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Abstract
Background The combination of polymyxins, meropenem, and sulbactam demonstrated efficacy against multi-drug-resistant bacillus 
Acinetobacter baumannii. These three antibiotics are commonly used against major blood, skin, lung, and heart muscle infections.
Objective The objective of this study was to predict drug disposition and extrapolate the efficacy in these tissues using a 
physiologically based pharmacokinetic modeling approach that linked drug exposures to their target pharmacodynamic 
indices associated with antimicrobial activities against A. baumannii.
Methods An adult physiologically based pharmacokinetic model was developed for meropenem, colistin, and sulbactam 
and scaled to pediatrics accounting for both renal and non-renal clearances. The model reliability was evaluated by compar-
ing simulated plasma and tissue drug exposures to observed data. Target pharmacodynamic indices were used to evaluate 
whether pediatric and adult dosing regimens provided sufficient coverage.
Results The modeled plasma drug exposures in adults and pediatric patients were consistent with reported literature data. 
The mean fold errors for meropenem, colistin, and sulbactam were in the range of 0.710–1.37, 0.981–1.47, and 0.647–1.39, 
respectively. Simulated exposures in the blood, skin, lung, and heart were consistent with reported penetration rates. In a 
virtual pediatric population aged from 2 to < 18 years, the interpretive breakpoints were achieved in 85–90% of subjects for 
their targeted pharmacodynamic indices after administration of pediatric dosing regimens consisting of 30 mg/kg of merope-
nem, and 40 mg/kg of sulbactam three times daily as a 3-h or continuous infusion and 5 mg/kg/day of colistin base activity.
Conclusions The physiologically based pharmacokinetic modeling supports pediatric dosing regimens of meropenem/colis-
tin/sulbactam in a co-administration setting against infections in the blood, lung, skin, and heart tissues due to A. baumannii.
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Key Points 

Physiologically based pharmacokinetic modeling evalu-
ated drug exposures of meropenem, colistin, and sul-
bactam in major body tissues including the blood, heart, 
lung, and skin for pediatric dosing regimens. The efficacy 
in these tissues was extrapolated by linking drug expo-
sures to their target pharmacodynamic indices associated 
with antimicrobial activities against a Gram-negative 
bacillus using Acinetobacter baumannii as an example.

The results confirm that pediatric weight-based dos-
ing regimens of the three antibiotics used clinically are 
expected to provide adequate drug exposures required for 
their antimicrobial activities.

This physiologically based pharmacokinetic/pharmaco-
dynamic analysis of antibiotic exposures in the major 
body tissues where the relevant infection occurs supports 
a paradigm for evaluating optimal dosing of antimicro-
bial agents in pediatric patients at the site of infection.
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1 Introduction

Overuse of antibiotics worldwide has led to the emergence 
of multidrug-resistant (MDR) bacteria. Many antibiotics 
in monotherapy use are no longer efficacious against MDR 
bacteria [1]. This problem has led to a renewed interest in 
colistin and polymyxin-B, which were discovered in 1949 
but have not been frequently used since the 1980s, primar-
ily because of nephrotoxicity [2, 3]. As a way to reduce its 
toxicity, colistin is administered as colistin methanesulfonate 
(CMS), which is spontaneously hydrolyzed to the active 
drug colistin in vivo [4, 5].

Adaptive resistance to polymyxins in Gram-negative bac-
teria has complicated the clinical use of polymyxins [6]. 
Consequently, the combination of colistin with other anti-
biotics has become a routine treatment practice. The treat-
ment regimen consisting of a combination of a carbapenem, 
CMS, and ampicillin/sulbactam has been associated with a 
lower mortality rate in patients with mostly ventilator-asso-
ciated pneumonia caused by colistin-resistant A. baumannii 
infection [7]. Acinetobacter baumannii can cause serious 
nosocomial infections resulting in a high mortality rate from 
endocarditis, pneumonia, and skin and bloodstream infec-
tions. These infections often occur during invasive surgery 
and in intensive care units [8, 9]. Synergistic activities of 
sulbactam/meropenem/polymyxin-B against pan-resistant A. 
baumannii have been demonstrated using in vitro simulated 
drug concentrations similar to that in the blood [10, 11].

Many infections occur in tissues other than the blood. 
While the efficacy of antibiotics is dependent on drug expo-
sure at the site of infection, it is difficult to obtain tissue drug 
concentration–time profiles from humans. Physiologically 
based pharmacokinetic (PBPK) modeling provides a non-
invasive alternative to evaluate drug efficacy in the tissues 
where the infection occurs.

This study aimed to investigate drug exposure in the 
blood and major tissues including the lung, skin, and heart 
for pediatric dosing regimens of sulbactam/meropenem/
colistin combination therapy. The three antibiotics have been 
indicated for infections related to these organs. The pharma-
cokinetics of meropenem, colistin, and sulbactam have been 
reported in pediatrics [12–14], but drug concentrations in 
the body tissues of corresponding antibiotics are lacking. 
In this report, we use PBPK modeling linked to pharmaco-
dynamic (PD) attainment as an exposure-based PD evalu-
ation to explore whether sufficient drug exposure has been 
achieved in these organs. The goal is to establish a rationale 
for pediatric dosing regimens of meropenem/colistin/sul-
bactam. The current pediatric dosing recommendation for 
colistin is 2.5–5 mg/kg/day of colistin base activity (CBA, 
administered as CMS) in combination with other antibiotics 
[15]; for meropenem, the recommendation is 20–40 mg/kg 

intravenously every 8 h (q8h) [16]; and for sulbactam pedi-
atric doses, it ranged from 12.5 to 40 mg/kg intravenously 
every q8h [14, 17].

2  Materials and Methods

2.1  Clinical Data Used for PBPK Model Development 
and Evaluation

Web of science and PubMed databases were used to search 
for the pharmacokinetic profiles and exposure parameters of 
meropenem, colistin, and sulbactam. The literature contain-
ing demographic information such as sex, age, weight, and 
renal function, as well as dosing regimen and drug expo-
sures were collected. Key parameters for the PBPK model 
were optimized according to reference information. The 
plasma drug concentration–time profiles from the literature 
were extracted using WebPlotDigitizer (version 4.5 https:// 
autom eris. io/ WebPl otDig itizer) for meropenem, colistin, and 
sulbactam.

Systemic exposures from single-dosing and multiple-
dosing regimens of meropenem, colistin, and sulbactam via 
an intravenous bolus or infusion in healthy volunteers and 
patients were used to develop and evaluate the adult PBPK 
model. After scaling, the adult model to the pediatric popu-
lation, the pediatric PBPK models of these antibiotics were 
validated with data extracted from the literature.

2.2  Development of the Adult PBPK Model

The adult PBPK models of meropenem, colistin, and sul-
bactam were developed using PK-Sim® (Version 10.0; part 
of the Open Systems Pharmacology Suite, www. open- syste 
ms- pharm acolo gy. com). Drug pharmacokinetic (PK) mod-
els utilized a whole-body PBPK model with each tissue 
described as perfusion rate-limited kinetics assuming both 
renal and non-renal clearances [18, 19]. All tissues were 
assumed to be well-stirred compartments that equilibrated 
instantaneously with the plasma; the distribution of the 
drug into the tissue is governed by the blood flow rates. The 
physicochemical characteristics and physiological param-
eters for meropenem, colistin, and sulbactam are listed in 
Table 1. Tissue-to-plasma partition coefficients were com-
puted using the Rodgers and Rowland [20] and Rodgers et al. 
[21] method; standard deviations of the partition coefficients 
were adjusted by comparing the inter-individual variability 
in drug tissue exposures to that reported in the literature. 
Demographical information such as age, sex, weight, and 
height, as well as dosing regimen and plasma concentra-
tion–time profiles (Tables S3–S5 of the Electronic Sup-
plementary Material [ESM]), were utilized in the model 
development. The dosing regimens for the three drugs used 

https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
http://www.open-systems-pharmacology.com
http://www.open-systems-pharmacology.com
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for the model development were as follows: 240 mg for 
colistin methanesulfonate (~ 90 mg of CBA), 500 mg for 
meropenem, and 500 mg for sulbactam as a 0.5-h infusion. 
Additional adult dosing regimens by renal function listed 
in Table S1 of the ESM were simulated to compare PBPK 
simulations to that of population PK models. Details of the 
population PK models are provided in the ESM and their 
parameters are listed in Table S2 of the ESM.

Meropenem is a broad-spectrum carbapenem whose 
antimicrobial activity is mediated by binding to penicillin-
binding proteins to inhibit the synthesis of the cell wall 
[22]. The model-predicted pharmacokinetic characteristics 
of meropenem in adults were compared to the literature 
[23–25]. Approximately 70% of the meropenem is recov-
ered unchanged in the urine, indicating that the elimination 
of meropenem is primarily cleared by the renal elimination 
pathway including glomerular filtration and renal tubular 
secretion. Organic-anion transporters 1 and 3 expressed in 
renal tubules mediated the transport of meropenem. The 

other 20–34% of meropenem total clearance is eliminated 
by hydrolysis of the beta-lactam ring by dehydropeptidase I 
to its only inactive metabolite; biliary clearance is involved 
following meropenem metabolism [25, 26]. Renal clearance 
was 2.3 mL/min/kg; dehydropeptidase I was applied as a 
first-order process with a value of 20 mL/min; and biliary 
clearance was 6.5 ×  10−4 mL/min/kg. Meropenem is rela-
tively unstable in the aqueous solution, with the concentra-
tion dropping to 90% within 6 h at 33 °C [27]. The rate of 
this spontaneous hydrolysis in the blood is considered much 
slower than its renal clearance and is already accounted for 
in its total clearance in the model. The PBPK model for 
meropenem took into account these elimination pathways.

The information on colistin pharmacokinetic properties 
reported in the literature is far from sufficient. Renal clear-
ance was the primary route for its prodrug CMS, which 
is also hydrolyzed to the active form colistin, and subse-
quently eliminated through non-renal clearance [4, 5, 28]. In 
renal failure, CMS conversion to colistin is higher because 

Table 1  Drug characteristics and parameters of meropenem/colistin/sulbactam used in PBPK model building

DPEP1 dehydropeptidase 1, CL clearance, fu fraction unbound, GFR glomerular filtration rate, Km Michaelis–Menten constant, PBPK physi-
ologically based pharmacokinetic, WB-PBPK whole-body physiologically based pharmacokinetic
a Values from www. drugb ank. ca
b Optimized based on the reported information
c Parameter determined by PK-Sim®

Parameter Meropenem Colistin Sulbactam

Physicochemical characteristics
 Molecular weight (g/mol) 383.5 1155. 5 233.2
 Compound type Ampholyte Ampholyte Ampholyte
 Solubility (mg/mL)a 5.63 564 48.5
 pKa  acida 3.47 11.6 3.09
 pKa  basea 9.39 10.23 –
 Lipophilicity (logP)a −0.6 −2.4 −0.9

Distribution (WB-PBPK; perfusion rate-limited kinetics)
 Partition  coefficientsc Heart: 1.50 ± 0.30; lung: 0.85 

± 0.42; skin: 2.00 ± 0.60
Heart: 1.32 ± 0.45; lung: 1.32 ± 0.45; 

skin: 1.32 ± 0.45; brain: 1.50 ± 0.50
Heart: 0.71 ± 0.22; lung: 

0.75 ± 0.23; skin: 0.71 
± 0.22

 ƒu (adults) 0.98a 0.43 [84] 0.62a

 ƒu (pediatric patient, 2 years of age) 0.98 0.54 0.67
B:P  ratioc 0.85 0.65 0.74
 Protein-binding partner Albumin α1-Acid glycoprotein Albumin

Elimination
  CLrenal (mL/min/kg) 2.3 [85] 0.29b, [5] 4.0b, [17, 38]
 GFR I (mL/min) 71–150 71–150 71–150
 GFR II (mL/min) 51–70 51–70 51–70
 GFR III (mL/min) 26–50 26–50 26–50
 GFR IV (mL/min) 10–25 10–25 10–25
 Tubular re-absorption (%) – 80% [31] –
  CLnon-renal (mL/min/kg) – 4.0b, [5] 1.0b, [38]

Biliary clearance (mL/min/kg) 6.5E−4 [25] – –
 DPEP1  Km 20 mL/min [25] – –

http://www.drugbank.ca
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more CMS is available in the systemic circulation [29, 
30]. A reduction in the daily CBA dose was implemented 
in patients with decreased renal function (Table S1 of the 
ESM). Colistin undergoes extensive tubular reabsorption up 
to as much as 80% of the drug filtered through the kidney 
[31, 32]; the glomerular filtration rate fraction was fixed to 
0.2 to account for tubular reabsorption. A previous PBPK 
model of colistin and CMS developed in rats determined 
that tubular reabsorption of colistin was ninefold of the urine 
flow rate [33] and in the pig was fixed to 106 L/h [34]. The 
non-renal clearance of colistin is largely based on empirical 
information [35]. In the PBPK model, renal clearance of 
0.29 mL/min/kg accounted for a small portion of the total 
clearance, whereas the remaining non-renal clearance of 4.0 
mL/min/kg accounted for the majority of the total clearance 
of colistin [5].

Sulbactam is generally combined with other β-lactam 
antibiotics to enhance their activities; this is achieved by 
inhibiting β-lactamase enzymes that are responsible for 
degrading the β-lactam ring [36, 37]. Sulbactam is mainly 
eliminated by the kidney with renal clearance accounting for 
nearly 80% of its total clearance [17, 38]. A renal clearance 
value of 4.0 mL/min/kg was used in the model. An unspe-
cific non-renal clearance of 1.0 mL/min/kg was also added 
to the PBPK model to account for the remaining 20% [38].

2.3  Adult PBPK Model Evaluation

For meropenem, colistin, and sulbactam, a typical individual 
is an adult with normal renal function. A virtual adult popu-
lation consisting of 100 subjects with a 50:50 male-to-female 
ratio was used; the corresponding demographics are listed in 
Tables S6–S8 of the ESM. Model performance was evalu-
ated based on the comparison of simulated and observed PK 
data including the maximum concentration (Cmax) and the 
area under the concentration–time curve (AUC) for the three 
antibiotics from various populations [39, 40]. The observed 
Cmax and AUC data for comparison were determined from 
digitally extracted concentration–time profiles. The perfor-
mance of the simulations was evaluated by the mean fold 
error (MFE) (Eq. 1) for the two PK parameters. The PBPK 
models were deemed acceptable when all the predicted PK 
parameters were within the twofold range to the correspond-
ing observed data (MFE = 0.5–2.0).

The variability in pharmacokinetics produced by the 
PBPK model in adults by renal function category was com-
pared to the simulations from population PK models using 
a summary of the concentration–time course.

(1)MFE =
PK parameterpredicted mean

PK parameterobserved mean

.

2.4  Pediatric PBPK Model Development 
and Evaluation

2.4.1  Physiological Parameters in the Pediatric Population

A virtual pediatric population consisted of individuals with 
normal renal function from 2 to 17 years of age; this age 
range was selected because the pediatric renal function is 
deemed to be fully developed by 2 years of age. Pediatric 
age-matched body weights were generated using a polyno-
mial function and constant coefficients previously developed 
to describe the inter-individual variability of body weight by 
age and sex [41]. Developmental changes in anatomic and 
physiological parameters including organ volumes, blood 
flows, organ composition, plasma protein concentrations, 
protein binding, and maturation of elimination processes 
in PK-Sim® utilized population data from previous studies 
[42, 43] for its ontogeny database [44]. The pediatric virtual 
populations were generated using these algorithms to adjust 
for age-dependent changes in anthropometric (height and 
weight) and physiological parameters (blood flow, organ vol-
ume, organ composition, hematocrit, and cardiac output). 
For scaling of unbound fraction of colistin and sulbactam in 
children, the method of McNamara and Alcorn was applied 
to account for changes in α1-acid glycoprotein and albumin 
[45].

The non-renal elimination of colistin and the DEPE1 
expression information of meropenem are absent in pedi-
atrics. Both renal and non-renal clearances were scaled by 
age-dependent maturation of organ weight.

2.4.2  Pediatric Dosing Regimens

For the extrapolation of efficacy, pediatric dosing regimens 
used were 30 and 40 mg/kg q8h as 3-h infusions for mero-
penem and sulbactam, and 5 mg/kg/day of CBA, adminis-
tered as CMS. The maximum recommended dose of colistin 
by the European Medicines Agency and the US Food and 
Drug Administration is 5 mg/kg/day of CBA as a 0.5-h infu-
sion but higher doses are sometimes needed to achieve an 
acceptable probability of target attainment (PTA) [46]. In 
general, a meropenem dose of 20–40 mg/kg q8h can achieve 
sufficient PTA in pediatrics [25]. The dosing regimen of sul-
bactam in pediatrics normally ranged from 12.5 to 40 mg/kg 
three times daily [14, 17]. For meropenem and sulbactam, 
3-h and continuous infusions were simulated. Pediatric dos-
ing regimens were selected based on dosing regimens that 
would produce similar exposure to that in adults [11].

2.4.3  Scaling Renal Clearance and Non‑renal Clearance

A ratio of 70%:30% renal to non-renal clearances was 
assumed in the simulation of meropenem in the pediatric 
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population. Clearance due to DPEP1 in both pediatric 
patients and adults was incorporated into the model as non-
renal clearance [25]. As for sulbactam, the ratio of renal to 
non-renal clearances was 80%:20%. For colistin, the primary 
elimination pathway is by non-renal clearance, while the 
specific mechanism of non-renal clearance remains to be 
elucidated. Dosing regimens in renally impaired patients 
were simulated for meropenem, sulbactam, and colistin. The 
renal function categories were evaluated based on a uni-
form distribution range from 10 to 150 mL/min of creatinine 
clearance (Table 1). The renal impairments were simulated 
via a decrease in the glomerular filtration rate in the renal 
impaired populations.

2.4.4  Pediatric PBPK Model and Evaluation

A virtual pediatric population comprised 1000 individuals 
with a 50:50 male-to-female ratio and an age range of 2–17 
years (Tables S6–8 of the ESM). The PBPK model simu-
lated Cmax and AUC values were compared with observed 
data digitized from literature values for the three antibiotics. 
The AUC over 24 h and Cmax were determined by a non-
compartmental method. The performance of the pediatric 
model was accepted when the MFE was within the range 
of 0.5–2.

2.5  Tissue Drug Concentrations and Penetration 
Rates

The concentrations of meropenem, colistin, and sulbactam 
in the heart, lung, and skin were predicted for pediatrics of 
various age groups and adults using the PBPK model. Drug 
exposure parameters, Cmax and AUC, were computed from 
the concentration–time profiles; penetration rates in each tis-
sue were evaluated by the ratio of drug exposure in the tissue 
to that in the blood. Colistin methanesulfonate and colistin 
do not distribute into cells [47]. The tissue drug concentra-
tions were taken from the interstitial fluid.

2.6  Pharmacodynamic Indices and PTA

The PD indices of meropenem, sulbactam, and colistin were 
established for A. baumannii. Meropenem antimicrobial 
activities are time dependent and are associated with the 
percentage of time over a 24-h period wherein the free drug 
concentration is above the minimum inhibitory concentra-
tion (fT>MIC) of at least 40%, which was shown to result in 
a 2-log10 kill [48]. The PD index of sulbactam is fT>MIC of 
at least 60% [49]. Target PD indices of 60%, 80%, and 100% 
[50] were also evaluated for meropenem and sulbactam. For 
colistin, the PD index is best characterized by the ratio of 
free drug AUC over a 24-h period relative to an MIC of at 
least 7.4 associated with a 2-log10 kill [51].

The PTA was computed as the percentage of the 1000 
simulated profiles of each dosing regimen in the population 
group that achieved the minimum target PD index value in 
each of the tissues wherein the concentration–time profiles 
were generated from the PBPK simulations. Computed PTA 
took into account the plasma protein binding for the drug 
concentrations in the blood and mucin binding in the lung 
as reported from the literature. For the PTA computed from 
the heart and skin, no drug binding was assumed.

3  Results

3.1  PBPK Model Qualification in Adult and Pediatric 
Populations

After a comprehensive literature search, data from ten, six, 
and four reports for meropenem, colistin, and sulbactam 
were used for the model development, and 13, six, and six 
populations were used for the model verification, respec-
tively. Then, 207, 50, and 70 observations were included in 
the model development, respectively. The observed mean 
concentrations of meropenem, sulbactam, and colistin digi-
tized from the literature were contained within the 95% pre-
diction interval of the corresponding simulations (Fig. 1). 
The simulated pharmacokinetic parameters Cmax and AUC 
of the three antibiotics in adults and pediatric patients were 
all in the acceptable range of 0.5–2 compared to published 
data (Fig. 2 and Tables S3–5 of the ESM). In Fig. 2, the 
dashed lines represent the 0.5-fold and twofold boundaries. 
All data were within these boundaries. 

The PK variabilities between simulations from the PBPK 
model and that of the population PK model were compara-
ble as shown in Figs. S1–S3 of the ESM for adult dosing 
regimens by renal functions of meropenem, sulbactam, and 
colistin, respectively. The PK variabilities were generated 
not only from demographical factors such as sex, age, and 
body weight, but also from the distribution of the partition 
coefficients listed in Table 1. Given that the variability in 
partition coefficients can affect the variability in tissue con-
centrations, we also compared the coefficient of variation 
(CV) of the tissue exposures generated from PBPK simula-
tions with that reported in the literature. The CV values of 
simulated meropenem exposures in the lung and skin were 
52.7% and 35.2%; these values are comparable to the values 
reported in the literature (i.e., 49.4% for lung and 30% for 
skin) [52, 53]. For tissue colistin exposures, a CV value of 
36.3% in brain cerebrospinal fluid reported in the literature 
was also similar to our PBPK simulation in brain interstitial 
fluid (CV: 33%) [54]. As for sulbactam, the variability due 
to PBPK simulation in the lung was 31.0%, which is close 
to the corresponding CV of 29.6% from the literature [55].
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Fig. 1  Comparison of meropenem, colistin, and sulbactam concen-
tration–time profiles in the blood, lung, heart, and skin for adult and 
pediatric dosing regimens between observed and physiologically 

based pharmacokinetic modeling. Symbols and error bars, observed 
data; lines and shaded areas, median and 90% prediction intervals. 
CBA colistin base activity, CrCL creatinine clearance, h hours
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The model also predicted higher unbound fractions of 
colistin and sulbactam in pediatrics (Table 1). Given that 
meropenem is not bound to plasma protein, we assumed 
that the unbound fraction in pediatrics is the same as that 
in adults.

3.2  Tissue Exposures

Drug concentrations in the lung, skin, and heart were simu-
lated based on the interstitial drug concentration as the three 
antibiotics are commonly used to treat infections in these 
sites (Table 2). Performance evaluation of the model in 
some tissues could not be carried out because of the lack of 
literature on tissue drug concentrations. Consequently, we 
also simulated drug concentrations in other tissues where 
the information is available in the literature, for example, 
colistin drug concentration in the brain, and determined their 
penetration rates into tissues.

The penetration ratios comparing meropenem AUC val-
ues in tissue and plasma were 0.36, 0.63–0.64, and 0.21–0.23 
for the lung, skin, and heart, respectively, whereas for sul-
bactam, the penetration ratios were 0.58–0.60, 0.28–0.31, 
and 0.50–0.51, respectively. For colistin, these values were 
0.56, 0.42, 0.15–0.16, and 0.04–0.05 for exposures in the 
lung, skin, heart, and interstitial fluid in the brain (interstitial 
fluid), respectively. Table 3 shows the penetration rates for 
the Cmax parameter.

Our simulation results were consistent with those reported 
for various tissues. The penetration ratio of meropenem into 
human lung tissue compared to plasma was reported to be 
38% and heart valve tissue compared to plasma was 15–66% 
[52]. Meropenem concentration in skin blister fluid was 67% 
that of plasma [53, 56]. For colistin, the penetration into the 
cerebrospinal fluid was approximately 5% [54, 57]. In addi-
tion, we can assume a similar human lung penetration of 
61% as in mice [58]. The sulbactam pulmonary penetration 

ratio was 52% following intravenous administration in 
healthy adult subjects [55].

The drug exposures of meropenem and sulbactam after 
continuous infusions are listed in Tables S9–10 of the ESM. 
As expected, there were minimal changes in either tissue 
drug exposures or penetration ratios between continuous and 
3-h infusions.

3.3  PTA for Pediatric Dosing Regimens

To obtain the desired drug concentration in body tissues, this 
study optimized the dosing regimens of three antibiotics in 
the pediatric population. The dosing regimen for meropenem 
in pediatrics was 30 mg/kg q8h as either a 3-h or continuous 
infusion. This dosing regimen is equivalent to the high dose 
of 2 g q8h in adults, assuming a median body weight of 70 
kg [59]. The breakpoint of meropenem for A. baumannii 
is 2 µg/mL, while it can be considered resistant when the 
MIC reaches 8 µg/mL [60]. As these dosing regimens are 
intravenous infusions, drug exposure is highest in the blood, 
followed by the skin, lung, and heart. The computation of 
PTA assumed that meropenem has negligible plasma protein 
binding. The pharmacodynamic index used to determine the 
PTA of meropenem was 40% fT > MIC. Sufficient PTAs 
(≥ 85 or 90%) were achieved at 8, 4, 4, and 2 µg/mL MICs 
in the blood, skin, lung, and heart, respectively (Fig. 3). 
This high dose is effective against lung and heart infections 
caused by susceptible bacteria, otherwise, combination anti-
biotics that can confer susceptibility to meropenem would be 
required. Overall, the lower body weight in smaller children 
aged < 12 years may require higher weight-based doses in 
order to achieve sufficient PTA in tissues with lower drug 
exposures.

The breakpoint of colistin against Acinetobacter spp. is ≤ 
2 µg/mL for intermediate; when the MIC is ≥ 4 µg/mL, the 
infection is considered resistant [60]. The pediatric dosing 
regimen of 5 mg/kg/day of CBA is equivalent to a 300-mg 

Fig. 2  Comparison between 
simulated and observed expo-
sure parameters from several 
studies in the literature for 
different populations. Solid 
lines represent a line of unity; 
dashed lines represent a twofold 
difference. AUC  area under the 
concentration–time curve, Cmax 
maximum concentration, HV 
healthy volunteers
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loading dose followed by 180 mg of CBA every 12 h (q12h) 
in adults, which is a relatively high dose required to obtain 
sufficient drug concentration in the tissues [61]. Colistin has 
a high and variable plasma protein binding and also mucin 
binding [62, 63]; we assumed 30% and 15% free drug in the 
blood and lung. For the drug exposures in the blood, both 
pediatric and adult dosing regimens can achieve sufficient 
coverage (PTA ≥ 85–90%) at a MIC of 2 µg/mL (Fig. 4). The 
skin has higher coverage because we assumed no drug bind-
ing in the skin. Because of the low penetration rate to cardiac 
tissues, PTA ≥ 85–90% cannot be achieved at the breakpoint 
of 2 µg/mL; this PTA can only be achieved at the lower MIC 
of 1 µg/mL. Colistin poorly distributes to the pleural cavity, 
lung parenchyma, bones, and cerebrospinal fluid [29], owing 
to its high polarity and its binding to mucin. The PTA can 
reach 85–90% only when the MIC is ≤ 1 µg/mL. The low 
colistin exposures in the tissues suggest that colistin should 
be administered as a combination therapy to capitalize on 
its synergistic effects. Pediatric subjects with body weights 
approaching that of adults tend to have higher colistin drug 
exposure in the tissues for weight-based dosing. This would 

result in a higher PTA after an administration of 5 mg/kg/
day of CBA divided three times daily as compared to a lower 
age pediatric group with smaller weights.

There is no recommended breakpoint for ampicillin/
sulbactam against A. baumannii, but its breakpoint against 
Enterobacteriaceae is ≤ 8/4 µg/mL. The pediatric dosing 
regimen of a 40-mg/kg q8h infusion over 3 h was selected 
as an equivalent to the adult dosing regimen. The resultant 
concentration was previously shown to achieve ≥ 90% PTA 
for 60% fT > MIC at 4 µg/mL MIC against A. baumannii 
[49]. Plasma protein binding was assumed to be 5% [64]; 
no binding was assumed for other tissues. At this dose, the 
blood exposure of sulbactam in pediatric patients of all age 
groups reached ≥ 90% PTA at a MIC of 4 µg/mL (Fig. 5). 
There was sufficient coverage at 4, 2, and 2 µg/mL MICs in 
the lung, skin, and heart, respectively. Similar to the trend 
that was found with colistin, the 40-mg/kg q8h regimen 
resulted in lower drug exposure in pediatric patients aged 2 
to < 12 years who have smaller body weights.

For critically ill patients, a more aggressive PK/PD 
target is necessary for time-dependent antibiotics such as 

Table 2  Simulated AUC 
from time zero to 24 h in 
various tissues and AUC 
ratio comparing tissue to 
plasma exposure of colistin, 
meropenem, and sulbactam in 
adults and pediatric patients 
aged 2 to < 8 years

CBA colistin base activity, Cmax maximum concentration, ISF interstitial fluid, LD loading dose
Dosing regimens for colistin, meropenem, and sulbactam were 300 mg LD plus 180 mg of CBA every 12 
h, 2000 mg and 3000 mg every 8 h as a 3-h infusion in adults and 5 mg/kg/day of CBA divided three times 
daily, 30 mg/kg and 40 mg/kg every 8 h as a 3-h infusion in pediatric patients, respectively.

Tissue Colistin AUC Tissue 
(µg*h/mL)

Ratio Meropenem AUC 
Tissue (µg*h/mL)

Ratio Sulbactam AUC 
Tissue (µg*h/mL)

Ratio

Pediatric patients aged 2 to <6 years
Plasma 28.3 ± 9.9 – 281 ± 102 – 483 ± 145 –
Heart 4.4 ± 1.5 0.15 64.1 ± 22.6 0.23 242 ± 75 0.50
Lung 15.9 ± 5.6 0.56 102 ± 54 0.36 283 ± 88 0.59
Skin 11.8 ± 4.1 0.42 178 ± 62 0.63 146 ± 45 0.30
Brain ISF 1.4 ± 0.5 0.05 – – – –
Pediatric patients aged 6 to <12 years
Plasma 35.1 ± 12.3 – 302 ± 101 – 519 ± 163 –
Heart 5.4 ± 1.9 0.15 67.1 ± 23.6 0.22 262 ± 84 0.51
Lung 19.7 ± 7.0 0.56 109 ± 57 0.36 309 ± 96 0.60
Skin 14.7 ± 5.1 0.42 192 ± 67 0.64 158 ± 49 0.31
Brain ISF 1.4 ± 0.5 0.04 – – – –
Pediatric patients aged 12 to <18 years
Plasma 47.5 ± 17.0 – 397 ± 140 – 671 ± 215 –
Heart 7.3 ± 2.6 0.15 85.7 ± 30.2 0.22 337 ± 108 0.50
Lung 26.7 ± 10.0 0.56 143 ± 76 0.36 388 ± 121 0.58
Skin 19.8 ± 7.1 0.42 251 ± 88 0.63 191 ± 59 0.29
Brain ISF 2.0 ± 0.7 0.04 – – – –
Adults
Plasma 82.9 ± 31.1 – 416 ± 115 – 804 ± 234 –
Heart 13.2 ± 6.5 0.16 88.7 ± 31.3 0.21 406 ± 130 0.51
Lung 46.7 ± 23.5 0.56 150 ± 79 0.36 464 ± 144 0.58
Skin 34.0 ± 15.7 0.42 264 ± 93 0.63 225 ± 70 0.28
Brain ISF 4.1 ± 1.4 0.05 – – – –
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meropenem and sulbactam [50]. Therefore, we included 
target PD indices of 60%, 80%, and 100% fT > MIC for 
meropenem and 80%, 100% fT > MIC for sulbactam. For 
the 3-h infusion, the MIC at which ≥ 85–90% PTA reduced 
as the target fT > MIC increased (Figs. S4–S6 of the ESM). 
However, no change in the meropenem breakpoint was 
observed for continuous infusion with increasing fT>MIC 
requirements (Figs. S7–S9 of the ESM). With the excep-
tion of 100% fT > MIC, ≥ 85% PTAs were achieved at 8, 
4, 1, and 1 µg/mL MICs in the blood, skin, lung, and heart, 
respectively, similar to the 3-h infusion using a target of 40% 
fT > MIC. The same dosing regimen in younger children 
(aged 2 to <6 years) had lower breakpoints for blood, heart, 
lung, and skin tissues, as weight-based dosing tends to result 
in lower exposure in patients with smaller body weights.

A similar trend was also observed for sulbactam (Figs. 
S10–14 of the ESM); no change in breakpoint in increasing 
fT > MIC up to 100% in the blood can be expected for con-
tinuous infusions. For sulbactam PD targets of 60% and 80% 
fT>MIC, ≥ 85% PTA was attained at 8, 2, 4, and 4 µg/mL 

MICs in the blood, skin, lung, and heart, respectively; these 
breakpoints were comparable to the 3-h infusion using a 
target 60% fT > MIC. Using a PD target of 100% fT > MIC, 
≥ 85% PTA were reached at 8, 1, 2, and 4 µg/mL MICs in 
the blood, skin, lung, and heart, respectively.

4  Discussion and Conclusions

Both meropenem and ampicillin/sulbactam are commonly 
used to treat sepsis, acute pulmonary exacerbations, and 
complex skin and skin structure infections in pediatrics 
[65–67], whereas the use of colistin against these types of 
infections is anecdotal [68, 69]. For dose optimization, it 
is important to characterize antibiotic exposures and target 
attainment in commonly infected major tissues including the 
heart, lung, and skin. Several studies indicated that a com-
bination consisting of meropenem, colistin, and sulbactam 
is effective in treating MDR A. baumannii [11, 70]. The 
combination with colistin showed synergistic activities and 

Table 3  Simulated Cmax in 
various tissues and Cmax 
ratio comparing tissue to 
plasma exposure of colistin, 
meropenem, and sulbactam in 
adults and pediatric patients 
aged 2–17 years

CBA colistin base activity, Cmax maximum concentration, ISF interstitial fluid, LD loading dose
Dosing regimens for colistin, meropenem, and sulbactam were 300 mg LD plus 180 mg CBA every 12 
h, 2000 mg and 3000 mg every 8 h as a 3-h infusion in adults and 5 mg/kg/day CBA divided three times 
daily, 30 mg/kg and 40 mg/kg every 8 h as a 3-h infusion in pediatric patients, respectively

Tissue Colistin 
Cmax Tissue (µg/
mL)

Ratio Meropenem 
Cmax Tissue (µg/mL)

Ratio Sulbactam 
Cmax Tissue (µg/mL)

Ratio

Pediatric patients aged 2 to <6 years
Plasma 1.96 ± 0.76 – 28.7 ± 8.0 – 44.2 ± 10.3 –
Heart 0.30 ± 0.12 0.15 6.0 ± 2.1 0.21 22.4 ± 7.2 0.51
Lung 1.10 ± 0.56 0.56 10.4 ± 5.5 0.37 22.8 ± 7.1 0.51
Skin 0.82 ± 0.34 0.42 18.2 ± 6.4 0.63 12.5 ± 3.9 0.28
Brain ISF 0.098 ± 0.03 0.05 – – – –
Pediatric patients aged 6 to <12 years
Plasma 2.42 ± 0.96 – 31.4 ± 8.5 – 47.9 ± 11.6 –
Heart 0.37 ± 0.15 0.15 6.4 ± 2.1 0.20 24.4 ± 7.6 0.51
Lung 1.36 ± 0.55 0.56 11.6 ± 6.0 0.37 24.8 ± 7.7 0.52
Skin 1.02 ± 0.41 0.42 19.9 ± 7.0 0.63 13.7 ± 4.2 0.29
Brain ISF 0.12 ± 0.04 0.05 – – – –
Pediatric patients aged 12 to <18 years
Plasma 3.33 ± 1.45 – 40.3 ± 10.9 – 60.4 ± 15.0 –
Heart 0.51 ± 0.22 0.15 8.2 ± 2.8 0.20 30.6 ± 9.8 0.51
Lung 1.86 ± 0.84 0.56 14.6 ± 7.7 0.37 30.2 ± 9.6 0.50
Skin 1.39 ± 0.54 0.42 25.5 ± 9.0 0.63 16.3 ± 5.0 0.27
Brain ISF 0.17 ± 0.06 0.05 – – – –
Adults
Plasma 4.77 ± 1.97 – 42.8 ± 10.2 – 72.6 ± 17.2 –
Heart 0.76 ± 0.38 0.16 8.6 ± 2.9 0.20 37.0 ± 11.8 0.51
Lung 2.67 ± 1.43 0.56 15.5 ± 8.1 0.40 35.9 ± 11.2 0.50
Skin 1.97 ± 1.03 0.42 27.1 ± 9.5 0.66 19.3 ± 6.0 0.27
Brain ISF 0.24 ± 0.08 0.05 – – – –
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reduced the required concentrations of companion antibiot-
ics against the infection [71, 72]. Combination therapy could 
confer the susceptibility of microorganisms at the infection 
site with the drug concentrations generated from current 
commercial dosing regimens.

The plasma pharmacokinetics of meropenem in adults 
and pediatric patients were well studied [25, 73]. Although 
blood distribution of colistin and sulbactam has been 
reported in adults, few have been reported in children, espe-
cially at the infected tissues and organs [17, 74, 75]. In this 
study, we established and validated a PBPK model in adults 
and extrapolated it to pediatric patients in order to simulate 
antibiotic exposures in some commonly infected organs and 
to evaluate the treatment effect at these sites.

The PBPK model is a good method for simulating the 
tissue distribution of antibiotics in pediatrics. We calculated 
the AUC and the Cmax of the three antibiotics in the target 
tissues and estimated the penetration rate by the ratios of 
AUC Tissue/AUC Plasma and Cmax Tissue/Cmax Plasma. Meropenem 
have been reported to be 38% permeable to human lung 

tissue compared with plasma and 15–66% permeable to 
heart valve tissue compared with plasma [52, 56]. These 
results are consistent with those simulated by our PBPK 
model for meropenem. No further tissue permeability has 
been reported for colistin and sulbactam, except in the cer-
ebrospinal fluid and lung, respectively. Therefore, this study 
used the permeability of these two tissues to demonstrate the 
reliability of our model. The lung permeability of sulbactam 
after intravenous administration in healthy adult subjects 
was 52% [76]. In addition, the distribution of these three 
antibiotics in children between the ages of 12 and < 18 years 
is close to that of adults owing to their physiological similar-
ity under comparable dosage conditions.

No randomized clinical trial has been conducted to for-
mally evaluate the efficacy of the combination regimen of 
colistin/meropenem/sulbactam in infections caused by MDR 
A. baumannii. However, we obtained some useful infor-
mation from in vitro studies and clinical case reports. For 
MDR A. baumannii strains with moderately higher MICs 
for meropenem (MIC ≤ 64 µg/mL) and sulbactam (MIC 

Fig. 3  Probability of target attainment of meropenem pharmacody-
namic index of free drug concentration is above the minimum inhibi-
tory concentration (fT > MIC) of at least 40% in the blood, lung, 

heart, and skin for dosing regimens in pediatric patients (30 mg/kg 
every 8 h [q8h]) and adults (2 g q8h) as a 3-h infusion. yrs years
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≤ 16 µg/mL), the combination of colistin plus meropenem 
and/or sulbactam produced synergistic bactericidal activities 
[56, 70, 77]. The dosing regimens and duration of infusion 
selected for our simulations were based on the literature on 
combination therapy. In an in vitro PK/PD study, Liu et al. 
simulated a drug exposure from a 3-h infusion of 1 g of 
meropenem combined with a steady-state concentration of 
1 µg/mL of colistin, resulting in a synergistic killing effect 
against carbapenem-resistant A. baumannii [78]. Saelim 
et al. demonstrated that 150 mg of CBA (administered as 
CMS) every 12 h combined with daily sulbactam ≥ 6 g/day 
can improve efficacy against carbapenem-resistant A. bau-
mannii in patients with normal renal function while reduc-
ing nephrotoxicity [79]. Using an in vitro time-kill infection 
model, Lim et al. simulated 2 g of meropenem combined 
with 4 g of sulbactam q8h and demonstrated a PTA of 2-log 
kill of 34% at 24 h [80]. Their low PTA could be improved 
by adding a colistin regimen to the combination.

The combination of these three antibiotics is unlikely to 
produce drug–drug interactions because renal clearance of 
meropenem and sulbactam accounted for a high percent-
age of total clearance, whereas colistin is mainly eliminated 
by non-renal clearance. Combination therapy consisting of 
meropenem and colistin was previously shown to increase 
the incidence of diarrhea but decreased the incidence of mild 
renal failure, as compared with colistin alone [81]. Merope-
nem, colistin, and sulbactam are unlikely to affect the drug 
exposure of companion drugs in the combination.

The current analysis has its limitations. The MIC-based 
PK/PD indices do not take into account the time courses of 
drug concentration and pathogen response and do not reflect 
dosing frequency or treatment duration [82]. Our applica-
tion of the PBPK model to determine site-specific drug 
concentration is based on the assumption that the PK/PD 
indices and thresholds that are correlated with microbiologi-
cal outcomes apply not only to the assessment in blood but 
also to that in the infected tissues. Knowledge gaps of actual 

Fig. 4  Probability of target attainment of colistin pharmacodynamic 
index of ratio of free drug area under the concentration–time curve 
over a 24-h period relative to minimum inhibitory concentration 
(fAUC/MIC) ratio of at least 7.4 in the blood, lung, heart, and skin for 

dosing regimens of colistin base activity (CBA) in pediatric patients 
(5 mg/kg/day) and adults (300-mg loading dose plus 180 mg every 
12 h [q12h]) as a 3-h infusion. q12h every 12 h
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tissue drug concentrations limit our ability to validate our 
simulations of tissue drug concentrations. The complexity 
of organ tissue structure may affect the accuracy of simu-
lated drug concentrations. In addition, tissue microanatomy 
can result in gradients between histological compartments. 
The simulations of tissue drug concentrations were from 
the interstitial space and may not necessarily represent the 
microcompartments where bacteria proliferate.

Our evaluation of clinical efficacy did not include the 
influence of human autoimmunity on the antibacterial effect. 
In the in vivo infection models that were used to define the 
PK/PD indices, mice are made neutropenic prior to infecting 
the animal. These breakpoints reflect a worst-case scenario 
in the case of an immunocompromised individual. A reason 
for using a neutropenic model could be that animal immu-
nity, especially that in rodents is not easily translatable to 
human immunity. Thorsted and colleagues recently utilized 
a pig model infused with bacterial endotoxin to characterize 
innate immune responses resulting from cytokine induction 

[83]. Given the emergence of antibiotic drug resistance, the 
immune system will play a more important role as it does not 
distinguish between resistant and susceptible bacteria [82].

In conclusion, our analysis showed that the dosing regi-
men consisting of 30 mg/kg of meropenem q8h, 5 mg/kg/day 
of CBA, and 40 mg/kg of sulbactam q8h as a prolonged infu-
sion could result in sufficient drug exposures in the blood, 
lung, skin, and heart. The findings from this study remain 
to be confirmed in a clinical trial. Combination antibiotics 
provide potential therapeutic options against tissue infec-
tions caused by drug-resistant bacteria that are increasingly 
threatening human health. At a time when new antibiotics 
are becoming increasingly scarce, effective antibiotic com-
bination therapy has a practical significance to resolve this 
pressing problem of drug resistance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40262- 022- 01161-y.

Fig. 5  Probability of target attainment of sulbactam pharmacody-
namic index of free drug concentration is above the minimum inhibi-
tory concentration (fT > MIC) of at least 60% in the blood, lung, 

heart, and skin for dosing regimens in pediatric patients (40 mg/kg 
every 8 h [q8h]) and adults (3 g q8h) as a 3-h infusion, yrs years
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