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Purpose: Critically ill patients with preserved or increased renal function have been shown 
to be at risk of underexposure to meropenem. Although many meropenem population 
pharmacokinetic (PK) models have been published, there is no large prospective population 
PK study with rich sampling focusing on patients most at risk of suboptimal pharmacoki-
netic/pharmacodynamic (PK/PD) target attainment. Therefore, the aim of the present study 
was to evaluate PK/PD target attainment and to perform a thorough covariate screening using 
population PK modelling of meropenem in septic patients with preserved or increased renal 
function.
Patients and Methods: A single-centre prospective observational PK study was performed 
in the intensive care unit (ICU) of the University Hospitals Leuven. Patients with severe 
sepsis or septic shock and treated with meropenem in the ICU were screened for inclusion. 
Patients were excluded if they received renal replacement therapy or had an estimated 
glomerular filtration rate according to the Chronic Kidney Disease Epidemiology collabora-
tion equation <70 mL/min/1.73m2 on the day of PK sampling. Successful PK/PD target 
attainment was defined as an unbound meropenem trough concentration above 2 mg/L or 
8 mg/L. Population PK modelling was performed with NONMEM7.4.
Results: In total, 58 patients were included, contributing 345 plasma samples over 70 dosing 
intervals. The 2 mg/L and 8 mg/L targets were successfully attained in 46% and 11% of all 
dosing intervals, respectively. A two-compartment population PK model with linear elimina-
tion and interindividual variability on clearance best described meropenem PK. The esti-
mated creatinine clearance according to the Cockcroft-Gault equation was the only covariate 
retained during population PK analysis.
Conclusion: This study provided detailed insight into meropenem PK in critically ill 
patients with preserved or increased renal function. We observed poor PK/PD target attain-
ment, for which renal function was the only significant covariate.
Trial Registration: This study is registered at ClinicalTrials.gov (NCT03560557).
Keywords: intensive care, PK/PD, exposure, dose optimization, augmented renal clearance

Introduction
Severe bacterial infections frequently lead to sepsis and septic shock, which are 
common causes of death in the intensive care unit (ICU). Worldwide, patients with 
sepsis reach unacceptably high mortality rates of 25% and even more in patients 
with septic shock.1,2 It is generally accepted that “early goal directed antimicrobial 
therapy”, referring to the initiation of adequate antimicrobial agents in the right 
dose as early as possible, significantly decreases mortality rates and has the 
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potential to avoid emerging resistance in patients with 
severe sepsis and septic shock.3,4 However, until control 
of the inflammatory reaction has been attained, antimicro-
bial pharmacokinetics (PK) are extremely altered due to 
pathophysiological disturbances associated with critical 
illness. Augmented renal clearance (ARC) and increased 
volume of distribution may lead to subtherapeutic antimi-
crobial exposure, resulting in therapeutic failure and 
induction of antimicrobial resistance.5–9

Meropenem is a broad-spectrum beta-lactam antibiotic 
used to treat life-threatening infections in the ICU. It is 
commonly used in the empiric therapy of sepsis or com-
plicated infections and in the targeted therapy of multi-
drug-resistant gram-negative pathogens.10 Meropenem is 
a time-dependent bactericidal antibiotic. In critically ill 
patients, unbound concentrations exceeding 1- to 4-fold 
the minimal inhibitory concentration throughout the whole 
dosing interval (100% fT>1-4xMIC) are recommended for 
optimal bacterial killing and to avoid emergence of anti-
microbial resistance.9,11 Several studies have shown that 
conventional meropenem dosing regimens may lead to 
unacceptable PK/pharmacodynamic (PK/PD) target attain-
ment in critically ill patients. ARC, but also preserved 
renal function, has been identified as major causes for 
underexposure.9,12–15 This is not surprising as meropenem 
shows major renal clearance (approx. 70%).16 Alternative 
dosing strategies, such as extended or continuous infusion, 
have been suggested.17 Nevertheless, conventional dosing 
is still common as there is currently no consensus on 
meropenem dosing in critically ill patients and therapeutic 
drug monitoring for meropenem is still not implemented in 
most ICUs.18,19 Several population PK (population PK) 
models have been published in an attempt to describe 
and predict meropenem exposure in critically ill patients. 
Recently, Dhaese et al have shown that there is substantial 
variability in the predictive performance of these popula-
tion PK models.17 This could be because these models 
were developed in rather small and selected populations 
(9–34 patients). Recently, a few population PK models 
have been developed in larger ICU populations, although 
these were based on data from retrospective studies20,21 or 
included mainly patients with impaired renal function.13

Therefore, the aim of the present study was to prospec-
tively evaluate PK/PD target attainment in a larger study 
population with sepsis and preserved or increased renal 
function and to perform a thorough covariate screening 
using population PK modelling of meropenem.

Materials and Methods
Study Design and Setting
A prospective single-centre observational cohort study was 
carried out on the ICUs of a tertiary-care academic hospi-
tal (University Hospitals Leuven, Leuven, Belgium) 
between October 2013 and October 2017. The study was 
conducted in accordance with the Declaration of Helsinki, 
and the study protocol was approved by the Ethics 
Committee Research UZ/KU Leuven (S54511). Written 
informed consent was obtained from the patient or the 
closest relative before inclusion in this study. All adult 
patients admitted to the ICU, treated with meropenem 
and having severe sepsis or septic shock (as defined 
according to the definitions applicable at the time of the 
study; cf. File S1)22,23 at the start of meropenem therapy 
were screened for inclusion. Exclusion criteria were preg-
nancy, do-not-resuscitate order, extracorporeal membrane 
oxygenation, renal replacement therapy, decreased renal 
function defined as an estimated glomerular filtration rate 
according to the Chronic Kidney Disease Epidemiology 
Collaboration equation (eGFRCKD-EPI) <70 mL/min/ 
1.73 m2 on the day of PK sampling.

In the present study, ARC was defined as a measured 
urinary creatinine clearance by 24h urine collection 
(mCrCl24h) ≥130 mL/min/1.73m2, according to the con-
sensus in the current literature.24

Study Protocol
The study protocol has been previously published.25 In 
short, blood samples were collected on an early day (day 
2 ±1) and/or a later day (day 5 ±1) of meropenem therapy, 
depending on practical feasibility. Sampling was per-
formed around one dosing interval at −15 minutes (pre- 
dose), 30 (at time of infusion stop), 120, and 240 minutes 
after the start of the infusion, and 15 minutes before the 
start of the next infusion (pre-dose). Meropenem was 
administered as an intermittent infusion and dosing was 
at the discretion of the treating physician. As reported 
previously, during the first year of the study, plasma sam-
ples were stored at −20°C until quantification.25 However, 
new insights revealed significant degradation during long- 
term storage of meropenem at −20°C.26,27 Subsequently, 
from the beginning of the second year of the study on, all 
plasma samples were stored at −80°C within 24 hours after 
collection, until quantification within one year. For the 
plasma samples that were stored at −20°C for maximum 
one year, meropenem concentrations were corrected using 
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a validated degradation model.28 Total meropenem con-
centrations were treated as unbound concentrations due to 
negligible plasma protein binding of meropenem (ie, 
2%).16 Meropenem plasma concentrations were quantified 
using a validated ultra-performance liquid chromatography 
method coupled with tandem mass spectrometry, which 
has been described in detail elsewhere.25

PK/PD Target Attainment
Based on current recommendations for therapeutic drug 
monitoring of meropenem in the ICU, PK/PD target attain-
ment was defined as 100% fT>MIC

11 and 100% fT>4xMIC.9 

The 100% fT>MIC and 100% fT>4xMIC are recommended 
for maximal bacterial killing11 and optimal clinical out-
come while avoiding emerging resistance9 with beta-lac-
tam antibiotics in critically ill patients, respectively. As no 
exact minimal inhibitory concentration values were avail-
able, to calculate PK/PD target attainment, the minimal 
inhibitory concentration clinical breakpoint for susceptibil-
ity of Enterobacterales to meropenem (ie, 2 mg/L) – as 
recommended by the European Committee on 
Antimicrobial Susceptibility Testing – was used.29 Thus, 
PK/PD target attainment was defined as unbound concen-
trations exceeding 2 mg/L or 8 mg/L throughout the whole 
dosing interval, corresponding to 100% fT>MIC and 100% 
fT>4xMIC, respectively.

Population PK Modelling
Population PK analysis was performed using NONMEM 
(version 7.4; ICON Development Solutions, Gaithersburg, 
MD, USA), with a GNU Fortran 95 compiler and the Perl- 
speaks-NONMEM (PsN; version 4.7.0) toolkit on the 
interface software Pirana (version 2.9.7; Certara, Inc., 
Princeton, NJ, USA).

First-order conditional estimation with interaction and 
differential equation solver ADVAN 13 was used for para-
meter estimation. The precision of the parameter estimates 
was evaluated based on the root squared error. A base 
model was developed by evaluating different structural 
models with varying numbers of compartments (one, two 
and three compartments) and the presence or absence of 
interindividual and inter-occasion variability in the PK 
parameters. An occasion was defined as a dosing interval. 
Individual PK parameters were assumed to be ln-normally 
distributed using an exponential function. For example, the 
clearance (CL) parametrisation followed this equation:

CLi ¼ TVCL� exp ηið Þwithηi 1N 0;ω2� �
(Eq:1) 

with CLi the clearance of subject i, TVCL the typical 
population value of the clearance, ηi the individual sub-
ject’s deviation from the typical value, and ω2 is the 
variance of inter-subject variability. Allometric scaling 
was tested with exponents of 0.75 and 1 on CL and 
volume of distribution, respectively.

The base model (including the number of compart-
ments) was selected by objective function value compar-
isons (difference ≥3.84 points; P ≤ 0.05), the condition 
number (<1000), physiological plausibility and precision 
of parameter estimates, and goodness-of-fit plots. A final 
model, including covariate effects, was built via a two-way 
stepwise covariate modelling procedure (forward inclusion 
α=0.010; backward elimination α=0.001). The tested cov-
ariates were selected based on previously published (popu-
lation) PK studies of meropenem and expert consensus, 
and included age, body weight, body mass index, ideal 
body weight, adjusted body weight, serum creatinine, esti-
mated creatinine clearance according to the Cockcroft- 
Gault equation (eCrClCG), eGFR according to the 
Modification of Diet in Renal Disease equation, 
eGFRCKD-EPI, mCrCl24h, probability of ARC on the day 
of sampling according to the ARC predictor,30 fluid bal-
ance, and Acute Physiology and Chronic Health 
Evaluation II, and Sequential Organ Failure Assessment 
scores.

The final model was evaluated using a prediction-cor-
rected visual predictive check (n = 1000). Good predictive 
ability of the final model was defined as median values and 
95% confidence intervals of the prediction-corrected 
observed data falling within the 95% prediction intervals 
of the model, which was illustrated using this prediction- 
corrected visual predictive check. Furthermore, bootstrap-
ping was performed to obtain nonparametric estimates of 
uncertainty in parameter estimates (n = 2000 bootstraps).

The NONMEM control stream of the final population 
PK model is available in File S2.

Statistical Analysis Not Related to 
Population PK Modelling
The results are expressed as median [interquartile range]. 
Differences in meropenem trough concentrations or PK/ 
PD target attainment were evaluated using an unpaired 
Student’s t-test or a Chi-square test, respectively. All ana-
lyses other than the population PK were performed in 
R (version 4.0.0, R Core Team, Vienna, Austria) in the 
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RStudio integrated development environment (version 1.3; 
RStudio, Inc., Boston, MA, USA) using the tidyverse31 

collection of packages and ggplot2.32

Results
Patient Characteristics
In total, 58 patients were included, contributing 345 
plasma samples over 70 dosing intervals, as shown in 
the inclusion flow diagram (Supplementary Figure 1). 
The main clinical characteristics are shown in Table 1. 
Sixty-nine percent of our cohort were male patients. 
Age and weight were 63 years [55; 68] and 70 kg [60; 
79], respectively. The Acute Physiology and Chronic 
Health Evaluation II and Sequential Organ Failure 
Assessment scores on admission were 20 [16; 25] and 
9 [7; 10], respectively. Most patients (83%) were 
sampled on an early day. Twelve patients were sampled 
on an early and a late day during meropenem treatment 
(Table 1). The mCrCl24h was 84 mL/min/1.73m2 [64; 
119] and 109 mL/min/1.73m2 [75; 136] on early and 
late sampling days, respectively. Overall, the mCrCl24h 

was 88 [69; 128], and ARC was present on 16/66 
(24.2%) dosing intervals for which mCrCl24h was avail-
able. On most sampling days (64%), patients received 
meropenem 1000 mg q8h. The remaining patients 
received meropenem 2000 mg q8h, except for two sam-
pling days (500 mg q8h). All patients received merope-
nem as a short infusion over 30 minutes. The infection 
focus was mainly respiratory (72%). Forty-seven (81%) 
patients survived their ICU stay.

PK/PD Target Attainment
The median meropenem unbound trough concentration 
was 1.83 mg/L [0.73; 4.85]. Trough concentrations were 
1.92 mg/L [0.82; 4.37] and 1.14 mg/L [0.58; 2.96] on early 
and late sampling days. There was no significant differ-
ence in trough concentrations between early vs late sam-
pling days (p = 0.88). No concentrations were below the 
lower limit of quantification (0.09 mg/L). The 100% 
fT>MIC and 100% fT>4xMIC PK/PD targets – considering 
a minimal inhibitory concentration of 2 mg/L – were 
successfully attained on 46% and 11% of all sampling 
days, respectively (Table 1). Although there was a slight 
decrease in attainment of the 100% fT>MIC target, there 
was no significant difference in target attainment between 
early vs late sampling days (p = 0.42), as illustrated in 
Figure 1.

Population Pharmacokinetic Modelling
A two-compartment population PK model with linear 
elimination best described the PK of meropenem. 
Interoccasion variability in PK could not be identified. 
IIV was identified on clearance (57.8% coefficient of 
variation [CV]), volume of the central compartment 
(57% CV), and volume of the peripheral compartment 
(74.4% CV). Allometric scaling was not retained since it 
did not improve the base model (goodness-of-fit plots of 
the base model are shown in Supplementary Figure 2). 
After performing stepwise covariate modelling, eCrClCG 

was the only covariate withheld in our final model, 
explaining 18% of the IIV on CL. The eCrClCG performed 
significantly better than any other covariate. Equation 2 
shows how meropenem clearance of patient i increases 
with eCrClCG:

CLi ¼ 13:7
L
h
�

eCrClCG

111:7mL=min

� �0:725

(Eq:2) 

Parameter estimates of the final model are shown in 
Table 2. Goodness-of-fit plots showed that the final 
model adequately described the observed data 
(Supplementary Figure 3). A prediction-corrected visual 
predictive check showed the good predictive ability of our 
model, where the median values and the 95% confidence 
intervals of the prediction-corrected observed data fell 
within the 95% prediction intervals of the model 
(Figure 2). Median values of the nonparametric bootstrap 
replicates were in good agreement with point estimates 
(Table 2).

Discussion
In this study, we showed poor PK/PD target attainment of 
meropenem in critically ill patients with preserved or 
increased renal function. Solely renal function was 
retained as a significant predictor of meropenem exposure 
during population PK analysis.

Only half of the patients achieved the most conserva-
tive of both predefined PK/PD targets. Target attainment 
was equally low on early vs late sampling days, despite 
a slight increase in renal function. A previously published 
study investigating PK changes during meropenem therapy 
in septic patients also found no significant difference in 
target attainment and PK between early and late sampling 
days, despite increased renal function.33 Interestingly, both 
in the latter and in the present study, there is a trend 
towards lower trough concentrations – and target 
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attainment – on the late sampling day. The effect of 
increased meropenem CL on the late sampling day might 
be relatively small compared to the already increased CL 
on the early sampling day, and/or it might be partially 
cancelled by decreased volume of distribution after the 
initial phase of sepsis.

We developed a two-compartment population PK 
model that was able to accurately predict meropenem 
plasma concentrations in patients with preserved or 
increased renal function. Previously, both one- and two- 
compartment models have been developed for meropenem 
in critically ill patients. Most one-compartment models 
have been developed in patients with prolonged 

infusion17,20,34 and/or sparse sampling.21 Hence, it is not 
surprising that a two-compartmental model best fitted the 
PK data collected in the present study with rich sampling 
during intermittent infusion. Interestingly, it should be 
noted that a recent comparative study confirmed similar 
predictive performance of (one- and two-compartmental) 
population PK models developed in patients receiving 
continuous vs intermittent infusion.17

Renal function was found to be the only significant 
predictor of meropenem PK. This is consistent with the 
vast majority of previously published population PK mod-
els of meropenem in ICU patients.17 It has been reported 
that patients with preserved or increased renal function (ie, 

Table 1 Clinical Characteristics

Parameter Overall On Early Sampling Day On Late Sampling Day

Number of patients, n (%) a 58 (100) 48 (83) 22 (38)
Demographics

Sex, male, n (%) 40 (69)

Age, median [IQR], years 63 [55; 68]
Body weight, median [IQR], kg 70 [60; 79]

ICU mortality, n (%) 11 (19)

Severity of infection, n (%)
Severe sepsis 26 (45)

Septic shock 32 (55)
Site of infection, n (%)

Respiratory 42 (72)

Gastro-intestinal 6 (10)
Hepatic 3 (5)

Skin and soft tissue 3 (5)

Other 2 (3)
Unknown 2 (3)

Days meropenem therapy until start sampling, median [IQR], days 1 [1; 1.7] 4.3 [4; 4.7]

Days ICU until start sampling, median [IQR], days 3 [1.5; 9.4] 6 [4.1; 12.9]
Daily meropenem dose, median [IQR], mg/day 3000 [3000; 6000] 3000 [3000; 6000]

Mechanical ventilation, n (%) 35 (73) 13 (59)

Vasopressor therapy, n (%) 27 (56) 10 (45)
Clinical scores

SOFA score on ICU admission, median [IQR] 9 [7; 10]

SOFA score on day of sampling, median [IQR] 9 [6; 10] 7 [5; 10]
APACHE II score, median [IQR] 20 [16; 25]

Biochemical parameters

mCrCl24h, median [IQR], mL/min/1.73m2 b 84 [64; 119] 109 [75; 136]
eGFRCKD-EPI, median [IQR], mL/min/1.73m2 104 [91; 119] 112 [101; 119]

Sampling

Unbound meropenem pre-dose concentration ≥2 mg/Lc, n (%) 32/70 (46) 24/48 (50) 8/22 (36)
Unbound meropenem pre-dose concentration ≥8 mg/Lc, n (%) 8/70 (11) 5/48 (10) 3/22 (14)

Notes: aTwelve patients were sampled on both days. bCrCL24h was not available for 4 dosing intervals. cUnbound concentrations exceeding 1 (ie, 2mg/L) or 4 times (ie, 
8 mg/L) the minimal inhibitory concentration throughout the whole dosing interval. 
Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; mCrCl24h, measured 24-hour urinary creatinine clearance; eGFRCKD-EPI, estimated glomerular 
filtration rate according to the Chronic Kidney Disease Epidemiology Collaboration equation; ICU, intensive care unit; IQR, interquartile range; n, number of patients; SOFA, 
Sequential Organ Failure Assessment.
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ARC) are most at risk of underexposure.35,36 This was the 
initial incentive for this study, ie, to focus only on patients 
with preserved or increased renal function. Recently, dos-
ing simulations revealed that meropenem dosing according 
to the drug label is only sufficient for critically ill patients 
with an eCrClCG <60 mL/min.13 Moreover, another simu-
lation study showed that not only extended infusion but 
also higher meropenem doses were needed to achieve 

a sufficiently high probability of target attainment when 
targeting 100% fT>4xMIC considering a minimal inhibitory 
concentration of 2 mg/L in critically ill patients with an 
eGFRCKD-EPI >60 mL/min.21 Notwithstanding, many 
population PK models included a significant proportion 
of patients with decreased renal function. To date, mero-
penem population PK modelling was mostly carried out in 
rather small17 or retrospective studies with sparse 

Figure 1 Observed unbound meropenem plasma concentrations (mg/L) vs time relative to the start of the infusion (hours). Panel (A) represents the early sampling days, 
panel (B) represents the late sampling days. The dashed lines represent the 2 mg/L and 8 mg/L PK/PD target. The lines connect different observations within the same 
patient.

Table 2 Population PK Model Parameter Estimates

Parameter Estimate (%RSE) (95% CI) [%Shrinkage] Bootstrap Median (95% CI)

Typical Values

CL (L/h) 13.7 (7.4) (11.8–15.7) 13.6 (11.7–16.1)

Vc (L) 25.5 (8.5) (21.3–29.7) 24.8 (19.9–30.4)
Vp (L) 12.4 (15.8) (8.6–16.2) 12.7 (8.5–19.4)

Q (L/h) 8.1 (32.6) (2.9–13.3) 8.6 (3.5–15.7)

eCrClCG on CL 0.64 (20.9) (0.37–0.90) 0.64 (0.34–0.90)
Interindividual variability

IIV on CL (%CV) 57.8 (12.2) (44–71.6) [3] 56.8 (43–75.9)

IIV on Vc (%CV) 57 (16.8) (38.2–75.8) [14] 56.6 (31.3–78.9)
IIV on Vp (%CV) 74.4 (24.5) (38.6–110.1) [25] 77.2 (34.6–146.6)

Correlation between CL & Vc 0.185 0.178 (0.054–0.373)

Residual variability
Additive residual variability (mg/L) 0.147 (45.6) (0.1–0.19) [16] 0.155 (0.002–0.782)

Proportional residual variability (%CV) 31.1 (17.2) (21.34–40.9) [16] 29.1 (21.2–39.4)

Notes: The model dOFV was 1655.702. 1831 out 2000 bootstrap runs (91.5%) were successful. The condition number was 99.74. 
Abbreviations: CI, confidence interval; CL, clearance; CV, coefficient of variation calculated as 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp ω2ð Þ� 1

p
�100%; eCrClCG, creatinine clearance according to the 

Cockcroft-Gault equation; interindividual variability; Q, Intercompartmental clearance; RSE, root mean square error; Vc, volume of the central compartment; Vp, volume of 
the peripheral compartment.
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sampling.20,21 The largest prospective meropenem popula-
tion PK study to date only included a minority of patients 
with preserved renal function (32% had an eCrClCG 

>60 mL/min).13 In the latter, only 11% of all patients 
showed ARC (defined as eCrClCG ≥130 mL/min), whereas 
ARC was present during 24% of the dosing intervals in the 
present study. In the present study, overall median 
mCrCl24h was 88 mL/min/1.73m2. This is much higher 
than renal function values reported in the abovementioned 
population PK studies. Hence, the present population PK 
model is a valuable addition to existing meropenem popu-
lation PK models. The present population PK model can 
be used in future studies to evaluate dose optimization 
strategies for meropenem in critically ill patients with 
preserved or increased renal function.

In the present study, the median population estimated 
meropenem CL was 13.7 L/h, which is higher than in 
several of the previously developed population PK 
models.13,17,20,21,37 On the other hand, a few smaller pro-
spective PK studies have also reported high meropenem CL 
values similar to the CL observed in the present 
study.35,38,39 Measured or estimated CrCl in these studies 
was similar to the mCrCl24h in the current study population. 

Hence, it is not surprising that we found high meropenem 
CL values. This is a direct consequence of the exclusion 
criteria applied in the present study. For meropenem CL, 
despite the inclusion of renal function in the population PK 
model, IIV is still large. This is in accordance with findings 
from Dhaese et al.17 In their comparative study, they found 
that differences in renal function in the original dataset used 
to develop the population PK model do not fully explain the 
variability in their predictive performance. No other covari-
ate mentioned to potentially influence meropenem PK (eg, 
Sequential Organ Failure Assessment score, Acute 
Physiology and Chronic Health Evaluation II score, age, 
body weight) has been identified consistently in population 
PK studies. Accordingly, we did not retain any of these 
covariates in our population PK analysis.

This study has several strengths. First, this is the lar-
gest prospective PK study with rich sampling in patients 
with preserved or increased renal function. This study 
allows a detailed description of meropenem PK in patients 
most at risk for underexposure and critical evaluation of 
previously published models. Second, mCrCl24h was col-
lected in most patients (66/70 dosing intervals). The 
mCrCl24h is considered to be the pragmatic gold standard 

Figure 2 Prediction-corrected visual predictive check of the final model. The observed prediction-corrected meropenem concentrations are represented by circles. The 
black solid and dashed lines represent median and 2.5th and 97.5th percentile of the prediction-corrected observations, respectively. The shaded areas indicate 95% 
prediction-intervals of the median and 2.5th and 97.5th percentile of the simulated values.
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in the ICU to monitor renal function.40 Nonetheless, 
eCrClCG was found to be the best predictor of the current 
model. This could be due to the fact that mCrCl24h was 
missing for eight dosing intervals, which were imputed 
with the median mCrCl24h. A similar finding was observed 
in the population PK study of Dhaese et al, who retained 
eCrClCG as significant predictor instead of mCrCl8h.17

On the other hand, several limitations also need to be 
acknowledged. First, minimal inhibitory concentration 
values were not reported in the present study. Hence, we 
assessed PK/PD target attainment according to a worst 
case scenario, using the clinical minimal inhibitory con-
centration breakpoint for susceptibility of Enterobacterales 
to meropenem.29 This breakpoint is consistent with the 
epidemiological cut-off (http://www.eucast.org (accessed 
on 24 March 2021)) and the previously reported MIC90 

(90% of pathogens have an equal or lower minimal inhi-
bitory concentration) of Pseudomonas aeruginosa.13 

Second, an external validation is lacking. A recent com-
parative study found substantial variability in the predic-
tive performance of eight population PK models of 
meropenem.17 Nevertheless, awaiting external validation, 
this study clearly shows the urgent need for dose optimi-
zation in critically ill patients with preserved or increased 
renal function. Third, sample size was limited (ie, 58 
patients), although our study represents the largest pro-
spective population PK study of meropenem so far.

Conclusion
In conclusion, this study provided detailed insight into 
meropenem PK in critically ill patients with preserved or 
increased renal function. We observed poor PK/PD target 
attainment, which reflects the urgent need for dose opti-
mization of meropenem in these patients. Thorough cov-
ariate screening using population PK modelling identified 
only renal function as a significant predictor of merope-
nem PK. External validation is desirable before imple-
menting dose optimization strategies based on this 
population PK model.

Abbreviations
ARC, augmented renal clearance; eCrClCG, estimated 
creatinine clearance according to the Cockcroft-Gault 
equation; eGFRCKD-EPI, estimated glomerular filtration 
rate according to the Chronic Kidney Disease 
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that the free concentration exceeds 1 to 4 times the mini-
mum inhibitory concentration; ICU, intensive care unit; 

mCrCl24h, measured 24-hour urinary creatinine clear-
ance; PK, pharmacokinetic; PK/PD, pharmacokinetic/ 
pharmacodynamic.
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