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Abstract 

Background: Meropenem dosing for septic critically patients is difficult due to pathophysiological changes associ-
ated with sepsis as well as supportive symptomatic therapies. A prospective single-center study assessed whether 
fluid retention alters meropenem pharmacokinetics and the achievement of the pharmacokinetic/pharmacodynamic 
(PK/PD) targets for efficacy.

Methods: Twenty-five septic ICU patients (19 m, 6f ) aged 32–86 years with the mean APACHE II score of 20.2 (range 
11–33), suffering mainly from perioperative intra-abdominal or respiratory infections and septic shock (n = 18), were 
investigated over three days after the start of extended 3-h i.v. infusions of meropenem q8h. Urinary creatinine clear-
ance  (CLcr) and cumulative fluid balance (CFB) were measured daily. Plasma meropenem was measured, and Bayesian 
estimates of PK parameters were calculated.

Results: Eleven patients (9 with peritonitis) were classified as fluid overload (FO) based on a positive day 1 CFB of 
more than 10% body weight. Compared to NoFO patients (n = 14, 11 with pneumonia), the FO patients had a lower 
meropenem clearance  (CLme 8.5 ± 3.2 vs 11.5 ± 3.5 L/h), higher volume of distribution  (V1 14.9 ± 3.5 vs 13.5 ± 4.1 L) 
and longer half-life  (t1/2 1.4 ± 0.63 vs 0.92 ± 0.54 h) (p < 0.05). Over three days, the CFB of the FO patients decreased 
(11.7 ± 3.3 vs 6.7 ± 4.3 L, p < 0.05) and the PK parameters reached the values comparable with NoFO patients  (CLme 
12.4 ± 3.8 vs 11.5 ± 2.0 L/h,  V1 13.7 ± 2.0 vs 14.0 ± 5.1 L,  t1/2 0.81 ± 0.23 vs 0.87 ± 0.40 h). The  CLcr and Cockroft–Gault 
 CLcr were stable in time and comparable. The correlation with  CLme was weak to moderate  (CLcr, day 3  CGCLcr) or 
absent (day 1 and 2  CGCLcr). Dosing with 2 g meropenem q8h ensured adequate concentrations to treat infections 
with sensitive pathogens (MIC 2 mg/L). The proportion of pre-dose concentrations exceeding the MIC 8 mg/L and 
the fraction time with a target-exceeding concentration were higher in the FO group (day 1–3 f  Cmin > MIC: 67 vs 27%, 
p < 0.001; day 1%f T > MIC: 79 ± 17 vs 58 ± 17, p < 0.05).

Conclusions: These findings emphasize the importance of TDM and a cautious approach to augmented mainte-
nance dosing of meropenem to patients with FO infected with less susceptible pathogens, if guided by population 
covariate relationships between  CLme and creatinine clearance.
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Introduction
Meropenem, a potent ß-lactam antibiotic of the car-
bapenem group, is a drug commonly prescribed to 
critically ill patients with sepsis. The time-dependent 
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bactericidal activity of meropenem requires that the 
pathogen be exposed to effective concentrations for a 
sufficient time. Therefore, the pharmacokinetic/phar-
macodynamic (PK/PD) target for efficacy is the percent 
fraction time of the inter-dose interval with the con-
centration of free (i.e., protein-unbound) meropenem 
above the minimum inhibitory concentration of the 
given strain of bacteria (%fT > MIC) [1–3].

Renal excretion is a major elimination route for 
meropenem. Biomarkers of kidney function, including 
measured and calculated creatinine clearance  (CLcr) 
or glomerular filtration rate (GFR) mathematical esti-
mates, help to explain a part of the inter- and intrain-
dividual variability in meropenem clearance  (CLme) of 
critically patients in the intensive care unit (ICU) [4–6]. 
Acute kidney injury (AKI), which frequently develops 
in critically ill patients, creates the risk for accumula-
tion of meropenem to high, potentially toxic, concen-
trations [7, 8]. By contrast, hyperdynamic circulation 
and augmented renal clearance of meropenem are pre-
sent in septic patients in whom an adequate response 
to treatments with fluids and vasopressors has been 
achieved. This subpopulation of the ICU patients is at 
particular risk for sub-therapeutic plasma concentra-
tions and non-attainment of the PK/PD target after 
standard dosing regimens with meropenem and other 
beta-lactams [9]. According to recent recommenda-
tions, the best way to overcome the remarkable varia-
bility of meropenem PK/PD in critically ill ICU patients 
is therapeutic drug monitoring (TDM) and pharma-
cokinetically guided dose adjustment [10, 11].

Excessive fluid therapy has been shown to cause worse 
outcomes of septic critically ill patients, including length 
of the ICU stay and mortality. Highly positive fluid bal-
ance further deteriorates diastolic dysfunction and capil-
lary leak syndrome and leads to interstitial lung oedema, 
elevated renal venous pressure, reduced kidney perfusion 
and increased interstitial pressure [12]. Published studies 
with ICU patients did not examine in detail the impact of 
variable fluid balance on meropenem pharmacokinetics. 
The present prospective study aimed to assess whether 
fluid retention, brought about by early goal-directed fluid 
therapy of critically ill septic patients, may alter PK and 
achievement of PK/PD targets for efficacy in the early 
phase of antibacterial therapy with meropenem.

Methods
Study design
This prospective study was conducted at the Depart-
ment of Surgery, of University Hospital and the Faculty 
of Medicine in Hradec Králové, Charles University in 
Prague, Czech Republic.

Ethics statement
The study was performed in accordance with the Decla-
ration of Helsinki (1964), including later amendments. 
The experimental protocol and informed consent were 
approved by the Ethics Committee of the University 
Hospital Hradec Králové, Czech Republic. The patients 
or their legal guardians signed informed consent before 
participating in the study.

Patients and treatments
Critically ill patients admitted to the surgical ICU of the 
University Hospital in Hradec Králové were enrolled 
between 2013 and 2018. All patients suffered from a 
severe infection, were > 18  years of age and were not 
hypersensitive to meropenem. Subjects were excluded 
from the study if they showed evidence of chronic liver 
disease, chronic kidney disease, acute renal failure, 
were under renal replacement therapy, or if their stay in 
ICU was short (< 24 h).

Eligible patients received 1  g (n = 3) or 2  g (n = 22) 
meropenem in a 3-h i.v. infusion every 8 h. Early goal-
directed fluid therapy with i.v. balanced crystalloids 
was initiated and continued if the patients remained 
fluid responsive. Daily fluid balance (DFB) was calcu-
lated as the difference between fluid intake and out-
put. The cumulative fluid balance (CFB) was obtained 
as a sum of the DFBs [13]. The cutoff value of 10 for 
the percent ratio of day one DFB to the body weight at 
the admission time to the ICU was used as a threshold 
for categorization of patients into the groups with fluid 
overload (FO) or without (NoFO).

Noradrenaline was administered to those patients 
who remained hypotensive (MAP < 65 mm Hg) despite 
the initial fluid resuscitation. Low-dose furosemide was 
used to prevent long-term fluid overload. Its dose was 
titrated up in patients with signs of oliguria. The Acute 
Physiology and Chronic Health Evaluation II (APACHE 
II) and the Sequential Organ Failure Assessment 
(SOFA) scores were used to evaluate morbidity and to 
predict the outcome of septic patients [14, 15].

Assessment of kidney function
Urinary clearance of creatinine  (CLcr) was measured on 
every study day. Urine was collected over 24 h using an 
in-dwelling urinary catheter. In addition, the  CLcr was 
estimated using the Cockroft–Gault equation  (CGCLcr) 
[16]. The extent of AKI was evaluated with the help of 
KDIGO (Kidney Disease Improving Global Outcomes) 
and RIFLE (Risk, Injury, Failure, Loss and End-stage 
Kidney Disease) criteria [17, 18].
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Sampling for pharmacokinetics and meropenem assay
The pharmacokinetic analysis was performed on days 
1, 2 and 3 of the study, i.e., after the first, fourth and 
seventh dose. Blood collection was planned at the fol-
lowing intervals: 0.5 h pre-dose, and at 4, 4.5, 5.5, 6 and 
7.5 h post-dose. Based on a local surge in the need for 
acute care in the ICU, the decision to reduce sampling 
frequency was left at the discretion of the physician.

Samples were placed immediately in an ice bath and 
centrifuged within 30  min at 3 000  rpm for 10  min. 
Two 0.5  mL plasma aliquots were mixed with 0.5  mL 
of 2-(N-morpholino)ethanesulfonic acid buffer as sta-
bilizing solution. The mixture was immediately stored 
at − 20 °C before being transferred into − 80 °C (within 
two days) for long-term storage until analysis. Within 
two months from collection, the concentration of 
meropenem in plasma was determined using liquid 
chromatography-tandem mass spectrometry. Total 
meropenem concentration was assessed because the 
plasma protein binding of meropenem is negligible 
(2%) [19].

A modified version of the previously published method 
was adopted after an in-house validation [20]. Merope-
nem and deuterated internal standard (meropenem-d6) 
were extracted from plasma with the help of Waters Oasis 
HLB extraction cartridges and separated on a Discovery 
HS F5 column. The mobile phase was composed of 50% 
aqueous ammonium formate buffer (10  mM  NH3, 0.1% 
formic acid) and 50% methanol (0.1% formic acid), and 
its flow rate was 0.3 mL/min. The analytes were detected 
using a triple quadrupole mass spectrometer with posi-
tive electrospray ionization. The quantification involved 
multiple reaction monitoring mode and the following of 
MRM transitions (m/z): 384 > 141 (meropenem-d6) and 
390 > 14 (meropenem). The lower quantification limit was 
0.05  mg/L. The range of linear response was from 0.87 
to 209  mg/L. Accuracy and imprecision of meropenem 
determination in spiked quality control samples were 
94.6–101.7% and 1.4 to 8.9%, respectively.

Pharmacokinetic/pharmacodynamic analysis
The TDMx software was used for Bayesian estimation of 
pharmacokinetic parameters and prediction of the con-
centration–time profiles of meropenem in the plasma 
[21]. The population model of Li et  al., implemented in 
TDMx predicts that the  CLme increases with the  CGCLcr 
and decreases with age (see Additional file 1) [22]. Esti-
mates of PK parameters from intense sampling were 
compared to those from a limited sampling approach 
using two time points: the first sample taken within 4.5 h 
after the start of an infusion and the second one at either 
7.5 h or 0.5 h pre-dose.

The concentrations at − 0.5  h before the start of the 
4th and 7th infusions, and the post-infusion concentra-
tions at 7.5 h after the first and 7th infusions were used 
for the calculation of the proportion of the assayed mini-
mum concentrations of meropenem exceeding the target 
MICs (f  Cmin > MIC). The fraction time with a target-
exceeding concentration of meropenem (%f T > MIC) was 
derived from the model predicted concentration–time 
profiles of plasma meropenem. Two PD targets were 
chosen: MIC = 2 mg/L and MIC = 8 mg/L, i.e., the MIC 
breakpoints for susceptible/intermediate (S/I) and inter-
mediate/resistant (I/R) bacterial strains, such as Entero-
bacteriaceae, Pseudomonas spp. or Acinetobacter spp. 
[23].

Statistical analysis
Statistical analysis was conducted with the help of 
GraphPad Prism 8 software (GraphPad Software, San 
Diego, CA, USA). Continuous data are presented as the 
mean (SD). Categorical data are presented as counts 
(%). Student´s t test, Mann–Whitney U test, one-way 
ANOVA for repeated measures or Fisher´s exact test for 
categorical data were used for comparisons between and 
within groups. Univariate and multivariate linear regres-
sion was used to examine the relationships between 
meropenem clearance and various fluid status or kidney 
function measures. Sample size for this study was estab-
lished a priori as a convenience sample of 25 subjects. 
This sample size was estimated to be adequate for detec-
tion of a 40% difference in the mean  CLme, supposing an 
inter-individual variability of 34% [22] and assuming 80% 
power and α of 5%.

Results
Patients and therapy
A total of 25 septic patients (19 males and 6 females) 
with perioperative intra-abdominal (n = 9) or respira-
tory (n = 12) infections and septic shock (n = 18) were 
enrolled in the study. Demographic and clinical char-
acteristics are summarized in Table 1. According to ini-
tial scores of SOFA and APACHE II, most patients were 
classified to have moderate or severe disease. In the FO 
group of post-surgery patients, eight out of 11 patients 
suffered from intra-abdominal sepsis. The NoFO group 
was comprised of acutely ill medical and post-surgery 
patients with pneumonia-associated sepsis in 11 out of 
14 patients. Treatment with noradrenaline and furosem-
ide was comparable (Table  1). Microbiological findings 
are listed in the Additional file 1: Table S1.

Fluid status and kidney function
Results of fluid status and kidney function monitoring 
over the three study days are summarized in Table  2. 
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The CFB of the FO group markedly decreased with 
time whereas a trend towards its moderate increase was 
detected in the NoFO group. No significant between- or 
within-group differences were found in Scr,  CLcr,  CGCLcr 
and 24-h urinary volume (Table  2). The total volume 
of urine collected over three days was higher in the FO 
group than the NoFO group (12.5 ± 2.8 vs. 8.9 ± 3.3 L, 
p < 0.01).

Meropenem pharmacokinetics
A total of 235 blood samples were taken from 25 patients 
(median count per patient 9, range 6–12) following 75 
infusions (median count per the inter-dose interval 3, 
range 2–5). The sampling intervals (relative to the start 
of the last infusion) and counts of blood specimens were 
as follows: pre-dose (− 0.5  h), n = 22; 4  h, n = 54; 4.5  h, 
n = 18; 5.5 h n = 53; 6 h, n = 17; 7.5 h, n = 67; other inter-
vals, n = 4. The scatter plot of all assayed meropenem 
concentrations in the  plasma samples is shown in Fig. 1.

Table  2 gives the statistical summary of individual 
pharmacokinetic parameters estimated using the Bayes-
ian method. On the first day, the  CLme was significantly 
less and the  V1 was larger in the FO group than in the 
NoFO group, resulting in a 1.5-fold longer half-life. From 

day 1 to 3, the  CLme of the FO group increased and the 
 t1/2 dropped to values comparable with the other group. 
The average difference between the day one  CLme and 
 CLcr was twofold lower in the FO group than the NoFO 
group (2.8 vs. 5.6 L/h, p < 0.05), whereas day 3 results 
were comparable in both groups (5.0 vs. 5.1 L/h, Addi-
tional file 1: Table S2). The association between the  CLme 
and various fluid status or kidney function measures is 
summarized in Table  3. On day one, a moderate corre-
lation was found by univariate linear regression between 
individual estimates of  CLme and either CFB, 24-h urine 
volume or  CLcr. In a multivariate regression analysis, 
the independent predictors of the day one  CLme identi-
fied were  CLcr (p < 0.05) and CFB (p < 0.02). No correla-
tion was found between the day one  CLme and  CGCLcr. 
On day two,  CLme was found to be associated only with 
 CLcr. On day 3,  CGCLcr was a stronger covariate of  CLme, 
before  CLcr (Table 3).

In comparison with more intense sampling, Bayes-
ian estimates of pharmacokinetic characteristics from 
two-timepoint concentrations showed the mean bias 
between − 5.1 and 1.4%, and imprecision values of less 
than 9.1% (Additional file  1: Table  S3). The individually 
predicted concentrations of meropenem agreed well with 

Table 1 Characteristics of patients with sepsis

Data are numbers, percentages or arithmetic means (ranges). Abbreviations: APACHE II the Acute Physiology and Chronic Health Evaluation II score, SOFA the 
Sequential Organ Failure Assessment score. a creatinine clearance measured on day 1, MV mechanical ventilation, AT antimicrobial therapy; a A severe decrease in 
the  CLcr (< 30 ml/min/1.73  m2) was found in two FO patients; glomerular hyperfiltration  (CLcr > 160 mL/min/1.73  m2 in men and > 150 in women) was detected in one 
patient from the No fluid overload group

Characteristics All patients Fluid overload No fluid overload

N (males/females) 25 (19/6) 11 (10/1) 14 (9/5)

Age (years) 67.0 (32–86) 68.2 (46–86) 66.0 (32–82)

Body weight (kg) 84.8 (59–120) 85.3 (70–113) 84.4 (59–120)

BMI (kg/m2) 28.7 (21.6–41.5) 28.0 (21.6–34.1) 29.2 (21.7–41.5)

Source of infection (n, %)

 Respiratory 12 (48%) 1 (9%) 11 (79%)

 Intra-abdominal 9 (36%) 8 (73%) 1 (7%)

 Soft tissue 4 (16%) 2 (18%) 2 (14%)

 Septic shock (n, %) 18 (72%) 9 (82%) 9 (64%)

 Noradrenaline (n, %) 21 (84%) 9 (82%) 12 (86%)

 Median (IQR) dose 11.8 (2.6–29.5) 6.9 (0.4–36.9) 13.6 (2.8–29.5)

 Furosemide (n, %) 24 (96%) 11 (100%) 12 (86%)

 Median (IQR) dose 142 (81–220) 170 (125–253) 98 (67–208)

  CLcr (ml/min/1.73  m2)a 81.5 (21–174) 82.1 (21–174) 81.2 (26–157)

 APACHE II 20.2 (11–33) 21.1 (12–27) 19.6 (11–33)

 SOFA 7.4 (2–13) 7.0 (3–13) 7. 7 (2–12)

 Surgery (n, %) 17 (68%) 11 (100%) 6 (43%)

 Mechanical ventilation (n, %) 24 (96%) 11 (100%) 13 (93%)

 Days of MV 9.3 (0–43) 4.4 (2–10) 12 (0–43)

 Days of AT 9.2 (3–15) 11.5 (8–15) 7.2 (3–15)

 Mortality 6 (24%) 1 (9%) 5 (36%)
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the assayed concentrations, confirming the adequacy 
of both modeling methods (Additional file  1: Fig. S1, 
Table S4).

Pharmacokinetic/pharmacodynamic target attainment
According to PK/PD indices f  Cmin > MIC and %f T > MIC, 
attainment of the lower target MIC of 2 mg/L was com-
parable in both groups, whereas for the MIC of 8 mg/L, 

the success rate was markedly higher in the FO group 
(Table 4).

Discussion
To our best knowledge, this is the first study to investi-
gate the  CLme and its covariate relationships in relation 
to the CFB of the ICU patients. The results support the 
idea that FO, defined as the CFB higher than 10% of 

Table 2 Characteristics of fluid status and kidney function. 
Pharmacokinetic parameters of meropenem

Results of the Tukey–Kramer multiple-comparison test (α = 0.05): upper 
numbers indicate within-group differences between the monitoring Days 1, 2 
and 3; # the between-group difference at the particular day. a The urine output 
rates were higher than the threshold defining oliguria (0.5 mL/kg/h) in all but 
two patients from the No fluid overload group who fulfilled the criteria for the 
stage 2 AKI according to KDIGO or the injury class AKI according to RIFLE; b All 
Scr values were less than 354 micromol/L, i.e., the threshold indicating stage 
3 AKI (KDIGO) or the failure class AKI (RIFLE); Abbreviations: CFB cumulative 
fluid balance,  CLcr measured creatinine clearance, CGCLcr  creatinine clearace 
estimated using Cockroft-Gault equation,  CLme meropenem total clearance,  Q12 
inter-compartmental clearance,  V1 and  V2 meropenem distribution volumes of 
the central and peripheral compartments,  t1/2 biological half-life

Characteristics Day Fluid overload No fluid overload

CFB (L) 1 11.7 (3.3)2,3,# 2.4 (1.8)#

2 8.0 (4.3)1,# 3.3 (1.9)#

3 6.7 (4.3)1 4.1 (2.6)

24-h urine  outputa (L) 1 3.7 (2.1) 2.8 (1.1)

2 4.0 (2.0) 3.1 (1.6)

3 4.0 (2.1) 3.1 (1.2)

Scrb (μmol/L) 1 91 (46)2,3 81 (36)

2 71 (25)1 77 (27)

3 69 (15)1 72 (28)

CLcr (L/h) 1 4.9 (2.6) 4.9 (2.2)

2 6.8 (2.6) 5.4 (2.7)

3 6.1 (2.5) 5.6 (2.9)

CGCLcr (L/h) 1 5.7 (2.1) 6.0 (2.1)

2 6.9 (2.6) 6.3 (2.7)

3 7.1 (2.5) 6.7 (2.9)

CLme (L/h) 1 8.5 (3.2)3,# 11.5 (3.5)#

2 10.9 (3.0) 12.2 (3.6)

3 12.4 (3.8)1 11.5 (2.0)

Q12 (L/h) 1 18.4 (1.9) 18.2 (3.6)

2 17.5 (2.6) 16.5 (3.0)

3 17.6 (1.9) 19.2 (4.6)

V1 (L) 1 14.9 (3.5)# 13.5 (4.1)#

2 14.3 (2.3) 14.1 (4.8)

3 13.7 (2.0) 14.0 (5.1)

V2 (L) 1 14.0 (1.7) 13.1 (1.7)

2 14.6 (1.9) 14.2 (1.8)

3 13.8 (1.2) 13.2 (2.8)

t1/2 (h) 1 1.4 (0.63)3,# 0.92 (0.54)#

2 0.96 (0.26) 0.86 (0.39)

3 0.81 (0.23)1 0.87 (0.40)

Fig. 1 Assayed concentrations of meropenem vs. the sampling 
interval relative to the start of the last infusion. The patients were 
infused with  2 g meropenem as 3-h infusions every 8 h. For the 3 
patients receiving  1 g, the concentrations recalculated to the dose 
of  2 g are shown. Solid lines are means and dotted lines depict 
concentrations equal to the MICs of 2 and 8 mg/L

Table 3 The association between the CLme and various fluid 
status or kidney function measures

Abbreviations: see the legend to Table 2

Characteristic Day Correlation with 
meropenem clearance

r2 p value

CFB (L) 1 0.245 0.012

2 0.001 0.95

3 0.023 0.47

24-h urine output (L) 1 0.194 0.031

2 0.006 0.70

3 0.148 0.057

CLcr (L/h) 1 0.306 0.004

2 0.224 0.017

3 0.238 0.014

CGCLcr (L/h) 1 0.064 0.22

2 0.063 0.23

3 0.463 < 0.001
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the body weight at admission to the ICU, is associated 
with a decreased  CLme. In addition, the  t1/2 of the drug 
is longer in FO patients than NoFO patients who accu-
mulate fluid less, due to the reduced  CLme and margin-
ally enlarged meropenem distribution volume  V1. In the 
FO group, gradual reduction of the CFB was accom-
panied by the increase in  CLme, whereas the  CLcr and 
 CGCLcr were stable in time and comparable to the val-
ues of NoFO patients. Over the first three days of therapy 
with extended 3-h infusions of meropenem, dosing of 
2  g every 8  h ensured adequate meropenem concentra-
tions to treat infections with sensitive pathogens (MIC 
2  mg/L). However, the success rate in the achievement 
of the PK/PD targets for pathogens with reduced anti-
microbial susceptibility (MIC 8  mg/L) was substantially 
higher in the FO patients than NoFO patients. A CFB to 
admission weight-based definition of FO was used with 
the 10% cutoff, as this is associated with worse outcomes 
of critically ill patients including mortality [24, 25].

Numerous studies have described meropenem phar-
macokinetics in critically ill ICU patients [4–7, 22, 26]. 
The estimates for the meropenem  CLme and  Vd of our 
patients are within the range of values published for 
other cohorts of critically ill patients. However, the pub-
lished population pharmacokinetic models differ and 
frequently produce biased and imprecise estimates of 
meropenem concentrations in external populations of 
critically ill patients. The causative factors are the differ-
ences in patient populations (demographic and clinical 
characteristics, origin and severity of infection, support-
ive treatments), meropenem dosing schedules, frequency 

and timing of blood collection relative to the start of dos-
ing and the last dose, and last but not least, differences 
in meropenem assays and pharmacokinetic modeling 
methods. The moderate strength of the  CLme vs  CLcr 
relationships and the existence of many other factors 
influencing meropenem PK both emphasize the impor-
tance of meropenem TDM as a guide for individual dose 
adjustments in the highly vulnerable population of ICU 
patients. Development and validation of limited sampling 
strategies are an essential prerequisite for routine TDM 
of antibiotics in critically ill patients [11]. In the present 
study, Bayesian estimation using intense sampling as well 
as the two-timepoint concentrations approach resulted 
in an adequate agreement between individually predicted 
and assayed meropenem concentrations. Given the accu-
racy and precision of the estimates for PK parameters, 
exposure to extended infusion meropenem could be ade-
quately assessed using the two point sampling.

Since meropenem is predominantly renally excreted, 
the main determinant of the exposure to the drug and 
of the PK/PD target attainment is renal function. The 
 CGCLcr is by far the most frequently studied covariate for 
 CLme in ICU patients [9, 10, 27, 28]. The population anal-
ysis of meropenem PK after standard dosing (1000  mg, 
30-min infusion every 8  h) to critically ill surgical ICU 
patients examined 27 covariates and identified  CGCLcr 
as the only one with a pronounced impact on the prob-
ability of PK/PD target attainment [4]. In another study, 
the  CGCLcr was a better covariate than other serum 
creatinine-based equations, explaining approximately 
50% of the inter-patient variability in the  CLme during 
continuous infusions of meropenem to ICU patients 
[28]. In contrast, the steady-state  CLme of surgical ICU 
patients continuously infused with meropenem was best 
predicted by the measured  CLcr from a 12-h urine col-
lection, followed by the formulas containing serum cys-
tatin C, and the least predictive covariate was  CGCLcr 
[26]. In agreement with results of others, we observed a 
weak correlation between the measured  CLcr and  CLme. 
Of note, the  CGCLcr failed as a covariate on days 1 and 2 
and showed an improved ability to predict  CLme on day 
3, i.e., when fluid accumulation by the FO patients was 
markedly reduced.

An in-depth explanation of the reasons for the 
reduced  CLme of FO patients was hindered by the 
absence of simultaneous measurements of meropenem 
in urine and of the open-ring metabolite of merope-
nem in plasma and urine. Attenuation of tubular secre-
tion of meropenem is one of the possible explanations, 
since the part of  CLme over  CLcr was markedly less in 
patients with FO on day 1, and the values of  CLcr were 
comparable in both groups. Organic anion transport-
ers OAT1 and OAT3 involved in the tubular active 

Table 4 The PK/PD target attainment in the course of therapy 
with meropenem of patients with or without fluid overload on 
day 1

a the point estimate (95-% confidence interval) of the percent proportion, 
b the mean (standard deviation), *** p < 0.001 Fisher’s exact test.; the results 
of the Tukey–Kramer multiple-comparison test (α = 0.05): upper numbers 
indicate within-group differences between the monitoring days 1, 2 and 3; # the 
between-group difference at the particular day.; abbreviations:  fCmin > MIC the 
proportion of the assayed minimum concentrations of meropenem exceeding 
the targets of 2 mg/L and 8 mg/L; %f T > MIC  the fraction time on the days 1, 2 
and 3 with the concentration of meropenem exceeding the targets of 2 mg/L 
and 8 mg/L

Characteristics Day Fluid overload No fluid overload

f  Cmin > 2 mg/L (%)a 1–3 98 (89–100) 93 (80–98)

f  Cmin > 8 mg/L (%)a 1–3 67 (52–80) 27 (20–48)***

%f T > 2 mg/L (%)b 1 99 (2.3) 99 (2.7)

2 100 (0.1) 98 (1.6)

3 99 (1.2) 100 (0.1)

%f T > 8 mg/L (%)b 1 79 (17)#,3 58 (17)#

2 78 (23)# 56 (13)#

3 68 (21)#,1 58 (12)#
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transport of meropenem show a reduced expression 
and transport activity in response to deterioration of 
microcirculatory oxygenation and proximal tubular 
damage in early septic AKI [29, 30]. Alternatively, the 
glomerular filtration rate and the part of the  CLme gov-
erned by filtration could be reduced in FO patients. 
The GFR of the FO patients might have been overes-
timated by the  CLcr and  CGCLcr, artificially lowering 
the estimated contribution of tubular secretion to the 
 CLme. It has been previously shown that dilution by 
volume expansion can mask a true rise in serum creati-
nine, negatively affecting the accuracy of kidney func-
tion monitoring, and causing a delay in AKI detection 
and underestimation of its severity in critically ill ICU 
patients [31].

The lower  CLme of the FO patients implies a higher 
likelihood of achieving the PK/PD targets for mero-
penem after standard dosing. To avoid toxicity of the 
drug, incremental dosing with meropenem of critically 
ill patients infected with more resistant pathogens 
should be done with caution until the CFB is reduced. 
Another main message from the present study is that 
FO may also affect the relationships of the  CLme to the 
covariates  CLcr and  CGCLcr, and adjustment of initial 
dosing guided by population covariate models.

Some limitations of the present study must be men-
tioned. Significant imbalances between patients with 
or without FO are potential source of bias. Patients 
with FO almost always had peritonitis and patients 
without predominantly had pneumonia. In patients 
with intraabdominal sepsis, intravascular fluid 
increasingly escapes to intraluminal and extraluminal 
spaces of the abdominal cavity, besides the interstitial 
space, and the achievement of adequate hemodynamic 
endpoints requires initial resuscitation with higher 
volumes of crystalloids [32]. A pulmonary source of 
infection together with a positive fluid balance can 
increase the risk for adult respiratory distress syn-
drome (ARDS), especially in septic shock [33]. Since 
fluid management was more restrictive and fluid accu-
mulation on days 1 and 2 was less, most of the patients 
with a respiratory infection focus were allocated to the 
NoFO group. The PK data were collected from a low 
number of critically ill ICU patients in a single health-
care center. Therefore, the results and related hypoth-
eses require confirmation in a larger study enabling 
population PK/PD modeling.

The strengths of this study include prospective 
design, measurement of urinary  CLcr and intensive PK 
sampling over three days, facilitating assessment of 
intraindividual changes in fluid balance in relation to 
the PK characteristics of meropenem.

Conclusion
In conclusion, fluid retention in excess of 10% body 
weight in critically ill septic patients with FO is asso-
ciated with a reduced clearance, prolonged  t1/2 and a 
marginally increased distribution volume of merope-
nem. Over the first three days of therapy with extended 
3-h infusions of meropenem (2  g, q8h), meropenem 
exposure and the success rate in the attainment of the 
PK/PD targets for pathogens with a reduced antimi-
crobial susceptibility (MIC 8  mg/L) were substantially 
higher in FO than NoFO patients with less positive 
CFB. Reduction of the CFB in the FO patients was 
accompanied by attenuation of the altered PK, whereas 
 CLcr and  CGCLcr, the covariates of  CLme, were stable 
in time and comparable between groups. These find-
ings emphasize the importance of TDM and a cau-
tious approach to augmented maintenance dosing of 
meropenem to patients with FO infected with less sus-
ceptible pathogens, if guided by population covariate 
relationships between  CLme and creatinine clearance.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13054- 021- 03680-9.

Additional file 1. The population model of meropenem used for calcula-
tion of Bayesian prior estimates in TDMx.

Acknowledgements
The authors wish to acknowledge the critical care staff nurses for their out-
standing assistance during the sampling procedures, Dr. Jana Maláková for the 
analysis of meropenem, and Dr. Ian McColl for his assistance in proofreading 
this manuscript.

Authors’ contributions
RČP and JM conceptualized and designed the study, supervised and analyzed 
the data, wrote the manuscript and gave approval of the final version to be 
submitted; JCH analyzed the data, wrote the manuscript and gave approval 
of the final version to be submitted; MK and VČ conceptualized and designed 
the study, reviewed the manuscript and gave approval of the final version to 
be submitted; PŠ, DA, JB collected the clinical data, reviewed the manuscript 
and gave approval of the final version to be submitted; all authors read and 
approved the final manuscript.

Funding
The authors wish to acknowledge the Ministry of Health of the Czech Republic 
for the financial support provided through Grants 15-31881A and NT14089-
3/2013, and the Charles University for the Grant PROGRES Q40/04.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The current study was approved by the institutional ethics committee (Eth-
ics Committee of the University Hospital Hradec Králové, Czech Republic). 
Informed consent was obtained from all included patients or their legal 
guardians.

https://doi.org/10.1186/s13054-021-03680-9
https://doi.org/10.1186/s13054-021-03680-9


Page 8 of 9Pařízková et al. Crit Care          (2021) 25:251 

Consent for publication
Not applicable.

Competing interests
None of the authors have competing interest to disclose.

Author details
1 Department of Anesthesiology, Resuscitation and Intensive Medicine, Charles 
University, Faculty of Medicine in Hradec Králové and University Hospital 
Hradec Králové, Sokolská 581, 50005 Hradec Králové, Czech Republic. 2 Depart-
ment of Surgery, University Hospital Hradec Králové, Sokolská 581, 50005 Hra-
dec Králové, Czech Republic. 3 Department of Surgery, Charles University, 
Faculty of Medicine in Hradec Králové and University Hospital Hradec Králové, 
Sokolská 581, 50005 Hradec Králové, Czech Republic. 4 Department of Pharma-
cology, Charles University, Faculty of Medicine in Hradec Králové, Šimkova 870, 
50003 Hradec Králové, Czech Republic. 

Received: 8 March 2021   Accepted: 6 July 2021

References
 1. Nicolau DP. Pharmacokinetic and pharmacodynamic properties of mero-

penem. Clin Infect Dis. 2008;47:S32–40.
 2. Craig WA. The pharmacology of meropenem, a new carbapenem antibi-

otic. Clin Infect Dis. 1997;24(Suppl 2):S266–75.
 3. Mattoes HM, Kuti JL, Drusano GL, Nicolau DP. Optimizing antimicro-

bial pharmacodynamics: dosage strategies for meropenem. Clin Ther. 
2004;26:1187–98.

 4. Ehmann L, Zoller M, Minichmayr IK, Scharf C, Huisinga W, Zander J, Kloft 
C. Development of a dosing algorithm for meropenem in critically ill 
patients based on a population pharmacokinetic/pharmacodynamic 
analysis. Int J Antimicrob Agents. 2019;54:309–17.

 5. Dhaese SAM, Farkas A, Colin P, Lipman J, Stove V, Verstraete AG, Roberts 
JA, De Waele JJ. Population pharmacokinetics and evaluation of the pre-
dictive performance of pharmacokinetic models in critically ill patients 
receiving continuous infusion meropenem: a comparison of eight 
pharmacokinetic models. J Antimicrob Chemother. 2019;74:432–41.

 6. Wong G, Farkas A, Sussman R, Daroczi G, Hope WW, Lipman J, Roberts JA. 
Comparison of the accuracy and precision of pharmacokinetic equations 
to predict free meropenem concentrations in critically ill patients. Antimi-
crob Agents Chemother. 2015;59:1411–14177.

 7. Gonçalves-Pereira J, Póvoa P. Antibiotics in critically ill patients: a system-
atic review of the pharmacokinetics of β-lactams. Crit Care. 2011;15:R206.

 8. Blot SI, Pea F, Lipman J. The effect of pathophysiology on pharmacoki-
netics in the critically ill patient–concepts appraised by the example of 
antimicrobial agents. Adv Drug Deliv Rev. 2014;77:3–11.

 9. Udy AA, Roberts JA, Boots RJ, Paterson DL, Lipman J. Augmented renal 
clearance: implications for antibacterial dosing in the critically ill. Clin 
Pharmacokinet. 2010;49:1–16.

 10. Muller AE, Huttner B, Huttner A. Therapeutic drug monitoring of beta-
lactams and other antibiotics in the intensive care unit: which agents, 
which patients and which infections? Drugs. 2018;78:439–51.

 11. Abdul-Aziz MH, Alffenaar JC, Bassetti M, Bracht H, Dimopoulos G, Mar-
riott D, Neely MN, Paiva JA, Pea F, Sjovall F, Timsit JF, Udy AA, Wicha SG, 
Zeitlinger M, De Waele JJ, Roberts JA. Antimicrobial therapeutic drug 
monitoring in critically ill adult patients: a Position Paper. Intensive Care 
Med. 2020;46:1127–53.

 12. Marik P, Bellomo R. A rational approach to fluid therapy in sepsis. Br J 
Anaesth. 2016;116:339–49.

 13. Claure-Del Granado R, Mehta RL. Fluid overload in the ICU: evaluation 
and management. BMC Nephrol. 2016;17(1):109.

 14. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonça A, Bruining H, 
Reinhart CK, Suter PM, Thijs LG. The SOFA (Sepsis-related Organ Failure 
Assessment) score to describe organ dysfunction/failure. On behalf of the 
working group on sepsis-related problems of the European Society of 
Intensive Care Medicine. Intensive Care Med. 1996;22:707–10.

 15. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of 
disease classification system. Crit Care Med. 1985;13:818–29.

 16. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum 
creatinine. Nephron. 1976;16:31–41.

 17. Disease K. Improving global outcomes (KDIGO) acute kidney injury work 
group KDIGO clinical practice guideline for acute kidney injury. Kidney Int 
Suppl. 2012;2:1–138.

 18. Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P, Acute Dialysis Qual-
ity Initiative workgroup. Acute renal failure - definition, outcome meas-
ures, animal models, fluid therapy and information technology needs: the 
Second International Consensus Conference of the Acute Dialysis Quality 
Initiative (ADQI) Group. Crit Care. 2004;8:R204–12.

 19. Simon P, Petroff D, Busse D, Heyne J, Girrbach F, Dietrich A, Kratzer A, 
Zeitlinger M, Kloft C, Kees F, Wrigge H, Dorn C. Meropenem plasma and 
interstitial soft tissue concentrations in obese and nonobese patients—a 
controlled clinical trial. Antibiotics (Basel). 2020;9:931.

 20. Ohmori T, Suzuki A, Niwa T, Ushikoshi H, Shirai K, Yoshida S, Ogura S, Itoh 
Y. Simultaneous determination of eight β-lactam antibiotics in human 
serum by liquid chromatography-tandem mass spektrometry. J Chroma-
togr B Anal Technol Biomed Life Sci. 2011;879:1038–42.

 21. Wicha SG, Kees MG, Solms A, Minichmayr IK, Kratzer A, Kloft C. TDMx: 
a novel web-based open-access support tool for optimising antimi-
crobial dosing regimens in clinical routine. Int J Antimicrob Agents. 
2015;45:442–4.

 22. Li Ch, Kuti JL, Nightingale CH, Nicolau DP. Population pharmacokinetic 
analysis and dosing regimen optimization of meropenem in adult 
patients. J Clin Pharmacol. 2006;46:1171–8.

 23. European Committee on Antimicrobial Susceptibility Testing. Breakpoint 
tables for interpretation of MICs and zone diameters. Version 8.0, 2018. 
http:// www. eucast. org/ clini cal_ break points/.

 24. Malbrain MLNG, Van Regenmortel N, Saugel B, De Tavernier B, Van Gaal PJ, 
Joannes-Boyau O, Teboul JL, Rice TW, Mythen M, Monnet X. Principles of 
fluid management and stewardship in septic shock: it is time to consider 
the four D’s and the four phases of fluid therapy. Ann Intensive Care. 
2018;8:66.

 25. Vaara ST, Korhonen AM, Kaukonen KM, Nisula S, Inkinen O, Hoppu S, Lau-
rila JJ, Mildh L, Reinikainen M, Lund V, et al. Fluid overload is associated 
with an increased risk for 90-day mortality in critically ill patients with 
renal replacement therapy: data from the prospective FINNAKI study. Crit 
Care. 2012;16:R197.

 26. Kees MG, Minichmayr IK, Moritz S, Beck S, Wicha SG, Kees F, Kloft C, 
Steinke T. Population pharmacokinetics of meropenem during continu-
ous infusion in surgical ICU patients. J Clin Pharmacol. 2016;56:307–15.

 27. Ehmann L, Zoller M, Minichmayr IK, et al. Role of renal function in risk 
assessment of target non-attainment after standard dosing of merope-
nem in critically ill patients: a prospective observational study. Crit Care. 
2017;21:263.

 28. Minichmayr IK, Roberts JA, Frey OR, Roehr AC, Kloft Ch, Brinkmann A. 
Development of a dosing nomogram for continuous-infusion merope-
nem in critically ill patients based on a validated population pharmacoki-
netic model. J Antimicrob Chemother. 2018;73:1330–9.

 29. Shibayama T, Sugiyama D, Kamiyama E, Tokui T, Hirota T, Ikeda T. Char-
acterization of CS-023 (RO4908463), a novel parenteral carbapenem 
antibiotic, and meropenem as substrates of human renal transporters. 
Drug Metab Pharmacokinet. 2007;22:41–7.

 30. Kunin M, Holtzman EJ. Melnikov S & Dinour D Urinary organic 
anion transporter protein profiles in AKI. Nephrol Dial Transplant. 
2012;27:1387–95.

 31. Thongprayoon C, Cheungpasitporn W, Srivali N, Ungprasert P, Kittana-
mongkolchai W, Kashani K. The impact of fluid balance on diagnosis, 
staging and prediction of mortality in critically ill patients with acute 
kidney injury. J Nephrol. 2016;29:221–7.

 32. Sartelli M, Chichom-Mefire A, Labricciosa FM, Hardcastle T, Abu-Zidan FM, 
Adesunkanmi AK, Ansaloni L, Bala M, Balogh ZJ, Beltrán MA, Ben-Ishay O, 
Biffl WL, Birindelli A, Cainzos MA, Catalini G, Ceresoli M, Che Jusoh A, Chi-
ara O, Coccolini F, Coimbra R, Cortese F, Demetrashvili Z, Di Saverio S, Diaz 
JJ, Egiev VN, Ferrada P, Fraga GP, Ghnnam WM, Lee JG, Gomes CA, Hecker 
A, Herzog T, Kim JI, Inaba K, Isik A, Karamarkovic A, Kashuk J, Khokha V, 
Kirkpatrick AW, Kluger Y, Koike K, Kong VY, Leppaniemi A, Machain GM, 
Maier RV, Marwah S, McFarlane ME, Montori G, Moore EE, Negoi I, Olaoye 
I, Omari AH, Ordonez CA, Pereira BM, Pereira Júnior GA, Pupelis G, Reis T, 
Sakakhushev B, Sato N, Segovia Lohse HA, Shelat VG, Søreide K, Uhl W, 
Ulrych J, Van Goor H, Velmahos GC, Yuan KC, Wani I, Weber DG, Zachariah 

http://www.eucast.org/clinical_breakpoints/


Page 9 of 9Pařízková et al. Crit Care          (2021) 25:251  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

SK, Catena F. The management of intra-abdominal infections from a 
global perspective: 2017 WSES guidelines for management of intra-
abdominal infections. World J Emerg Surg. 2017;12:29.

 33. Silversides JA, Major E, Ferguson AJ, Mann EE, McAuley DF, Marshall JC, 
Blackwood B, Fan E. Conservative fluid management or deresuscitation 
for patients with sepsis or acute respiratory distress syndrome following 
the resuscitation phase of critical illness: a systematic review and meta-
analysis. Intensive Care Med. 2017;43:155–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Impact of cumulative fluid balance on the pharmacokinetics of extended infusion meropenem in critically ill patients with sepsis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study design
	Ethics statement
	Patients and treatments
	Assessment of kidney function
	Sampling for pharmacokinetics and meropenem assay
	Pharmacokineticpharmacodynamic analysis
	Statistical analysis

	Results
	Patients and therapy
	Fluid status and kidney function
	Meropenem pharmacokinetics
	Pharmacokineticpharmacodynamic target attainment

	Discussion
	Conclusion
	Acknowledgements
	References


