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Background: Cerebral ventriculitis might be caused by Gram-negative bacteria, including ESBL producers. 
Temocillin may be a useful treatment option in this scenario; however, no consistent data are available regard-
ing its penetration into the CSF. 

Objectives: To describe the population pharmacokinetics of temocillin in plasma and CSF and to determine the 
probability for different simulated dosing regimens to achieve pharmacokinetic/pharmacodynamic (PK/PD) tar-
gets in the CSF. 

Methods: Ten post-neurosurgical critically ill adult patients requiring continuous drainage of CSF were included 
in this monocentric, prospective, open-label, non-randomized study. They received 2 g loading dose temocillin 
over 30 min IV infusion, followed by a 6 g continuous infusion over 24 h. Total and unbound concentrations were 
measured in plasma (n = 88 and 86) and CSF (n = 88 and 88) samples and used to build a population PK model. 
Monte Carlo simulations were performed to estimate the PTA at 100% Css>MIC (steady state concentration 
above the MIC) in CSF. 

Results: All patients were infected with Enterobacterales with temocillin MICs  ≤8 mg/L. The median (min-max) 
temocillin penetration in CSF was 12.1% (4.3-25.5) at steady state. Temocillin unbound plasma pharmacokin-
etics were best described by a one-compartment model. PTA for the applied dosing regimen was >90% for bac-
teria with MIC ≤ 4 mg/L. 

Conclusions: The currently approved dose of 6 g by continuous infusion may be adequate for the treatment of 
ventriculitis by Enterobacterales with MIC ≤ 4 mg/L if considering 100% Css>MIC as the PK/PD target to reach. 
Higher maintenance doses could help covering higher MICs, but their safety would need to be assessed. 

Introduction 
Temporary CSF drainage via an internalized shunt system or 
an external drainage in cases of acute increases of intracranial pres-
sure is commonly used to treat patients with acute or chronic 

hydrocephalus.1,2 Infection is the most common serious complica-
tion of these procedures.3,4 More specifically, ventriculitis inci-
dence can reach 22% in patients with external ventricular 
drainage (EVD).3,5 These infections are associated with increased 
morbidity and mortality, drain revision, pain, neurological 
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deterioration, prolonged hospital stay and higher costs.6 

Gram-negative bacteria represent 10%–20% of the incriminated 
germs.7,8 Meropenem is commonly used as empirical treatment 
in this clinical context, due to its adequate penetration into the 
CSF and broad spectrum of activity, including against 
ESBL-producing Gram-negative bacteria.6,9,10 Antibiotics with a 
more narrow spectrum would, however, be desirable to prevent 
resistance development. 

Considered as a carbapenem-sparing drug, temocillin (6- 
methoxy-ticarcillin) is characterized by a spectrum covering 
Enterobacterales, including most ESBL producers.11,12 It is re-
ported to minimally impact human intestinal microbiota.13,14 It 
is currently licensed for use in septicaemia as well as in urinary 
tract, wound and lower respiratory tract infections caused by sus-
ceptible Enterobacterales.15 The role of temocillin as a therapeutic 
option for CNS infections is uncertain with a very few data available 
on its penetration into CSF, including those that are neurocritically ill. 
The only old available data report low concentrations (1–8 mg/L), 
close to the MIC of offending organisms after the administration 
of 2 g three times a day.16 The currently recommended dose for 
critically ill patients is 6 g/day divided in three administrations, 
with a susceptibility breakpoint set by EUCAST at 16 mg/L (restricted 
to complicated urinary tract infections).17 However, no pharmacoki-
netic/pharmacodynamic (PK/PD) evaluation has been performed to 
provide reassurance of the appropriate dosage. 

For β-lactams, the time that unbound drug concentrations 
exceeds the MIC (ƒT>MIC) is the PK-PD index driving efficacy,18 

even if the precise exposure target (from 1 to 4×MIC during 40% 
to 100% of the dosing interval) remains debated.19 For critically 
ill patients with high β-lactam PK variability, continuous infusion 
can help to improve PD target attainment and has been suc-
cessfully applied for temocillin.20 Of note, temocillin is one of 
the rare β-lactams to show a high protein binding (85% in 
healthy volunteers), which is saturable and dependent on the 
plasma albumin concentrations.21 In critically ill patients with 
cerebral ventriculitis, we previously showed that unbound frac-
tions ranged from 32% to 52% for total plasma concentrations 
between 20 and 200 mg/L, possibly ensuring increased expos-
ure compared with what would have been estimated based 
on unbound fractions determined for healthy volunteers.21 

The effect of critical illness on temocillin protein binding is not 
well characterized. 

The aims of this study were (i) to investigate and characterize 
the PK of total and unbound temocillin in plasma and CSF after 
administration of 6 g of temocillin by continuous infusion in neu-
rocritically ill patients suspected of cerebral ventriculitis after 
EVD, and (ii) to build a population PK model and use it to perform 
Monte Carlo simulations to define optimized dosing regimens for 
these patients. 

Materials and methods 
Ethical approval 
Ethical approval was obtained from the Comité d’Ethique Hospitalo- 
Facultaire of the Cliniques uiniversitaires St-Luc; unique Belgian registration 
number B403201629439. Studies have been registered at EudraCT (number 
2015-003457-18). A written consent was obtained from the patients or 
nearest relatives before inclusion. 

Study design, patients and data collection 
This prospective, monocentric, open-label and non-randomized PK study 
enrolled patients hospitalized in the ICU of the Cliniques universitaires 
St-Luc (Brussels, Belgium) and requiring EVD. Patients were included if 
≥18 years old, diagnosed with or showing clinical signs of cerebral ventri-
culitis, and with CSF cultures positive for Enterobacterales with a temocillin 
MIC ≤ 8 mg/L. Patients were excluded if aged <18 years, were potentially 
infected with a pathogen resistant to temocillin, allergic to any penicillin, 
or had participated in another experimental study with temocillin within 
4 weeks, as well as pregnant or lactating women. 

The following parameters were collected: demographics (age, sex, 
weight, BMI), treatment duration, daily CSF culture, with Gram strain 
and corresponding MIC, WBC count, severity scores (APACHE II and 
SOFA), C-reactive protein, medical history, biological and physiological 
parameters—plasma/CSF protein and albumin concentrations, CSF 
glucose and lactate concentrations, creatinine clearance [calculated as 
(urine creatinine × 24 h urine volume/blood creatinine)/1440 min]—and 
hepatic enzymes (GGT, ALT and AST). 

Antibiotic treatment 
Temocillin was given as monotherapy for documented infections caused 
by susceptible pathogens or in combination in case of polymicrobial infec-
tion with bacteria resistant to temocillin (comedication selected based on 
their susceptibility profile). All patients received a temocillin loading dose 
(2 g) administered over 30 min in 50 mL of saline for injection, followed 
by continuous infusion over 24 h (6 g/day in 48 mL of water for injection 
infused at a rate of 2 mL/h) for up to 12 days. 

Blood and CSF sample collection 
Blood and CSF samples were taken at the end of the loading dose, and 
one or two samples were taken during each 24 h continuous dosing inter-
val. Blood samples were drawn with an arterial catheter, collected in 
EDTA tubes and centrifuged for 15 min at 2000 g and 4°C. CSF samples 
were obtained via the EVD, and collected in dry tubes simultaneously 
with each blood sample whenever possible. All samples were stored at 
−80°C until analysis. 

Analytical method 
Chemicals and reagents 

Temocillin was obtained from EUMEDICA S.A. (Manage, Belgium) as the 
branded product (NEGABAN) approved for parenteral human use in 
Belgium, the UK and France. Ticarcillin disodium (internal standard) was 
acquired from Sigma-Aldrich Corp. (St Louis, MO, USA); HPLC-grade metha-
nol and acetonitrile were from J.T. Baker (Deventer, The Netherlands); for-
mic acid and ammonium acetate were from Merck KgaA (Darmstadt, 
Germany). 

Total and unbound temocillin determination 

Total and unbound temocillin plasma and CSF concentrations were mea-
sured by an HPLC-MS/MS assay using ticarcillin as internal standard. 
Ultrafiltration was used to collect the unbound drug. The method was 
previously fully validated in plasma22 for both total and unbound concen-
trations and partially validated here in CSF (see Supplementary method 1 
for methodological details and Figure S1 and Tables S1 and S2 for valid-
ation data; available as Supplementary data at JAC Online), according 
to the FDA recommendations.23 

Plasma and CSF total protein and albumin content 

Total proteins were measured by the biuret method,24 and albumin by the 
bromocresol green dye method25 using a Cobaz® analyser (Cobaz® 8000  

Ngougni Pokem et al. 

2 of 14 

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/advance-article/doi/10.1093/jac/dkad398/7503109 by U

C
Louvain-SC

EB user on 05 January 2024

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad398#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad398#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad398#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad398#supplementary-data


series; Roche/Hitachi Cobaz Systems Diagnostics, F. Hoffmann-La Roche 
Ltd, Basel, Switzerland). 

Microorganisms and MIC determinations 
Identification and antimicrobial drug susceptibility of the isolates were 
determined using automated systems of the clinical microbiology labora-
tory of the Cliniques Universitaires St-Luc (MALDI-TOF MS; Phoenix®, 
Becton-Dickinson, Franklin Lakes, NJ, USA; and Etest®, bioMérieux, 
Marcy-l’Etoile, France). 

PK analysis 
Plasma and CSF total and unbound temocillin concentrations were plot-
ted against time, and the AUC at steady state was determined every day 
between the first and the last day of treatment using Equation 1:26 

AUC = Css × τ, (1) 

where Css is the temocillin concentration measured at steady state and τ 
is the dosing interval (24 h). 

The other calculated parameters included the unbound fraction (UF) 
of temocillin (Equation 2), the penetration (PE) ratio27 (Equation 3) and 
the proportion (PR) of total temocillin in CSF (Equation 4). The PR is a better 
estimate for the diffusibility of temocillin through the blood–brain barrier. 

UF(%) = 100 × (Cunbound/Ctotal) (2) 

PE(%) = 100 × (AUCtotal in CSF/AUCtotal in plasma) (3) 

PR(%) = 100 × (AUCtotal CSF/AUCunbound in plasma) (4)  

Population PK modelling 
Population PK analysis was performed using the non-linear mixed-effect 
modelling program Monolix version 2021R1 (LIXOFT, Antony, France) 

implementing the stochastic approximation expectation maximization 
algorithm. The PK model was built to fit three types of data simultaneous-
ly: temocillin unbound and total plasma concentration and temocillin un-
bound concentration in CSF. The details about model development, 
covariate screening and model validation are presented in the  
Supplementary material 1 and Supplementary method 2. 

Monte Carlo simulation assessment for different dosing 
regimens 
Monte Carlo simulations were performed by Simulx 2021R1 based on the 
final PK model to generate 1000 profiles of total temocillin in plasma and 
temocillin in CSF for each candidate dosing regimen (see details in 
Results). The target was set as 100% Css>MIC for temocillin concentration 
in CSF between 24 and 150 h after treatment. Peak concentrations for a 
loading dose of 6 g were also simulated. For each dosing regimen, the PTA 
was evaluated for MIC of 2, 4, 8 and 16 mg/L. 

Statistical analysis 
Statistical analyses of correlations between plasma and CSF concentra-
tions were performed using version 4 of GraphPad software (GraphPad 
Prism Software, San Diego, CA, USA). Data were described as the mean ±  
SD or the median (range). Statistical significance was defined as P < 0.05. 

Results 
Patient characteristics 
Ten patients were included in the study. In total, 88 measured to-
tal plasma concentrations and 86 measured unbound plasma 
concentrations (two outliers discarded) together with 88 mea-
sured total/unbound CSF concentrations were used for model de-
velopment. The demographics and baseline clinical characteristics 
of the patients are summarized in Table 1. All patients showed low 

Table 1. Characteristics of the study population 

ID 

Demographics Biological and physiological parameters Severity scores 

Sex 
Age  

(years) 
Weight  

(kg) 
BMI 

(kg/m2) 

CRP 
(mg/L) 

<5a 

CrCl 
(mL/min) 

>78a 

Plasma 
proteins 

(g/L) 
64–83a 

Plasma 
albumin 

(g/L) 
35–52a 

GGT 
(IU/L) 
<40a 

ALT 
(IU/L) 
7–35a 

AST 
(IU/L) 

13–35a 
SOFA 
score 

APACHE II 
score  

1 Female  56  75  25.9  131.0  129.0  63.0  38.0  315.0  150.0  94  2  21 
2 Male  55  70  24.2  74.0  126.5  69.0  32.9  224.0  59.0  25  3  22 
3 Male  58  80  26.2  24.9  110.0  70.8  32.6  41.0  19.0  9  1  15 
4 Male  60  80  25.8  29.2  97.5  69.2  26.6  32.0  48.0  33  4  11 
5 Female  54  65  23.8  98.9  132.5  68.3  24.8  244.0  235.0  221  3  17 
6 Female  60  75  33.3  14.7  110.5  65.0  36.0  38.0  19.0  22  3  21 
7 Female  59  90  31.1  123.7  66.0  60.0  40.2  52.0  17.0  32  3  14 
8 Female  50  120  45.2  31.3  109.0  65.0  36.8  63.0  44.0  48  3  18 
9 Male  20  80  26.1  53.2  153.0  60.8  34.8  72.0  48.0  18  0  5 
10 Female  55  59  21.9  45.9  221.0  69.4  40.5  15.0  29.0  28  1  10 
Median    55.5  77.5  26.0  49.6  118.5  66.7  35.4  57.5  46.0  30  3  16 
Mean    52.7  79.4  28.4  62.7  125.5  66.1  34.3  109.6  66.8  53  2.3  15.4 

CrCl, creatinine clearance based on a 24 h urine collection test; CRP, C-reactive protein; ID, patient identification. 
aReference value or range for this parameter.   
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SOFA and APACHE II severity scores. Median (range) plasma pro-
tein and albumin concentrations were 66.7 (60.0–70.8) and 35.4 
(24.8–40.5) mg/L, respectively. Nine patients showed high 
(>78 mL/min) creatinine clearance, and a majority of them ele-
vated hepatic enzymes in plasma. Microbiological data, treatment 
characteristics and CSF analysis for individual patients are pre-
sented in Table 2. Bacteria isolated in CSF had temocillin MICs of 
4, 6 or 8 mg/L. The median (range) duration of temocillin treat-
ment was 7 (4–13) days (see Table S3 for the global treatment 
of these patients). All patients had fever and CSF WBC count 
>5/µL before treatment. CSF protein and albumin concentrations 
ranged from 0.56 to 8.60 g/L and 0.23 to 4.50 g/L, respectively. 
CSF lactate was elevated (>2.4 mmol/L) in seven patients, and 
CSF glucose was low (<40 mg/dL) in six patients. 

PK analysis 
Individual data of plasma and CSF concentration profiles of 
temocillin are presented in Figure 1. Differences were observed 
among patients with respect to both the concentrations 
achieved in the plasma and in the CSF, and to the time needed 
to reach the steady state in CSF. In plasma, the median (min– 
max) total and unbound concentrations after the loading 
dose (2 g) administered over 30 min (C30min) were 145.80 

(126.80–166.30) mg/L and 51.11 (46.40–79.96) mg/L, respect-
ively. During the continuous infusion (6 g/24 h), steady-state to-
tal and unbound median concentrations (C24–168h) were 91.04 
(60.08–129.80) mg/L and 29.05 (13.67–54.00) mg/L, respective-
ly. The unbound median fraction was 29.05 (19.96–52.52)%. 

In CSF, more than 6 h was needed to reach concentrations 
>8 mg/L (MIC of most infecting bacteria), with total and unbound 
CSF steady-state median concentrations (C24-168h) of 11.18 
(2.77–22.55) mg/L and 9.37 (2.60–20.50) mg/L. 

The concentration of temocillin was measured after the end of 
the treatment by continuous infusion in five patients. After 12 h, 
the median (min–max) total and unbound concentrations in CSF 
were 6.08 (2.98–10.40) mg/L and 5.60 (2.01–8.10) mg/L, 
respectively. 

The median (min–max) percentage of penetration of temocil-
lin in the CSF was 0.99 (0.43–2.30)% 30 min after the loading 
dose and 12.07 (4.26–25.47)% at steady state, both with high 
inter- and intra-individual variability (Figure 2a). The proportion 
of temocillin in the CSF was also highly variable but much higher 
[median (min–max) = 36.7 (18.1–69.9)%]. A positive correlation 
was observed between the unbound concentration in plasma 
and in CSF (Figure 2b), as well as between total and unbound con-
centrations in CSF (Figure 2c). In this case, a linear regression with 
a slope close to 1 (0.907) was observed, indicating that the drug is 

Table 2. Microbiological data, treatment characteristics and CSF analysis for individual patients  

Microbiological data CSF analysis 
Duration of  
temocillin  
treatment  
(days)b,c ID Isolates 

MIC 
(mg/L) 

Proteins 
(mg/dL) 
15–45a 

Albumin 
(mg/dL) 

<28a 
CSF/blood  

albumin ratio 

Lactate 
(mmol/L) 
1.1–2.4a WBC<5/µLa 

Glucose 
(mg/dL) 
40–80a  

1 Klebsiella pneumoniaed,f 

Klebsiella oxytocae  
4 
2  

4.30  2.60  0.068  2.30  143  70  7 

2 K. pneumoniaed 

K. pneumoniaee  
4 
4  

1.70  0.90  0.027  3.90  485  50  5 

3 Enterobacter cloacaed,g  4  0.56  0.23  0.007  10.00  1945  18  7 
4 Escherichia colid  4  2.40  1.20  0.045  16.70  3620  3  7 
5 E. aerogenesd,f  8  1.60  0.70  0.028  24.20  8504  3  4 
6 E. cloacaed,f 

K. pneumoniaee  
8 
4  

8.60  4.50  0.125  20.20  2931  3  5 

7 K. pneumoniaed,f  4  0.69  0.32  0.007  4.30  499  57  4 
8 E. cloacaed,g  6  1.30  0.70  0.019  4.70  496  24  6 
9 E. cloacaed,g 

E. colie  
4 
8  

0.80  0.19  0.005  1.30  6  67  7 

10 E. cloacaed  8  2.60  1.02  0.025  22.40  5894  3  13 
Median       1.65  0.80  0.026  7.35  1222  21  7 
Mean       2.46  1.24  0.036  11.00  2452  30  7 

ID, patient identification. 
aReference value or range for this parameter. 
bAll patients received a 2 g loading dose followed by a daily dose of 6 g given by continuous infusion. 
cSee Table S3 for the whole antibiotic treatment received by the patients and the microbiological and clinical outcomes. 
dIsolate from CSF. 
eIsolate from blood. 
fESBL producer. 
gCephalosporinase producer.   
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Figure 1. Individual profiles of temocillin total and unbound concentrations in the plasma and the CSF of patients. All patients received a loading dose 
(2 g) administered over 30 min followed by continuous infusion (6 g/day). The vertical arrow points to the time point at which the infusion was stopped 
in patients for whom the clearance of temocillin was followed. The dotted lines correspond to the MIC for the bacteria isolated in each patient. TMC, 
temocillin.   
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essentially unbound in this fluid [median unbound fraction of 
89.64 (73.42–100.00)%] owing to the low protein concentration 
in CSF. 

PK modelling 
Temocillin unbound plasma concentration versus time profiles 
were best described by a one-compartment model with first-order 
elimination and first-order transferring to the CSF compartment. 
Building a two-compartment model and considering a back- 
transfer of temocillin from CSF to the central compartment did 
not improve the model fitting (no decrease in corrected Bayesian 
information criteria BICc; Table S4). The final structural model de-
scribing temocillin PK and its binding in plasma and CSF is illu-
strated in Figure 3. Inter-individual variability was estimated for 

all parameters. Variability on association and dissociation con-
stants k_on and k_off was included to take into consideration po-
tential variability in availability of binding sites between individuals. 
Additive error model was selected to describe residual variability 
for unbound and total plasma concentrations, whereas combined 
error model (additive plus proportional error) was used to describe 
residual variability for CSF concentration. 

Initial screening of the correlation between PK parameter 
estimates and covariates indicated that WBC count in 
CSF (CSF_WBC), APACHE II score, AST, and lactate in CSF 
(CSF_ACLAC) could be potential covariates. Based on the cri-
teria (Table S4), only the effect of CSF_ACLAC (calculated 
weighted mean28 in the population: 7.15 mmol/L) on transfer-
ring rate constant from the central compartment to the CSF 
compartment (k13) was retained in the final model as 

Figure 2. Temocillin penetration in CSF. (a) Individual data of penetration (total CSF/total plasma 24 h-AUC) and proportion (total CSF/unbound plas-
ma 24 h-AUC) ratios at steady state. Each symbol corresponds to the AUC calculated for a 24 h interval, with the horizontal lines linked by a vertical line 
corresponding to the mean +/- SD. (b) Correlation between plasma unbound concentrations and CSF unbound concentrations. (c) Correlation between 
CSF total and unbound concentrations at steady state. Each symbol corresponds to a set of data at a specific time for a single patient. In (b) and (c) 
Pearson correlation coefficient (r) and P values of the correlation as well as R2 of the linear regression are shown.   
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expressed as below: 

k13i = k13pop ×
CSF ACLACi

7.15

􏼒 􏼓0.074

× eηCl, i 

PK parameters of the final Model l together with bootstrap re-
sults from 1000 successful runs are reported in Table 3. The 
goodness-of-fit (GOF) plots of the final models are presented 
in Figures S2 and S3, and the Visual Predictive Checks (VPC) 
plots, in Figure S4. 

CSF penetration/uptake was estimated using individual values 
for AUC24h predicted from the model. The median (min–max) 
percentage of penetration was 0.62 (0.31−0.82)% 30 min after 
the loading dose and 11.3 (10.5–17.4)% at steady-state, and 
the median (min–max) percentage of proportion was estimated 
to be 37.3 (27.6–49.0)%. These values are close to those calcu-
lated in the non-compartimental analysis. 

Monte Carlo simulations 

Nine temocillin dosing regimens were simulated (Table 4). 
Regimen #1 is the original dosing regimen used in the study. To 
evaluate the effects of lactate concentration in CSF, unbound 
CSF and total plasma concentrations of temocillin time profiles 
of patients with lactate concentration of 2, 10 and 20 mmol/L 
were simulated and are presented in Figures 4 and 5, respective-
ly. Increased CSF lactate concentration led to higher unbound 
CSF concentrations of temocillin (Figure 6a), but had little effect 
on total plasma concentrations (Figure 6b). Increasing the load-
ing dose to 6 g resulted in the median of the peak total plasma 
concentration exceeding 350 mg/L from 1000 simulations and 

Figure 3. Schematic diagram of the final PK model for temocillin in the 
central compartment and in the CSF after IV infusion. CCSF, CSF unbound 
concentration; Ct, concentration at instant t; Cub, plasma unbound con-
centration; CL1, plasma clearance; CL3, CSF clearance; koff, first-order dis-
sociation rate constant; kon, second-order association rate constant; k13, 
transferring rate constant from central to CSF compartment; V1, volume 
of distribution in the central compartment; V3, volume of distribution in 
CSF compartment. This figure appears in colour in the online version of 
JAC and in black and white in the print version of JAC.  

Table 3. Estimates of the population pharmacokinetic parameters 

Parameter Estimate (%RSE) [shrinkage %] Bootstrap median (95% CI)  

Fixed effects 
CL1 (L/h) 8.43 (11.1)  8.52 (6.76–10.70) 
V1 (L) 13.3 (3.93)  13.3 (12.6–14.2) 
k13 (h−1) 3.38 × 10−4 (4.77)  2.71 × 10−4 (2.10 × 10−4 to 3.63 × 10−4) 
V3 (L) 0.17 (23.5)  0.130 (0.089–0.200) 
CL3 (L/h) 0.012 (5.76)  0.0097 (0.0070–0.0130) 
kon (L/mg/h) 0.076 (14.5)  0.065 (0.040–0.102) 
koff (h−1) 9.02 (14.9)  7.58 (4.74–12.10) 
Effect of CSF_ALAC on k13 0.074 (41.1)  0.100 (0.001–0.264) 
Random effects 
BSV_CL1 (%) 34.6 (22.9) [0.40]  33.2 (21.7–43.1) 
BSV_V1 (%) 6.90 (48.0) [13.5]  6.50 (1.46–10.30) 
BSV_k13 (%) 4.69 (89.0) [29.0]  4.10 (1.19–15.10) 
BSV_V3 (%) 70.3 (25.0) [19.0]  64.2 (28.3–102.0) 
BSV_CL3 (%) 6.67 (93.3) [−32.3]  5.20 (1.33–13.00) 
BSV_kon (%) 18.9 (63.5) [−6.05]  13.90 (1.98–33.40) 
BSV_koff (%) 22.2 (49.6) [6.89]  16.50 (2.32–37.60) 
Residual variability 
a_Cub (mg/L) 4.88 (8.45)  4.88 (3.74–5.84) 
a_Ctotal (mg/L) 12.4 (8.27)  12.40 (8.24–16.10) 
a_CCSF (mg/L) 0.73 (23.3)  0.73 (0.16–1.41) 
b_CCSF (mg/L) 0.10 (24.0)  0.0970 (0.0013–0.2100) 

a, additive error; b, proportional error; BSV, between subject variability; Cub, plasma unbound concentration; Ctotal, plasma total concentration; CCSF, CSF 
unbound concentration; CL1, plasma clearance; CL3, CSF clearance; CSF_ALAC, lactic acid concentration in CSF; koff, first-order dissociation rate con-
stant; kon, second-order association rate constant; k13, transferring rate constant from central to CSF compartment; RSE, Relative Standard Errors; 
V1, volume of distribution in the central compartment; V3, volume of distribution in CSF compartment.   
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was not considered in further simulations, as this was the highest 
concentration reached in a single patient in a previous study, for 
which no adverse reaction was observed21 (Figure 6b). Increasing 
the maintenance dose led to higher steady state concentrations 
in plasma and in CSF. Adding a 1 h infusion dose of 2 g after 
the loading dose slightly reduced the time needed to reach the 
steady state in CSF without marked influence on plasma 
concentrations. 

Because the drug was administered by continuous infusion, 
PTA was assessed for 100% Css>MIC with MIC set for 2, 4, 8 or 
16 mg/L (Table 4). PTA (100% Css>MIC) for the original dosing 
regimen (#1) was >90% for bacteria with MICs ≤ 4 mg/L what-
ever the CSF lactate concentration. Increasing the loading dose 
to 4 g (regimen #2) would not improve PTA significantly whereas 
doubling the maintenance dose to 12 g (regimen #3) could reach 
PTA (100% Css>MIC) of 90% for MIC ≤ 8 mg/L whatever the CSF 
lactate concentration while maintaining total plasma concentra-
tion below 350 mg/L. Our simulation suggests that a PTA (100% 
Css>MIC) of 90% for MICs of 16 mg/L could not be reached even 
when combining increasing loading doses and maintenance 
doses (regimens #4–6), or when adding after the loading dose 
a 2 g infusion over 2 h in order to reach faster the steady-state 
concentration (regimens #7–9). Considering the time needed to 
reach the steady state, lower targets (40%–70% fT>MIC) could 
be reached for 90% of isolates with MICs of 16 mg/L with the 
highest dosing regimen proposed (#9), whatever the CSF lactate 
concentration (not shown). 

Discussion 
This study is to our knowledge the first to describe the plasma 
and CSF pharmacokinetics of temocillin administered by continu-
ous infusion in neurocritically ill patients with cerebral ventriculitis 
and external ventricular drainage with the aim to optimize dosing 
strategies in this specific population. 

As for other β-lactams, the penetration of temocillin into CSF 
is weak, which was anticipated based on its physicochemical 
properties (hydrophilic molecule doubly negatively charged at 
physiological pH, with high plasma protein binding).9 Lipophilicity 
is indeed a major characteristic of drugs that cross the blood–brain 
barrier by passive diffusion.29 At steady state, the proportion of 
temocillin in the CSF is highly variable, due to differences in its bind-
ing to plasma proteins among patients,21 whereas its penetration 
rate (12%) is comparable to that previously reported for this drug 
(8%–15%),16 and in the range of those reported for other penicil-
lins (6%–26%),30,31 cephalosporins (0.7%–26%)29,32–34 or carba-
penems (1%–25%)35–37 in infected patients. As for other 
β-lactams,38,39 the penetration of temocillin in CSF is modest com-
pared with that reported in other body fluids (peritoneal, vesicular, 
epithelial lining, ascitic fluids),40–43 where temocillin concentra-
tions reach 40%–70% of those measured in the plasma. This 
can be easily explained by the structure and function of the 
blood–brain barrier, protecting the brain from invasion by poten-
tially toxic molecules, like drugs.29 Lower penetration values in 
CSF are also reported for β-lactams in non-infected patients33,44 

as inflammation is well known to increase β-lactam diffusion in 
the CSF by opening tight junctions.45 

Population PK modelling of temocillin has been reported 
previously in intensive care patients20,40,43,46 and in Ta
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Figure 4. Simulated unbound CSF concentration-time profiles for temocillin when administered with different dosing regimens. The solid line repre-
sents the median of 1000 simulations,- and the limits of the grey area represent the 5th and 95th percentiles of simulations, and the dotted lines 
represent various MICs. Simulations were performed for CSF lactate concentrations of 2 (left), 10 (middle) and 20 (right) mmol/L. ID, infusion dose; 
LD, loading dose; MD: maintenance dose. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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Figure 5. The simulated total plasma concentration-time profiles for temocillin when administered with different dosing regimens. The solid line re-
presents the median of 1000 simulations and the limits of the grey area represent the 5th and 95th percentiles of simulations. Simulations were per-
formed for CSF lactate concentrations of 2 (left), 10 (middle) and 20 (right) mmol/L. ID, infusion dose; LD, loading dose; MD, maintenance dose.   
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haemodialysis patients47 using either one-compartment46 or 
two-compartment20,40,43,47 models. In the present study, a 
one-compartment model was found to be the best-performing 
model, which could be due to limited sampling (1–2 samples) 
among each dosing 24 h interval, because at least five samples 
were collected in studies using two-compartment models. 
Nevertheless, the volume of distribution found in the present 
study (13.3 L) is comparable to that of the central compartment 
in most of the studies using one- or two-compartment models 
in ICU patients (∼14.0 L20,43,46). The clearance of unbound 
temocillin estimated here (8.43 L/h) was higher compared 
with previous studies in ICU patients (2.45–3.69 L/h),20,43 prob-
ably related to the fact that creatinine clearance was higher in 
the patients from this study (125.5 mL/min) than in previous 
ICU cohorts (40–94 mL/min).20,43 Of note, a single study in 
ICU patients by Layios et al.40 reported much higher clearance 
of unbound temocillin (15.2 L/h) and volume of distribution in 
the central compartment (31 L). These patients had a mean 
creatinine clearance of 115 mL/min, but values were widely dis-
persed. This could explain discrepancies in estimated clearance, 
as renal clearance was used as a covariable. The reason for a 
higher volume of distribution is less clear, but is possibly related 
to the fact that patients were treated by intermittent (3×/day) 
or continuous infusion or that they had higher APACHE II 
scores.40 Lastly, protein and albumin concentrations were not 
reported in Layios’ article. 

In our work, no relationship was found between the creatinine 
clearance and total clearance of temocillin. This is probably due to 
the narrow range of creatinine clearance in the current patient 
population (only 1/10 patients below 90 mL/min). No efflux 

clearance from the CSF to the blood compartment was considered 
as patients were undergoing external ventricular drainage, with an 
estimated clearance from CSF of 0.012 L/h, close to the reported 
daily CSF drainage volume of 200–300 mL (0.008–0.0125 L/h). 
Including this process was also not justified mathematically dur-
ing the model development, in line with previous PK models for 
other drugs in patients with EVD that considered this clearance 
as negligible or low compared with the elimination via the 
drain.33,48 The estimated volume of the CSF compartment was 
0.17 L, which is close to the 0.15 L of CSF volume in adults. 

During covariate analysis, lactate concentration in CSF was the 
only covariate retained in the final model, which showed a signifi-
cant effect on temocillin transferring rate constant from the cen-
tral compartment to CSF. Of note, this covariate, suggested as a 
surrogate parameter for ventriculitis and meningitis, has already 
been used in a population pharmacokinetics (popPK) model of 
vancomycin in a similar patient population, and also found to cor-
relate with the inter-compartment clearance between the cen-
tral and the CSF compartment.49 However, how to justify this 
covariate clinically needs to be considered. 

Monte Carlo simulations showed that exposure to temocillin in 
the CSF was insufficient to cover bacteria with MICs  ≥8 mg/L 
when administered as a continuous infusion of 6 g/24 h after a 
loading dose of 2 g (i.e. the maximal registered dose) and that 
much higher maintenance doses should be used for higher 
MICs if aiming at maintaining the unbound concentration above 
the MIC during the whole treatment duration. Although limited to 
dosing regimens that do not expose the patients to peak concen-
trations >350 mg/L, our simulations propose therapeutic 
schemes leading to prolonged exposure to high unbound 

Figure 6. Effects of CSF lactate concentration on unbound CSF and total plasma concentration of temocillin. (a) Simulated CSF concentration-time 
profiles of temocillin for dosing regimen used in the study with CSF lactate concentrations of 2, 10 and 20 mmol/L; (b) simulated total plasma 
concentration-time profiles of temocillin for high loading dose of 6 g with CSF lactate concentrations of 2, 10 and 20 mmol/L. The solid black line re-
presents the median of 1000 simulations, and the dashed lines represent the 5th and 95th percentiles of simulations. The red dashed lines indicate 
total plasma concentration of 350 mg/L. LD, loading dose; MD, maintenance dose. This figure appears in colour in the online version of JAC and in black 
and white in the print version of JAC.   
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concentrations in the plasma and the CSF, the safety of which 
would need to be assessed. Moreover, we do not know at this 
stage what is the PK/PD target needed to obtain optimal efficacy 
in CSF. In this context, the few population PK/PD analyses and 
Monte Carlo simulations performed with other β-lactams suggest 
suboptimal PTAs when using the highest registered doses, as 
shown for cefepime, ceftriaxone, ceftazidime or meropenem, if 
targeting 100% fT>EUCAST susceptibility breakpoints.32,33,50,51 

There is thus still room for research in order to define the most 
clinically relevant CSF PK/PD targets and protocols for dose ad-
justment before optimizing dosing based on therapeutic drug 
monitoring for these infections.52 

The present data are also subject to some limitations. First, 
there is a huge inter- and intra-individual variability of the PK 
parameters estimated in CSF due to the presence of an EVD. 
Indeed, in shunt CSF, flow rates are variable between and within 
patients and may affect the amount of CSF produced.53 Second, 
the number of included patients is small. Moreover, the study was 
not powered enough to evaluate the treatment’s clinical efficacy 
and to correlate it with PK/PD markers. Our data should also be 
interpreted cautiously when considering temocillin for other 
CNS infections. 

In conclusion, temocillin shows a CSF penetration comparable to 
that of other β-lactams. Our simulations suggest that, with the cur-
rently approved dosing, temocillin monotherapy may be adequate 
for the treatment of ventriculitis infections by Enterobacterales 
with low MICs (≤4 mg/L). The dose adjustments proposed based 
on our simulations would need to be clinically evaluated, particularly 
with respect to their safety, as only few studies reported the admin-
istration of 8–12 g/day in adults patients and healthy volunteers, but 
encouragingly, they do not mention adverse effects.54–56 
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