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Abstract
Background and Objective  Ceftriaxone is a cornerstone antibiotic for critically ill children with severe infections. Despite 
its widespread use, information on the pharmacokinetics of ceftriaxone is lacking in this population. We aimed to determine 
ceftriaxone pharmacokinetics in critically ill children and to propose ceftriaxone dosing guidelines resulting in adequate 
target attainment using population pharmacokinetic modeling and simulation.
Methods  Critically ill children (aged 0–18 years) treated with intravenous ceftriaxone (100 mg/kg once daily, infused in 30 
minutes) and a central or arterial line in place were eligible. Opportunistic blood sampling for total and unbound ceftriaxone 
concentrations was used. Population pharmacokinetic analysis was performed using non-linear mixed-effects modeling on 
NONMEM™ Version 7.4.3. Simulations were performed to select optimal doses using probability of target attainment for 
two pharmacokinetic targets of the minimum inhibitory concentration (MIC) reflecting the susceptibility of pathogens (f T 
> MIC 100% and fT >  4 × MIC 100%).
Results  Two hundred and five samples for total and 43 time-matched samples for unbound plasma ceftriaxone concentra-
tions were collected from 45 patients, median age 2.5 (range 0.1–16.7) years. A two-compartment model with bodyweight 
as the co-variate for volume of distribution and clearance, and creatinine-based estimated glomerular filtration rate as an 
additional covariate for clearance, best described ceftriaxone pharmacokinetics. For a typical patient (2.5 years, 14 kg) with 
an estimated glomerular filtration rate of 80 mL/min/1.73 m2, the current 100-mg/kg once-daily dose results in a probability 
of target attainment of 96.8% and 60.8% for a MIC of 0.5 mg/L and 4 × MIC (2 mg/L), respectively, when using fT > MIC 
100% as a target. For a 50-mg/kg twice-daily regimen, the probability of target attainment was 99.9% and 93.4%, respectively.
Conclusions  The current dosing regimen of ceftriaxone provides adequate exposure for susceptible pathogens in most criti-
cally ill children. In patients with an estimated glomerular filtration rate of > 80 mL/min/1.73 m2 or in areas with a high 
prevalence of less-susceptible pathogens (MIC ≥ 0.5 mg/L), a twice-daily dosing regimen of 50 mg/kg can be considered 
to improve target attainment.
Clinical Trial Registration  POPSICLE study (ClinicalTrials.gov, NCT03248349, registered 14 August, 2017), PERFORM 
study (ClinicalTrials.gov, NCT03502993, registered 19 April, 2018).
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1  Introduction

Ceftriaxone is a third-generation, broad-spectrum, cephalo-
sporin antibiotic agent frequently used in critically ill chil-
dren owing to its wide antibiotic spectrum, high penetration 
in tissues [1], and convenient once-daily dosing regimen [2]. 

However, despite its widespread use in critically ill children, 
ceftriaxone pharmacokinetics has not been studied in this 
vulnerable population [3].

Critically ill patients show several pathophysiological 
changes that can affect the volume of distribution (Vd) or 
clearance (Cl) of drugs, such as extensive fluid retention 
and liver and kidney failure or the opposite, augmented kid-
ney clearance (AKC) [4]. These changes in pharmacokinetic 
(PK) parameters can result in increased or decreased drug 
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Key Points 

In a relevant cohort of critically ill children, with an age 
range of 1–17 years and highly varying kidney func-
tion, we quantified the impact of weight and estimated 
glomerular filtration rate on ceftriaxone pharmacokinet-
ics. This has led to the development of a rational dosing 
regimen of ceftriaxone for critically ill children

Target attainment with the currently used dose of 100 
mg/kg once daily is sufficient for the majority of patho-
gens (minimum inhibitory concentration ≤ 0.5 mg/L) in 
critically ill children with a normal estimated glomerular 
filtration rate

An alternative dosing regimen of 50 mg/kg twice daily 
could be considered in patients with a higher estimated 
glomerular filtration rate and/or regions with a high 
prevalence of less-susceptible pathogens (minimum 
inhibitory concentration ≥ 0.5 mg/L)

2 � Materials and Methods

2.1 � Study Design

This was a two-center prospective population PK (Pop-PK) 
study.

2.2 � Setting and Patients

Children aged 0–18 years were eligible if they were admit-
ted to a level 3, pediatric intensive care unit (Radbou-
dumc, Nijmegen, The Netherlands, POPSICLE study, 
NCT03248349 or Erasmus MC, PERFORM study, 
NCT03502993, www.​perfo​rm2020.​org), received intrave-
nous antibiotics, had a central venous or arterial line in place 
for clinical reasons, and informed or deferred consent was 
provided by all parents/caregivers with the consent/assent 
of the child depending on the child’s age and/or capabili-
ties. Exclusion criteria consisted of inability to understand 
the informed consent form, or concomitant treatment with 
extra-corporeal membrane oxygenation or kidney replace-
ment therapy.

The PERFORM study protocol, and local amendment for 
the PK sub-study at Erasmus MC, were approved by the 
local medical ethics review board (CMO Arnhem-Nijmegen, 
NL58103.091.16, 2016-3085). The medical ethics review 
board waived the need for formal ethics approval for the 
POPSICLE study according to the Dutch Law on Human 
Research (REB 2016-2689).

2.3 � Patient Data Collection

The following patient characteristics were collected from 
electronic health records: postnatal age, current weight, 
height, sex, and main reason for intensive care unit admis-
sion. Clinical data included co-medication, mechanical ven-
tilation (yes/no), validated pediatric disease severity scores 
after 24 h of admission (Pediatric Index of Mortality 2 [PIM-
II, range 0–100%], Pediatric RISK for Mortality-3 scores 
[PRISM-3, range 0–74]) or scored daily (Pediatric Logis-
tic Organ Dysfunction-2 score [PELOD-2, range 0–31]) 
[12–14]. Data from laboratory work taken during the study 
period included serum creatinine (SCr), cystatin C (CysC), 
urea (BUN), aspartate aminotransferase, alanine aminotrans-
ferase, albumin, and C-reactive protein. Glomerular filtration 
rate (eGFR) was estimated using two equations by Schwartz, 
which include height (meters), SCr (mg/dL), CysC (mg/L), 
BUN (mg/dL), and/or sex (male = 1) as determinants of 
eGFR [15]:

1. eGFRcreat

(

mL∕min∕1.73 m2
)

= 42.3 ×

(

Height

SCr

)0.79

exposure, potentially causing drug toxicity or therapy fail-
ure [5].

Ceftriaxone is highly protein bound in human plasma 
(85% in healthy volunteers) and primarily excreted by glo-
merular filtration, with a relatively long half-life (6 h) com-
pared with other β-lactam antibiotics (1 h) [1, 6]. In critically 
ill adults, ceftriaxone pharmacokinetics shows large inter-
individual variability (IIV), mainly caused by variability 
in kidney function, such as acute kidney injury and AKC 
affecting drug disposition [7–9]. In addition, in critically 
ill children, the interplay with age-related variation in most 
processes involved in drug disposition, including kidney 
function, further impacts the pharmacokinetics, adding to 
the complexity of adequate dosing [10]. This is also indi-
cated by the high rates of non-target attainment up to 95% in 
this population for several other antibiotic agents, potentially 
resulting in undertreatment [3, 11].

We therefore hypothesized large IIV in ceftriaxone 
pharmacokinetics in critically ill children, resulting in a 
significant proportion of children with inadequate drug 
concentrations using standard doses. With this study, we 
aimed to elucidate the PK properties of ceftriaxone in 
critically ill children, and to identify and quantify relevant 
covariates in ceftriaxone pharmacokinetics. Moreover, we 
aimed to study target attainment of current dosing regi-
mens and, if needed, provide optimized alternative dosing 
strategies.
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2.4 � Ceftriaxone Dosing

Ceftriaxone was prescribed as a once-daily intravenous dose 
of 100 mg/kg (maximum 2000 mg for prophylaxis, and 4000 
mg for therapeutic indications), administered over 30 min 
[16]. Exact date, time, and duration of ceftriaxone infusion 
were collected prospectively on a dedicated case report form 
for the POPSICLE study. For patients in the PERFORM 
study, timing of ceftriaxone doses was obtained from elec-
tronic health records.

2.5 � Blood Sampling and Handling

Patients included in the POPSICLE study underwent an 
opportunistic blood sampling scheme for the PK analysis. 
This included 4 times/day 0.5-mL anticoagulated ethylen-
ediaminetetraacetic acid samples in the first 3 study days, 
and once-daily 0.5-mL ethylenediaminetetraacetic acid sam-
ples from day 4 until the end of the study. The end of the 
study period was marked by cessation of antibiotic therapy, 
removal of arterial or central venous line, discharge from a 
pediatric intensive care unit, or after a maximum number of 
14 sampling days.

Patients included in the PERFORM study underwent 
sparse opportunistic sampling with a single 0.5-mL ethyl-
enediaminetetraacetic acid sample on days 1, 2, and/or 3 of 
the PERFORM study period. All samples were centrifuged 
at 1900g for 5 min at 20 °C [17]. Plasma was stored at – 8 
°C until drug analysis in November 2019.

Total ceftriaxone concentrations were measured using 
a validated high-performance liquid chromatography 
mass spectrometry. Additional details on drug analysis are 
described in the Electronic Supplementary Material (ESM). 
The lower limit of quantification and upper limit of quantifi-
cation were 1.0 mg/L and 250 mg/L, respectively. Samples 
with concentrations greater than the upper limit of quantifi-
cation were diluted and reanalyzed.

Unbound ceftriaxone concentrations were measured in 
one selected sample per patient closest to the end of the 
dosing interval. These samples were deliberately chosen to 
optimize accurate model predictions of unbound trough con-
centrations, as these correspond best with the pharmacologic 
effect [18]. Samples were centrifuged at 37 °C using tubes 
containing an ultrafiltration filter, followed by the previously 
mentioned, high-performance liquid chromatography mass 
spectrometry method.

2. eGFRCysC

(

mL∕min∕1.73 m2
)

= 39.8 ×

(

Height

SCr

)0.456

×

(

1.8

CysC

)0.418

×
(

30

BUN

)0.079

× 1.076male ×

(

Height

1.4

)0.179

.

2.6 � PK Analysis

Ceftriaxone concentration–time data were analyzed using 
non-linear mixed-effect modeling software (NONMEM). 
Model building included two main steps: (1) identifying the 
structural and statistical model and (2) covariate analysis on 
PK parameters. Models were compared using the objective 
function value (OFV) as a metric for a general model fit. 
Additionally, general goodness-of-fit plots and other model 
diagnostics (distribution of IIV and weighted residuals for 
potential covariates, goodness of fit in weight or kidney 
function quartiles, precision and shrinkage of parameter 
estimates were considered in model development) were used 
to evaluate model performance and potential bias. Tested 
covariates on PK parameters included metrics of age and 
body size, disease severity indications, clinical data, kidney 
function parameters, and other laboratory data. Protein bind-
ing of ceftriaxone was tested both as a fixed value of 85% 
[1], and using a function describing saturable protein bind-
ing, which estimates the maximum binding capacity and dis-
sociation constant of ceftriaxone [19]. The final model was 
internally validated using normalized prediction distribution 
errors and parameter precision was analyzed by a bootstrap 
analysis. Additional details of the PK model development 
and covariate analysis are presented in the ESM.

2.7 � Dosing Simulations

Dosing simulations were performed to explore the impact 
of selected covariates on ceftriaxone exposure and to evalu-
ate the target attainment of existing ceftriaxone dosing regi-
mens. Individual ceftriaxone concentrations were simulated 
for a resample of the original dataset, imputed with fixed 
values eGFRcreat (30, 80, and 120 mL/min/1.73 m2, n = 1000 
each). To identify the impact of weight, the output of simula-
tions was stratified to weight tertiles observed in our study 
population (< 10 kg, 10–25 kg, and > 25 kg). Simulations 
were performed for a selection of national and international 
dosing regimens (50, 80, and 100 mg/kg once daily and 50 
mg/kg twice daily [20]. Extended or continuous infusion of 
ceftriaxone was not tested given the relatively small benefit 
for long half-life drugs [21].
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2.8 � PTA

The desired PK target for ceftriaxone is the time unbound 
ceftriaxone concentrations are above the minimal inhibitory 
concentration (MIC) of the pathogen expressed as a percent-
age (%fT > MIC). For critically ill patients, a common PK 
target for β-lactam antibiotics is 100% of %fT > MIC [22], 
while 100% fT > 4 × MIC has been proposed for immu-
nocompromised patients [23]. Simulations were performed 
using MIC values from 0.002 to 128 mg/L to cover a wide 
range of pathogens. For our final estimation of the probabil-
ity of target attainment (PTA), we identified a primary target 
MIC (0.5 mg/L) corresponding with the highest EUCAST 
epidemiological cut-off value, except for Staphylococcus 
aureus (EUCAST epidemiological cut-off 8 mg/L), thereby 
covering the majority of Gram-positive (like Streptococ-
cus pneumoniae) and Gram-negative (like Escherichia coli 
or Haemophilus influenzae) pathogens [24]. In addition to 
100% fT > 0.5 mg/L, we tested 100% fT > 2.0 mg/L, corre-
sponding with four times the primary target and representing 
a ‘worst-case scenario’ for the majority of pathogens [24]. 
Individual-predicted steady-state trough concentrations after 
72 h were used to assess the PTA, where a PTA of > 90% 
was desired to select the optimal dosing regimen.

3 � Results

Forty-five patients were included between 2017 and 2019, 
26 from the POPSICLE study and 19 from the PERFORM 
study, respectively (Table 1). Ceftriaxone plasma concentra-
tions were determined in 213 plasma samples. Eight samples 
were excluded from the analysis; four were taken during 
the infusion of ceftriaxone, and four samples after a missed 
dose of ceftriaxone, leaving 205 samples in the final dataset. 
Concentrations ranged from 1.89 to 500 mg/L with seven 
samples above the upper limit of quantification and none 
below the lower limit of quantification.

Unbound ceftriaxone concentrations were measured in 45 
samples, but two samples had insufficient plasma available, 
leaving 43 samples for analysis. Median unbound fraction 
(FU) was 13.6%, with a range of 7.6–70.3% with only two 
samples showing a FU > 30% (Fig. 1 of the ESM). Both 
outliers were measured in patients with severe hypoalbu-
minemia and severe kidney dysfunction, with one patient 
also showing severe hyperbilirubinemia of 343 µmol/L [25].

3.1 � PopPK Analysis

Ceftriaxone concentrations were best described with a two-
compartment model with IIV on ceftriaxone Cl and central 
Vd, and using a proportional error model for residual vari-
ability (Fig. 1). Unbound concentrations were best described 

using saturable protein binding (p < 0.01 compared to the 
model with fixed protein binding).

In the covariate analysis, ceftriaxone Cl was best 
described using both weight and eGFRcreat as power func-
tions with estimated exponents of 0.67 and 0.575, respec-
tively, which resulted in a OFV decrease of 11.2 and 26 
points, respectively (Table 2). The model showed no inher-
ent bias in different weight or eGFR quartiles (Fig.2 of the 
ESM). The impact of weight and eGFRcreat on ceftriaxone 
Cl is presented in Fig. 2, showing a large variation in esti-
mated Cl with a range of 0.15–2.72 L/h as a result of these 
two covariates. Additionally, we observed that data points 
of individual Cl values of the group with eGFRcreat > 120 
mL/min/1.73 m2 largely overlapped with the 80–120 mL/
min/1.73 m2 group, and that the data of the high eGFRcreat 
group were limited to patients <23 kg. To test the impact 
of high eGFR on Cl values, we ran models with capped 
values of eGFRcreat at 120 and 100 mL/min/1.73 m2, which 
only showed marginal increases in OFV of 1.7 and 4.0 
points, respectively (data not shown). This underlines that 
the extrapolation of the model to individuals with an eGFR 
> 120 mL/min/1.73 m2 and > 25 kg should be interpreted 
with caution, owing to the small range of our observed data. 
Therefore, we have refrained from drawing firm conclusions 
or dose advice on these extrapolations.

Additionally, weight was also the most significant covari-
ate on central Vd using a power function with an estimated 
exponent of 1.29 (OFV − 31 points). Last, albumin level was 
a significant covariate on maximum binding capacity using 
a power function (OFV − 20 points), for which an estimated 
exponent performed not significantly different from a fixed 
exponent of 1. After the addition of these covariates, no 
remaining correlation between covariates and IIV remained 
(Figs. 3 and 4 of the ESM).

Parameter estimates of the final model and bootstrap eval-
uation are presented in Table 2. Final parameter estimates 
were within the 95% confidence interval of the bootstrap, 
indicating a low model bias. Additional detailed results 
regarding the PK analysis and the final model are described 
in the ESM.

3.2 � Dosing Simulations

For patients with eGFR values and albumin levels at the 
median level (85.22 mL/min/1.73 m2 and 27 g/L, respec-
tively), the PTA at an MIC of 0.5 and 2.0 mg/L was 96.8% 
and 60.8% for the current dosing regimen (100 mg/kg once 
daily), respectively (Fig. 3). The PTA for once-daily dosing 
regimens of 50 and 80 mg/kg for the 0.5–2.0 mg/L targets 
was 86.5–29.9% and 94.6–51.3%, respectively. A twice-daily 
dosing regimen of 50 mg/kg resulted in higher ceftriaxone 
trough concentrations and reached a PTA of 99.9 and 93.4% 
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Table 1   Overview of 
demographic and clinical 
characteristics of the total 
patient cohort (n = 45)

Characteristic Median [IQR] or n (%) Range (mini-
mum–maxi-
mum)

Postnatal age, years 2.53 (0.55–11.01) 0.08–16.67
Postnatal age, categories
 0–3 months 7 (15.6)
 3–12 months 8 (17.8)
 1–2 years 7 (15.6)
 2–4 years 4 (8.9)
 4–8 years 5 (11.1)
 8–12 years 4 (8.9)
 12–18 years 10 (22.2)

Weight, kg 14 (8.3–32.2) 3.8–75
Height, m 0.93 (0.68–1.45) 0.52–1.90
BMI, kg/m2 16.4 (14.3–17.9) 11.5–26.0
Sex
 Female 21 (46.7)

Main reason for ICU admission
 Infection 13 (28.9)
 Circulatory failure 2 (4.4)
 Respiratory failure 12 (26.7)
 Neurological impairment 6 (13.3)
 Surgery 10 (22.2)
 Metabolic impairment 2 (4.4)

PRISM-3 scorea 7 (0.5–10.75) 0–19
PIM-2 expected mortality rate, %a 4.8 (1.3–11.0) 0.8–88.4
Baseline PELOD-2 scoreb 4 (2–7) 0–9
Vasopressive medication during study period, %a 13 (50)
Mechanical ventilation during study period, %a 20 (76.9)
Median eGFRcreat during study period
 < 30 mL/min/1.73 m2 5 (11.1)
 30–80 mL/min/1.73 m2 15 (33.3)
 80–120 mL/min/1.73 m2 19 (42.2)
 > 120 mL/min/1.73 m2 6 (13.3)

Categories of kidney function during study periodb

 AKI (SCr z-score > 2) 16 (35.6)
 Normal (SCr z-score between − 2 and 2) 22 (48.9)

AKC (SCr z-score <− 2) 6 (13.3)
 Both AKI and ARC in study period 1 (2.2)
 Baseline eGFRcreat, mL/min/1.73 m2c 77.9 (53.4–102.6) 13.8–269.4
 Baseline SCr, µmol/Lc 41 (26–67) 10–289
 Baseline albumin, g/Lc,d 27 (20–32.3) 14–45
 Baseline CRP, mg/Lc,e 62 (32.5–141.5) 0.3–543.0
 Ceftriaxone dose, mg/kg/day 100 (66.7–100) 13.3–105.3
 Positive blood cultures, %e 15 (34)

Cultured pathogens in positive cultures (n = 18)
 Strep. pneumoniae 4 (22.2)
 Group A Streptococcus 2 (11.1)
 Staphylococcus hominis 2 (11.1)
 Plasmodium falciparum 2 (11.1)
 Escherichia coli 1 (5.6)
 Staphylococcus aureus 1 (5.6)
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AKI acute kidney injury, AKC augmented kidney clearance, BMI body mass index, CRP C-reactive protein, 
eGFRcreat estimated glomerular filtration rate by Schwarz equation (15), ICU intensive care unit, IQR inter-
quartile range, PIM Pediatric index of Mortality, PELOD Pediatric Logistic of Organ Dysfunction, PRISM 
Pediatric Risk of Mortality, SCr serum creatinine
a Based on POPSICLE study patients (n = 26)
b Based on age-specific creatinine z-scores adapted from Pottel et al. [36]
c Baseline values determined as first entry for each individual patient
d Based on 36 patients because of missing data
e Based on 43 patients because of missing data

Table 1   (continued) Characteristic Median [IQR] or n (%) Range (mini-
mum–maxi-
mum)

 Enterobacter cloacae 1 (5.6)
 Coagulase-negative Staphylococcus 1 (5.6)
 Streptococcus pyogenes 1 (5.6)
 Other 3 (16.7)

Fig. 1   Goodness of fit of predicted total (gray) and unbound ceftriax-
one (white) concentrations. Diagnostic plots for ceftriaxone: observed 
ceftriaxone concentrations vs population predictions and individ-
ual predictions and conditional weighted residuals vs time after the 
last dose and population predictions. Dots represent individual total 

(gray) and unbound (white) ceftriaxone concentrations. The red line 
represents the regression line, the blue line represents the correlation 
of our observations and predictions. CWRES conditional weighted 
residuals
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Table 2   Pharmacokinetic 
parameter estimates from the 
final ceftriaxone model and 
bootstrap run

ALBi individual albumin level, BMAX maximum binding capacity, BMAXpop population maximum bind-
ing capacity, C1 concentration of drug in central compartment, CLi individual clearance, CLpop population 
clearance, EGFRcreati individual estimated glomerular filtration rate, IIV interindividual variability, Kd 
dissociation constant, Q intercompartmental clearance, RSE relative standard error, V1i individual central 
volume, V1pop population central volume, V2pop population peripheral volume

Model parameters Final model 
estimate

RSE (%) Bootstrap estimates (n = 
500) median (% bias)

Bootstrap 2.5–97.5% 
confidence interval

CL
i
= CLpop ×

(

WT
i

14

)Θ1

×
(

eGFRcreat
i

85.22

)Θ2

 CLpop (L/h) 0.708 6.4 0.704 (− 0.6) 0.620–0.805
 Θ1 0.67 11.9 0.668 (−0.3) 0.498–0.825
 Θ2 0.575 19.1 0.562 (− 2.3) 0.331–0.814

V1
i
= V1pop ×

(

WT
i

14

)Θ3

 V1pop (L) 2.8 25.2 2.637 (−5.8) 1.18–4.944
 Θ3 1.28 15.3 1.341 (4.8) 0.839–2.009
 Qpop (L/h) 1.77 36 1.82 (2.8) 0.722–4.695
 V2pop (L) 2.9 17.6 2.962 (2.1) 1.616–4.369

FU =
(

C1 − BMAX − Kd

)

+

√

(C1−BMAX−Kd)
2
+(4×Kd×C1)

2×C1

BMAX = BMAXpop ×
(

ALB
i

27

)1

 BMAXpop (mg/L) 223 22.3 235 (5.6) 155.6–460.5
 Kd (mg/L) 30.3 26.6 31.4 (3.6) 19.1–66.7

IIV
 Cl IIV 0.135 15.3 0.122 (− 9.6) 0.059–0.209
 Block matrix 0.178 0.165 (− 7.3) 0.011–0.229
 V1 IIV 0.427 26.6 0.393 (− 8.0) 0.071–1.270

Residual variability
Proportional error 0.0596 14.8 0.0572 (− 4.0) 0.030–0.099

Fig. 2   Impact of the final 
covariates weight and estimated 
glomerular filtration (eGFR) 
on ceftriaxone clearance. 
Dots represent the individual 
estimated clearance values, with 
colors and shapes represent-
ing different categories of 
median eGFRcreat during the 
study period (red squares <30 
mL/min/1.73 m2, yellow dots 
30–80 mL/min/1.73 m2, blue 
triangles 80–120 mL/min/1.73 
m2, and green diamonds > 120 
mL/min/1.73 m2. Solid lines 
represent the range of weight in 
each eGFR category observed 
in our dataset. Dotted lines 
represent extrapolated clearance 
for each category for a weight 
of 0–80 kg
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for MICs of 0.5 and 2.0 mg/L (Fig. 3), respectively, both at 
24 and 72 h after start of treatment.

When stratifying PTA for different categories of eGFR 
and weight, the current 100-mg/kg once-daily and alterna-
tive 50-mg/kg twice-daily regimen show a PTA > 90% for 
the 0.5-mg/L target in all weight groups and an eGFR up to 
80 mL/min/1.73 m2 (Fig. 7 of the ESM). Overall, patients 
<10 kg and with an eGFR > 80 mL/min/1.73 m2 showed 
the lowest PTA, making these patients more at risk of sub-
therapeutic trough concentrations (Fig. 7 of the ESM). For 
patients with an eGFR of > 80 mL/min/1.73 m2 and/or a 
less susceptible MIC (≥0.5 mg/L), the 50-mg/kg twice-daily 
regimen can be considered to improve target attainment.

4 � Discussion

To the best of our knowledge, we present the first pop-PK 
parameters, PTA, and resulting dose advice for ceftriaxone 
in a pediatric intensive care unit setting. Ceftriaxone phar-
macokinetics shows large IIV in this patient population, indi-
cated by a ten-fold range in estimated Cl, which is largely 
explained by bodyweight and eGFR variability. Despite 
this large IIV, target attainment with 100 mg/kg once daily 
seems adequate for the majority of patients and pathogens. 
For patients with an eGFR of > 80 mL/min/1.73 m2 and/or 
less susceptible pathogens (MIC ≥0.5 mg/L), a 50-mg/kg 
twice-daily dosing regimen could improve ceftriaxone target 
attainment because of higher trough concentrations.

Much of the IIV in ceftriaxone pharmacokinetics in our 
cohort was explained by weight and kidney function, which 
is in line with adult data [25, 26]. Garot et al. studied 54 
critically ill adults, showing large IIV and a significant cor-
relation between SCr and ceftriaxone Cl [26]. Another two-
compartment pop-PK model by Ollivier et al. shows simi-
lar findings in 21 critically ill adults, of which the majority 
(18/21) showed AKC (eGFR > 150 mL/min/1.73 m2) [7]. In 
this population, target attainment was similar to our results 
(45–76% compared with 60.8% for an MIC of 2 mg/L), but 
using a lower maximum daily dose of 2 g. Schleibinger et al. 
also identified eGFR as a significant covariate for ceftriax-
one Cl among 17 critically ill adults [25]. Additionally, they 
identified ceftriaxone FU was higher in patients with acute 
kidney injury and severe hyperbilirubinemia. We observed a 
similar trend in children with acute kidney injury (Fig. 1 of 
the ESM), but not with severe hyperbilirubinemia.

Compared with other studies in non-critically ill pediatric 
patients, PK parameters in our critically ill pediatric cohort 
show some differences. Hayton and Stoeckel describe age-
related changes in the pharmacokinetics of ceftriaxone from 
neonates to adulthood, with a median Vd and Cl of 0.399 L/
kg and 0.045 L/kg/h in children of 1–6 years of age [27]. 
Additionally, a recent Pop-PK model among non-critically 
ill children with cystic fibrosis showed even lower popula-
tion values for both Vd and Cl (0.164 L/kg and 0.029 L/kg/h, 
respectively), even though their population was slightly older 
[20]. Compared to the population values in our study, both 
median Vd and Cl in our model are higher when normalized 

Fig. 3   Probability of target 
attainment (PTA) for different 
ceftriaxone dosing regimens 
for patients with a median 
estimated glomerular filtra-
tion rate for different MICs. 
The PTA for patients with p50 
estimated glomerular filtration 
rate (85.22 mL/min/1.73 m2) 
and albumin levels (27 g/L) for 
the four tested dosing regimens 
(red circles 100 mg/kg once 
daily; yellow squares 50 mg/
kg once daily; blue diamonds 
80 mg/kg once daily, and green 
triangles 50 mg/kg twice daily). 
The dashed horizontal line 
represents target PTA of 90%. 
Shaded areas represent MICs 
selected for the primary (0.5 
mg/L, gray) and high (2.0 mg/L, 
blue) MIC target
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for bodyweight (total Vd 0.407 L/kg and Cl 0.051 L/kg/h). 
This can be explained by pathophysiological alterations dur-
ing a critical illness, such as edema or fluid overload, result-
ing in a higher Vd and increased kidney perfusion and AKC, 
which may result in higher Cl rates [4].

Although SCr and/or eGFRcreat are included in several 
adult Pop-PK models, it is known that SCr is a subopti-
mal marker of GFR, especially in critically ill patients and 
children [28, 29]. Other biomarkers, such as CysC, seem 
to correlate better with actual GFR than SCr-based estima-
tions [15]. As ceftriaxone is predominantly cleared by glo-
merular filtration [1], we hypothesized CysC to be a superior 
covariate of drug Cl. However, in our final model, eGFRcreat 
was superior to eGFRcysc. We only collected eGFRcysc in 
the richly sampled patients of the POPSICLE study (57.8% 
of our total cohort), which might have limited the power 
of eGFRcysc as a covariate. In a recent Pop-PK model of 
ceftriaxone in non-critically ill children, adding SCr as a 
covariate did not improve the model fit [20]. However, this 
might be because of the lack of patients with severe kidney 
dysfunction in their cohort [20].

The PTA of ceftriaxone in critically ill children with 
standard doses is markedly higher than what we hypoth-
esized based on the literature [3]. Studies on different 
β-lactam antibiotics in critically ill children universally show 
low target attainment with standard doses, and all advise 
extended or continuous infusion to ensure adequate trough 
concentrations [3, 11, 30–33]. This discrepancy between cef-
triaxone and other β-lactam antibiotics can be explained by 
differences in both pharmacokinetics and pharmacodynam-
ics. First, ceftriaxone is highly protein bound and, as only 
the Fu is available for Cl, it has a particularly long half-life 
of 6 h in children [1]. This is in contrast with other β-lactam 
antibiotics such as cefotaxime, piperacillin, or amoxicillin, 
which show half-lives of roughly 1 h in critically ill children 
and who are generally on a multiple-dose per day regimen 
by default [33–35]. β-Lactam antibiotics are classified as 
time-dependent antibiotics, meaning the time drug con-
centrations are above the MIC determines the effect, thus 
drugs with shorter half-lives will inherently be more prone 
to underdosing. Second, the pharmacodynamics of ceftri-
axone plays a role, as the majority of pathogens ceftriaxone 
aims to cover are in a low MIC range (0.016–0.5 mg/L). This 
favorable susceptibility profile in turn reduces the chance of 
ceftriaxone trough concentrations dropping below the MIC 
threshold.

There are some limitations to address. First, we validated 
our model internally, using a resampling of the patients in 
our study. Using an external dataset to test model perfor-
mance could have increased the external validity of our 
model even further. We chose to enhance the power and 
heterogeneity of our study by using samples from two 

separate studies, on different locations, and using differ-
ent sampling strategies, therefore increasing the external 
validity of our model. Second, because of a difference in 
research protocol, location, and electronic health records 
between the POPSICLE study and the PERFORM study, 
we encountered some missing data, such as eGFRcysc, in a 
significant proportion of our cohort. Ideally, similar data and 
samples would be collected in all patients, but this was not 
possible within the context of the PERFORM study. Third, 
the number of patients in our cohort with AKC or an eGFR 
> 120 mL/min/1.73 m2 was relatively small and limited to 
a relatively small weight range. Therefore, the exact impact 
of high eGFR on ceftriaxone Cl might be overestimated 
in our model. Capping eGFR at 120 mL/min/1.73 m2 did 
not show a significant increase in OFV (+1.7 points, p > 
0.05) while a cap at 100 mL/min/1.73 m2 did increase OFV 
significantly (+4.0 points, p < 0.05). Future research with 
additional patients with AKC should reveal whether a fur-
ther increase in ceftriaxone Cl can be expected in patients 
with an eGFR of > 120 mL/min/1.73 m2. Last, we made a 
selection of one sample closest to 24 h after dosing for each 
patient to determine unbound ceftriaxone concentrations, to 
accurately predict unbound trough concentrations and PTA. 
However, not all unbound concentrations were taken at 24 h 
after a dose. Having a larger number of concentrations at 24 
h could have made our PTA findings more robust. However, 
this would also have caused an even higher uncertainty of 
our maximum binding capacity estimation, which is already 
relatively uncertain, which can be estimated more accurately 
using higher concentrations.

5 � Conclusions

To the best of our knowledge, this study represents the first 
ceftriaxone PK model in a dedicated cohort of critically ill 
children, in which we identified that standard doses of 100 
mg/kg once daily result in adequate exposure for the major-
ity of patients and pathogens. For children with an eGFR > 
80 mL/min/1.73 m2 or in settings with increased prevalence 
of ceftriaxone resistance with less susceptible pathogens 
(MIC ≥ 0.5 mg/L), a 50-mg/kg twice-daily regimen could 
be advised to improve target attainment.
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