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Synopsis

Objectives

Guidelines for bacterial meningitis in children recommend intravenous ceftriaxone 50 

mg/kg (max 2 g) twice daily (BD) or 100 mg/kg (max 4 g) once daily (OD), leaving 

the decision regarding the dose frequency to the prescriber. We investigated the 

cerebrospinal fluid (CSF) penetration of ceftriaxone to evaluate whether one dosing 

regimen is superior. 

Methods

Unbound ceftriaxone concentrations were measured in serum and CSF samples from 

children aged 0-18 years treated with ceftriaxone if there was sample remaining after 

clinical tests were performed. A serum-CSF population pharmacokinetic model was 

developed using non-linear mixed effects modelling. The once and twice daily dosing 

regimens were simulated and the probability of target attainment (PTA) determined 

for maintaining a CSF concentration above an MIC of 1 mg/L for common meningitis

pathogens and 4 mg/L for Staphylococcus aureus meningitis for 100% of the dosing 

interval.  

Results

Sixteen serum and 87 CSF samples were collected from 98 children (age range 0.1-

18.5 years). The final two-compartment serum-CSF model included a renal 

maturation function with weight scaling on clearance, and volume of distribution. The

estimated serum:CSF uptake was 20.1%. For MIC 1 mg/L, the 24-hour PTA was 

higher for OD (88%) compared with BD (53%) dosing, although both achieved a 

100% PTA at steady state. For S. aureus (MIC 4 mg/L), neither dosing regimen was 
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sufficient.

Conclusions

Our findings support the use of a 100 mg/kg once daily regimen for empirical 

treatment of bacterial meningitis due to earlier achievement of the pharmacodynamic 

target. Neither dosing regimen was adequate for S. aureus meningitis.
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Introduction

Bacterial meningitis is a potentially life-threatening disease in children that can lead 

to significant morbidity and mortality if not diagnosed and treated promptly (1). 

Infection can be caused by both Gram-positive and Gram-negative bacteria with the 

leading pathogens including Streptococcus pneumoniae, Neisseria meningitidis, and 

Haemophilus influenzae in older children, and Escherichia coli, and group 

B streptococcus in young infants (1, 2). International guidelines recommend empirical

treatment with intravenous (IV) ceftriaxone to cover most causative pathogens(1, 3, 

4). This can be administered as either 50 mg/kg (max 2 g) twice daily or 100 mg/kg 

(max 4 g) once daily, with the decision regarding the dose frequency left to the 

prescriber (5, 6). 

The pharmacokinetics (PK) of ceftriaxone are highly variable, influenced by disease 

state, renal function and critical illness (7, 8). In children, PK processes differ 

significantly to adults due to body size and maturation of organ function (8). 

Additionally, the penetration of antibiotics through the blood-brain-barrier (BBB) and

into the cerebrospinal fluid (CSF) varies with age with the greatest CSF penetration 

occurring in infants and decreasing until the age of 4 years (9). With meningitis, 

inflammation of the meninges increases the permeability of the BBB (9). This 

interplay of disease state, age, and drug BBB penetration on the PK of ceftriaxone in 

the CSF has not been investigated in children and therefore, the optimal ceftriaxone 

dosing strategy for the treatment of bacterial meningitis in children is unknown. This 

study aimed to develop a population PK model of ceftriaxone in serum and CSF and 

using this, determine: (i) the CSF penetration of ceftriaxone in childhood; (ii) whether

either once or twice daily ceftriaxone dosing is superior and should therefore be used 
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for the treatment of bacterial meningitis.

Results

Patient characteristics 

Overall, 103 samples from 98 children were included comprising 16 serum and 87 

CSF samples. Samples were collected a median of 18.4 hours (interquartile range 7.6 

to 35.2, range 0.4 to 146.4) after starting ceftriaxone. The most common dosing 

regimen was 35 to 70 mg/kg twice daily (65/98, 66.3%), 70 to 100 mg/kg once daily 

(15/98, 15.3%), or a fixed dose of 1g once daily (6/98, 6.1%) or 2 g once daily (12/98,

12.2%). The median age of included children was 1.7 years (range 0.1 to 18.50), the 

median weight was 12.0 kg (range 3.5 to 102.3), and median creatinine level was 26 

μmol/L (range 6.3 to 1897). One child had an acute kidney injury (creatinine 1897 

μmol/L). Of the 98 children, approximately one-third (33, 34%) were aged between 0 

to 1 year. A summary of patient demographics is presented in Table 1. 

Pharmacokinetic model

The final model was a two-compartment model with an additional CSF compartment, 

with weight scaling on central clearance and volume of distribution, and a fixed 

maturation effect on central clearance (Figure S6). Full details of the model building 

process, including selection of structural, statistical, and covariate models and final 

model code is provided in Supplementary Material.  Observed vs predicted plots 

(Figure S1, S3) show no bias in prediction. No or minimal trend on residuals plots 

show that there was no major misspecification in the structural or the error model 

(Figure S3, S4, S5, S7, S9). On the prediction-corrected visual predictive check 

(Figure S5) plot, 95% confidence intervals of predicted concentrations overlap with 
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observed concentrations, suggesting adequate prediction by the model, except for 

slight underestimation of CSF concentrations within the first 24 h of treatment.

The model parameter estimates are provided in Table 2. For a population typical 

patient, the central clearance of ceftriaxone was estimated as 6.53 L/h/70kg, with a 

central volume of distribution of 17.03 L/70kg. The intercompartmental clearance 

between the CSF and the central compartment was low (0.0023 L/h/kg), and the 

estimated ceftriaxone serum:CSF penetration ratio was 20.1%. CSF inflammatory 

markers including WCC, protein and glucose levels did not improve model fit as a 

covariate for serum:CSF penetration.

Evaluation of ceftriaxone 50 mg/kg twice-daily versus 100 mg/kg daily dosing 

A total of 1000 patients aged between 0 to 18 years were simulated. The simulated 

ceftriaxone CSF concentration vs time plots are presented in Figure 1. Regardless of 

the dosing regimen, an initial CSF distribution phase of approximately 3 hours was 

observed following the first dose. After this time, the CSF ceftriaxone concentration 

remained relatively constant. A median CSF concentrations of approximately 5.6 

mg/L and 6.6 mg/L at 72 to 96 hours and 168 to 192 hours after the start of treatment 

was observed for both regimens, although large inter-individual variability was 

observed (Figure 1).

The PTA of achieving 100%T>MIC for the target MIC values is shown in Figure 2. 

For an MIC of 1 mg/L covering the most common pathogens causing meningitis, the 

PTA of achieving the PD target of 100%T>MIC during the first 2.5 to 24 hours of 

treatment, was 53% with twice-daily dosing in comparison to 88% with once-daily 
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dosing. However, at 72 to 96 hours and 168 to 192 hours, both regimens achieved 

100%T>MIC. For an MIC of 4 mg/L for S. aureus, the PTA was 0 for both regimens 

from 2.5 to 24 hours. At 72 to 92 hours, this increased to 63% and 58% for twice- and

once-daily dosing, respectively, and at 168 to 192 hours 75% and 69%, for twice- and 

once-daily dosing, respectively. 
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Discussion: 

To our knowledge, this is the first model to describe the PK of ceftriaxone in the CSF 

of children. Our findings support the use of a 100 mg/kg once-daily dosing regimen 

for empirical treatment of bacterial meningitis in children due to earlier attainment of 

the PK/PD target 2.5 hours after the first dose as well as the higher %T>MIC with 

increasing MIC values (Figure 2). This dosing regimen is in line with the current 

National Institute for Health and Care Excellence (NICE) and the Infectious Disease 

Society of America (IDSA) guidelines (3, 6). For pathogen-directed treatment of 

meningitis, both the once and twice-daily dosing regimens achieved a 100% PTA for 

bacteria with a MIC susceptibility breakpoint of ≤1 mg/L including S. pneumoniae, N.

meningitidis, and H. influenzae, E.coli and other Enterobacterales (10). For S. aureus 

meningitis, neither ceftriaxone dosing regimen adequately achieved the PK/PD target 

and therefore, should not be used for this indication. 

Currently, a consensus PK/PD target for ceftriaxone for treatment of bacterial 

meningitis is lacking (11). Simulation studies have demonstrated that attaining a 

100%T>MIC would achieve a desired 50% T>4×MIC, the latter being another 

commonly used PK/PD target for efficacy (12, 13). In other studies of cephalosporins 

(cefepime and ceftazidime), an increasing %T>MIC was associated with higher 

bacterial eradication and 100%T>MIC increased the chance of clinical cure and 

bacterial eradication (14). Therefore, the 100%T>MIC target was chosen for this 

study. To date, there have been no published clinical studies comparing the clinical 

efficacy of different dosing regimens of ceftriaxone for meningitis and therefore, it is 

unclear whether these findings translate to differences in clinical outcomes. However, 

once-daily dosing regimens provide several other advantages including reduced line 
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access and ease of outpatient parenteral antibiotic administration. 

A potential reason for the higher CSF penetration with once daily dosing is the higher 

serum:CSF concentration gradient (15, 16). These findings are consistent with the 

NeoMero study that found that compared to continuous infusions of meropenem, 

bolus dosing had a higher CSF %T>MIC (17). Interestingly, age and CSF 

inflammatory markers were not found to be significant covariates for CSF penetration

of ceftriaxone. This could potentially be due to ceftriaxone’s relatively high 

lipophilicity which facilitates its diffusion across the BBB irrespective of maturation 

(9). The serum:CSF penetration ratio of 0.201 in our study is similar to a study in 

adults which reported a ratio is 0.144 (17). 

Most ceftriaxone PK modelling studies estimate unbound concentrations through its 

saturable protein binding kinetics where the fraction of unbound ceftriaxone increases

with total ceftriaxone concentration (17–20). However, as only the unbound 

ceftriaxone penetrates the BBB (9), these concentrations were used for our PK model 

development. Using this approach, our model estimates were comparable to another 

study in adults that reported a central clearance of 6.54 L/h/70kg and volume of 

distribution of 13.8 L/70kg (21). However, unlike the study in adults, serum creatinine

was not found to be a significant covariate in our model which may partly be 

explained by the inclusion of a maturation model for clearance. 

Limitations of this study are that both serum and CSF samples to determine 

ceftriaxone concentrations were taken opportunistically using remaining clinical 

sample after clinical testing was performed. Therefore, the timing of samples was not 
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optimised, accuracy of the documentation of the timing of samples cannot be 

confirmed, and the dataset was sparse. As a result, the study's model building was 

confined to only estimating interindividual variability in central clearance that limited 

accuracy of the estimates of other parameters. The final model estimates on central 

clearance had high shrinkage of > 41%, which limited the identification of further 

covariates (22). As a result, the interindividual variability on central clearance 

remained high (%CV = 63.1) similar to values reported in an adult study (17). In 

addition, most children in this study had a normal CSF WCC and protein. 

It is likely that in the presence of meningeal inflammation, the CSF 

penetration of ceftriaxone would differ.

Conclusions

In conclusion, our findings support the use of a 100 mg/kg once-daily dosing regimen 

for empirical treatment of bacterial meningitis in children due to earlier achievement 

of the PD target. Neither dosing regimen achieved adequate CSF concentrations for 

treatment of S. aureus meningitis. Future studies should focus on evaluating the 

impact of these PK differences on clinical outcomes. 
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Materials and Methods

Data and sample collection: 

Serum and CSF samples for PK analysis were prospectively collected from children 

aged 0 to 18 years admitted to RCH Melbourne, a major tertiary paediatric referral 

hospital in Victoria, Australia. Samples were included if: 

(i) a CSF and/or serum sample was taken from a child during the study period 

(Feb 2017 to May 2021); 

(ii) ≥200 µL of CSF and/or serum was available after the requested clinical tests 

were performed and; 

(iii) the samples were collected after the administration of ceftriaxone. 

This study was approved by The Royal Children’s Hospital (RCH) Human Research Ethics 

committee (HREC 36332) with a waiver for consent.

At RCH, institutional guidelines recommend ceftriaxone for suspected bacterial 

meningitis in children aged 2 months or above. It is administered as a 30-minute IV 

infusion for doses >50 mg/kg, as an IV bolus over 5 minutes for doses ≤50 mg/kg, or 

over 60 minutes for neonates less than 28 days of age (5).

After collection, serum and CSF samples were frozen at -80oC and transported on dry 

ice to Pathology Queensland for determination of unbound ceftriaxone concentrations 

using an ultracentrifugation method with an Amicon Ultra 0.5ml 30,000-molecular-

weight-cutoff centrifugal filter device (Merck Millipore, Sydney, AUS). Ceftriaxone 

concentrations were quantified using an Ultra Performance Liquid chromatography 

coupled with QDa mass detection (Waters Corporation, Milford, MA, USA). The 

lower limit of quantification (LLOQ) was 0.1 mg/L, and the imprecision was <10% at
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all levels.

Data on the ceftriaxone dosing regimen and concentrations in CSF and serum as well 

as other relevant patient characteristics affecting drug PK (postnatal age (PNA), sex, 

postmenstrual age (PMA), serum creatinine (SCr), albumin, and weight (WT)) were 

collected. As inflammation of the BBB has been shown to affect the CSF penetration 

of drugs (23, 24), CSF inflammatory markers, including white cell count (WCC), 

protein and glucose levels were also collected. 

Data analysis and PK model development: 

Raw data processing was conducted using R (version 4.2.0). Concentration values 

below the lower limit of quantification were replaced with half the lower 

quantification limit. The PK model was developed using the non-linear mixed effects 

modelling package nlmixr2 (ver. 2.1.1) and dosing simulation in rxode2 (ver. 2.1.2), 

both being open-source packages based in R. 

Non-linear mixed effects modelling with first-order conditional estimation with 

interaction (FOCEI) method was used to develop the PK model. Model building 

started with the serum data alone (serum model): one- and two- compartment models 

were tested to determine the basic structural model. Since only unbound ceftriaxone 

distributes into the CSF, unbound ceftriaxone alone was modelled. Log-normal inter-

individual variability (IIV) was assumed. For the statistical model, additive, 

proportional, and combined residual error models were evaluated. Likelihood ratio 

test and Akaike information criterion were used to choose between nested and non-
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nested models, respectively. Standardised weight scaling on central clearance (CL), 

intercompartmental clearance, central volume (V) and peripheral volume, and a 

postmenstrual age (PMA) maturation sigmoidal function on CL were added to the 

model a priori (Equation 1 & 2).(25)  Covariates for the CSF model were tested in a 

forward stepwise method based on a likelihood ratio test. Covariates were included if 

there was a reduction in the objective function value of greater than 3.84 units 

corresponding to a p-value of <0.05. 

Once the unbound serum model was finalised, a CSF compartment was added. 

Considering the relatively sparse CSF dataset, the CSF volume was fixed as 150 mL 

and scaled for body weight (26). Additional CSF inflammation markers (white cell 

count, protein and glucose) were evaluated as covariates for the serum:CSF model 

using the same method as for the serum model. The final model therefore described 

unbound ceftriaxone concentrations in serum and CSF. 

Equation1 :CLi=CLpop ∙( WEIGHT i

70 Kg )
0.75

∙ PMA Hill

PMA50
Hill+PMAHill

Equation2 :V i=V pop ∙ (WEIGHT i

70 Kg )
1

Dose simulation: 

The final serum-CSF model was used to simulate the two recommended dosing 

regimens for bacterial meningitis: 50 mg/kg twice daily, and 100 mg/kg daily, with a 

maximum dose of 4 g/day (6). Patient groups were generated based on the British 
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National Formulary's reference bodyweight per age group (27). A primary MIC target

of 1 mg/L was selected based on the European Committee for Antimicrobial 

Susceptibility (EUCAST) recommendation which covers the MIC breakpoints for the 

most common bacterial causes of meningitis (S. pneumoniae MIC 0.5 mg/L, N. 

meningitis MIC 0.125 mg/L, H. influenzae MIC 0.125 mg/L, E. coli MIC 1 mg/L 

(10). In addition, the EUCAST MIC for susceptible S. aureus of 4 mg/L was also 

evaluated (10).  

As ceftriaxone exhibits time-dependent killing, the PK/pharmacodynamic (PK/PD) 

target was the fraction of time (%T) the unbound ceftriaxone concentration exceeded 

the target MIC (%T >MIC) during a dosing interval in CSF. A 100%T>MIC was 

selected as the PK/PD target based on previous studies showing that a high %T>MIC 

correlated with maximal antibacterial effect (12, 13). As CSF concentrations of 

antibiotics have been shown to gradually increase after a first antibiotic dose as a 

result of diffusion, attainment of the PK/PD target was evaluated from 2.5 to 24 

hours, 72 to 96 hours and 168 to 192 hours to compare the probability of target 

attainment (PTA) of the two dosing regimens achieving the PK/PD target of 

100%T>MIC for simulated patients at the start of therapy and at steady state (28, 29).
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Supplement Material

Supplementary material accompanies this paper on the Journal of Antimicrobial 

Chemotherapy website. Supplementary methods, Supplementary results, Figures S1-

S5, and Ceftriaxone nlmixr2 PK model code.

Acknowledgements

The authors thank the participants and parents who took part in this study, as well as

the healthcare professionals involved in the study conduct. 

Funding

This  study was funded by A/Prof  Gwee’s  National  Health  and Medical  Research

Council Investigator Grant. 

Conflict of interests

The authors declare no conflict of interests. 

14



References: 

1. Sáez-Llorens  X,  McCracken  GH.  2003.  Bacterial  meningitis  in

children. Lancet 361:2139–2148.

2. Hasbun R. 2022. Progress and Challenges in Bacterial Meningitis: A

Review. JAMA 328:2147–2154.

3. Tunkel AR, Hartman BJ, Kaplan SL, Kaufman BA, Roos KL, Scheld

WM, Whitley RJ. 2004. Practice Guidelines for the Management of

Bacterial Meningitis. Clin Infect Dis 39:1267–1284.

4. Beek  D  van  de,  Brouwer  MC,  Thwaites  GE,  Tunkel  AR.  2012.

Advances in treatment of bacterial meningitis. The Lancet 380:1693–

1702.

5. Royal  Children’s  Hospital  Melbourne  Clinical  Practice  Guideline:

Meningitis  and  encephalitis  [Internet].  Available  from:

https://www.rch.org.au/clinicalguide/guideline_index/Meningitis_enc

ephalitis/. Retrieved 9 April 2024.

6. National Institute for Health and Care Excellence: Guidelines. 2015.

Meningitis (bacterial) and meningococcal septicaemia in under 16s:

recognition,  diagnosis  and  management.  National  Institute  for

Health  and  Care  Excellence  (NICE),  London.

http://www.ncbi.nlm.nih.gov/books/NBK555182/.  Retrieved  9  April

2024.

7. Patel IH, Sugihara JG, Weinfeld RE, Wong EG, Siemsen AW, Berman

SJ.  1984.  Ceftriaxone  pharmacokinetics  in  patients  with  various

degrees of renal impairment. Antimicrob Agents Chemother 25:438–

15



442.

8. Joynt GM, Lipman J, Gomersall CD, Young RJ, Wong EL, Gin T. 2001.

The pharmacokinetics of once-daily dosing of ceftriaxone in critically

ill patients. J Antimicrob Chemother 47:421–429.

9. Nau R, Sörgel F, Eiffert H. 2010. Penetration of drugs through the

blood-cerebrospinal fluid/blood-brain barrier for treatment of central

nervous system infections. Clin Microbiol Rev 23:858–883.

10.  European Society of Clinical Microbiology and Infectious Diseases –

European  Committee  on  Antimicrobial  Susceptibility  Testing

(EUCAST).  Clinical  Breakpoints  (v  14.0)  Updated  1  Jan  2024

[Internet].  Available  from:

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Brea

kpoint_tables/v_14.0_Breakpoint_Tables.pdf Retrieved 1 May 2024

11. Cristinacce  A,  Wright  JG,  Macpherson M,  Iaconis  J,  Das  S.  2021.

Comparing probability of target attainment against Staphylococcus

aureus  for  ceftaroline  fosamil,  vancomycin,  daptomycin,  linezolid,

and ceftriaxone in complicated skin and soft tissue infection using

pharmacokinetic/pharmacodynamic  models.  Diagn  Microbiol  Infect

Dis 99:115292.

12. Delattre IK, Hites M, Laterre P-F, Dugernier T, Spapen H, Wallemacq

PE, Jacobs F, Taccone FS. 2020. What is the optimal loading dose of

broad-spectrum β-lactam antibiotics in septic patients? Results from

pharmacokinetic  simulation  modelling.  Int  J  Antimicrob  Agents

56:106113.

16

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_14.0_Breakpoint_Tables.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_14.0_Breakpoint_Tables.pdf


13. Drusano GL, Preston SL, Hardalo C, Hare R, Banfield C, Andes D,

Vesga O, Craig WA. 2001. Use of preclinical data for selection of a

phase II/III  dose for evernimicin and identification of a preclinical

MIC breakpoint. Antimicrob Agents Chemother 45:13–22.

14. McKinnon PS,  Paladino JA,  Schentag  JJ.  2008.  Evaluation  of  area

under  the  inhibitory  curve  (AUIC)  and  time  above  the  minimum

inhibitory  concentration  (T>MIC)  as  predictors  of  outcome  for

cefepime  and  ceftazidime  in  serious  bacterial  infections.  Int  J

Antimicrob Agents 31:345–351.

15. Cherubin CE, Eng RH, Norrby R, Modai J, Humbert G, Overturf G.

1989. Penetration of newer cephalosporins into cerebrospinal fluid.

Rev Infect Dis 11:526–548.

16. Hattori T, Kobayashi H, Uno T. 1996. [Study on the penetration of

ceftriaxone into cerebrospinal fluid]. Jpn J Antibiot 49:813–817.

17. Grégoire M, Dailly E, Le Turnier P, Garot D, Guimard T, Bernard L,

Tattevin  P,  Vandamme  Y-M,  Hoff  J,  Lemaitre  F,  Verdier  M-C,

Deslandes G, Bellouard R, Sébille V, Chiffoleau A, Boutoille D, Navas

D, Asseray N. 2019. High-Dose Ceftriaxone for Bacterial Meningitis

and  Optimization  of  Administration  Scheme Based  on  Nomogram.

Antimicrob Agents Chemother 63:e00634-19.

18. Standing  JF,  Ongas  MO,  Ogwang  C,  Kagwanja  N,  Murunga  S,

Mwaringa S, Ali R, Mturi N, Timbwa M, Manyasi C, Mwalekwa L,

Bandika  VL,  Ogutu  B,  Waichungo  J,  Kipper  K,  Berkley  JA.  2018.

Dosing of Ceftriaxone and Metronidazole for Children With Severe

Acute Malnutrition. Clin Pharmacol Ther 104:1165–1174.

17



19. Hartman SJF, Brüggemann RJ, Orriëns L, Dia N, Schreuder MF, de

Wildt  SN.  2020.  Pharmacokinetics  and  Target  Attainment  of

Antibiotics in Critically Ill Children: A Systematic Review of Current

Literature. Clin Pharmacokinet 59:173–205.

20. Schleibinger  M,  Steinbach  CL,  Töpper  C,  Kratzer  A,  Liebchen  U,

Kees F, Salzberger B, Kees MG. 2015. Protein binding characteristics

and pharmacokinetics of ceftriaxone in intensive care unit patients.

Br J Clin Pharmacol 80:525–533.

21. Tang Girdwood S, Dong M, Tang P, Stoneman E, Jones R, Yunger T,

Ostermeier A, Curry C, Forton M, Hail T, Mullaney R, Lahni P, Punt

N, Kaplan J, Vinks AA. 2022. Population Pharmacokinetic Modeling

of  Total  and Free Ceftriaxone in Critically  Ill  Children and Young

Adults and Monte Carlo Simulations Support Twice Daily Dosing for

Target Attainment. Antimicrob Agents Chemother 66:e0142721.

22. Xu XS,  Yuan M, Yang H,  Feng Y,  Xu J,  Pinheiro J.  2017.  Further

Evaluation of Covariate Analysis using Empirical Bayes Estimates in

Population  Pharmacokinetics:  the  Perception  of  Shrinkage  and

Likelihood Ratio Test. AAPS J 19:264–273.

23. Raza MW, Shad A,  Pedler SJ,  Karamat KA. 2005.  Penetration and

activity of antibiotics  in brain abscess.  J  Coll  Physicians Surg Pak

15:165–167.

24. Shan Y, Cen Y, Zhang Y, Tan R, Zhao J, Nie Z, Zhang J, Yu S. 2022.

Effect of P-glycoprotein Inhibition on the Penetration of Ceftriaxone

Across the Blood-Brain Barrier. Neurochem Res 47:634–643.

18



25. Rhodin MM, Anderson BJ, Peters AM, Coulthard MG, Wilkins B, Cole

M,  Chatelut  E,  Grubb  A,  Veal  GJ,  Keir  MJ,  Holford  NHG.  2009.

Human renal function maturation: a quantitative description using

weight and postmenstrual age. Pediatr Nephrol 24:67–76.

26. Johanson CE, Duncan JA, Klinge PM, Brinker T, Stopa EG, Silverberg

GD.  2008.  Multiplicity  of  cerebrospinal  fluid  functions:  New

challenges in health and disease. Cerebrospinal Fluid Research 5:10.

27. Joint  Formulary  Committee.  British  National  Formulary  [Internet].

British  Medical  Association  and  Royal  Pharmaceutical  Society  of

Great Britain, London. https://bnf.nice.org.uk/. Retrieved 1 May 2024

28. Lonsdale DO, Kipper K, Baker EH, Barker CIS, Oldfield I, Philips BJ,

Johnston  A,  Rhodes  A,  Sharland  M,  Standing  JF.  2020.  β-Lactam

antimicrobial  pharmacokinetics and target attainment in critically ill

patients  aged  1 day  to  90 years:  the  ABDose  study.  J  Antimicrob

Chemother 75:3625–3634.

29. Germovsek E, Lutsar I, Kipper K, Karlsson MO, Planche T, Chazallon

C,  Meyer  L,  Trafojer  UMT,  Metsvaht  T,  Fournier  I,  Sharland  M,

Heath P, Standing JF, NeoMero Consortium. 2018. Plasma and CSF

pharmacokinetics  of  meropenem  in  neonates  and  young  infants:

results from the NeoMero studies. J Antimicrob Chemother 73:1908–

1916.

Figure Captions:
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Figure 1:  CSF ceftriaxone concentrations versus time plot in simulated patients. Middle line

indicates  median  CSF  ceftriaxone  concentration  of  simulated  patients  and  shaded  area

indicates CSF ceftriaxone concentration in 95% of simulated patients. 
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Figure  2:  Probability  of  target  attainment  (100%  T>MIC)  in  cerebrospinal  fluid  with

increasing target MICs, which is shown in the first 2.5-24 hours, at 72 to 96 hours and 168 to

192 hours after the start of treatment. 
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Tables:

Table 1: Summary of patient demographics. A total of 98 patients were included in the study. 

No. of Patients All patients (n=98) Patients with 

serum 

concentrations 

(n=16)*

Patients with CSF 

concentrations 

(n=83)*

‍ Number 

(Percentage)

0 - <1 years 33 (33.7%) 3 (18.8%) 30 (36.1%)

1 - 18 years 65 (66.3%) 13 (82.2%) 53 (63.9%)

Characteristics Median (Range)

Age (years)  1.7 (0.1 – 18.5) 4.6 (0.2 – 18.5) 1.4 (0.1 – 16.3)

Weight (kg) 12.0 (3.5 – 102.3) 18.8 (6.3 – 58) 11.1 (3.5 – 102.3)

Gender (M/F) 58 / 40 10 / 6 48 / 35

Dose/Weight (mg/kg) 50.0 (9.8 – 100.2) 50.0 (17.2 – 100.0) 50.0 (9.8 – 100.2)

Lab tests Median (Range)

Serum Creatinine 

(μmol/L)

26.0 (6.3 – 1897) 29.0 (17 – 79) 26.0 (6.3 – 1897)

Albumin (g/L) 34.0 (20 – 51) 33.0 (20 – 46) 34.0 (21 – 51)

CSF WCC (× 106/L) 3.0 (0 – 945) 3.0 (3 – 3) 3.0 (0 – 945)

CSF Protein (g/L) 0.21 (0.05 – 2.39) 0.21 (0.12 – 0.21) 0.21 (0.05 – 2.39)

CSF Glucose 

(mmol/L)

3.3 (0.55 – 7.1) 3.3 (3.2 – 3.3) 3.3 (0.55 – 7.1)

*One patient provided both serum and cerebrospinal fluid (CSF) sample and is included in

both groups in this table.
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Table 2: Parameter estimates of final serum-CSF model.  CI – confidence interval;  CV –

coefficient of variation; CSF – cerebrospinal fluid; h – hour kg – kilogram; L – litre; RSE –

residual squared error. 

Parameter Estimates (95%CI) %RS

E

%C

V

%Shrinkag

e

Serum Compartment

Central  clearance

(CLpop)

L/h/70kg 6.53 (4.71, 9.05) 8.9 63.1 41.6

Central volume (Vpop) L/70kg 17.03 (11.44, 25.35) 7.2

Intercompartmental

clearance (Q2pop)

L/h/70kg 1.60 (0.71, 3.60) 88.6

Peripheral  volume

(V2pop)

L/70kg 26.21 (7.31, 93.97) 19.9

Proportional error 0.209

CSF Compartment

CSF-central

intercompartmental

clearance (Qcsfpop)

L/h/70kg 0.0024 (0.0003, 0.019) 17.5

CSF volume (Vcsfpop) L/70kg FIXED to 0.15 FIXE

D

N/A

CSF  uptake  ratio

(uptk)

0.201 (0.059-0.686) 39.0

CSF additive error 2.15
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Model equations:

CL❑=CLpop ∙(WEIGHT
70Kg )

0.75

∙ PMA3.4

47.73.4+PMA3.4 ⋅ en , V=V pop ∙( WEIGHT
70 Kg )

Q 2=Q 2pop ∙( WEIGHT
70 Kg )

0.75

,V 2=V 2pop ∙(WEIGHT
70 Kg )

Qcsf =Qcsf pop ∙(WEIGHT
70 Kg )

0.75

, Vcsf =Vcsf pop ∙(WEIGHT
70 Kg )

k=CL /V , k 12=Q 2/V , k21=Q 2/V 2 , k 13=Qcsf ⋅uptk /V , k 31=Qcsf /Vcsf

dA 1
dt

=−k ⋅ A 1−k 13⋅ A 1+k 31 ⋅CSF−k 12⋅ A 1+k 21 ⋅ A 2

dA 2
dt

=k 12 ⋅ A 1−k 21 ⋅ A 2

dCSF
dt

=k13 ⋅ A 1−k31 ⋅CSF
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Population pharmacokinetic modelling of ceftriaxone in 
cerebrospinal fluid in children: should we be using once or twice 
daily dosing for meningitis?  

Supplement materials

Supplementary methods - model evaluation: 

The final model was evaluated using goodness of fit (GOF) plots. The model’s individual 
prediction (IPRED) and population prediction (PRED) values were plotted against observed 
values. An ideal model should yield predictions in line with observations, whereas population 
deviations were indicative of parameter and observation level variability and individual 
deviations were indicative of model residual variability.  Conditional weighed residual 
(CWRES) was plotted against time after last dose (TAD). The interpretation of the CWRES 
distribution was interpreted for structural model plausibility, where an ideal model should 
have CWRES following a normal distribution of N ~ (0, 1) and distribute within two standard
deviations away from the median of zero and with no trend in their values. Additionally, the 
model’s statistical model was evaluated by plotting individual weighted residual (IWRES) 
against IPRED. The trajectory of IWRES vs. IPRED was indicative of statistical model 
selection, where an increasing IWRES suggested proportional error instead of additive. 

Prediction-corrected visual predictive check (VPC) facilitates the assessment of the 
appropriateness of the model to the data by simulating from the model. An ideal model should
yield VPC plots where observed data follow the distribution of simulated data, i.e., the 
median and 5th and 95th percentiles of observed data should be close to the respective values 
of simulated data. Prediction correction corrects for the differences due to independent 
variables (e.g., time, dose, or any covariate values).

  

Figure S1. PRED ~ Observation plot (left) and IPRED ~ Observation plot (right) in the serum
model. Red line shows trend in observations and black line identity line.
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Figure S2. PRED ~ Observation plot (left) and IPRED ~ Observation plot (right) in the CSF
model. Red line indicates trend in observations and black line identity line. Dashed grey lines
connect concentrations from the same patient.

Figure S3. CWRES of CSF compartment prediction plotted against time after the first dose
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Figure S4. IWRES ~ Individual plots. 
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Figure  S5.  Prediction-corrected  visual  predictive  check of  cerebrospinal  fluid (CSF)  and

serum data. Blue line shows the 50th percentile of simulated data and red lines the 5 th and 95th

percentiles. Shaded areas represent the 95% confidence intervals of the respective predicted

percentiles. Solid black line represents the 50th percentile of observed data, dotted black line

the  5th percentile  and dashed black line  the  95th percentile.  Observed concentrations  are

represented by points.

28



Supplementary results: 

CL❑=CLpop ∙(WEIGHT
70Kg )

0.75

∙ PMA3.4

47.73.4+PMA3.4 ⋅ en , V=V pop ∙( WEIGHT
70 Kg )

Q 2=Q 2pop ∙( WEIGHT
70 Kg )

0.75

,V 2=V 2pop ∙(WEIGHT
70 Kg )

Qcsf =Qcsf pop ∙(WEIGHT
70 Kg )

0.75

, Vcsf =Vcsf pop ∙(WEIGHT
70 Kg )

k=CL /V , k 12=Q 2/V , k21=Q 2/V 2 , k 13=Qcsf ⋅uptk /V , k 31=Qcsf /Vcsf

dA 1
dt

=−k ⋅ A 1−k 13⋅ A 1+k 31 ⋅CSF−k 12⋅ A 1+k 21 ⋅ A 2

dA 2
dt

=k 12 ⋅ A 1−k 21 ⋅ A 2

dCSF
dt

=k13 ⋅ A 1−k31 ⋅CSF
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Figure S6. Schematic representation of final model and model equations. Only unbound 
ceftriaxone was modelled

Figure  S7.  Conditional  weighted  residuals  (CWRES)  vs  population  predictions  in

cerebrospinal fluid (CSF) compartment.
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Figure S8. Individual weighted residuals (IWRES) vs individual predictions in cerebrospinal

fluid (CSF) compartment.

Table S1. Selection of the final population pharmacokinetic model for the serum data

rror model Objective

function value

Akaike

information

criterion

One-compartment model*‍ Proportional 108.93 146.34

One-compartment model*‍ Additive 109.21 146.61

One-compartment model*‍ Combined 104.65 144.06

Two-compartment model*‍ Proportional 91.25 132.66
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‍Two-compartment model* Additive 93.59 135.00  

‍Two-compartment model* Combined 91.23 134.63

*Both models included allometric scaling for size of clearance, intercompartmental clearance

and  volumes  of  the  compartments  and  maturation  function  of  clearance.  Only  clearance

included interindividual variability.

Table S2. Selection of the final population pharmacokinetic model for the cerebrospinal fluid

data, after finalizing the model for the serum data

Objective function value Akaike

informat

ion

criterion

Base model* 342.44 549.74

Add protein as covariate for uptake to CSF 344.09 553.39

Fix CSF-serum intercompartmental clearance to 0.017

L/h/70kg

354.23 559.53

*Cerebrospinal fluid (CSF) compartment added to the two-compartment serum model with

uptake parameter and CSF-serum intercompartmental clearance parameter estimated, volume

of CSF fixed to 0.15 L/70kg and additive error model used.
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Final model nlmixr2 codes: 

library(nlmixr2)
library(knitr)
library(ggplot2)

two_cmt_prop_AS_mat_CSF_add <- function() {
  ini({
    tcl <- log(6)                   # L/h/70kg
    tv  <- log(20)                  # L/70kg
    tq2 <- log(4.5)                 # L/h/70kg
    tv2 <- log(20)                  # L/70kg  
    
    tqcsf <- log(0.02)              # L/h/70kg
    tvcsf <- fix(log(0.15))         # L/70kg (FIXED)
    
    tUPTK <- c(-Inf,log(0.19),log(1))     
    
    eta.cl ~ 0.1       
    eta.v  ~ fix(0)               
    eta.q2 ~ fix(0)
    eta.v2 ~ fix(0)
    eta.qcsf ~ fix(0)
    
    prop.err <- 0.5
    add.csf <- 0.5
  })
  model({

    log_WT ← log(WEIGHT/70)
    cl <- exp(tcl + eta.cl + 0.75 * log_WT) * PMA^3.4 / 
(47.7^3.4 + PMA^3.4)
    v  <- exp(tv + eta.v + log_WT)  
    q2 <- exp(tq2 + eta.q2 + 0.75 * log_WT)
    v2 <- exp(tv2 + eta.v2 + log_WT)
    
    qcsf <- exp(tqcsf + eta.qcsf + 0.75 * log_WT)
    vcsf <- exp(tvcsf + log_WT)
    
    uptk <- exp(tUPTK) 
    
    k <- cl / v           # elimination rate constant      
    k12 <- q2 / v
    k21 <- q2 / v2
    k13 <- qcsf * uptk / v  
    k31 <- qcsf / vcsf      
    
    d/dt(A1) = - k * A1 - k13 * A1 + k31 * CSF  - k12 * A1 + 
k21 * A2 
    d/dt(A2) =   k12 * A1 - k21 * A2
    d/dt(CSF) =  k13 *A1 - k31 * CSF
    
    serum = A1 / v                          # concentration in
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serum
    serum ~ prop(prop.err)                  # error model
    csf = CSF / vcsf                        # concentration in
CSF
    csf ~ add(add.csf)                      # error model
  }) 
}
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