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Summary
What is known and Objective: Meropenem, a broad-spectrum carbapenem, is fre-
quently used to treat severe bacterial infections in critically ill children. Recommendations 
for meropenem doses in adult infections are available; however, few studies have been 
published regarding the use of meropenem in children with sepsis, especially in those 
receiving continuous renal replacement therapy (CRRT) and extracorporeal membrane 
oxygenation (ECMO). We aimed to investigate the pharmacokinetic (PK) parameters of 
meropenem in children with sepsis receiving extracorporeal life support (ECLS).
Methods: This was a prospective observational clinical study of children with sepsis 
receiving ECMO or CRRT in the paediatric intensive care unit (PICU) of a children's 
hospital. The enrolled children received 20 mg/kg meropenem infusion over 1 hour, 
every 8 hours, and were grouped into children receiving ECMO, children receiving 
CRRT and children receiving neither ECMO nor CRRT. Plasma meropenem concentra-
tions were determined using a validated high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS). The key PK parameters were determined 
using the non-compartmental approach.
Results and discussion: Twenty-seven patients were finally enrolled. The eCLCR of 
the CRRT group was lower than that of the ECMO group. The values of elimination 
half-life (t1/2), area under the plasma concentration-time curve (AUCtau), area under 
the plasma concentration-time curve from time zero to infinity (AUC0-∞), and total 
clearance (CL) in the ECMO group were not different from those of the other groups 
(all p > 0.05). However, the AUCtau (p = 0.0137) and AUC0-∞ (p = 0.0234) significantly 
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1  |  WHAT IS KNOWN AND OBJEC TIVE

Severe infection remains a common medical issue in paediatric 
intensive care units (PICUs) and usually causes high mortality.1 
Broad-spectrum β-lactam antibiotics have been widely used to 
treat severe infections in children. Therapeutic drug monitoring 
(TDM) of β-lactam antibiotics focuses on the % fT >MIC—the time, 
expressed as a percentage of the dosing interval, that the con-
centration of the antimicrobial agent remains above the minimum 
inhibitory concentration (MIC) for the microorganism—to achieve 
adequate therapeutic antibiotic concentrations and exposure, 
thereby improving clinical outcomes and reducing antibiotic re-
sistance.2-5 Recent reports reveal that the pharmacokinetic (PK) 
characteristics of antibiotics can be altered and their effects on 
bacteria reduced, in critically ill adults receiving extracorporeal life 
support (ECLS), including extracorporeal membrane oxygenation 
(ECMO) and continuous renal replacement therapy (CRRT).6,7 
However, PK data of β-lactam antibiotics in critically ill children 
receiving ECLS remain limited.

Meropenem, a broad-spectrum carbapenem, is frequently used 
to treat severe bacterial infections in critically ill children, including 
those with severe pneumonia and sepsis.8 Recommendations for 
meropenem doses in adult infections are available; however, few 
studies have been published regarding the use of meropenem in chil-
dren with sepsis, especially those receiving CRRT and ECMO. Hahn 
et al reviewed PK changes of antibiotics during ECMO in critically ill 
adult patients and demonstrated that the effects of ECMO on the 
PK parameters of meropenem are not significant. However, anti-
biotic clearance (CL) decreased, while the total volume of distribu-
tion (Vd) showed uncertain changes in two prospective studies.9,10 
Nevertheless, PK data of meropenem in critically ill children remain 
limited. Rapp et al reported the population pharmacokinetics (PPK) 
of meropenem in 40 critically ill children, among whom 8 received 
ECMO and 11 CRRT; the two-compartment model showed CL, cen-
tral volume of distribution (V1) and peripheral volume of distribution 
(V2) of 6.82 L/h, 40.6 L, and 9.2 L, respectively. However, detailed 
non-compartmental data for the ECMO and CRRT groups are not 
available.11 Cies et al assessed the PPK of meropenem in 9 critically 

ill children; CL and Vd for this population were 6.99 ± 2.5 mL/(min‧kg) 
and 0.78 ± 0.73 L/kg, respectively, although the analysis excluded 
children receiving ECMO or CRRT.12

In general, PK parameters are influenced by the ECMO device 
that is used, the physicochemical properties of the drug and the 
pathological changes in patients.13-15 Further, CRRT significantly 
eliminates meropenem, a small molecule with high affinity for water, 
low volume of distribution and a high unbound fraction.16 However, 
CRRT intensity is not a significant modifier of meropenem CL.16 
Moreover, little is known about the influence on the filtration ef-
ficacy of β-lactam antibiotics after inflammatory mediators block 
the hemofiltration membrane during CRRT. Multiple studies have 
demonstrated that prolonged infusion of meropenem can improve 
its PK parameters, with some suggesting a 24-h continuous infusion 
at MIC >4 mg/L11. However, a 24-h continuous infusion needs the 
drug solution to be changed every 3 hours owing to the instability 
of meropenem under ambient conditions; this may impose a signif-
icant financial burden on families or hospitals in developing coun-
tries. Therefore, we investigated whether 1-h infusion is still useful 
in children with sepsis. The aims of our study were as follows: (i) to 
quantify PK parameters of meropenem in children with sepsis un-
dergoing CRRT and/or ECMO and (ii) to measure the sieving coeffi-
cient (Sc) of meropenem in children with sepsis receiving CRRT with 
the AN69 filter.

2  |  METHODS

2.1  |  Study design

This was a prospective observational study conducted at the PICU 
of the Children's Hospital of Fudan University, Shanghai, China, 
between January 2018 and December 2019. The protocol was reg-
istered in the Chinese Clinical Trial Registry (http://www.chictr.
org.cn/index.aspx, ChiCTR-OPC-16008703) and approved by the 
Hospital Committee on Health Research Ethics (registration number 
2016-133, 2016-311). Written informed consent was obtained from 
both parents of each child.

decreased after filtration through a hemofiltration membrane in patients receiving 
CRRT.
What is new and Conclusion: No significant alterations in the PK parameters of mero-
penem occurred in children with sepsis administered ECMO and/or CRRT. Further 
investigations including PK modelling could provide evidence for appropriate mero-
penem dosing regimens during ECLS administration.

K E Y W O R D S
AN69 membrane, children, continuous renal replacement therapy, critically ill, extracorporeal 
life support, extracorporeal membrane oxygenation, meropenem, pharmacokinetic, sepsis
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2.2  |  Study participants and eligibility criteria

The PICU in the Children's Hospital of Fudan University is one of the 
paediatric ECMO and CRRT centres of China, with 5 annual veno-veno 
ECMO (VV-ECMO) runs and 38 veno-arterial ECMO (VA-ECMO) runs. 
Annually, approximately 120 patients undergo CRRT in our PICU. This 
study enrolled children diagnosed with sepsis who were treated with 
meropenem. Paediatric sepsis was defined according to ‘Surviving 
Sepsis Campaign Guidelines for Management of Sepsis and Septic 
Shock’.17 The inclusion and exclusion criteria are listed in Appendix 
Table A1. ECMO was performed to support children with refractory 
septic shock or severe sepsis-associated respiratory failure.

The following data were recorded for each enrolled child: age, gen-
der, weight, height, weight adjusted Z score (WAZ) to evaluate the nu-
trition status, and Pediatric Risk of Mortality score III (PRISM III) on the 
day of PICU admission. Further, we recorded several other parameters: 
C-reactive protein (CRP) levels, white blood cell count, haemoglobin 
levels, platelet count, creatinine levels, urea nitrogen levels, bilirubin 
levels, albumin levels, alanine aminotransferase/aspartate amino-
transferase (ALT/AST) levels, estimated creatinine clearance (eCLCR) 
derived from the Schwartz formula,18 the ECMO settings, the CRRT 
intensity, positive results of blood, urine, and sputum cultures, and the 
dosing history of meropenem. CRRT was performed in the continuous 
veno-venous haemodialysis (CVVHDF) mode using the AN69 mem-
brane (Baxter, USA) through a Prismaflex CRRT system (Baxter, USA). 
The blood flow rate for CRRT was kept at an average of 4 mL/(kg‧min), 
with a replacement rate of 25 mL/(kg‧h); the dialysis dose was 20 mL/
(kg‧h) and an average ultrafiltration rate of 2 mL/(kg‧h) was used. The 
CRRT and ECMO settings used for the enrolled children are listed in 
Appendix Table A2 and A3. We initially divided the children into 3 
groups as follows: Group I, children receiving ECMO; Group II, children 
receiving CRRT; and Group III, children receiving neither ECMO nor 
CRRT (non-ECLS group).

The MICs were determined in the microbiology laboratory of 
the Children's Hospital of Fudan University (Shanghai, China). The 
MIC values of meropenem were determined by the diffusion method 
using E-test strips (BioMerieux, France). Among the 27 patients, 9 
were confirmed to have an infection; MIC data were available for 4 
of them (Table 3). When the MIC data were not available, the epi-
demiological cut-off value (ECOFF) was determined as defined by 
the European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) data.19

2.3  |  Sampling procedures and 
concentration analysis

Meropenem (Meropen® injection; Sumitomo Dainippon Pharma Co. 
Ltd, Osaka, Japan) was administered at a dose of 20 mg/kg q8h intra-
venously for 60 min. After the administration of at least 5 doses of 
meropenem, the blood samples were first collected prior to merope-
nem injection (time zero). Subsequently, in children with body weight 
≤30 kg, blood samples were collected using a peripheral arterial 

catheter or CRRT filter port at 5, 45, 90, 180, 360 and 480 min 
after meropenem infusion. In children with body weight >30 kg, 
blood samples were collected at 5, 15, 30, 60, 90, 120, 240, 360 and 
480 min after meropenem infusion. Plasma was separated immedi-
ately and frozen at −80°C until further use. Plasma concentrations 
were analysed using high-performance liquid chromatography-tan-
dem mass spectrometry (HPLC–MS/MS) at the School of Pharmacy, 
Fudan University (Shanghai, China).

YMeropenem was determined in human plasma based on an in-
ternal standard method using HPLC–MS/MS. Antipyrine (internal 
standard, IS) and meropenem were eluted in the mobile phase (0.1% 
methanoic acid:acetonitrile, 80:20 v/v) and analysed using HPLC-
ESI-MS/MS n the multiple reaction monitoring (MRM) mode. The 
sample was reconstituted in 50 µL of mobile phase, and 5 µL was 
injected for analysis using HPLC-MS/MS. The calibration standards 
were prepared by spiking a standard solution of meropenem into 
blank human plasma. The IS standard solution was added to each 
calibration standard in the same way as the sample was pre-treated. 
The limit of quantification (LOQ) and the limit of detection (LOD) 
were determined by analysing multiple concentrations of mero-
penem in human plasma. The method was found to be precise and 
accurate based on 5 replicate determinations using human plasma 
samples.

2.4  |  PK parameters

The PK parameters were determined by non-compartmental analy-
sis conducted using the PKNCA package in R (Version 3.2.4; R Core 
Team, Vienna, Austria). The key PK parameters investigated were 
clearance at steady-state (CLSS), area under the curve (AUC), area 
under the plasma concentration-time curve (AUCtau), area under the 
plasma concentration-time curve from time zero to infinity (AUC0-∞) 
and the elimination half-life (t1/2).

2.5  |  Statistic analysis

The demographical and PK outcome data are expressed as me-
dian (interquartile range, [IQR]) and were analysed using Prism 8 
for macOS (version 8.2.1; GraphPad Software Inc, San Diego, CA). 
Comparisons between multiple groups were performed using the 
Kruskal-Wallis test. P value less than 0.05 was considered signifi-
cantly statistical difference between groups.

3  |  RESULTS AND DISCUSSION

3.1  |  Patient characteristics

Twenty-seven children (14 males and 13 females) were enrolled 
in this study. All included children received, on average, 8 (range, 
5–10) meropenem doses before blood sample collection. The ECMO 
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treatment duration was of 70.4 h (range, 54.9–85.9 h). A summary of 
the demographic characteristics of children and the disease sever-
ity data are presented in Table 1. No adverse drug reactions were 
reported.

3.2  |  Pharmacokinetic parameters

There were significant differences in the eCLCR among the 3 
groups—ECMO, CRRT and non-ECLS, (p = 0.01) after the 1-h infusion 
of meropenem. The eCLCR of the CRRT group was lower than that 
of the ECMO group. The AUCtau and AUC0-∞ were lower after filter 
use during CRRT compared to the pre-filter condition (all p < 0.05); 
t1/2 also decreased after filter use, but the difference was not statis-
tically significant (Table 2). There were no significant differences in 

the remaining PK parameters among the three groups (all p > 0.05; 
Table 3). The individual meropenem serum concentration-time pro-
files are shown in Figures 1-3.

3.3  |  Discussion

To the best of our knowledge, this is the first study to focus on PK 
parameters of meropenem in children with sepsis receiving ECLS. 
We found that the PK parameters of meropenem did not change sig-
nificantly in children with sepsis who had normal nutrition status and 
who were undergoing ECMO or CRRT with the AN69 haemofilter.

The impact of ECMO on PK parameters varies among drugs in 
adult patients. In a case-matched control study of adult patients, 
meropenem had slightly lower CL and Vd (125 mL/min and 0.46 L/

Non-ECLS (n = 15) CRRT (n = 6) ECMO (n = 6)

Male/Female 8/7 4/2 3/3

Age (years) 1.29 (0.67–3.25) 2.00 (1.13–6.88) 2.50 (0.50–5.25)

Body weight (kg) 11.00 (7.75–12.63) 12.50 (8.60–27.15) 14.50 
(6.53–21.50)

WAZ Score −0.10 (−2.28 to 1.26) 0.55 (−1.84 to 1.10) 0.29 (−1.14 to 
1.24)

Cases of mechanical 
ventilation

12 3 6

Type of ECMO (VA/VV) NA NA VA

Day 1 PRISM-III Score 34 (31–36) 35.5 (32.5–37.75) 40 (31.5–42.5)

Plasma creatinine 
concentration 
(µmol/L)

20.50 (15.25–26.75) 99.00 (75.00–131.50) 24.00 
(17.75–29.25)

eCLCR (ml/min) 62.68 (33.56–153.7) 34.65 (28.81–46.45) 162.5 
(110.7–204.5)

CRRT mode NA CVVHDF NA

Serum bilirubin 
(µmol/L)

8.75 (5.00–32.23) 9.80 (5.25–30.05) 18.80 
(15.05–44.95)

Serum albumin (g/L) 34.10 (27.38–37.03) 32.50 (28.35–36.60) 39.95 
(34.63–48.08)

Abbreviations: CRRT, continuous renal replacement therapy; eCLCR, estimated creatinine 
clearance; ECLS, Extracorporeal Life Support; ECMO, Extracorporeal Membrane Oxygenation; 
PRISM-III, Pediatric Risk of Mortality score III; WAZ Score, Weight adjusted Z Score.

TA B L E  1  Characteristics for ECMO, 
CRRT and non-ECLS groups.

Parameters medium 
(IQR)

Subgroups

pPre-filter Post-filter

Cmax (µg/ml) 20.43 (14.49–27.79) 14.15 (8.92–18.80) 0.002

t1/2 (h) 1.97 (1.23–4.30) 1.91 (1.75–3.12) 0.742

AUCtau (µg.h/ml) 28.29 (23.91–63.83) 17.73 (11.23–49.64) 0.0137

AUC0-∝ (µg.h/ml) 40.57 (24.19–129.6) 18.99 (11.83–95.08) 0.0234

Abbreviations: AUC0-∝, area under the plasma concentration-time curve from time zero to infinity; 
AUCtau, area under the plasma concentration-time curve calculated to the end of a dosing interval 
(tau) at steady-state; Cmax, Maximum plasma concentration; IQR, interquartile range; NCA, non-
compartmental analysis; t1/2, the elimination half-life.

TA B L E  2  NCA Pharmacokinetic 
parameters for pre-filter and post-filter 
during CRRT.
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kg, respectively) in the ECMO-treated group than in the non-ECMO 
group (144 mL/min and 0.60 L/kg, respectively).9 However, another 
matched cohort study of adults who were administered meropenem 
reported discordant data; CL decreased (7.9 L/h vs 11.7 L/h), while 
Vd increased (0.45 L/kg vs 0.41 L/kg) in ECMO patients compared 
to non-ECMO patients.10 In our study, the effect on meropenem CL 
upon ECMO initiation was similar to that reported in previous stud-
ies. ECMO did not influence the CL of meropenem in the studied 
children. Further, nutritional status is an important factor affecting 
the PK of antibiotics; therefore, we calculated the WAZ scores and 
found that all patients had normal nutrition status. We also assessed 
disease severity in the subjects with PRISM-III.

Theoretically, CRRT increases Vd and CL. However, in this study, 
the CRRT group showed no significant increase in the total CL of 
meropenem. Three reasons could explain this finding. First, ac-
cording to the ‘Surviving Sepsis Campaign: International Guidelines 
for Management of Sepsis and Septic Shock: 2016’, CRRT was 

F I G U R E  1  Individual meropenem 
serum concentration-time profiles after 
1-h infusion of meropenem in the non-
ECLS group (n = 15). [Colour figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  2  Individual meropenem 
serum concentration-time profiles after 
1-h infusion of meropenem in patients 
administered CRRT (n = 6). [Colour figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  3  Individual meropenem serum concentration-time 
profiles after 1-h infusion of meropenem in patients administered 
ECMO (n = 6). [Colour figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
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performed in patients with stage 2 and stage 3 acute kidney injury 
(AKI); glomerular filtration rates in these patients are lower than 
those of healthy volunteers. Second, dialysate and filtration flow 
rates in CRRT affect drug elimination. In this study, the CRRT mode 
was not high-flow filtration, which may have prevented high CRRT 
clearance (CLCRRT). Third, the obtained Sc was lower than that re-
ported previously, which could also reduce CLCRRT. The Sc can be 
influenced by the pathological and physiological conditions of pa-
tients, the molecular weight of the drug and properties of the hemo-
filtration membrane. The AN69 hemofiltration membrane achieves 
the removal of such solutes primarily by adsorption.20 After the first 
few hours of filter use, the efficacy of adsorptive clearance may de-
crease because of the peptides and proteins clogging the membrane. 
This would also decrease the filtration efficiency of small molecules 
such as meropenem. More detailed data will be shown in a follow-up 
study, by our team, based on the PK model.

Changes in PK parameters are complex and affected by multi-
ple factors during ECMO and CRRT in children with sepsis. There 
were no significant differences in the PK parameters, as determined 
using the non-compartment model, in children with sepsis adminis-
tered ECMO compared to those in the non-ECLS group in this study. 
Further, no significant differences were found in the PK parameters 
even in children with sepsis who received CRRT compared to those 
who did not; this might be associated with the AKI status of the pae-
diatric patients, the low Sc of the AN69 filter, and the CRRT mode. 
The values of Cmax, AUCtau and AUC0-∞ were significantly lower in 
blood samples collected after filtration through the hemofiltration 
membrane compared to those collected before filtration; mean-
while, the Sc of meropenem through the AN69 membrane (0.26) 
was lower than that reported for patients during CVVH (0.95–1.00), 
which may be related to the pathophysiological characteristics of 
the children with sepsis as well as the physicochemical properties of 
this hemofiltration membrane. However, this requires confirmation 
using further analytical models.

Our study had a few limitations. We compared PK parameters 
between different groups, but their sample sizes varied significantly. 

In addition, some results showed a trend, but without a statistically 
significant difference, because of the small number of patients. 
Considering the characteristics of the haemofilter membrane and 
positively-charged meropenem, the results of this study apply to 
children with sepsis administered ECMO and/or CRRT with the 
AN69 hemofilter and infered 1-h meropenem infusion was still use-
ful in children with sepsis receiving ECLS. However, we need further 
PK/PD modelling to investigate when 1-h meropenem infusion is still 
useful in children with sepsis under situations with different body 
weight, eCRCL and MIC.

4  |  WHAT IS NE W AND CONCLUSION

This study accurately describes the PK properties of meropenem 
in paediatric patients with sepsis receiving ECMO or CRRT—ECMO 
and CRRT intensity did not alter the PK parameters of meropenem; 
therefore, dosage adjustment might not be needed in these patients. 
Further investigation on PK modelling will give the answer whether 
actual meropenem dosing regimens are appropriate in septic chil-
dren with ECLS.
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Parameter 
medium (IQR)

Group

pECMO (n = 6) CRRT (n = 6) Non-ECLS (n = 15)

t1/2 (h) 2.27 (1.76–3.55) 2.22 (1.77–3.76) 2.25 (1.46–3.06) 0.45

AUCtau (µg.h/ml) 24.13 (7.78–86.20) 24.47 
(16.20–109.1)

23.04 (15.69–34.62) 0.28

AUC0-∝ (µg.h/ml) 26.29 
(8.38–64.85)

37.41 (15.71–124) 23.39 (19.32–56.21) 0.25

CL (L/h) 11.59 (5.92–20.19) 15.73 (2.11–39.29) 13.51 (3.71–20.80) 0.71

Vz (L) 31.67 
(20.95–81.54)

19.42 (8.76–108.8) 34.41 (9.57–113.5) 0.94

Abbreviations: AUC0-∝, the area under the curve area under the plasma concentration-time curve 
from time zero to infinity; AUCtau, the area under the curve calculated to the end of a dosing 
interval (tau) at steady-state; CL, clearance; IQR, interquartile range; t1/2, half-life; Vz, the volume 
in the terminal state.

TA B L E  3  Pharmacokinetic parameters 
for 1-h infusion.
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APPENDIX 1

TA B L E  A 1  Inclusion and exclusion criteria

Inclusion criteria

• Age from 29 days to 18 years diagnosed with sepsis (defined according to Surviving Sepsis Campaign guidelines17)
• CRRT group expected to require CRRT for at least 4 days with designed sampling schedules
• Clinical indication for intravenous meropenem
• Presence of intra-arterial line for blood sampling or CRRT filter port sampling is possible
• Informed consent from both patients

Exclusion criteria

• Terminally ill children
• Major bleeding or blood hemoglobin concentration <80 g/L or platelets <30 × 109/L
• Unable to obtain informed consent
• Fail to open intra-arterial line access and CRRT filter port sampling isn’t possible

Abbreviation: CRRT, continuous renal replacement therapy.

Patient 1 2 3 4 5 6

Sex (Male/Female) F M F M F M

Age (years) 0.5 0.5 9 4 2.5 0.75

Weight (kg) 6 6.7 29 19 14 9

WAZ −1.22 −1.11 0.12 2.16 0.45 1.32

PRISM-III 32 42 44 30 38 36

Pump speed (LPM) 0.45 0.61 0.92 0.52 1.2 0.8

Centrifugal pump speed 
(RPM)

1230 1800 1600 1330 1500 1600

Sweep gas flow (LPM) 2.0 1.0 2.0 1.0 2.0 1.5

Heparin dose (IU/kg/h) 20 25 20 25 23 20

ECMO circuit volume (ml) 275 265 320 275 300 320

Abbreviations: ECMO, Extracorporeal Membrane Oxygenation; PRISM-III, Pediatric Risk of 
Mortality score III; WAZ, Weight adjusted Z Score.

TA B L E  A 2  Characteristics for enrolled 
children receiving ECMO

Patient 1 2 3 4 5 6

Sex (Male/Female) M F F M M M

Age (years) 1.83 3.75 2 10 0.42 3.5

Weight (kg) 12 18 12.5 36.3 5.2 17.5

WAZ −0.14 0.97 0.55 1.23 −3.54 0.86

PRISM-III 43 37 42 35 42 36

CRRT blood flow speed 
(ml/kg/min)

4 3 5 4.5 3.5 4

Predilution replacement 
flow rate (ml/kg/h)

30 20 20 30 25 25

Dialysate flow rate (ml/h) 19 22 21 20 18 20

Ultrafiltrate flow rate (ml/h) 3 0 2 1 1.5 2

residual urine output (ml/
kg/24 h)

0.8 1.0 0.5 0.7 0.9 1.0

Abbreviations: CRRT, continuous renal replacement therapy; PRISM-III, Pediatric Risk of Mortality 
score III; WAZ, Weight adjusted Z Score.

TA B L E  A 3  Characteristics for enrolled 
children receiving CRRT


