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Cefotaxime is the ﬁrst-line treatment for meningitis in neonates and
young infants. However, limited data on cefotaxime cerebrospinal ﬂuid (CSF) concentrations in neonates and young infants were available. The aim of the present study was to
evaluate the penetration of cefotaxime into CSF in neonates and young infants. Blood
and CSF samples were collected from neonates and young infants treated with cefotaxime using an opportunistic pharmacokinetic sampling strategy, and concentrations
were quantiﬁed by high-performance liquid chromatography-tandem mass spectrometry. The analysis was performed using NONMEM and R software. Thirty neonates and
young infants (postmenstrual age range, 25.4 to 47.4 weeks) were included. A total of
67 plasma samples and 30 CSF samples were available for analysis. Cefotaxime plasma
and CSF concentrations ranged from 2.30 to 175.42 mg/liter and from 0.39 to 25.38 mg/
liter, respectively. The median ratio of the CSF concentration to the plasma concentration was 0.28 (range, 0.06 to 0.76). Monte Carlo simulation demonstrated that 88.4% and
63.9% of hypothetical neonates treated with 50 mg/kg of body weight three times a
day (TID) would reach the pharmacodynamic target (the percentage of the dosing interval that the free antimicrobial drug concentration remains above the MIC, 70%) using
the standard EUCAST MIC susceptibility breakpoints of 2 mg/liter and 4 mg/liter, respectively. The penetration of cefotaxime into the CSF of neonates and young infants was
evaluated using an opportunistic sampling approach. A dosage regimen of 50 mg/kg
TID could cover the most causative pathogens with MICs of ⬍2 mg/liter. Individual dosage adaptation was required for more resistant bacterial strains, such as Staphylococcus
aureus.
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N

eonatal bacterial meningitis has signiﬁcant morbidity and mortality (1). It has case
fatality rates of 26% in the ﬁrst week of life and 18% at between 7 and 59 days of
age (2). Cefotaxime is recommended as a ﬁrst-line treatment for meningitis in neonates
(3). It exhibits time-dependent killing, and bactericidal efﬁcacy relates to the percentage
of the dosing interval that the drug concentration remains above the MIC (TMIC) (4).
The concentration of antimicrobial agents in cerebrospinal ﬂuid (CSF) is crucial for
meningitis treatment. In order to reach the central nervous system, the antimicrobial
agents have to pass the blood-brain barrier. Consequently, biochemical characteristics,
such as the degree of protein binding, lipophilicity, and diffusibility, as well as the
disease state, inﬂuence the penetration of antimicrobial agents into CSF. Although
several studies have reported the cefotaxime CSF concentrations (5–10) in children and
adults, limited data were available for neonates and young infants. Given the potential
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impact of the developmental physiology of the brain in the neonatal period, the aim of
the present study was to evaluate the penetration of cefotaxime into CSF in neonates
and young infants using an opportunistic sampling-based population pharmacokinetics (PK) approach.
RESULTS
Study population. Sixty-seven blood samples and 30 CSF samples were obtained
from 30 neonates and young infants. The median gestational age (GA), postnatal age
(PNA), postmenstrual age (PMA), and weight were 31.0 weeks (range, 23.0 to 40.4
weeks), 20 days (range, 3 to 88 days), 33.3 weeks (range, 25.4 to 47.4 weeks), and 1,705
g (range, 720 to 4,715 g), respectively. The median dose and serum creatinine concentration were 49.7 mg/kg of body weight three times a day (TID) (range, 30.0 to 61.5
mg/kg TID) and 41.5 mg/dl (range, 13 to 120 mg/dl), respectively.
Model evaluation. The predictive performance of the model was evaluated, and
the results of calculation of the mean prediction error (MPE) and the mean absolute
prediction error (MAE) were 9.3% ⫾ 39.6% and 25.8% ⫾ 31.3%, respectively. In addition,
the percentages of the population prediction error within ⫾20% and ⫾30% were 52.2%
and 76.1%, respectively.
Cefotaxime penetration into cerebrospinal ﬂuid and dosing regimen evaluation. Cefotaxime plasma and CSF concentrations ranged from 2.30 to 175.42 mg/liter
and from 0.39 to 25.38 mg/liter, respectively. The proﬁles of the plasma concentrations,
CSF concentrations, dose-normalized plasma concentrations, and dose-normalized CSF
concentrations versus time are shown in Fig. 1A to D. The median CSF/plasma concentration ratio was 0.28 (range, 0.06 to 0.76). A trend for a correlation between the CSF
collection time and the CSF/plasma concentration ratio was demonstrated, suggesting
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FIG 1 (A) Cefotaxime plasma concentrations versus time; (B) cefotaxime cerebrospinal ﬂuid (CSF) concentrations versus time; (C) cefotaxime dose-normalized
plasma concentrations versus time; (D) cefotaxime dose-normalized CSF concentrations versus time.
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FIG 2 Cefotaxime CSF/plasma concentration ratios versus time.

less elimination from (or diffusion into) the CSF than from (or diffusion into) the
systemic circulation (Fig. 2). The proﬁles of the white blood cell (WBC) count, albumin
concentration, and PNA versus cefotaxime CSF/plasma concentration ratios are shown
in Fig. 3A to C. The WBC count and albumin concentration had a statistically signiﬁcant
correlation with the CSF/plasma concentration ratio (Pearson’s correlation coefﬁcient ⬍
0.01). The correlation between PNA and the CSF/plasma concentration ratio was not
signiﬁcant (Pearson’s correlation coefﬁcient ⫽ 0.349). Monte Carlo simulation demonstrated that 88.4% and 63.9% of hypothetical neonates treated with 50 mg/kg TID
would reach the pharmacodynamic (PD) target (percentage of the dosing interval that
the free antimicrobial drug concentration remains above the MIC [TMIC], 70%) using the
standard EUCAST MIC susceptibility breakpoints of 2 mg/liter and 4 mg/liter, respectively.
DISCUSSION
Quantitative research on the penetration of drugs into CSF is indispensable to
optimize antimicrobial therapy. Our study for the ﬁrst time evaluated cefotaxime
penetration into the CSF in neonates and young infants.
As shown in Results, the median cefotaxime penetration into the CSF was 0.28,
which was similar to the ﬁndings of a study in children with meningitis (8). However,
a large interindividual variability of the penetration was demonstrated. In addition to
the already mentioned general factors (the protein binding, lipophilicity, and diffusibility of the drug) inﬂuencing the penetration capacity of antibiotic drugs through the
blood-brain barrier, it has been postulated that brain development, disease severity,
and transporters (11) also inﬂuence passage through this barrier in this vulnerable
population. Further exploration of the impact of these covariates on penetration within
the population will be meaningful to individual cefotaxime therapy. From a pharmacokinetic (PK)-pharmacodynamic (PD) point of view, for cephalosporins a target of a
TMIC of 50% is generally accepted in adults (4). To ensure efﬁcacy in neonates with their
peculiar immunocompromised status (12) and to avoid the induction of antibiotic
resistance (13), we selected a target of a TMIC of 70%. In this study, 88.4% of the
simulated patients achieved the target (TMIC, 70%) in CSF for the MIC breakpoint of 2
mg/liter, which can cover the most common pathogens causing neonatal sepsis
(Escherichia coli, group B Streptococcus, coagulase-negative staphylococci, and Enterobacter and Klebsiella species). The results were similar to the observed CSF concentrations, which showed that 76.7% of samples had concentrations higher than 2 mg/liter.
However, for the MIC breakpoint of 4 mg/liter, only 63.9% of simulated patients
achieved the pharmacodynamic target, indicating the need for individual dosage
adaptation for more resistant bacterial strains, such as Staphylococcus aureus.
Studies of the pharmacokinetics of antimicrobials in CSF are rarely conducted in
neonates due to the complexity of pharmacokinetic sampling designs. The traditional
design needs repeated samples collected at ﬁxed times and concurrent sampling from
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FIG 3 (A) White blood cell (WBC) count versus cefotaxime CSF/plasma concentration ratio; (B) albumin
concentration versus cefotaxime CSF/plasma concentration ratio; (C) postnatal age (PNA) versus cefotaxime CSF/plasma concentration ratio.

both blood and CSF. Obviously, this design presents big challenges in neonates,
including frequent restrictions on vascular access and puncture operations, difﬁculty
with the precise timing of sample collection, and the provision of consent for nontherapeutic operations. The use of population pharmacokinetic approaches coupled
with the use of opportunistic sampling paradigms could dramatically decrease the
barriers to the conduct of such a study in neonates. This approach can be enriched
through the use of residual blood samples that are obtained as part of standard medical
care. As we have demonstrated for the study of the pharmacokinetics of ciproﬂoxacin
in neonates, an appropriately constructed pharmacokinetic model using opportunistic
samples can reliably optimize antimicrobial therapy in neonates (14). This approach has
April 2018 Volume 62 Issue 4 e02448-17
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been well used in several studies of the pharmacokinetics of antimicrobials in neonates
(15–17). However, the generalizability of a population pharmacokinetic study using an
opportunistic sampling approach depends on the density and quality of sampling, as
well as the stability of the drug under evaluation (14).
Our study had some limitations. A physiological model describing the process of the
penetration of cefotaxime into CSF was not successfully modeled due to the small
sample size. The evaluation of the dosing regimen was based on the median ratio of the
CSF to the plasma concentration. However, our dosing simulation results are coincident
with the observed CSF concentrations. The factors inﬂuencing the variability of penetration should be further evaluated. In addition, the concentration of the metabolite of
cefotaxime, desacetylcefotaxime, was not quantiﬁed. It has been reported that the
contribution of desacetylcefotaxime to the bactericidal activity of cefotaxime therapy is
limited (18). It is not expected to have a signiﬁcant impact on meningitis treatment.
Conclusion. The penetration of cefotaxime into CSF was evaluated in neonates and
young infants. A population pharmacokinetic approach coupled with an opportunistic
sampling paradigm is promising in studies of the pharmacokinetics of antimicrobials in
the CSF of neonates. A model-based dosing regimen was developed to optimize
cefotaxime treatment of meningitis in neonates.
MATERIALS AND METHODS
Clinical characteristics and drug administration. This open-label population pharmacokinetic
study of cefotaxime was conducted in our neonatal intensive care units (Shandong Provincial Qianfoshan
Hospital and Robert Debre Hospital) between 2016 and 2017. Neonates and young infants (postmenstrual age [PMA], ⱕ44 weeks) receiving cefotaxime as part of their routine clinical care (50 mg/kg TID)
for suspected or proven bacterial meningitis were enrolled in this noninterventional study, which was
designed in accordance with the legal requirements and the Declaration of Helsinki and was approved
by the institutional ethics committees of Shandong Provincial Qianfoshan Hospital and Robert Debre
Hospital.
The pharmacokinetic data were obtained according to the local clinical practice using an opportunistic pharmacokinetic sampling approach (14): samples were exclusively collected from blood and CSF
remaining after routine biochemical and microbiological tests performed as part of patient clinical care.
To exclude the possibility of contamination of CSF with blood, the samples were collected by doctors
who were very skilled at lumbar puncture (spinal tap) and operated according to guiding principles (19,
20). A from bench-to-beside standard operation procedure was set up to record the exact timings of drug
administration, pharmacokinetic sampling, and different operations. Samples were stored at ⫺80°C in
the laboratory until analysis.
The following clinical data were collected: gestational age (GA), postnatal age (PNA), postmenstrual
age (PMA) (21), birth weight, current weight, white blood cell (WBC) count, albumin and creatinine
concentrations, and whether there was a need for ventilation.
Method of analysis of cefotaxime in plasma and cerebrospinal ﬂuid. The analytical method used
to determine cefotaxime concentrations has been reported in our previous study (22). Brieﬂy, the
cefotaxime concentration was determined using multiplex high-performance liquid chromatographytandem mass spectrometry with a microvolume of 50 l. The calibration curve ranged from 0.05 mg/liter
to 150 mg/liter. The lower limit of quantiﬁcation was 0.05 mg/liter. The intraday and interday coefﬁcients
of variation for the controls were 7.7% and 7.3%, respectively, for plasma and 5.2% and 4.9%, respectively, for CSF. The short-term stability (at ambient temperature) and long-term stability (at ⫺80°C) of
cefotaxime in blood and CSF were documented for at least 48 h and 12 months, respectively.
Cefotaxime penetration into cerebrospinal ﬂuid. Assessment of the level of cefotaxime penetration into CSF was evaluated by use of the ratio of the cefotaxime CSF concentration to plasma
concentration. Because plasma cefotaxime concentrations were not concurrently obtained with CSF
sample collection, plasma concentrations at the time of CSF sample collection were calculated via
Bayesian estimation using our previously developed model (22).
To ensure the accuracy and precise of prediction, the predictive performance of the developed model was
ﬁrst evaluated using the mean prediction error (MPE) and mean absolute prediction error (MAE) (23)
(equations 1 and 2). In addition, the percentages of the population prediction error within ⫾20% and ⫾30%
were calculated.
MPE % ⫽
MAE % ⫽

冉冘

PREDi ⫺ OBSi
⫻ 100
OBSi

(1)

1
N

PREDi ⫺ OBSi
OBSi

(2)

1
N

冉 冘|

冊

|冊

⫻ 100

where PREDi is the predicted concentration in individual i, OBSi is the observed concentration in
individual i, and N is the number of neonates. The correlation between the WBC count, the albumin
concentration, PNA, and the cefotaxime CSF/plasma concentration ratio was investigated.
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Dosing regimen evaluation. Regarding microbiological aspects, Escherichia coli, group B Streptococcus, coagulase-negative staphylococci, Staphylococcus aureus, and Enterobacter and Klebsiella species
are the organisms most commonly isolated in neonatal sepsis (24). The susceptibility breakpoints of
EUCAST were 2 mg/liter for most of these pathogens, except Staphylococcus aureus, for which a MIC of
4 mg/liter was required (25). The pharmacokinetic (PK)-pharmacodynamic (PD) relationship for cefotaxime is the percentage of the time that the free antimicrobial drug concentration remains above the
MIC (TMIC). One hundred simulations were performed using the original data set, the plasma concentrations during the times of the dosing interval when the TMIC was 70% were calculated for each
simulated patient, and CSF concentrations were obtained using the following equation:
CSF concentration ⫽ plasma concentration ⫻ penetration ratio

(3)

The relationships of the cefotaxime concentrations in CSF to the breakpoints were examined.
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