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Abstract 
Introduction: Infectious diseases are a common cause of admission to the pediatric intensive care 

unit (PICU). These critical severe illnesses are associated with a high morbidity and mortality, and an 

extended PICU stay. Early initialization of adequate treatment with antibiotics is crucial for optimizing 

survival and limiting PICU stay. Beta-lactam antibiotics are frequently used for the treatment of 

infectious diseases in the PICU. However, recent research has indicated that the current treatment 

strategy in the PICU leads to sub- or supra-therapeutic beta-lactam plasma concentrations. For this 

reason, the aim of this preliminary analysis is to analyze whether current antibiotic dosing regimens 

of frequently used beta-lactam antibiotics achieve adequate target attainment in PICU patients.  

Methods: This prospective, observational, two-center pharmacokinetic and pharmacodynamics 

study was performed at two PICU departments in the Netherlands. We enrolled PICU patients 

treated with intravenous therapy of cefotaxime, ceftazidime, ceftriaxone, cefuroxime, flucloxacillin or 

meropenem. The primary endpoint was to determine the extent of plasma samples within the 

therapeutic window. Secondly, the percentage of unbound concentration above the minimum 

inhibitory concentration (MIC) at 100% of the dosing interval (ƒT > MICECOFF and ƒT > 4x MICECOFF) was 

determined.  

Results: A total of 68 patients contributing 174 antibiotic plasma samples were included in this 

analysis. We observed a wide variety in plasma concentrations for the various study antibiotics. We 

identified supra-therapeutic antibiotic concentrations for ceftazidime, ceftriaxone and flucloxacillin. 

However, in case of cefotaxime, cefuroxime and meropenem the pharmacodynamic target (PDT) of 

100% ƒT > MICECOFF  was not achieved in all samples. The percentage of plasma samples that achieved 

this target were respectively 91.89% for cefotaxime, 100% for ceftazidime, 100% for ceftriaxone, 

65.22% for cefuroxime, 100% for flucloxacillin, and 73.81% for meropenem. Furthermore, when a 

PDT of 100% ƒT > 4x MICECOFF  was used these percentages decreased further with an 1.8 – 2.8-fold 

percentage decrease in comparison with the target of 100% ƒT > MICECOFF.  

Conclusion: Current beta-lactam dosing regimens in PICU patients lead to a wide range of plasma 

concentrations. In this preliminary analysis, sub- and supra-therapeutic antibiotic exposures have 

been demonstrated. For ceftazidime, ceftriaxone and flucloxacillin relatively high plasma 

concentrations were observed. For this reason, therapeutic drug monitoring has to be considered for 

these beta-lactams in the PICU. Furthermore, desired PDT of 100% ƒT > MICECOFF  did not get achieved 

in all plasma samples of cefotaxime, cefuroxime and meropenem. Applying a PDT of 100% ƒT > 4x 

MICECOFF  was responsible for lower target attainment percentages. To conclude, there is a need to 

further investigate the relation between target attainment and clinical outcomes to assess if dosing 

of beta-lactams should be optimized for PICU patients.  

 

 

  



Introduction 
Infectious diseases, particularly sepsis, are a leading cause of pediatric admissions to the pediatric 

intensive care unit (PICU) (1, 2). It is demonstrated that 5.4% of PICU admissions are due to non-

bloodstream infections and 12.9% are because of bloodstream infections (3). These critical severe 

illnesses are associated with a mortality rate up to 25% which may increase to 50% in case of existing 

comorbidities (1, 2). Additionally, health care-associated infections such as central line-associated 

bloodstream infections, ventilator-associated pneumonia, and catheter-associated urinary tract 

infections, arise commonly during PICU hospitalization while not initially present during admission 

(4). Early initialization of adequate treatment with antibiotics is crucial for optimizing survival and 

limiting PICU stay (5-7). 

Beta-lactam antibiotics are frequently used antibiotics for the treatment of infectious diseases in the 

PICU. This group of antibiotics consists of penicillins, cephalosporins, monobactams, and 

carbapenems. The mechanism of action for these antibiotics is to inhibit the synthesis of the 

peptidoglycan layer of bacterial cell walls and have a time-dependent bactericidal effect. Hence the 

unbound plasma concentration needs to remain above the minimum inhibitory concentration (MIC) 

during treatment (8, 9). However, consensus about pharmacodynamic thresholds for beta-lactam 

antibiotics is lacking, resulting in doubts which values for target attainment should be used in daily 

clinic (10). 

PICU patients are characterized by a complicated physiological state and altered pharmacokinetic 

parameters. For instance, administration of intravenous fluids may lead to an increased distribution 

volume. As a consequence of infection, fluid shifts from the intravascular compartment to the 

interstitial compartment can occur due to endothelial damage and capillary leakage. Other examples 

such as altered renal and liver function may result in modified drug clearance. Hypoalbuminemia due 

to severe infections may result in a change in unbound fractions (11). All these changes together may 

result in sub- or supra-therapeutic antibiotic exposure and as a consequence lead to therapeutic 

failure, toxicity, or enhance antibiotic resistance. In addition to the above-mentioned 

pharmacokinetic changes, PICU patients are often infected by less susceptible micro-organisms, 

making treatment more challenging (12). For this reason, it is a challenge to achieve appropriate 

antibiotic exposure in PICU patients.  

Recent research has indicated that the current treatment strategy in the PICU leads to sub-

therapeutic beta-lactam concentrations. A study by Cies et al. demonstrated that target attainment 

only occurred in 5% of critically ill pediatric patients (13). Another recent study by van der Heggen et 

al. has identified that 25.5% of patients achieved target attainment when applying a target of 100% 

ƒT > MICECOFF and only 7.6% in case of a target of 100% ƒT > 4x MICECOFF (14). A study by Hartman et al. 

has demonstrated that target attainment with cefotaxime was high for susceptible pathogens (ƒT > 

MICECOFF 95.6% and ƒT > 4x MICECOFF 91.2%) in contrast to less susceptible pathogens (ƒT > MICECOFF 
55.1% and ƒT > 4x MICECOFF 14.7%) (15). Because of the above-mentioned observation, the likelihood 

to achieve target attainment in the PICU might be reduced.  

 

As mentioned before, only a few other studies have identified target attainment of beta-lactams in 

PICU patients. In most of these studies the number of antibiotics that are included in the analysis are 

limited (14, 15). Or exclusion criteria are rigid, by which the analysis focusses on specific patient 

groups. For example, in the study by Cies et al. only PICU patients with sepsis who were on 



extracorporeal therapy with extracorporeal membrane oxygenation (ECMO) or continuous veno-

venous hemofiltration (CVVH) were included (13). Therefore, a large group of PICU patients that 

receive beta-lactam therapy are left out, by which no statements about target attainment can be 

made for the remaining part of PICU patients. For this reason, this study creates an more complete 

overview of target attainment in PICU patients for several beta-lactam antibiotics without strict 

exclusion criteria.  

In order to further elucidate the current situation at the PICU, we aim to determine to what extent 

the unbound plasma concentrations of select beta-lactam antibiotics as observed in PICU patients 

are within the therapeutic window. Secondly, we will demonstrate to what degree target attainment 

is achieved during treatment. 

  



Methods 

Study design 
This prospective, observational, two-center pharmacokinetic and pharmacodynamics (PK/PD) study 

was performed at the PICU department of the Sophia Children’s Hospital Erasmus University Medical 

Center (EMC), Rotterdam and Wilhelmina Children’s Hospital University Medical Center Utrecht 

(UMCU), Utrecht.  

Study population and size 
Patients admitted to the PICU treated with intravenous therapy of cefotaxime, ceftazidime, 

ceftriaxone, cefuroxime, flucloxacillin, or meropenem were included.  

In order to be eligible for enrollment patients were:  

- Aged <18 years  

- Expected to receive intravenous antibiotic therapy of the target antibiotic >2 days 

- Recruited within 36 hours after start of antibiotic therapy 

- Written informed consent has been obtained from the patients or their legally authorized 

representatives  

Potential subjects who met any of the following criteria were excluded:  

- Written informed consent was not obtained 

- Prematurity (<37 weeks) 

- History of anaphylaxis for the study antibiotics 

- Study antibiotics were stopped before sampling commenced 

- Prophylactic treatment  

- ECMO 

- Hemodialysis (HD) or CVVH 

A formal sample size calculation was not required because of the non-comparable study design. For 

this reason the sample size calculation was based on ƒT > MICECOFF  pharmacodynamic target (PDT) 

prevalence of 60% ( 95% CI 52 – 68%), as has been found in a comparable performed study in adults 

in the intensive care unit (ICU) (9). For a sample size of 145 patients, it was estimated based on the 

results of the EXPAT study in adults, that 97 patients achieved PDT. Therefore, a number of 145 

patients was anticipated to be sufficient (16). The study is still including patients, this thesis may be 

interpreted as a preliminary analysis. 

Study procedures 
In this study a daily screening was performed using the hospitals Electronic Patient File (EPF) HiX. 

PICU patients that received a study antibiotic were screened for eligibility by the inclusion- and 

exclusion criteria. Eligible patients or their legally authorized representatives were informed about 

the study to obtain informed consent. After informed consent, patients were registered and given a 

subject identification code (SIC).  

Sample collection and analysis 
To determine plasma concentrations of the study antibiotics a blood sampling strategy was used as 

shown in Figure 1. If an arterial catheter was in place for standard clinical care, a trough (t= 0) and 



peak (t= 10 – 30 min) 250 – 500μl sample were drawn. Additionally, during routine morning lab 

sampling an extra sample was drawn for five consecutive days. For patients without an arterial 

catheter, blood was drawn by venipuncture or finger prick by standard of care procedures. 

Therefore, blood sampling times were completely dependent on routine lab sampling to prevent 

extra punctures. As a consequence, the blood sampling regimen was different for patients without 

arterial access. For all patients sampling stopped after the 7th sample, or if antibiotic treatment was 

ceased earlier. The exact sampling times were recorded during the study procedures.  

Figure 1: Blood sampling strategy 

Blood samples were stored in the fridge at 2-8 °C. Subsequently, all samples were centrifuged at 

3000 rpm for six minutes within 24 hours after collection. The plasma was transferred in cryo-vials 

for frozen storage at -80 °C until analysis. Plasma concentrations were determined by multi-analyte 

UPLC-MS/MS (17). The method was comprehensibly validated according to the Food and Drug 

Administration (FDA) guidance on bioanalytical method validation (18).  

Primary endpoints 
The objective of this study was to analyze whether current antibiotic dosing regimens of frequently 

used beta-lactam antibiotics achieve target attainment in PICU patients. For this analysis we used the 

plasma concentrations that were obtained after a minimum of an hour after administration of the 

study antibiotic to avoid inclusion of peak concentrations. In order to illustrate the target attainment, 

we aimed to determine the amount of plasma samples within the therapeutic window. The 

therapeutic window consisted of three different areas: a blue area (ƒC < MICECOFF) that indicated a 

suboptimal exposure, a green area (ƒC = 1-10x MICECOFF) that indicated the target exposure, and a 

red area (ƒC > 10x MICECOFF) that indicated a threshold for supra-therapeutic exposure.  

Furthermore, the percentage of plasma samples which did achieve the target of 100% (ƒT > MICECOFF 

and ƒT > 4x MICECOFF) was determined for all samples (16). For each of the antibiotics, the 

epidemiological cut-of (ECOFF) of the presumed pathogens was used i.e., the highest MIC for 

organisms devoid of phenotypically detectable acquired resistance mechanisms, as defined by the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) (19). The following EUCAST 

epidemiological cut-of (MICECOFF) values were used: cefotaxime 4 mg/L (Staphylococcus aureus), 

ceftazidime 4 mg/L (Pseudomonas aeruginosa), ceftriaxone 0.125 mg/L (Enterobacterales), 

cefuroxime 8 mg/L (Escherichia coli), flucloxacillin 1 mg/L (Staphylococcus aureus), and meropenem 2 

mg/L (Pseudomonas aeruginosa). To assess the suitability of dosing regimens considering ƒT > 

MICECOFF and ƒT > 4× MICECOFF, a MIC distribution of 0.03125–128 mg/L was tested for target 

attainment of each of the study antibiotics.  



Results 

Patient characteristics 
Overall, a total of 68 patients contributing 174 antibiotic plasma samples were included in this 

preliminary analysis. Baseline patient demographic data, antibiotic data, and clinical outcomes, are 

summarized in Table 1. The median postnatal age was 78 days and 60% of the participating PICU 

patients was male. The median PICU length of stay (LOS) was 13 days, and mortality rate was 6.2%. 

Clinical data of participating patients are summarized in Table 2, this data was extracted from patient 

files in HiX. The medians of important inflammatory markers were as follows: white blood cell count 

(WBCC) was 14 x109/L, and C-reactive protein (CRP) was 56 mg/L. The median albumin was 19 g/L, 

aspartate aminotransferase (ASAT) 67 U/L, alanine transaminase (ALAT) 37 U/L, urea 4 mmol/L, and 

estimated glomerular filtration rate (eGFR) was 84 – 87 mL/min/1.73 m2 among participating PICU 

patients. 

Table 1: baseline demographic characteristics, antibiotic data, and clinical outcomes  

Characteristics  All (n = 68) 

Demographic data   
Postnatal age (days)  78 [22, 1150] 
Gestational age (weeks)  38.0 [36.4, 39.6] 
Postmenstrual age (weeks)  43 [40, 50] 
Sex (male/female)   
 Female 27 (40%) 
 Male 41 (60%) 
Length (cm)  60 [51, 131] 
Weight (kg)  4 [3, 16] 
BMI  14.4 [12.9, 16.8] 
Comorbidities   
 Cardiovascular 12 (19%) 
 Gastrointestinal 5 (7.8%) 
 Respiratory 4 (6.3%) 
 Skeletal 2 (3.1%) 
 Other 3 (6.3%) 
 None 38 (59%) 
Surgery   
 Yes 5 (7.5%) 

 No 63 (92.5%) 
Use of vasopressors   
 Yes 27 (40%) 
 No 41 (60%) 
Use of concomitant 
antibiotics* 

  

 Yes 44 (65%) 
 No 24 (35%) 
Antibiotic data   
 Cefotaxime 10 (15%) 
 Ceftazidime 1 (1.5%) 
 Ceftriaxone 21 (31%) 
 Cefuroxime 20 (29%) 
 Flucloxacillin 2 (2.9%) 
 Meropenem 14 (21%) 
Clinical outcomes   
PICU LOS (days)  13 [6, 35] 
28-day mortality   
 Alive 61 (94%) 
 Decreased 4 (6.2%) 

 Values are presented as numbers (%), or median n [25%–75% interquartile range]. BMI body mass index, PICU LOS 

pediatric intensive care unit length of stay, calculated from the start of study antibiotic until PICU discharge 
*One or more additional antibiotics 

 



Table 2: clinical data of all patients included 

Characteristics All (n = 68) 

Clinical data  
WBCC (x109/L) 14 [9, 18] 
PCT (μg/L) 1 [0, 8] 
CRP (mg/L) 56 [16, 126] 
Albumin (g/L) 19 [15, 26] 
Urea (mmol/L) 4 [3, 8] 
ASAT (U/L) 67 [39, 373] 
ALAT (U/L) 37 [24, 144] 
Creatinine (μmol/L) 35 [22, 59] 
eGFR (mL/min/1.73 m2)  

Postnatal age < 1 year 87 [61, 115] 
Postnatal age > 1 year 84 [29, 110] 

Values are presented as median n [25%–75% interquartile range]. WBCC white blood cell count, PCT procalcitonin, CRP C-

reactive protein, ASAT aspartate aminotransferase, ALAT alanine transaminase, eGFR estimated glomerular filtration rate, 

calculated with Schwartz formula for children >1 year and calculated with: normal creatinine value/measured creatinine 

value *100 for children <1 year 

Beta-lactam plasma concentrations 
Boxplots of observed unbound plasma concentrations illustrating the therapeutic window for several 

beta-lactams are shown in Figure 2. The blue area indicated a suboptimal exposure (ƒC < MICECOFF), 

the green area indicated the target exposure (ƒC = 1-10x MICECOFF), and the red area indicated a 

threshold for supra-therapeutic exposure (ƒC > 10x MICECOFF). The plasma concentration ranges of 

the study antibiotics are demonstrated in Table 3. A large variability was observed in the plasma 

concentrations of the various beta-lactam antibiotics. Besides wide ranges of plasma concentrations, 

we identified high antibiotic concentrations that indicate a threshold for supra-therapeutic exposure 

for ceftazidime, ceftriaxone, and flucloxacillin. Meropenem, cefuroxime and cefotaxime showed 

good agreement with the proposed therapeutic window.  

 Figure 2: Boxplots (median, 25th and 75th percentiles) of unbound (ƒC) plasma concentrations observed in PICU patients 

treated with several beta-lactam antibiotics. The green areas indicate the target exposure (ƒC = 1-10 x MICECOFF), the blue 

areas indicate suboptimal exposure (ƒC < 1x MICECOFF), and the red areas indicate threshold for dose reduction (ƒC > 10x 

MICECOFF). The numbers of samples (n) are presented per antibiotic 



Table 3: minimum and maximum plasma concentrations of study antibiotics  

Antibiotics Samples (n) Minimum (mg/L) Maximum (mg/L) 

Cefotaxime  37 0.1 181.6 
Ceftazidime 5 38.7 221.8 
Ceftriaxone 37 3.4 416.2 
Cefuroxime 46 0.9 137.4 
Flucloxacillin 7 1.2 215.4 
Meropenem 42 0.1 55.8 

 

Target attainment for several beta-lactam antibiotics to reach the PDTs of 100% ƒT > MICECOFF  and 

100% ƒT > 4x MICECOFF for a range of MICs (0.03125 to 128 mg/L) are shown in Figure 3. For 

ceftazidime and flucloxacillin a limited number of samples were included in this preliminary analysis. 

In case of cefotaxime, 91.89% of samples achieved a PDT of 100% ƒT > MICECOFF  when the current MIC 

value of 4 was applied. For cefuroxime, only 65.22% of samples achieved a PDT of 100% > ƒT MICECOFF 

when the current MIC value of 8 was used. In case of meropenem 73.81% of samples achieved this 

target. For ceftriaxone, all samples achieved the above-mentioned target. Moreover, when a PDT of 

100% ƒT > 4x MICECOFF  was used the percentages of samples of all study antibiotics that achieved 

target attainment decreased further. In this case, target attainment was not 100% for all study 

samples with an exception for ceftazidime. For cefotaxime, a 2-fold percentage decrease was 

observed when a PDT of 100% ƒT > 4x MICECOFF  was applied. For cefuroxime, adjustment of PDT to 

100% ƒT > 4x MICECOFF  caused for a 2.8-fold reduction. Moreover, when looking at meropenem a 1.8-

fold percentage decrease was illustrated when a 100% ƒT > 4x MICECOFF PDT  was used. An overview of 

the exact target attainment percentages for current MIC-values are demonstrated in Table 4. In the 

appendix S Table 1 and S Table 2 illustrate the exact percentages of samples that achieved PDT for 

the distribution of MIC values (0.03125–128 mg/L). 

Table 4: Target attainment percentages for study antibiotics 

Antibiotic Samples (n) Target attainment (%) if 
100% ƒT > MICECOFF 

Target attainment (%) if 
100% ƒT > 4x MICECOFF 

Cefotaxime 37 91.89% 45.95% 
Ceftazidime 5 100% 100% 
Ceftriaxone 37 100% 97.30% 
Cefuroxime 46 65.22% 23.91% 
Flucloxacillin 7 100% 85.71% 
Meropenem 42 73.81% 40.48% 



Figure 3: Target attainment in PICU patients for several beta-lactam antibiotics to reach a target of 100% ƒT > MICECOFF (A1–

F1) and 100% ƒT > 4 x MICECOFF (A2-F2) for a range of MICs (0.03125 to 128 mg/L). The dotted horizontal line indicates the 

intercept with the EUCAST epidemiological cut-off (ECOFF) breakpoints: cefotaxime 4 mg/L (Staphylococcus aureus), 

ceftazidime 4 mg/L (Pseudomonas aeruginosa), ceftriaxone 0.125 mg/L (Enterobacterales), cefuroxime 8 mg/L (Escherichia 

coli), flucloxacillin 1 mg/L (Staphylococcus aureus), and meropenem 2 mg/L (Pseudomonas aeruginosa). 



Discussion 
In this preliminary analysis we describe to what extent the unbound plasma concentrations of several 

beta-lactam antibiotics as observed in PICU patients are within the therapeutic window. Secondly, 

we demonstrate to what degree target attainment is achieved for a range of MICs in this population. 

The plasma concentrations of different beta-lactams were variable in this study, and particularly high 

concentrations of ceftazidime, ceftriaxone, and flucloxacillin have been observed (Figure 2). 

Moreover, not all samples of cefotaxime, cefuroxime, and meropenem achieved target attainment 

when a target of 100% ƒT > MICECOFF  was applied. When a target of 100% ƒT > 4x MICECOFF was as 

applied, the attainment percentages fell further (Figure 3). However, considering the small number 

of ceftazidime and flucloxacillin samples in this preliminary analysis, results for these antibiotics need 

to be interpreted with caution.  

The laboratory values demonstrated in Table 2 could not be related to target attainment, since all 

patients’ plasma concentrations were not assessed individually but pooled. Furthermore, laboratory 

values were complicated to interpret because of the difference in reference range per age group. 

Regardless of the mentioned variability in reference ranges in pediatrics, there were several 

observations in this population taking median postnatal age into account.  

For example, the albumin reference range for newborns up to 15 days old is 25 – 46 g/L (20). When 

this range is compared with the albumin values in our study population, taking the median postnatal 

age into account, it can be concluded that the median albumin value was relatively low. This could 

indicate a hypoalbuminemia among part of the participating PICU patients in this study. Unbound 

plasma concentrations of drugs with a certain high protein bound fraction, such as ceftriaxone and 

flucloxacillin, can alter due to hypoalbuminemia. It is demonstrated that hypoalbuminemia increases 

the distribution volume and clearance of beta-lactams (21). An increased distribution volume may 

lead to a shift from the central compartment to the peripheral compartment in which the plasma 

concentrations can decrease. Moreover, an increase in drug clearance may as well result in a lower 

plasma concentration due to faster renal excretion. This statement is in contrast with our findings, as 

plasma concentrations of ceftriaxone and flucloxacillin were above the threshold for supra-

therapeutic exposure. For a more precise understanding of hypoalbuminemia’s effects on antibiotic 

exposure, it is necessary to determine protein bound plasma concentrations.  

There were also disparities with other laboratory values. It has been shown that the creatinine and 

therefore eGFR reference values also differ in the first year of life (22). Analyzing the creatinine and 

eGFR medians indicate a normal kidney function among participating participants. Many patients 

admitted to the PICU display augmented renal clearance (ARC) (23). This is characterized by an 

increased physiological renal function due to enhanced renal perfusion and glomerular 

hyperfiltration. Possibly as a result of systemic inflammation, by which hemodynamic alterations 

such as vasodilatation, an increased cardiac output, and an enhanced renal blood flow might occur. 

Furthermore, administration of intravenous fluids and vasopressors may lead to a further increase in 

glomerular filtration. This may result in an enhanced drug elimination in case of renally excreted 

drugs by which sub-therapeutic antibiotic exposure could develop (23). Above-mentioned 

phenomenon was not in line with our results as relatively high beta-lactam concentrations were 

observed.  



A study by Abdulla et al. in the adult ICU population has also identified a great variability in plasma 

concentrations (9). However, this study observed a large target non-attainment in the study 

population in which observed plasma concentrations were generally low. Remarkably, a part of 

plasma concentrations of ceftriaxone and ceftazidime samples were above the threshold for dose 

reduction which corresponds with our results in the pediatric population. Yet the observed plasma 

concentrations in the PICU population were in comparison with the adult population relatively high. 

For this reason, the results from the EXPAT study in adults cannot be extrapolated to pediatrics.  

As demonstrated in Figure 2, high antibiotic concentrations of ceftazidime, ceftriaxone and 

flucloxacillin were observed. For this reason, it is possible that toxic effects were present in these 

patients. Common side effects of these study antibiotics are gastrointestinal effects, such as diarrhea, 

nausea and vomiting (24-28). Other uncommon but more severe toxic effects mentioned in previous 

adult studies are neurotoxicity and hematological side effects (29). Therefore, it is conceivable that 

these kind of toxic effects may occur in pediatric patients, especially with the noticed supra-

therapeutic antibiotic exposures in this analysis. Because of the identified high concentrations, 

therapeutic drug monitoring (TDM) for these beta-lactams in pediatrics should be considered to 

minimize toxicity and antibiotic resistance.  

However, despite of wide usage of MIC-based dosing, there is debate about the precision of MIC 

measurements. Firstly, MIC values are determined with in vitro tests. However, in vitro tests are not 

entirely representative for predicting the overall bacterial response in vivo (30). This is due to the fact 

that the concentrations in vivo are dynamic in contrast to in vitro and because of a biological 

variation within micro-organisms (30, 31). Secondly, the accuracy of MIC values is questionable due 

to a variation in laboratory assays caused by diversity in equipment and training in different 

laboratories (30).  

Furthermore, as previously mentioned, consensus about the optimal PDT of beta-lactams is lacking 

(10). A recent review illustrated that a very wide range (40% fT> MICECOFF to 100% fT> 6× MICECOFF), of 

targets has been used in recent studies, demonstrating the lack of a general agreement (32). Wu et 

al. showed a target attainment of 95.6% for a PDT of 70% fT> MICECOFF (33). Additionally, a recent 

study by Franzese et al. demonstrated a target attainment of >90% when a PDT of 50% fT> MICECOFF 

was applied (34). These findings illustrate the ongoing debate about which targets are being applied 

since no clear target is established (13-15).  

This analysis has some limitations that should be noted. Firstly, this is a preliminary analysis in which 

not the entire sample size could be assessed. Due to this reason for some study antibiotics (i.e, 

ceftazidime and flucloxacillin, there were comparatively less samples available compared to the 

other study antibiotics. Secondly, the target attainment analysis was performed with all samples with 

the exception of peak concentrations (samples obtained within one hour after antibiotic 

administration). This means that not only trough concentrations were used for the target attainment 

analysis causing the results to be skewed. Trough concentrations are more prone to reach levels 

below the MIC threshold. However, for this analysis samples within a range >1 hour after 

administration were assessed.  

Thirdly, HD and CVVH are treatments that are quite frequently applied in the PICU and may enhance 

beta-lactam clearance due to their hydrophilic characteristics (35). Moreover, ECMO affects the PK of 

beta-lactam antibiotics in which clearance becomes less predictable (36-38) Additionally, including 



premature neonates comes with several challenges due to their limit amount of blood volume in 

which the frequency of blood sampling have to be restricted to a minimum (39). This study excluded 

premature neonates and participates who were treated with HD, CVVH, or ECMO because of the 

expectation of not achieving sufficient sample size for these specific subpopulations. However, the 

exclusion of these subpopulations is a limitation because this results in missing a part of critically ill 

children with ECMO and HD, or CVVH. Moreover, the PK alterations in premature neonates are also 

lacking in this analysis.  

Another limitation of this study was reliance on study logistics. Medical staff was accountable for 

appropriate storage of the plasma samples after collection. Correct storage of beta-lactam containing 

samples is essential due to instability of these drugs. A recent study by Bahmany et al. identified the 

stability of beta-lactams. According to this stability study, ceftriaxone, cefuroxime, and meropenem 

are stabile for 24 hours at room temperature. However, cefotaxime, ceftazidime, and flucloxacillin 

are stable for at least 24 hours in the fridge (40). Swift and correct storage conditions are required in 

order to assure sample stability.   

Lastly, in this analysis, unbound antibiotic concentrations were measured and not the protein bound 

concentrations, a correction for protein binding was also not applied. The ratio of bound and 

unbound high protein binding drugs can be subject to changes, causing a shift to available free 

concentrations in case of hypoalbuminemia (41).  

For future research, the effects of sub- or supra-therapeutic concentrations on clinical outcomes, for 

instance PICU LOS and mortality need to be further examined. After, the effects of TDM in 

combination with model-informed precision dosing (MIPD) on target attainment and clinical 

outcomes in pediatric patients should be investigated. The effects of above-mentioned interventions 

have been investigated in adult ICU patients in the DOLPHIN trial. This trial illustrated that this 

method had no significant difference on ICU LOS in comparison with the current antibiotic 

treatments without MIPD (42). However, this could be investigated in pediatrics to determine 

whether TDM with MIPD improves clinical outcomes.  

Conclusion 
To conclude, this preliminary analysis has demonstrated that current dosing regimens of beta-lactam 

antibiotics in the PICU lead to a wide range of plasma concentrations, often exceeding 10x MICECOFF, 

especially for ceftazidime, ceftriaxone and flucloxacillin. Therefore, TDM has to be considered for 

these beta-lactams in this population to optimize treatment and prevent toxicity and antibiotic 

resistance. Additionally, stated pharmacodynamic targets were not achieved in all patients for 

cefotaxime, cefuroxime, and meropenem. For this reason, there is a need to further investigate 

target attainment in this population. Especially the relation between sub- and supra-therapeutic 

exposures on clinical outcomes needs to be further analyzed to determine the current risks 

concerning beta-lactam antibiotic dosing efficacy in the PICU.  

  



References 
1. Dorofaeff T, Mohseni-Bod H, Cox PN. Infections in the PICU. Textbook of Clinical Pediatrics. 
2012:2537-63. 
2. Weiss SL, Fitzgerald JC, Pappachan J, Wheeler D, Jaramillo-Bustamante JC, Salloo A, et al. 
Global epidemiology of pediatric severe sepsis: the sepsis prevalence, outcomes, and therapies 
study. Am J Respir Crit Care Med. 2015;191(10):1147-57. 
3. Harron K, Parslow R, Mok Q, Tibby SM, Wade A, Muller-Pebody B, et al. Monitoring quality of 
care through linkage of administrative data: national trends in bloodstream infection in U.K. PICUs 
2003-2012. Crit Care Med. 2015;43(5):1070-8. 
4. Kannan A, Pratyusha K, Thakur R, Sahoo MR, Jindal A. Infections in Critically Ill Children. 
Indian J Pediatr. 2023;90(3):289-97. 
5. Zhang D, Micek ST, Kollef MH. Time to Appropriate Antibiotic Therapy Is an Independent 
Determinant of Postinfection ICU and Hospital Lengths of Stay in Patients With Sepsis. Crit Care Med. 
2015;43(10):2133-40. 
6. Muszynski JA, Knatz NL, Sargel CL, Fernandez SA, Marquardt DJ, Hall MW. Timing of correct 
parenteral antibiotic initiation and outcomes from severe bacterial community-acquired pneumonia 
in children. Pediatr Infect Dis J. 2011;30(4):295-301. 
7. Rosa RG, Goldani LZ. Cohort study of the impact of time to antibiotic administration on 
mortality in patients with febrile neutropenia. Antimicrob Agents Chemother. 2014;58(7):3799-803. 
8. Lima LM, Silva B, Barbosa G, Barreiro EJ. β-lactam antibiotics: An overview from a medicinal 
chemistry perspective. Eur J Med Chem. 2020;208:112829. 
9. Abdulla A, Dijkstra A, Hunfeld NGM, Endeman H, Bahmany S, Ewoldt TMJ, et al. Failure of 
target attainment of beta-lactam antibiotics in critically ill patients and associated risk factors: a two-
center prospective study (EXPAT). Crit Care. 2020;24(1):558. 
10. Berry AV, Kuti JL. Pharmacodynamic Thresholds for Beta-Lactam Antibiotics: A Story of 
Mouse Versus Man. Front Pharmacol. 2022;13:833189. 
11. Pereira JG, Fernandes J, Duarte AR, Fernandes SM. β-Lactam Dosing in Critical Patients: A 
Narrative Review of Optimal Efficacy and the Prevention of Resistance and Toxicity. Antibiotics 
(Basel). 2022;11(12). 
12. Roberts JA, Ulldemolins M, Roberts MS, McWhinney B, Ungerer J, Paterson DL, et al. 
Therapeutic drug monitoring of beta-lactams in critically ill patients: proof of concept. Int J 
Antimicrob Agents. 2010;36(4):332-9. 
13. Cies JJ, Moore WS, 2nd, Enache A, Chopra A. β-lactam Therapeutic Drug Management in the 
PICU. Crit Care Med. 2018;46(2):272-9. 
14. Van Der Heggen T, Dhont E, Willems J, Herck I, Delanghe JR, Stove V, et al. Suboptimal Beta-
Lactam Therapy in Critically Ill Children: Risk Factors and Outcome. Pediatr Crit Care Med. 
2022;23(7):e309-e18. 
15. Hartman SJF, Boeddha NP, Ekinci E, Koch BCP, Donders R, Hazelzet JA, et al. Target 
attainment of cefotaxime in critically ill children with meningococcal septic shock as a model for 
cefotaxime dosing in severe pediatric sepsis. Eur J Clin Microbiol Infect Dis. 2019;38(7):1255-60. 
16. Schouwenburg S, Wildschut ED, de Hoog M, Koch BCP, Abdulla A. The Pharmacokinetics of 
Beta-Lactam Antibiotics Using Scavenged Samples in Pediatric Intensive Care Patients: The EXPAT 
Kids Study Protocol. Front Pharmacol. 2021;12:750080. 
17. Abdulla A, Bahmany S, Wijma RA, van der Nagel BCH, Koch BCP. Simultaneous determination 
of nine β-lactam antibiotics in human plasma by an ultrafast hydrophilic-interaction chromatography-
tandem mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. 2017;1060:138-43. 
18. Bioanalytical Methode Validation Guidance for Industry: Food and Drug Administration (FDA) 
2018 [Available from: https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/bioanalytical-method-validation-guidance-industry. 
19.  Clinical breakpoints and dosing of antibiotics European Committee on Antimicrobial 
Susceptibility Testing (EUCAST); 2023 [Available from: https://www.eucast.org/clinical_breakpoints/. 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/bioanalytical-method-validation-guidance-industry
https://www.eucast.org/clinical_breakpoints/


20. Amsterdam UMC. Diagnostische laboratoria. Bepalingen. Albumine (bloed). [Available from: 
https://amc.getincontrol.eu/provision/overview/1a1809e2-7dcd-4dcb-94e2-7d792655327d. 
21. Ulldemolins M, Roberts JA, Rello J, Paterson DL, Lipman J. The effects of hypoalbuminaemia 
on optimizing antibacterial dosing in critically ill patients. Clin Pharmacokinet. 2011;50(2):99-110. 
22. Boer DP, de Rijke YB, Hop WC, Cransberg K, Dorresteijn EM. Reference values for serum 
creatinine in children younger than 1 year of age. Pediatr Nephrol. 2010;25(10):2107-13. 
23. Dhont E, Van Der Heggen T, De Jaeger A, Vande Walle J, De Paepe P, De Cock PA. Augmented 
renal clearance in pediatric intensive care: are we undertreating our sickest patients? Pediatr 
Nephrol. 2020;35(1):25-39. 
24. Arguedas A, Cespedes J, Botet FA, Blumer J, Yogev R, Gesser R, et al. Safety and tolerability of 
ertapenem versus ceftriaxone in a double-blind study performed in children with complicated urinary 
tract infection, community-acquired pneumonia or skin and soft-tissue infection. Int J Antimicrob 
Agents. 2009;33(2):163-7. 
25. Chaudhary M, Ayub SG, Mir MA. Post-marketing safety and efficacy evaluation of a novel 
drug CSE-1034: A drug-use analysis in paediatric patients with hospital-acquired pneumonia. J Clin 
Diagn Res. 2018;12(9):OC25-OC8. 
26. Cohen R, Navel M, Grunberg J, Boucherat M, Geslin P, Derriennic M, et al. One dose 
ceftriaxone vs. ten days of amoxicillin/clavulanate therapy for acute otitis media: Clinical efficacy and 
change in nasopharyngeal flora. Pediatr Infect Dis J. 1999;18(5):403-9. 
27. Leibovitz E, Janco J, Piglansky L, Press J, Yagupsky P, Reinhart H, et al. Oral ciprofloxacin vs. 
intramuscular ceftriaxone as empiric treatment of acute invasive diarrhea in children. Pediatr Infect 
Dis J. 2000;19(11):1060-7. 
28. Schaad UB, Eskola J, Kafetzis D, Fishbach M, Ashkenazi S, Syriopoulou V, et al. Cefepime vs. 
ceftazidime treatment of pyelonephritis: A European, randomized, controlled study of 300 pediatric 
cases. Pediatr Infect Dis J. 1998;17(7):639-44. 
29. Vardakas KZ, Kalimeris GD, Triarides NA, Falagas ME. An update on adverse drug reactions 
related to β-lactam antibiotics. Expert Opin Drug Saf. 2018;17(5):499-508. 
30. Mouton JW, Muller AE, Canton R, Giske CG, Kahlmeter G, Turnidge J. MIC-based dose 
adjustment: facts and fables. J Antimicrob Chemother. 2018;73(3):564-8. 
31. Mouton JW, Vinks AA. Pharmacokinetic/pharmacodynamic modelling of antibacterials in 
vitro and in vivo using bacterial growth and kill kinetics: the minimum inhibitory concentration versus 
stationary concentration. Clin Pharmacokinet. 2005;44(2):201-10. 
32. Morales Junior R, Pereira GO, Tiguman GMB, Juodinis VD, Telles JP, de Souza DC, et al. Beta-
Lactams Therapeutic Monitoring in Septic Children-What Target Are We Aiming for? A Scoping 
Review. Front Pediatr. 2022;10:777854. 
33. Wu YE, Wang T, Yang HL, Tang BH, Kong L, Li X, et al. Population pharmacokinetics and dosing 
optimization of azlocillin in neonates with early-onset sepsis: a real-world study. J Antimicrob 
Chemother. 2021;76(3):699-709. 
34. Franzese RC, McFadyen L, Watson KJ, Riccobene T, Carrothers TJ, Vourvahis M, et al. 
Population Pharmacokinetic Modeling and Probability of Pharmacodynamic Target Attainment for 
Ceftazidime-Avibactam in Pediatric Patients Aged 3 Months and Older. Clin Pharmacol Ther. 
2022;111(3):635-45. 
35. Matusik E, Boidin C, Friggeri A, Richard JC, Bitker L, Roberts JA, et al. Therapeutic Drug 
Monitoring of Antibiotic Drugs in Patients Receiving Continuous Renal Replacement Therapy or 
Intermittent Hemodialysis: A Critical Review. Ther Drug Monit. 2022;44(1):86-102. 
36. Leven C, Fillâtre P, Petitcollin A, Verdier MC, Laurent J, Nesseler N, et al. Ex Vivo Model to 
Decipher the Impact of Extracorporeal Membrane Oxygenation on Beta-lactam Degradation Kinetics. 
Ther Drug Monit. 2017;39(2):180-4. 
37. Foer D, Marquis K, Romero N, Castells MC. Challenges and safety of beta-lactam 
desensitization during extracorporeal membrane oxygenation. Ann Allergy Asthma Immunol. 
2019;122(6):661-3. 

https://amc.getincontrol.eu/provision/overview/1a1809e2-7dcd-4dcb-94e2-7d792655327d


38. Donadello K, Antonucci E, Cristallini S, Roberts JA, Beumier M, Scolletta S, et al. β-Lactam 
pharmacokinetics during extracorporeal membrane oxygenation therapy: A case-control study. Int J 
Antimicrob Agents. 2015;45(3):278-82. 
39. Howie SR. Blood sample volumes in child health research: review of safe limits. Bull World 
Health Organ. 2011;89(1):46-53. 
40. Bahmany S, Ewoldt TMJ, Abdulla A, Koch BCP. Stability of 10 Beta-Lactam Antibiotics in 
Human Plasma at Different Storage Conditions. Ther Drug Monit. 2023. 
41. Wong G, Briscoe S, Adnan S, McWhinney B, Ungerer J, Lipman J, et al. Protein binding of β-
lactam antibiotics in critically ill patients: can we successfully predict unbound concentrations? 
Antimicrob Agents Chemother. 2013;57(12):6165-70. 
42. Ewoldt TMJ, Abdulla A, Rietdijk WJR, Muller AE, de Winter BCM, Hunfeld NGM, et al. Model-
informed precision dosing of beta-lactam antibiotics and ciprofloxacin in critically ill patients: a 
multicentre randomised clinical trial. Intensive Care Med. 2022;48(12):1760-71. 

 



Appendix 
S Table 1: Target attainment percentages with a MIC distribution of 0.03125–128 mg/L when a PDT of 100% ƒT > MICECOFF was applied 

Antibiotic 0.03125 mg/L 0.0625 mg/L 0.125 mg/L 0.25 mg/L 0.5 mg/L 1 mg/L 2 mg/L 4 mg/L 8 mg/L 16 mg/L 32 mg/L 64 mg/L 128 mg/L 

Cefotaxime 100% 100% 97.30 % 94.59% 94.59% 94.59% 94.59% 91.89% 64.86% 45.95% 35.14% 10.81% 2.70% 
Ceftazidime 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 80% 60% 
Ceftriaxone 100% 100% 100% 100% 100% 100% 100% 97.40% 83.78% 81.08% 78.38% 56.76% 35.14% 
Cefuroxime 100% 100% 100% 100% 100% 97.83% 91.30% 84.78% 65.22% 32.61% 23.91% 8.70% 2.17% 
Flucloxacillin 100% 100% 100% 100% 100% 100% 85.71% 85.71% 85.71% 57.14% 28.57% 28.57% 28.57% 
Meropenem 100% 100% 95.24% 92.86% 85.71% 83.33% 73.81% 61.90% 40.48% 21.43% 7.14% 0% 0% 

 

S Table 2: Target attainment percentages with a MIC distribution of 0.03125–128 mg/L when a PDT of 100% ƒT > 4x MICECOFF was applied 

Antibiotic 0.03125 mg/L 0.0625 mg/L 0.125 mg/L 0.25 mg/L 0.5 mg/L 1 mg/L 2 mg/L 4 mg/L 8 mg/L 16 mg/L 32 mg/L 64 mg/L 128 mg/L 

Cefotaxime 97.30% 94.59% 94.59% 94.59% 94.59% 91.89% 64.86% 64.86% 35.14% 10.81% 2.70% 0% 0% 
Ceftazidime 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 60% 0% 0% 
Ceftriaxone 100% 100% 100% 100% 100% 97.30% 83.78% 81.08% 78.38% 56.76% 35.14% 10.81% 0% 
Cefuroxime 100% 100% 100% 97.83% 91.30% 84.78% 65.22% 32.61% 23.91% 8.70% 2.17% 0% 0% 
Flucloxacillin 100% 100% 100% 100% 85.71% 85.71% 85.71% 57.14% 28.57% 28.57% 28.57% 0% 0% 
Meropenem 95.24% 92.86% 85.71% 83.33% 73.81% 61.90% 40.48% 21.43% 7.14% 0% 0% 0% 0% 

 

 

 


