial Resistance
Surveillance Center of Thailand (NARST), 2021). The treatment of carbapenem-resistant Gram-
negative bacteria requires use of a combination of antibiotics, including colistin. Currently, colistin
is available in a prodrug formulation, colistimethate sodium, also known as colistin
methanesulfonate (CMS) (Falagas and Kasiakou, 2006). CMS dosage is currently recommended
at 2.5—5 mg of colistin base activity (CBA)/kg/day (European Medicines Agency, 2014, US FDA,
2017) and is weight-based derived from adult studies (Oot et al., 2019, US FDA, 2017) due to the
paucity of pharmacokinetic (PK) data in children at the time. Recently, studies of colistin
pharmacokinetics in both neonates (Nakwan et al., 2016), infants and older children
(Antachopoulos et al., 2010, Oot et al., 2019, Wacharachaisurapol et al., 2020) were published.
The main limitation of these studies was the relatively small study participant sizes. Some studies
used non-compartmental analyses, thus it was not possible to identify covariates influencing PK
parameters (Nakwan et al., 2016, Wacharachaisurapol et al., 2020). High interindividual variability
of PK parameters have also been observed from a population pharmacokinetic study of 5 pediatric
patients (Ooi et al., 2019). However, all studies highlighted that the currently recommended dose
of colistin results in subtherapeutic plasma colistin concentrations when the target plasma colistin
average steady-state concentration (Css.avg) is 2 mg/L. This target Css ave has been proposed for the
treatment of MDR-GNB with a colistin MIC of <2 mg/L in both adults and pediatric patients
(Nation et al., 2017, Ooi et al., 2019). The objectives of this study were to develop a population
PK (PPK) model of intravenous colistin use in pediatric patients, identify covariates influencing
PK parameters, and generate an optimized colistin dose recommendation taking into account
significant covariates.
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Materials and methods
Study design

This study was a prospective, multicenter, population pharmacokinetic study. Patients were
recruited from two tertiary care hospitals in Bangkok, Thailand, King Chulalongkorn Memorial
Hospital (KCMH), Chulalongkorn University, and the Queen Sirikit National Institute of Child
Health (QSNICH), Department of Medical Services, Ministry of Public Health. Eligibility criteria
for enrollment included (i) age 1 month to 12 years and (ii) suspected or proven MDR-GNB
infection requiring colistin administration. Patients with a body weight of <3 kg, those receiving
renal replacement therapy (RRT) or extracorporeal membrane oxygenation (ECMO) were
excluded. Ethical approval to conduct the study was obtained from the Institutional Review Board
of both clinical research sites. Written informed consent was obtained from parents of all patients.
Written informed assent was obtained from patients aged >7 years if appropriate. This study was
registered at the Thai Clinical Trials Registry, registration number TCTR20180526001
(http://www.clinicaltrials.in th).

Colistin administration

Formulation of colistin injections used in this study were CMS including Mellistin™
injection (equivalent to 150 mg of CBA/vial), Siam Pharmaceutical Co. Ltd., Bangkok, Thailand
(KCMH), and Colistin-150™ injection (equivalent to 150 mg of CBA/vial), Universal Medical
Industry Co. Ltd., Bangkok, Thailand (QSNICH). Colistin in the form of CMS was prescribed
using mg of CBA. A colistin loading dose of 4 mg of CBA/kg and a maintenance dose of 5 mg of
CBA/kg/day divided into 12-h intervals with 30-min intravenous infusion per dose were suggested.
However, colistin prescription decisions were ultimately decided by the attending physician.

Blood sampling

For patients between ages | month to 2 years, 2 (body weight <5 kg) or 3 blood samples
were collected after the first dose or at steady state. For patients aged =2 years, 3 blood samples
were collected after the first dose and/or at steady state. Timing for blood sample collection was
0.5-1h, 2—4 h, 6-12 h post-dose.

Determination of colistin concentrations in plasma

Formed colistin (colistin A + colistin B) in plasma was measured at the Clinical
Pharmacokinetics and Pharmacogenomics Research Unit, Department of Pharmacology, Faculty
of Medicine, Chulalongkorn University by using a validated liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method as described previously (Wacharachaisurapol et al., 2020).
The validated assay range of formed colistin was 0.1-6.4 mg/L. Plasma samples that exceeded
colistin from the validated range were further diluted, followed by repeat determination.

Data analysis

Demographic, clinical, and microbiological data were summarized as frequencies and
percentages for categorical data, and medians with interquartile ranges (IQR) for continuous data.

Population pharmacokinetic analyses and simulation

Plasma colistin concentration data were pooled from the current study and a previous study
(20 patients, 7-8 plasma colistin concentrations per patient, the sampling time points: 1, 2,4, 8, 12
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(only for patients who were prescribed colistin every 12 h), 24, 48, and 72 h after initial dose)
(Wacharachaisurapol et al., 2020) to form a data set for population pharmacokinetic analysis.

Software

PPK analyses and simulation were performed using Phoenix™ version 8.3. A nonlinear
mixed-effects model was developed using the first-order conditional estimation-extended least-
squares (FOCE ELS) method.

Base model

The population base model was parameterized in terms of clearance (CL) and volume of
distribution (V). One- and two-compartment models with first-order elimination were tested in the
structural model screening. The interindividual variability (IIV) was described using an
exponential error model. To calculate residual variability (RV) of the parameters, the additive,
proportional, and additive with proportional residual error models were tested.

Covariate model

Potential covariates were considered including age, sex, serum creatinine (SCr), estimated
glomerular filtration rate (eGFR) calculated using the modified Schwartz formula (Schwartz et al.,
2009), and serum albumin. Covariates were screened using a stepwise approach. During the
forward addition step, covariates were added to the model. Significant covariates in this step were
defined by a reduction of twice the negative log likelihood (-2LL) =6.635 (P <0.01). All covariates
that met the criteria were included in the full model. A backward elimination step was then 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 >10.828 (P < 0.001) during
backward elimination.

Model evaluation

Goodness-of-fit plots were performed to qualify the final model. The stability of the final
model was evaluated using the non-parametric bootstrap method (1000 replicates). Median values
of estimated parameters with 95% confidence interval (CI) from the bootstrap method were
compared with those estimated from the original dataset. A prediction-corrected visual predictive
check (pcVPC) was used for internal model validation. One thousand simulation replicates of the
original data set were performed with the final model. The 5%, 50%, and 95® percentiles with a
90% CI of them were calculated. The observed concentrations were then plotted against time after
dose (TAD) and the observed concentrations were compared with the distribution of simulated
data.

Simulation of target attainment across doses

Regarding parameter estimates from the final PPK model. a set of CL (10,000 replicates in
each clinical scenario) was simulated. The ITIV and RV 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 Cssavz was calculated using
simulated CL as follows,

Css.aveg (mg/L) = 24-h area under the curve (AUC24n) (mg/L*h)/24 (h), when AUC24n= dose
per day (mg/kg)/CL (L/kg*h)

96



158
159

The probability of target attainment (PTA) was predicted across the target Css.avz 0f 0.25, 0.5, 1.0,
2.0, and 4.0 mg/L.

97



160

177
178
179
180
181
182
183
184
185

186

187

188
189
190

191

192
193
194
195
196
197
198
199

200

Results
Patient demographics

From March 2018 to February 2021, 59 patients were enrolled (19 from KCMH, 40 from
QSNICH). Data were pooled with 20 patients from a previous study (Wacharachaisurapol et al.,
2020), a total of 79 patients were eligible for PPK analysis. Of these patients, 39 (49.4%) were
male, median age was 2.6 years (IQR, 0.8—6.8 years); 61 (77.2%) had comorbidities; 73 (92.4%)
were admitted in intensive care units (ICU). Colistin was prescribed for the treatment of ventilator-
associated pneumonia (VAP) in 53 (67.1%) patients; sepsis or bloodstream infections in 24
(30.4%); and others in 8 (10.1%). Gram-negative bacteria of interest were isolated from 34 (64.2%)
patients with VAP (4. baumannii =27, 79.4%: Enterobacteriaceae = 5, 14.7%: P. aeruginosa =2;
5.9%); 8 (33.3%) patients with sepsis or bloodstream infections (4. baumannii = 5;
Enterobacteriaceae = 3); and 5 (62.5%) patients with other diagnoses (4. baumannii = 2;
Enterobacteriaceae = 2; P. aeruginosa = 1). Carbapenem-resistant strains were 85.3%, 40%, and
1/3 of A. baumannii, Enterobacteriaceae (Escherichia coli, K. pneumoniae, and Enterobacter
spp.), and P. aeruginosa, respectively. Patient demographics are summarized in Table 1.

Development of the population pharmacokinetics model

A total of 334 plasma colistin concentrations (187 from the current study; 147 from a
previous study) were obtained for PPK modeling. The PK characteristics of colistin were
adequately described by the one-compartment model with first-order elimination. The IIV and RV
were well described by the exponential model and the proportional residual error model,
respectively. For the covariate model, adding SCr and eGFR on CL significantly reduced -2LL for
>6.635 in the forward addition step. However, SCr on CL (CL-SCr) resulted in the most reduction
of -21LL (32.147 versus 17.805). CL-SCr was used for further addition steps. No further addition
was found to reduce -2LL for >6.635. In the backward elimination step, SCr was removed from
the model. It was found that -2LL increased by 32.147 (>10.828). SCr effect on CL was retained
in the final model. The final PPK model was as follows:

V (L/kg) = 6v = exp (V)
CL (L/kg*h) = 0cr x SCr ® x exp (nc1)

B and B¢ are the typical values of V and CL, respectively. 0: is the correction factor of
SCr. nv and mcr are the ITIV of V and CL, respectively. The details of Ov, fct, and 61 are
summarized in Table 2.

Model evaluation

The goodness-of-fit plots performed for the base and final PPK model are shown in Figure
1 and 2. Compared with the base model, the final model showed no obvious bias or significant
trends within the plots of individual-predicted concentrations (IPRED) (Figure 1 C) and
population-predicted concentrations (PRED) (Figure 1 D) versus observed concentrations (DV),
and data fitting was considerably improved. In the plots of conditional weighted residuals
(CWRES) versus PRED (Figure 2 C) and TAD (Figure 2 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.

A 1000-run times bootstrap analysis was performed with no failure and demonstrated
robustness of the final PPK model. The parameter estimates from the original data set were similar
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to median values and within the 95% CI range of bootstrap results. A summary of the bootstrap
details 1s shown in Table 2.

A prediction-corrected visual predictive check of plasma colistin concentrations versus
TAD is shown in Figure 3. Most of the observed 5%, 50", and 95 quantiles distributed within the
90% CI of the predicted corresponding quantiles, indicating the precision of the final model.

Stmulation of target attainment across doses

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 PTA was predicted across target Css.ave 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 30-min intravenous infusions and 5 different SCr levels. The
results of PTAs are summarized in Table 3. It was demonstrated that the dose of 5 mg of
CBA/kg/day recommended by the European Medicines Agency (EMA) and United States Food
and Drug Administration (US FDA) would lead to an unacceptable PTAs of less than 80% across
all SCr ranges in this study when the target Cs.ave was 2 mg/L. Patients with lower SCr require a
higher dose compared with those with higher SCr. However, with a lower target Css.ave 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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Discussion

This study aimed to describe 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 significant covariates. To the best
of our knowledge, this is the largest study on this issue to date. Seventy-nine patients were enrolled
in the analysis. Almost all were critically ill and admitted to ICUs. Two-thirds of them were treated
with colistin for ventilator-associated pneumonia and one-third for bloodstream infections. The
currently recommended dose of colistin is insufficient to reach a target Cssavg of 2 mg/L. Serum
creatinine is a significant covariate of colistin apparent clearance. Thus, colistin in the form of
CMS should be prescribed in accordance with SCr levels.

The one-compartment model with first-order elimination best describes the PK behavior of
intravenous colistin in this study, which is consistent with previous PPK studies in adults
(Garonzik et al., 2011, Gregoire et al., 2014, Karaiskos et al., 2015, Kristoffersson et al., 2020,
Mohamed et al., 2012, Nation et al., 2017, Plachouras et al., 2009) and pediatrics (Antachopoulos
et al., 2021, Ooi et al., 2019). PK parameters were estimated from the final model with good
shrinkage; significant covariate was identified to lessen IIV. Many PPK studies in adults have
reported that creatinine clearance (CrCl) affects the apparent CL of formed colistin (Falagas et al.,
2009, Garonzik et al., 2011, Karaiskos et al., 2015, Kristoffersson et al., 2020, Nation et al., 2017)
even though it is mainly eliminated by non-renal pathways. This has also been observed in a PPK
study in pediatric patients (Ooi et al., 2019). This occurs due to the fact that CMS is mainly
eliminated renally, and therefore accumulates in patients with decreased CrCl. The excess CMS is
converted to colistin (Li et al., 2006). Blood urea nitrogen, a kidney biomarker, has also been
identified as a covariate of colistin CL in one adult study (Gregoire et al., 2014). It is not surprising
that SCr was identified as a significant covariate on colistin CL in this study. Although both SCr
and eGFR affected colistin CL in the covariate searching process, SCr was selected and retained
in the final model for statistical criteria due to it being a directly measured rather than calculated
variable thus being less likely to be interfered by other factors. Unlike SCr which is measured
directly in a blood sample, eGFR needs to be calculated using SCr and height or length. Measuring
the height or length in critically ill pediatric patients in bed or infants and young children <2 years
of age in a lying position could cause inaccurate results (Carsley et al., 2019, Rasouli et al., 2018).
SCr level is correlated with body weight, and gestational age in young infants (Muhari-Stark and
Burckart, 2018). Without kidney impairment, lower SCr levels may tie with younger children who
have a higher volume of distribution. Although the association of age and volume of distribution
could not be demonstrated in this study, it is known that younger children with a higher volume of
distribution had lower plasma colistin levels (Wacharachaisurapol et al., 2020). Low SCr level
may occur during pathophysiologic changes such as augmented renal clearance (ARC). ARC is
found in up to 10—67% of critically ill pediatric patients (Huttner et al., 2015, van den Anker et al.,
2017, Van Der Heggen et al., 2019). ARC could cause enhanced excretion of serum creatinine and
drugs owing to glomerular hyperfiltration. Pediatric PPK studies report that the volume of
distribution of formed colistin is related to body weight (Antachopoulos et al., 2021, Ooi et al.,
2019), however, this was not observed in the current study. A possible explanation is that we used
colistin dosing which was normalized by body weight in the modeling process. The plausibility of
body weight on PK parameters was eliminated and made our final model simpler.

Cssave 0f 2 mg/L has been proposed as an initial target concentration for the bloodstream and
some other infections when the colistin MIC is <2 mg/L (Nation et al., 2017). This target also
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seems appropriate for pediatric patients (Ooti et al., 2019). The EMA and US FDA recommend a
colistin dose of 2.5-5 mg of CBA/kg/day in children (European Medicines Agency, 2014, US
FDA, 2017). 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. (Ooi et al., 2019) 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 a colistin dose of 6.6 mg of CBA/kg/day. The median Css ave was only 0.88 mg/L, with
wide interindividual variability. More recently, Antachopoulos et al. (Antachopoulos et al., 2021)
published a PPK study of 17 ecritically ill pediatric patients with a median age of 3.3 years (range
3 months to 13.75 years). The colistin doses used 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. A wide range of the Csxavg of
1.11-8.47 mg/L (median 2.92 mg/L) was observed. Only ten (58.8%) patients achieved Css avg of
>2 mg/L. 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, almost all recommendations suggest colistin is
prescribed in combination with other antibiotics (Hsu and Tamma, 2014, Nation et al., 2017). This
approach might improve clinical outcomes even if the colistin level is below the desired level. In
vitro studies demonstrated synergistic effects of carbapenems and colistin against carbapenem-
resistant 4. baumannii (meropenem + colistin) and carbapenem-resistant K. pneumoniae
(doripenem + colistin) (Deris et al., 2012, Liu et al., 2016). A combination of doripenem and
colistin at high dosage regimens also suppressed colistin-resistant and colistin-heteroresistant
strains of K. pneumoniae. However, other antibiotics such as amikacin (if sensitive), or newer
antibiotics such as cefiderocol may be preferable options when treating MDR-GNB with a colistin
MIC of =2 mg/L.

A Cusavg of <2 mg/L. may be appropriate when the MIC of a 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 in guiding appropriate targets for individual
mnstitutions. Actual MIC by a proper method (such as broth microdilution) should be obtained. A
dose adjustment could be considered following recommendations from this study. For example,
during 2019-2020, 45 clinical isolates of 4. baumannii from KCMH pediatric patients were
obtained for colistin MIC (unpublished 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%. An initial target Cssave of 1| mg/L
would be appropriate. At this target Cssave, an initial dose of 7.5 mg of CBA/kg/day may be
adequate for patients with a SCr of 0.1-0.3 mg/dL while 5 mg of CBA/kg/day may be adequate
for patients with higher SCr values.

Although a concern with use of higher doses of colistin is potential nephrotoxicity, in
practice this is less frequently observed in pediatric patients compared to adults. Some pediatric
studies report using a colistin dose of =5 mg of CBA/kg/day. losifidis et al. (Iosifidis et al., 2010)
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 prescribed in 5 courses without nephrotoxicity
(nephrotoxicity definition: elevation of SCr values beyond the estimated normal range for the
patient’s age group). None experienced acute kidney injury in Qoi et al. (Ooi et al., 2019). One out
of 17 patients in Antachopoulos et al. (Antachopoulos et al., 2021) who was administered with
colistin 9.9 mg of CBA/kg/day had an elevated SCr level. However, the author concluded that
kidney impairment in this patient may have occurred due to the patient’s comorbidity of rapidly
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progressing Burkitt lymphoma. This patient also received concomitant nephrotoxic agents
(gentamicin and teicoplanin).

Our study has several strengths. It is, to our knowledge, the largest population
pharmacokinetic study of intravenous colistin in pediatric patients to date. A wide range of ages
of patients including infants were enrolled in the study. It has provided the first available pediatric
dose suggestions of colistin regarding a significant covariate. This study also had some limitations.
Firstly, because it did not include eGFR as a covariate in its model, its use in recommending dose
adjustments in accordance with this parameter is limited. Secondly, the findings cannot be
generalized to age groups outside the study population, especially for infants <1 month of age
whom have different pharmacokinetic patterns. Thirdly, patients with severe kidney impairment
or those undergoing RRT or ECMO were not included in this study, the appropriate dose for
suchconditions cannot be recommended based on our study findings. Finally, the results from
simulation and the relationship between pharmacokinetics and pharmacodynamics (efficacy and
safety) were not explored.

The remaining research gaps that are needed for further study include (i) the efficacy and
safety of higher recommended doses from simulations in children (ii) the appropriate dose of
colistin for special populations such as neonates, pediatric patients with impaired kidney function,
or those undergoing 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 a target Css ave
of <1 mg/L, this dose may be adequate only for patients with SCr level of >0.3 mg/dL, and a higher
dose of 7.5 mg of CBA/kg/day may be required for the patients with lower SCr levels.
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462  Table1

463  Patient demographics.

Characteristics, N =79 Results?
Age, years 2.6(0.8-6.8)
Male sex 39 (49.4)
Weight, kg 12.0(7.4-20.0)
Height or length, cm 90.0 (68.0-113.0)
Baseline eGFR, mL/min/1.73 m’ 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)
Comorbidities 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(s) 7(8.9)
Others 4(5.1)
Intensive care unit admission 73(92.4)
Colistin loading dose received® 38 (48.1)
Colistin maintenance dose, mg of CBA/kg/day 5.0 (4.9-5.0)
Colistin indication®
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.
# Data are shown as count (%) or median (interquartile range).
® Colistin methanesulfonate 4-5 mg of CBA/kg/dose.
©Some patients were diagnosed with >1 clinical syndromes.
464
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465  Table 2

466  Population pharmacokinetic parameter estimates of intravenous colistin in pediatric patients and
467  bootstrap evaluation.

Parameters Base model Final model Bootstrap (N = 1000)
parameters parameters
Estimate %RSE  Estimate %RSE  Median 2.5® 97.5®
percentile percentile
OcL, L’kg*h 0.137 7.99 0.069 18.40 0.069  0.048 0.097
Bv, L'kg 0.699 7.68 0.658 6.84 0.657  0.579 0.752
0, NA NA -0.530 -20.75 -0.533 -0.753 -0.318
Interindividual variability
@cL 0.449 19.60 0.337 20.42 0.330
(shrinkage) (6.33%) (4.81%)
o> 0.233 29.16 0.301 21.92 0.295
(shrinkage) (22.9%) (10.44%)
Residual variability
Oprop 0.319 7.71 0.306 6.72 0.304  0.265 0.341

CL, clearance; RSE, relative standard error; V, volume of distribution, 8v, typical value of V;
Ocr, typical value of CL; 61, the correction factor of serum creatinine; v, variance of
interindividual variability for V; m’c, variance of interindividual variability for CL; Gprep,
residual error for the final model.
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Table 3

Probability of target attainment of intravenous colistin using various doses and serum creatinine
levels (N = 10,000 replicates per clinical scenario).

Serum creatinine Colistin dose Probability of target attainment (%)
(mg/dL) (mg CBA/kg/day)®  Target Cssave (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 99.7 933 61.3 18.8
.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 66.6 236
10 100 100 98.2 82.7 40.2
12.5 100 100 99.4 914 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; Cssave, average plasma colistin concentration at the steady-state.
* Divided into 12-h intervals and 30-min intravenous infusion per dose.
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Figure 1. Goodness-of-fit plots for the base model (A and B) and the final model (C and D).
(A and C) Observed concentrations (DV) versus individual-predicted concentrations (IPRED);
(B and D) DV versus population-predicted concentrations (PRED).
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(A and C) Conditional weighted residuals (CWRES) versus population-predicted

concentrations (PRED); (B and D) CWRES versus time after dose (TAD). The blue line 1s the
trend line, and the red lines are the trend lines of absolute CWRES.

Figure 2. Goodness-of-fit plots for the base model (A and B) and the final model (C and D).
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Figure 3. Prediction corrected-visual predictive check of the final model. The observed colistin
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represent the 90% confidence intervals for corresponding percentiles.
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