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Abstract
Background and Objective  We aimed to develop a meropenem population pharmacokinetic model in critically ill children 
receiving continuous renal replacement therapy and simulate dosing regimens to optimize patient exposure.
Methods  Meropenem plasma concentration was quantified by high-performance liquid chromatography. Meropenem phar-
macokinetics was investigated using a non-linear mixed-effect modeling approach. Monte Carlo simulations were performed 
to compute the optimal scheme of administration, according to the target of a 100% inter-dose interval time in which con-
centration is one to four times above the minimum inhibitory concentration (100% fT>1–4×MIC).
Results  A total of 27 patients with a median age of 4 [interquartile range 0–11] years, a median body weight of 16 [range 
7–35] kg receiving continuous renal replacement therapy were included. Concentration–time courses were best described 
by a one-compartment model with first-order elimination. Body weight (BW) produced significant effects on volume of 
distribution (V) and BW and continuous renal replacement therapy effluent flow rate (Qeff) produced significant effects on 
clearance (CL): Vi = Vpopx(

BWi

70
)
1

 and CLi = CLpopx(
BWi

70
)
0.75

x(
Qeffi

1200
)
0.337

 , where Vpop and CLpop estimates were 32.5 L and 
5.88 L/h, respectively, normalized to a 70-kg BW and median Qeff at 1200 mL/h. Using this final model and Monte Carlo 
simulations, for patients with Qeff over 1200 mL/h, meropenem continuous infusion was adequate in most cases to attain 
100% fT>1–4xMIC. For bacterial infections with a low minimum inhibitory concentration (≤2 mg/L), meropenem intermitent 
administration was appropriate for patients weighing more than 20 kg with Qeff <500 mL/h and for patients weighing more 
than 10 kg with Qeff <100 mL/h.
Conclusions  Meropenem exposure in critically ill children receiving continuous renal replacement therapy needs dosing 
adjustments to the minimum inhibitory concentration that take into account body weight and the continuous renal replace-
ment therapy effluent flow rate.
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Key Points 

This is the first population PK model of meropenem in 
critically ill children undergoing CRRT highlighting 
the highbetween subject variability, and describing the 
impact of allometry and effluent flow rate on PK param-
eters.
To ensure efficacy and avoid toxicity under CRRT, 
continuous administrations are useful to get more stable 
andadequate exposure but should be adjusted to the 
CRRT flow rate and MIC with doses adaptation and the 
usefulness oftherapeutic drug monitoring in this vulner-
able population.

1  Introduction

Invasive bacterial infection in critically ill children is a 
source of morbidity and mortality [1]. In addition to the mol-
ecule adapted to the spectrum of the suspected or identified 
bacteria and to the infected site, the dosing must be optimal 
in order to quickly and sustainably reach an effective con-
centration [2]. In addition to growth and organ maturation, 
the critical illness increases the between-subject variability 
(BSV) in drug distribution and elimination [2–4]. Factors 
that may alter the pharmacokinetics in critically ill children 
include alterations in drug protein binding, modifications in 
body water and fat repartition, and drug elimination due to 
organ function changes.

The use of extracorporeal devices such as continuous 
renal replacement therapy (CRRT) amplify the pharmacoki-
netic (PK) parameter variability, already altered because of 
critical illness [5]. The need for CRRT in children with sep-
sis may occur given that acute renal failure has an incidence 
of 10–20% in such a clinical situation [6–9]. To date, no 
robust guideline is available for antibiotic dosing in children 
receiving CRRT while higher BSV is expected in this popu-
lation. The dosing of drugs in critically ill children is mostly 
an extrapolation from adults or non-critically ill children 
[5, 10]. Many factors can impact drug clearance (CL) in 
critically ill children receiving CRRT, including the phys-
icochemical properties of the drugs and the CRRT settings 
[11]. Specific pharmacological studies in children receiving 
CRRT are therefore mandatory to identify the optimal dos-
age of drugs [12], especially meropenem, which is one of the 
most widely used classes in pediatric critical care settings 
because of its broad-spectrum activity against multidrug-
resistant bacterial infections [13]. As meropenem is hydro-
phylic and has a low molecular weight, it is expected to be 

eliminated by CRRT, depending on the dialysate and filtra-
tion rate [14–17]. Given the expected high BSV in critically 
ill children receiving CRRT, the resulting concentrations 
are unpredictable and usual dosing regimens of meropenem 
may not be adequate for all to reach the therapeutic target. 
Meropenem has a maximal efficacy when the free concen-
tration is one to four times above the minimum inhibitory 
concentration (MIC) throughout the dosing interval (100% 
fT>1–4×MIC) [18, 19]. Inadequate concentrations with 
sub-therapeutic or supra-therapeutic exposure could lead 
to failure of the treatment, toxicity, and the emergence of 
multidrug-resistant bacteria. Pharmacokinetic studies using 
a population approach may be useful to optimize the dosing 
regimen for every patient [20]. This study aimed to develop a 
population PK model for meropenem in critically ill children 
receiving CRRT in order to individualize dosing regimens 
according to the selected PK target of 100% fT>1–4×MIC.

2 � Methods

2.1 � Patients and Settings

This study was conducted in a 32-bed pediatric intensive 
care unit (PICU) center and high-dependency unit at the 
Necker Hospital (Paris, France) from September 2015 to 
February 2018. All children aged less than 18 years receiv-
ing meropenem and undergoing CRRT were included. Base-
line patient characteristics, actual body weight (BW), sever-
ity illness, residual diuresis, CRRT modalities and biological 
data were collected at every sampling time. The Ethics Com-
mittee of Necker Hospital approved the study, which was 
registered at www.​clini​caltr​ials.​gov (NCT02539407). Before 
any inclusion, the senior physician proposed the study to 
parental authority holders whose child received or were 
going to receive anti-infective agents during the follow-up 
or hospitalization. The senior physician also provided an 
information note to the parental authority holders, and to the 
child if the child was able to understand the information. The 
consent was obtained from children’s parent(s) and non-oral 
opposition for data retrieval and analysis was collected.

Clinical and microbiological success criteria were defined 
as (i) no escalation of therapy (change of antibiotic) for the 
treatment of the same infection and (ii) the disappearance 
of obvious infectious signs. For bacteremia: negative blood 
cultures at the supposed end of treatment (conventional 
duration 7–10 days) without recurrence within 14 days of 
stopping treatment. For pneumonia: no relapse within 14 
days of stopping treatment. For deep infection: negative 
deep samples (if available) and no relapse within 21 days. 
We defined clinical failure as the persistence of clinical/
biological infectious signs at the end of treatment and 

http://www.clinicaltrials.gov
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microbiological failure as the persistence of bacteria in the 
sterile sites at the end of treatment and/or the recurrence of 
infection with the same bacteria within the above-mentioned 
delay.

2.2 � Study Design

According to local protocol, meropenem (1 g of pow-
der, Viatris™; Paris, France) was diluted (glucose 5%, 
Freeflex™; Fresenius Kabi, Paris, France) to obtain 100-
mg/mL standard solutions. Meropenem was prescribed at 
60 mg/kg per day, administered by intravenous intermittent 
infusions every 8 h over 20 min or in continuous infusions 
(a loading dose of 20 mg/kg over 20 min then a maintenance 
dose of 60 mg/kg per day) using a programmable electronic 
syringe pump (Orchestra™ DPS; Fresenius Kabi, Paris, 
France). Syringes were changed every 6 h for continuous 
infusion modality. Dosing regimens could be modified dur-
ing the treatment period at the discretion of the treating 
physician. Blood samples were collected before the entry 
line of CRRT (pre-filter) during routine laboratory tests and 
as part of the patient’s routine clinical care. Samples were 
centrifuged (4000×g, 5 min) to yield plasma, which was 
stored at – 20 °C before analysis. The samples were sent 
directly to the laboratory of Cochin Hospital and measured 
day by day. If it was during working days, it was immedi-
ately considered for assay. If not, the samples were buffered 
with 3-(N-morpholino) propanesulfonic acid before storage 
to minimize the degradation of antibiotics allowing a sensi-
tive quantification.

2.3 � Antimicrobial Susceptibility Determination

Minimum inhibitory concentrations were determined in the 
microbiology laboratory of Necker Hospital (Paris, France). 
Minimum inhibitory concentrations for meropenem were 
evaluated by a diffusion method on a solid-state culture, 
using the E-test methodology (ETEST; bioMérieux, Paris, 
France). When the MIC was not available, clinical break-
points were used for identified pathogens according to the 
European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST) recommendations [21] such as the break-
point for resistance regarding Pseudomonas aeruginosa, one 
of the most common bacteria encountered in PICU, of which 
8 mg/L was taken for simulations.

2.4 � CRRT​

Continuous renal replacement therapy was performed 
using the PrismaflexTM (Gambro, Deerfield, IL, USA) 
with continuous venovenous hemofiltration, continuous 
venovenous hemodialysis (CVVHD), or continuous 
venovenous hemodiafiltration. Continuous renal replacement 

therapy was performed using a 0.2-m2 polyarylethysulfone 
filter (HF20; Gambro) or a 0.6-m2 or 1.5-m2 polyacrylonitrile 
filter (AN69 ST60 or ST150; Gambro) through a double-
lumen catheter inserted into the femoral or internal jugular 
vein. Heparin or regional citrate anticoagulation was 
used either through the pre-blood pump or using a three-
way stopcock attached to the arterial line. All flow rates, 
including dialysate fluid flow (QD), filtration replacement 
fluid flow (QRF), and ultrafiltration flow (QUF), were 
recorded from the PrismaflexTM machine during the study. 
These flow rates were added to obtain the total effluent flow 
rate (Qeff) resulting in the equation Qeff = QD + QRF + QUF.

2.5 � Assays

Meropenem concentrations were quantified using a validated 
high-performance liquid chromatography with ultraviolet 
detection, based on a previous method [22]. The analysis 
was performed using the Ultimate 3000™ Chromatographic 
system (Dionex Corporation, Sunnyvale, CA, USA). The 
method was validated according to the European Medicines 
Agency guidelines for bioanalytical method validation [23]. 
The calibration range was from 0.5 to 200 mg/L. Inter-assay 
and intra-assay precision and accuracy were all between 
−5.8% and 6.3%.

2.6 � Population PK Model

Meropenem time courses were modeled using a non-lin-
ear mixed-effect modeling software (MONOLIX, 2019R2 
version) using the stochastic approximation expectation 
maximization algorithm. Both one-compartment and 
two-compartment structural models with first-order 
elimination were tested. The BSV (ω) was ascribed to an 
exponential distribution. The residual variability (σ) was 
tested for additive, proportional, or combined variability 
models. Outliers were defined as data points in the dataset 
that appear to be outside the norm for the dataset (e.g., 
data with conditional weighted residuals >5).

Given that meropenem was administered every 8 hours, 
steady state was assumed to be reached after the third 
injection. Several covariates were tested: BW, sex, post-
natal age, albumin level, residual diuresis rates either in 
mL/h or in mL/kg/h, mechanical ventilation, catechola-
mines,  Extra-Corporeal Membrane Oxygenation (ECMO) 
use, Paediatric Logistic Organ Dysfunction score, and 
number of organ dysfunctions. As meropenem is elim-
inated by the CRRT, we tested the effect on CL of the 
CRRT parameters: Qeff, QD, QRF, and QUF and blood flow 
rates in mL/h or in mL/kg/h and CRRT set sizes.

Categorical covariates were assessed as follows:
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where �i is the individual PK parameter for the ith 
patient,�pop is the median population value for the param-
eter of the group for which the covariate is equal to 0, � is 
the covariate parameter, and cov is the category 0 or 1 for 
the covariate. Continuous covariates were associated using 
a power function:

where covi is the covariate value for the ith patient, med(cov) 
is the median value of the covariate, and � is the exponent.

Body weight effect was assessed according to allometric 
rules and � values was fixed at 0.75 for CL and 1 for V. 
The Bayesian Information Criterion was used to test differ-
ent hypotheses regarding the final model, covariate effect 
on PK parameters, residual variability model, and struc-
ture of the variance-covariance matrix for the BSV param-
eters. Pharmacokinetic parameters were properly estimated 
if the relative standard errors were <50%. The effect of a 
covariate was retained if it caused a decrease in the Bayes-
ian Information Criterion and reduced the corresponding 
BSV. The goodness-of-fit plots (observed-predicted con-
centration scatter plots and normalized prediction distri-
bution error vs time/predicted concentration scatter plots) 
of each model were evaluated by visual inspection. From 
the final model, 1000 Monte Carlo simulations per patient 
were performed to compute the prediction-corrected visual 
predictive check to evaluate the model [24].

2.7 � Dosing Regimen Simulations

From the final model, 1000 Monte Carlo simulations were 
performed using the R software to determine the probability 
of target attainment (target of 100% fT>1–4×MIC) according 
to different dosing regimens and MICs. The simulated dos-
ing regimens were: (1) 20 mg/kg every 12 h as a 20-min 
infusion, (2) 40 mg/kg every 12 h as a 20-min infusion, 
(3) 20 mg/kg every 8 h as a 20-min infusion, (4) 40 mg/kg 
every 8 h as a 20-min infusion, (5) 20 mg/kg of a loading 
dose then 60 mg/kg per day as a continuous infusion, and 
(6) 40 mg/kg of loading dose then 120 mg/kg per day as a 
continuous infusion. As the EUCAST clinical breakpoint 
for P. aeruginosa sensitivity is 2 mg/L and for resistance 
is 8 mg/L, we decided to consider the worst-case scenario 
corresponding to 8 mg/L and assumed the thresholds one 
and four times the breakpoint, i.e., 8 mg/L and 32 mg/L. 
[21]. The upper threshold for neurotoxicity was a trough 
concentration higher than 64 mg/L [25].

θi = θpop × �cov,

θ
i
= θpop ×

(

cov
i

med(cov)

)�

,

3 � Results

3.1 � Patients

Eighty-eight samples from 27 patients receiving CRRT 
were available. Two samples were discarded as outliers. 
The main characteristics are summarized in Table 1. Median 
[interquartile range (IQR)] Paediatric Logistic Organ Dys-
function-2 score and number of organ dysfunctions were 

Table 1   Patients characteristics

CRRT​ continuous renal replacement therapy, CVVH continuous veno 
venous hemofiltration, CVVHD continuous venovenous hemodialysis, 
CVVHDF continuous venovenous hemodiafiltration, CRP C-reactive 
protein, ECMO extracorporeal membrane oxygenation, h hours, ICU 
intensive care unit, IQR interquartile range, MIC minimum inhibitory 
concentration, PELOD Pediatric Logistic Organ Dysfunction

Population 27
Age in years (median [IQR]) 4 [0–11]
Male, n (%) 14 (52)
Weight in kg (median [IQR]) 16 [7–35]
Height in cm (median [IQR]) 93 [67–140]
Length of ICU stay in days (median [IQR]) 53 [23–64]
PELOD-2 score (median [IQR]) 7.5 [6.2–10]
Number of organ dysfunction (median [IQR]) 4 [3–5]
Vasopressors, n (%) 18 (67)
Mechanical ventilation, n (%) 27 (100)
Death, n (%) 14 (52)
Meropenem samples 86
Amount in mg (median [IQR]) 400 [340–700]
Amount in mg/kg/24 h (median [IQR]) 60 [60–64]
Continuous infusions, n (%) 36 (41)
Concentrations over 1×MIC, n (%) 64 (74)
Concentrations over 4×MIC, n (%) 22 (26)
Type of CRRT, n (%)
CVVHDF 42 (49)
CVVH 42 (49)
CVVHD 2 (2)
Residual diuresis in mL/kg/h (median [IQR]) 0 [0–0.2]
CRRT filter, n (%)
ST 150 40 (47)
ST 60 41 (48)
HF 20 5 (5)
Anticoagulation, n (%)
Heparin 35 (41)
Citrate 48 (56)
None 3 (3)
ECMO, n (%) 25 (28)
Laboratory data
Albumin, g/L (median [IQR]) 32 [30–36]
CRP, mg/L (median [IQR]) 100 [41–193]
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respectively, 7 [5–10] and 4 [3–5], with 16 (59%) patients 
anuric. Eleven (41%) patients had comorbidities: hemato-
logical disease (n = 8), immune deficiency (n = 5), heart 
disease (n = 4), lung disease (n = 4), liver disease (n = 3), 
bowel disease (n = 2), and sickle cell disease (n = 1).

The median [IQR] number of meropenem concentra-
tions per patient was three [2–4]. Continuous renal replace-
ment therapy modalities were as follows: median [IQR] 
blood flow rate of 80 [50–120] mL/min corresponding to 5 
[3–8] mL/kg/min; median [IQR] total effluent flow (Qeff) of 
1025 [735–1644] mL/h corresponding to 77 [47–110] mL/
kg/h. For the patients undergoing continuous venovenous 
hemodialysis or continuous venovenous hemodiafiltration, 
median [IQR] dialysate flow rate was 750 [500–2875] mL/h 
corresponding to 83 [53–100] mL/kg/h. For the patients 
undergoing continuous venovenous hemofiltration or con-
tinuous venovenous hemodiafiltration, median [IQR] filtra-
tion replacement fluid flow rate was 400 [100–900] mL/h 
corresponding to 29 [13–44] mL/kg/h. The median [IQR] 
meropenem daily dosing regimen was 60 [60–64] mg/kg/24 
hours. Among the 86 measured plasma meropenem concen-
trations under CRRT, 10/43 (23%) were superior or equal 
to four times the MIC for documented bacterial infection 
and 12/45 (27%) for undocumented infection, which were 
superior or equal to four times the clinical breakpoint for P. 
aeruginosa corresponding to 32 mg/L.

Among the 27 patients, 17 infections were documented in 
14 patients. Nine pathogens had a measurable MIC. In the 

cohort, 14 (52%) patients died. Six (22%) patients died from 
septic shock, among whom two (33%) were underexposed to 
meropenem and only one patient had a documented infection 
(extended spectrum beta-lactamase (ESBL) Escherichia coli 
in a tracheal sample with an MIC at 0.0016 mg/L) with a 
good exposure to meropenem.

3.2 � Population PK Model

A one-compartment model with first-order elimination 
best described the data. Between-subject variability could 
be estimated for CL only and residual variabilities were 
estimated using a combined (proportional plus additive) 
model. The weight-based allometric approach decreased 
the Bayesian Information Criterion by 27 units and the 
BSV decreased from 0.79 to 0.45. Addition of the efflu-
ent flow rate (in mL/h) effect on CL further decreased its 
BSV to 0.37. The final PK parameter estimates are sum-
marized in Table 2. The other covariates had no significant 
effect. The goodness-of-fit plots are depicted in Fig. 1. The 
normalized prediction distribution error metrics mean and 
variance were not different from 0 and 1 (p = 0.564 and p 
= 0.645), plus the normalized prediction distribution error 
distribution was not significantly different from normality 
(p = 0.9). The prediction-corrected visual predictive check 
is shown in Fig. 2.

For patient i and BWi normalized by 70 kg, the final 
equations were:

•	 CLi = 5.88 ∗
(

BWi

70

)0.75

∗
(

Qeff i

1200

)

,

0.337

 with CL in L/h and 
Qeffi in mL/h

•	 Vi = 32.5∗ (
BWi

70
)
1

, with V in L

where i denotes the ith individual.

3.3 � Dosing Regimen Optimization

We used our final model to perform Monte Carlo simula-
tions to determine the probability to attain the target of 100% 
fT>1xMIC among different BW and CRRT effluent flow rates 
for MICs that ranged from 0.25 to 32mg/L (Fig. 3). Simula-
tions curves of concentrations versus time among different 
CRRT effluent flow rates (Qeff at 100 mL/h, 500 mL/h, 1000 
mL/h, and 1500 mL/h) are depicted in Fig. 4 showing treat-
ment margins for efficacy and toxicity under (a) intermittent 
administrations corresponding to 20 mg/kg every 8 h as a 
20-min infusion and 40 mg/kg every 8 h as a 20-min infu-
sion or (b) continuous administrations corresponding to 20 
mg/kg of a loading dose then 60 mg/kg per day as a continu-
ous infusion and 40 mg/kg of a loading dose then 120 mg/
kg per day as a continuous infusion. We suggested the best 
scheme to attain the target of 100% fT>4×MIC, at steady state 

Table 2   Estimates of the final population pharmacokinetic param-
eters of meropenem standardized for a body weight of 70 kg

ω square root of the between-subject variance, β exponent quantify-
ing the covariate effect on clearance (CL) or volume of distribution 
(V), for the ith individual CLi = CLpop*(BWi/70)0.75*(Qeffi/1200)0.337 
CLpop population clearance, Qeff total effluent flow corresponding to 
the equation Qeff = QD + QRF + QUF where QD, QRF and QUF are the 
dialysate fluid, filtration replacement fluid and ultrafiltration flows, 
RSE (%) relative standard error, Vpop population volume of distribu-
tion
The typical parameters, “pop”, refer to an adult patient weighing 70 
kg with a median Qeff of 1200 mL/h

Estimate RSE (%)

Structural model
CLpop (L/h) 5.88 11
βQeff.CL, (Qeff/1200)β 0.337 42
βBW.CL, (BW/70)β 0.75 NA
Vpop (L) 32.5 17
βBW.V, (BW/70)β 1 NA
Statistical model
ωCL 0.375 25
Residual combined variability
a, additive 4.24 22
b, proportionnal 0.364 17
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according to MIC, BW, and the effluent flow rate (Table 3). 
According to these Monte Carlo simulations, for Qeff <100 
mL/h corresponding to a very low CRRT effluent flow rate, 
intermittent infusion was the most appropriate regarding the 

risk of accumulation, especially for BW >10 kg, as shown 
in Fig. 4. For Qeff = 500 mL/h, for BW below 20 kg, con-
tinuous infusion was the most adapted dosing regimen to 
attain the target. For BW over 20 kg, intermittent infusion 
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Fig. 1   Goodness-of-fit plots for the final meropenem population 
model. Black, red, and blue lines stand for the identity, regression, 
and spline curves. Normalized prediction distribution error (NPDE) 
mean and variance not different from 0 and 1 (p = 0.564 and p = 

0.645), NPDE distribution not significantly different from normal-
ity (p = 0.9). DV meropenem concentration in mg/L, popPred and 
indivPred_mode population and individual predicted concentrations, 
mg/L, rho Spearman correlation coefficient
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was sufficient except for MIC equal or over 4 mg/L. For the 
CRRT effluent flow rate over 1000 mL/h, continuous infu-
sion was necessary to attain the target (superior or equal to 
four times the clinical breakpoint for P. aeruginosa corre-
sponding to 32 mg/L) regardless of BW and MIC, but dosing 
was still dependent on MIC.

4 � Discussion

To the best of our knowledge, this is the first population PK 
model of meropenem in critically ill children undergoing 
CRRT, highlighting the high BSV, and describing the impact 

of allometry and effluent flow rate on PK parameters. A non-
negligible variability has not been explained because there 
is a substantial residual (within-subject) variability that can-
not be reduced that is expected from PICU patients. There-
fore, our dosing guidance is here to avoid first overdosing or 
underdosing, but the therapeutic drug monitoring approach 
is still needed to adapt and personalize the dosing to poten-
tial modifications of the parameters (individual or CRRT).

Concentration–time courses were best described by a 
one-compartment model with first-order elimination. Body 
weight, on an allometric basis, was a significant predictor 
of individual CL and V. Moreover, CL was also positively 
related to the total effluent flow rate (Qeff) and further 

Fig. 2   Prediction-corrected visual predictive check, meropenem con-
centration versus time. Lines depict the 10th, 50th, and 90th percen-
tiles of observed data, and the blue and light-red areas represent the 

corresponding 90th confidence interval. Observation, prediction cor-
rected meropenem concentration, blue circles, in mg/L; time in hours 
(h)
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reduced ωCL. The population parameters were adjusted 
to an adult BW (70 kg) in order to facilitate comparison 
with the review provided in Table S1 of the Electronic 
Supplementary Material [26]. Most of the other covari-
ates tested such as age, specific CRRT parameters, albu-
min level, residual diuresis, Extra-Corporeal Membrane 
Oxygenation (ECMO) use, Paediatric Logistic Organ Dys-
function score, and number of organ dysfunctions were 
not significant contrary to what was previously reported 
[26]. Indeed, some studies found different structural mod-
els, one or two compartments with an albumin effect [27] 
or residual diuresis [28] but rarely with a CRRT param-
eter impact [27–30]. We considered that the residual 
renal function was not dependent on Qeff. As most of the 
patients in our study did not have residual diuresis, we 
also considered that CL was dependent on Qeff only. The 
type of CRRT or the different values of QD, QRF, and QUF 
and blood flow rates in mL/h or in mL/kg/h or CRRT set 
sizes were not found significant. Meropenem is eliminated 
both by metabolism and excretion, while up to 70% was 
recovered in the urine of normal volunteers [31, 32]. Our 
study is consistent with that as both ‘endogenous’ (renal 
and hepatic) CL (reflected by age and BW) and CL by 
CRRT (reflected by the effluent flow rate) will determine 
the total CL and subsequent dosing. In our study, 41% of 
the patients had a residual diuresis (n = 11/27).

The present study is one of the largest population PK 
studies on PICU patients and the first pediatric population 

PK study to highlight the impact of CRRT settings. Com-
pared to adults, the impact of CRRT parameters on CL may 
be due to a relatively high effluent flow used on critically ill 
children. Yet, this was expected, as meropenem is an hydro-
philic molecule (molecular weight of 437.52 Da) with negli-
gible protein binding (2%) and a sieving coefficient reported 
in the literature superior to 0.90, meaning that CL is nearly 
proportional to the total effluent flow rate, CL = 0.9 × Qeff 
[33, 34]. These properties facilitate the diffusion through the 
dialysate membrane, regardless of dialysis or filtration mode 
[35] with negligible bound meropenem. In recent ex vivo 
studies, both the high dialysate and filtrate flow rates influ-
enced meropenem elimination [36, 37]. Continuous renal 
replacement therapy has already been included in a mero-
penem population PK model in critically ill children but 
without reflecting the values of the flow rates [30, 38].

To ensure efficacy and avoid toxicity under CRRT, con-
tinuous administrations are useful to obtain more stable and 
adequate exposure but should be adjusted to the CRRT flow 
rate and MIC. Therefore, reduced daily intermittent doses 
every 12 hours when Qeff is low seemed to be sufficient for 
an adequate exposure. Tables 3 and 4 summarize the best 
scheme to attain the target of 100% fT>1–4×MIC, respectively, 
at steady state according to MICs that ranged from 0.125 to 
8 mg/L, BW and effluent flow rate as tools to guide phyci-
sian for an a priori dosing initiation that should be associ-
ated with therapeutic drug monitoring to adjust the dosing 
during the whole period of the treatement. In the current 

Fig. 3   Probability of target attainment (PTA) for a target defined as 
100% fT>1×MIC for a 16-kg patient. Blue vertical line: 1× Pseu-
domonas aeruginosa clinical breakpoint for resistance; red vertical 

line: 4× P. aeruginosa clinical breakpoint for resistance. CI continu-
ous infusion, LD loading dose, MIC minimum inhibitory concentra-
tion (mg/L), q8h intermittent administration every 8 hours (h)
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literature, there is some variability on the chosen MIC target 
to attain (from a EUCAST clinical breakpoint for sensitivity 
of 2 mg/L to a EUCAST clinical breakpoint for resistance 
of 8 mg/L). We considered a 8-mg/L MIC target. This may 

seem like an ambitious goal, but it is relevant to achieve the 
best PK target for the most severe cases in this critically ill 
population where inefficacy could be harmful. This is con-
sistent with previous studies that use the 8-mg/L threshold 

Fig. 4   Concentration–time curves for various meropenem dos-
ing schemes. (a) Intermittent infusion: 20 mg/kg every 8 h (h) as a 
20-min infusion and 40 mg/kg every 8 h as a 20-min infusion. (b) 
Continuous administrations corresponding to a 20 mg/kg loading 
dose then 60 mg/kg per day as a continuous infusion and a 40-mg/
kg loading dose then 120 mg/kg per day as a continuous infusion. (c) 
Intermittent infusion: 20 mg/kg every 12 h as a 20-minute infusion 

and 40 mg/kg every 12 h as a 20-minute infusion. For each figure, 
the simulations were performed for a different range of total effluent 
flow (Qeff) with, respectively, Qeff= 100mL/h, Qeff= 500mL/h, Qeff = 
1000mL/h, and Qeff = 1500mL/h. Dotted lines: superior line corre-
sponding to the neurotoxicity threshold at 64 mg/L and inferior lines 
at 4× EUCAST clinical breakpoint for Pseudomonas aeruginosa, 
which is at 8mg/L
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Fig. 4   (continued)

Table 3   Meropenem dosing regimen suggestions for a target of 100% fT>1×MIC under CRRT​

Qeff (mL/h) <100 100–500 500–2000a

BW (kg) Any BW
MIC (mg/L) 0.125 20 mg/kg q12 h 20 mg/kg then 60 mg/kg/24h CI OR 20 mg/kg q8h 20 mg/kg then

60 mg/kg/24h CI0.25
0.5
1
2
4
8

Table 4   Meropenem dosing regimen suggestions for a target of 100% fT>4×MIC under CRRT​

BW body weight, CI continuous infusion, CRRT​ continuous renal replacement therapy, MIC minimum inhibitory concentration, Qeff total effluent 
flow rate, q8h administration every 8 hours, q12h administration every 12 hours
a Data not shown on the figure

Qeff (mL/h) < 100 100–500 500–2000a

BW (kg) < 10 > 10 < 20 > 20 Any BW

MIC (mg/L) 0.125 20 mg/kg q8h
OR
20 mg/kg then 60 mg/

kg/24h CI

20 mg/kg q12h 20 mg/kg then 
60 mg/kg/24h 
CI

20 mg/kg then
60 mg/kg/24h CI
OR
20 mg/kg q8h

20 mg/kg then
60 mg/kg/24h CI0.25

0.5
1
2
4 20 mg/kg then

60 mg/kg/24h CI
40 mg/kg then 

120 mg/
kg/24h CI

20 mg/kg then
60 mg/kg/24h CI

40 mg/kg then
120 mg/kg/24h CI8



1619Meropenem Population Pharmacokinetics and Dosing Regimen Optimization

for target attainment and dosing simulations [29, 39–41]. 
Furthermore, in our practice, meropenem is administered 
even when P. aeruginosa has an MIC of 8 mg/L. As we 
could only measure the plasma concentration for the treat-
ment of deep and severe infections, it would be useful to 
consider this PK target to be achieved at least in plasma.

The CL increased with Qeff; therefore, failure to attain 
the target could be avoided with a continuous infusion, 
especially with high Qeff and high MIC. The meropenem 
threshold concentration for which there is 50% risk of devel-
oping a neurotoxicity or nephrotoxicity event is a trough 
concentration higher than 64 mg/L and 44 mg/L, respec-
tively [25], forgetting to adjust the dosing especially if the 
CRRT is discontinued could lead to an accumulation with a 
risk of toxicity. This supports therapeutic drug monitoring 
and prospective recording of adverse effects with our sug-
gested dosing regimens, to ensure both efficacy and safety 
exposure.

Our study had some limitations. Because of the small 
size of our cohort, we could not describe the association 
between meropenem concentrations and clinical or bacte-
rial outcomes. Owing to the lack of documentation, we 
could not provide all MICs and therefore the observed 
suboptimal exposure rate with actual dosing was likely 
overestimated. We also could not use the concentrations of 
meropenem in the effluent, which may improve the model, 
but the very few patients who had a dosage in the effluent 
would limit the interpretation even in a population PK 
approach. Conversely, this study improved the knowledge 
of meropenem pharmacokinetics in critically ill children, 
confirming the high variability of CRRT parameters and 
their associated impact on CL and highlighting the benefit 
of dose adaptation to the CRRT flow rate and the use-
fulness of therapeutic drug monitoring in this vulnerable 
population.

5 � Conclusions

Optimal meropenem exposure in critically ill children 
receiving CRRT needs an individualization of the dosing 
schemes depending on the MIC, BW, and CRRT efflu-
ent flow rate with reduced intermittent doses under a low 
CRRT effluent flow rate and continuous infusion under a 
high MIC and/or high CRRT effluent flow rate.
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