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Background: Temocillin is increasingly considered as an alternative to carbapenems. However, there is no con-
sensus on optimal dosing strategies and limited data on temocillin efficacy in systemic infections. 

Objectives: We compared temocillin dosing strategies using pharmacokinetic/pharmacodynamic (PK/PD) mod-
elling and simulation based on plasma exposure and in vitro time–kill data. 

Methods: Temocillin effects on four Escherichia coli strains were evaluated using static time–kill experiments 
and the hollow-fibre infection model, in which unbound plasma concentrations following intermittent and con-
tinuous infusion regimens of 4 and 6 g daily were replicated over 72 h. A PK/PD model was developed to describe 
the time–kill data. The PK/PD model was coupled to a population PK model of temocillin in critically ill patients to 
predict bacterial killing and resistance development following various dosing regimens. 

Results: Amplification of resistant subpopulations was observed within 24 h for all strains. The PK/PD model de-
scribed the observed bacterial kill kinetics and resistance development from both experimental systems well. 
Simulations indicated dose-dependent bacterial killing within and beyond the currently used daily dose range, 
and a superiority of continuous compared with intermittent infusions. However, regrowth of resistant subpopu-
lations was frequently observed. For two strains, bacteriostasis over 72 h was predicted only with doses that are 
higher than those currently licensed. 

Conclusions: Continuous infusions and 6 g daily doses of temocillin kill E. coli more effectively than 4 g daily 
doses and intermittent infusions, and may increase efficacy in the treatment of systemic infections. 
However, higher daily doses may be required to suppress resistance development.

© The Author(s) 2024. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
The spread of ESBL-producing Enterobacteriaceae has led to in-
creased carbapenem usage and a subsequent rise in carbapenem- 
resistant Gram-negative pathogens.1,2 Temocillin is a penicillin 
antibiotic with stability against most β-lactamases, including most 
ESBL types and AmpC,3–5 and thus has carbapenem-sparing 
potential. Temocillin has a narrow spectrum of activity, which is al-
most exclusively limited to Enterobacteriaceae and does not include 
Gram-positive bacteria, anaerobes or Pseudomonas aeruginosa.5 It is 
approved in individual, mainly European countries for the treatment 
of septicaemia, urinary tract infections (UTIs) and lower respiratory 
tract infections where susceptible Gram-negative pathogens are sus-
pected or confirmed.6

Data on the pharmacokinetics (PK) and pharmacodynamics (PD) 
of temocillin, as well as high-quality clinical efficacy data, are scarce 
and consensus on optimal dosing regimens is lacking. In 2019, 
EUCAST published temocillin breakpoints, categorizing all isolates 
with MICs up to 16 mg/L as ‘susceptible, increased exposure’. 
EUCAST recommends that only a 2 g q8h regimen should be used, in-
stead of the standard 2 g q12h regimen, to cover the entire WT dis-
tribution of relevant pathogens.7 EUCAST additionally noted these 
recommendations apply to complicated UTIs and urosepsis only, 
as there are insufficient data to recommend breakpoints and dosing 
regimens for other infection types.7 Since then, various groups have 
reported retrospective data indicating good clinical efficacy (>85%) 
of temocillin for the treatment of UTIs with daily doses of 4 g,8–12

as previously recommended by national guidelines.13 These high 
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efficacy rates may be explained by the accumulation of temocillin in 
urine,14 resulting in high exposure at the infection site. For other infec-
tion types, however, cure rates were generally lower than those for 
UTIs in the same cohort.8–10,15 One retrospective trial with 54% 
non-UTI cases found that a 1 g q12h regimen resulted in significantly 
worse outcomes compared with a 2 g q12h regimen,16 but it is un-
clear whether this apparent dose-dependent efficacy extends to 
higher doses. In addition to increasing the dose, administering temo-
cillin as a continuous infusion (CI) may be advantageous since 
β-lactams exert time-dependent antibiotic activity.17,18

In this study, we applied PK/PD modelling and simulation to 
optimize temocillin dosing strategies for the treatment of sys-
temic infections. To this end, we integrated in vitro data ob-
tained in static time–kill (STK) experiments and the 
hollow-fibre infection model (HFIM), and the population PK of 
temocillin in critically ill patients.

Materials and methods
Bacterial strains
Experiments were performed with four Escherichia coli strains: ATCC 
25922 and three strains isolated at the Vienna General Hospital, two of 
which were ESBL producers (Table 1). The strains were selected based 
on their temocillin MIC values, which covered the less susceptible end 
of the WT distribution for E. coli (4–16 mg/L).19 MIC values were deter-
mined in triplicate by broth microdilution in CAMHB (Sigma–Aldrich, 
Austria) following CLSI guidelines.20

STK experiments
The effects of temocillin (Negaban®, Eumedica S.A., Belgium, pur-
chased from the Vienna General Hospital pharmacy) were first evalu-
ated in STK experiments. Tubes containing 5 mL of pre-warmed (37° 
C) CAMHB were inoculated at a target bacterial population of 1.5 ×  
106 cfu/mL. Inocula were prepared using the 0.5 McFarland standard 
from a liquid culture that had been incubated for 1 h to ensure the 
population was in log-phase growth. The STK experiments were per-
formed in triplicate with temocillin concentrations ranging from 
0.125 to 8× the MIC of the respective strain, in 2-fold steps, plus a 
growth control. The tubes were incubated at 37°C in a shaking water 
bath. Over a period of 24 h, samples were taken, serially diluted in 
0.9% saline and plated in 20 μL drops on Columbia agar plates with 
5% sheep blood (bioMérieux, France). At selected timepoints, samples 
were also plated on cation-adjusted Mueller–Hinton agar (Sigma– 
Aldrich, Austria) containing 32 mg/L temocillin to quantify resistant 
subpopulations. Colonies were counted after incubation at 37°C in am-
bient air (24 h for antibiotic-free plates, up to 72 h for temocillin- 
containing plates). The theoretical limit of detection (LOD) was 50 
cfu/mL.

HFIM
The HFIM was used to evaluate bacterial response to clinically relevant PK 
profiles. In the HFIM experiments, a dialysis cartridge (FX paed, Fresenius 
Medical Care, Germany) with semi-permeable Helixone® polysulfone fibres 
and an extracapillary space volume of 50 mL was connected to a flask 
(the central compartment) via silicone tubing (Cole-Parmer, USA). The 
contents of the central compartment were continuously mixed and kept 
at 37°C using a magnetic stirrer with a thermometer-regulated hot plate. 
A peristaltic pump (Masterflex® L/S®, Cole-Parmer, USA) was used to rapidly 
(50 mL/min) circulate the contents of the central compartment through the 
fibres, allowing equilibration with the extracapillary space of the cartridge, 
where the bacteria were located. To ensure mixing, the contents of the ex-
tracapillary space were circulated in the opposite direction using a tubing cir-
cuit and a peristaltic pump.21 Another peristaltic pump was used to supply 
fresh CAMHB to the central compartment and pump out its contents into a 
waste flask at the same rate, thus mimicking drug clearance. Temocillin doses 
were administered to the central compartment using a syringe pump 
(SP101IZ, World Precision Instruments, USA). The first drug administration 
was started immediately after inoculation. The HFIM setup is schematically 
depicted in Figure S1 (available as Supplementary data at JAC Online).

Four IV dosing regimens were replicated over 72 h in the HFIM: (i) 2 g 
q12h intermittent infusion (II); (ii) 2 g q8h II; (iii) 4 g/day CI with a 2 g load-
ing dose (LD); and (iv) 6 g/day CI with a 2 g LD. Doses were infused over 30 
min. To obtain the unbound plasma PK profiles to replicate in the HFIM, 
deterministic simulations of a temocillin population PK model in critically 
ill patients were performed and concentrations were multiplied by 0.41 
based on the mean protein binding of 59% observed in this population.22

Pump rates and other experimental parameters were selected to mimic 
the simulated PK in the HFIM (Table S1). Two hours after each drug infu-
sion, the rate of the pump governing drug clearance was decreased to mi-
mic the biphasic elimination of temocillin from plasma. For the CI 
regimens, temocillin was added directly to the media and every 12 h 
the media inflow bottle was replaced with a freshly prepared one. 
Inoculum preparation and bacterial count quantification were performed 
as described for the STK experiments. A sample from the central com-
partment was plated daily to check for contamination.

PK assay
To validate the experimental temocillin concentrations and account for 
potential deviations from the targeted concentrations during PK/PD mod-
el development, samples were taken from the central compartment at 
regular intervals and stored at −80°C. Preliminary experiments showed 
good agreement between temocillin concentrations in the central com-
partment and the extracapillary space of the cartridge (Pearson correl-
ation coefficient 0.95; r2 = 0.90; n = 16 samples). In addition, samples 
containing temocillin in CAMHB at target concentrations of 4, 20 and 
40 mg/L (n = 12 per concentration), prepared from the stock solution 
used for the STK experiments, were assayed. Total temocillin concentra-
tions were measured using a previously described HPLC-MS/MS 
method,23 which was validated for use with CAMHB as matrix following 
the relevant FDA guidelines (Supplementary data).24

PK/PD model
A PK/PD model was developed based on the combined STK and HFIM data 
for each strain. The modelling process consisted of three distinct steps. 
First, only the total bacterial counts obtained in the STK experiments 
were modelled in order to obtain preliminary estimates on bacterial 
growth and concentration–effect relationships informed by rich data 
across a wide range of drug concentrations. Population growth was de-
scribed with a first-order rate constant and was limited by the estimated 
maximum bacterial concentration within the experimental system. 
Linear, power and (sigmoid) Emax models were evaluated to describe 

Table 1. Characteristics of the E. coli strains used in the study

Strain Source ESBL genes
Temocillin  
MIC (mg/L)

ATCC 25922 Reference strain 16
ISOLMIC16 Catheter urine blaCTX-M-15, blaOXA-1 16
ISOLMIC8 Skin swab 8
ISOLMIC4 Rectal swab blaTEM-1, blaCTX-M-1 4

PK/PD model-based optimization of temocillin dosing strategies                                                                    
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temocillin concentration–effect relationships. Since heteroresistance was 
observed in the growth control experiments, observed regrowth or reduc-
tions in antimicrobial effects were modelled by dividing the bacterial 
population into a pre-existing susceptible and less susceptible subpopula-
tion (Figure 1). The M3 method was used to handle observations below the 
LOD.25 Residual unexplained variability (RUV) was described with an addi-
tive error model on the log10 scale. In the second step, the HFIM time–kill 
data were added and the model was refined using the data from both set-
ups simultaneously, with the structure and parameter estimates of the 
models based on the STK data as a starting point. Parameters were re- 
estimated based on the data from both setups, and we investigated 
whether the model could be simplified or whether alternative parameter-
izations improved model fit. In the third step, the observed bacterial 
counts on agar containing 32 mg/L temocillin were modelled by including 
another subpopulation. Since this subpopulation also appears on drug- 
free agar plates, it did not contribute to total bacterial count in the model.

To accurately describe concentration–effect relationships, the PK part of 
the models was based on the measured temocillin concentrations in the 
time–kill experiments, rather than the targeted concentrations. To achieve 
this for the HFIM experiments, a PK model was fitted to the observed con-
centrations in each experiment. For the II regimens, the volume of distribu-
tion was estimated, as well as two clearance values, since two pump rates 
were used throughout these experiments. For the CI regimens, in addition to 
the distribution volume and one clearance value to describe the loading 
dose PK, a steady-state concentration was estimated, corresponding to a 
baseline concentration since temocillin was added directly to the media.

Model evaluation and selection was based on the objective function 
value [a decrease of >3.84 points was used as cut-off for statistical sig-
nificance (α = 0.05) for nested models with one additional degree of free-
dom], precision and plausibility of parameter estimates, and visual 
predictive checks (n = 1000).

PK/PD simulations
Bacterial response to various dosing regimens was simulated by replacing 
the PK part of the developed PK/PD model for each strain with a 

population PK model of temocillin in critically ill patients.22 The parameter 
estimates of this model are provided in Table 2. Simulated temocillin con-
centrations were converted to free concentrations using the mean un-
bound fraction (fu) of 0.41 observed in the PK study. The PK/PD 
simulations were also performed with fu values of 0.25 and 0.57, corre-
sponding to the mean fu ± one standard deviation.22 The Monte Carlo si-
mulations (n = 1000 patients per regimen) included the inter-individual 
variability (IIV) in temocillin PK and not the RUV in the PK or PK/PD models. 
The initial size of the total bacterial population was set to 106 cfu/mL. The 
initial size of each subpopulation was scaled accordingly, based on the 
PK/PD model estimates.

Software
Modelling and simulation were performed with NONMEM 7.4 (ICON plc, 
USA) using Laplacian estimation, in combination with PsN (v5.3.0; 
Uppsala University, Sweden)26 and Piraña (v21.11.1; Certara, USA).27 R 
(v4.2.2) was used for dataset preparation, processing model output 
and visualizations.28

Results
Time–kill experiments
In the STK experiments, little temocillin effect was observed at 
concentrations up to 0.25× MIC (Figure 2). Amplification of resist-
ant subpopulations able to grow on agar containing 32 mg/L 
temocillin was observed already at subMIC concentrations, but 
was suppressed at 4–8× MIC.

Regrowth following multiple log-reductions in bacterial count 
was observed in all HFIM experiments with ATCC 25922 and 
ISOLMIC16 and in all but one with ISOLMIC8. Sustained reductions 
in bacterial count were only achieved for ISOLMIC4. As in the 
STK experiments, regrowth in the HFIM was associated with the 
amplification of resistant subpopulations.

Figure 1. Structure of the temocillin PK/PD model used for the simulations. Solid lines indicate mass transfers; dashed lines indicate relationships be-
tween model components. S, susceptible subpopulation; LS, less susceptible subpopulation; RES, resistant subpopulation. The total bacterial popula-
tion observed on drug-free agar plates is given by the sum of S and LS, and the subpopulation growing on agar containing 32 mg/L temocillin is given by 
RES. Explanations of other abbreviations are provided in Tables 2 and 3.

Van Os et al.
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PK validation
The samples spiked with temocillin concentrations of 4, 20 and 
40 mg/L contained on average 78.1% [coefficient of variation 
(CV) 21.2%] of the targeted concentrations. Thus, to accurately 
inform concentration–effect relationships during PK/PD model 
development, the target concentrations in the STK experiments 
were multiplied by 0.781.

In HFIM experiments in which II regimens were replicated, 
measured temocillin concentrations were generally higher than 
the targeted concentrations, particularly around the Cmax 
(Figure S2). Conversely, when CI regimens were replicated, mea-
sured concentrations were consistently below the target concen-
tration. The PK models that were developed for each HFIM 
experiment to account for these deviations described the ob-
served temocillin concentrations well (Figure S2). Temocillin deg-
radation was not observed in the CI experiments, in line with 
reports on the stability of temocillin at 37°C.17,29,30

PK/PD model
For all strains, temocillin effects on the total bacterial population 
were best described using (sigmoidal) Emax models. Separate 
growth rates and drug-effect parameters for the susceptible 
and less susceptible subpopulations were identifiable (Equation 1, 
Equation 2). The models developed on STK data alone were able 
to predict the first 12–24 h of HFIM observations, but did generally 
not accurately predict observations at later timepoints (Figure S3). 
Parameter re-estimation and minor model modifications, i.e. esti-
mating the Hill (H) coefficient in the Emax function describing temo-
cillin effect against the less susceptible subpopulation for ISOLMIC4 
and ISOLMIC8 and fixing it to 1 for ISOLMIC16, resulted in models that 
fitted the data from both experimental setups well (Figure 2). If the 
estimate of the Hill coefficient was ≥10, it was fixed to 10, as higher 
values had little impact on model fit due to the steepness of the 
concentration–effect relationship at this value and were associated 
with poor parameter precision. The parameter representing the 
maximum bacterial population was estimated separately for the 
STK and HFIM data, since it was observed to be approximately 
10-fold higher in the HFIM cartridge than in the tubes used for 
STK experiments. Temocillin effect on the resistant subpopulation 
growing on agar with 32 mg/L temocillin was described with a lin-
ear function for all strains (Equation 3); more complex effect 

models were not supported by the data. Parameter estimates 
and definitions are listed in Table 3. The NONMEM code is provided 
in the Supplementary data.

dS
dt

= kg,S · 1 −
S + LS
Bmax

 

· S −
Emax,S · CH,S

EC50,S H,S + CH,S · S (1) 

dLS
dt

= kg,LS · 1 −
S + LS
Bmax

 

· LS −
Emax,LS · CH,LS

EC50,LS
H,LS + CH,LS · LS (2) 

dRES
dt

= kg,RES · 1 −
S + LS
Bmax

 

· RES − klin,RES · C · RES (3) 

Simulations
The predicted total and resistant bacterial population sizes at 24 
and 72 h for various dosing regimens and fu of 0.41 are depicted 
in Figure 3. The full PK and PD time courses are shown in Figure S4. 
For ATCC 25922 and ISOLMIC16, both with temocillin MICs of 
16 mg/L, the median predicted bacterial count at 24 h was below 
the stasis level for all regimens apart from the 2 g q12h regimen. 
However, doses that are currently not licensed6 were required to 
achieve 2 log10 reductions in bacterial count over 24 h. Full re-
growth of a resistant population was predicted at 72 h in the ma-
jority of simulations for all currently used regimens, and the 
median predicted total bacterial count for these two strains 
reached the stasis level only with a 12 g daily CI regimen. 
Median predicted bacterial counts of ISOLMIC8 were below the 
stasis level at 24 h for all simulated regimens. Median predicted 
stasis at 72 h was achieved for 6 g daily regimens, but not for 
4 g daily regimens. A 6 g daily CI regimen or daily dosages ≥8 g 
were required to achieve 2 log10 reductions over 72 h for this 
strain. All simulated dosing regimens resulted in sustained killing 
of ISOLMIC4. Except for the 2 g q12h regimen, near-maximum cfu 
reductions given the parameter estimates for this strain were 
achieved in most simulations, although the variability in response 
at equivalent daily dosages was larger for II regimens.

The impact of different fu values on the simulation results is 
depicted in Figure S5. As expected, the observed bacterial counts 
decreased as the fu increased. The general trend, however, was 
similar for all fu values: continuous infusion regimens resulted 
in lower bacterial counts than intermittent infusion regimens, 
and bacterial killing was mostly dose-dependent within the simu-
lated dose range.

Discussion
Due to the scarcity of data on temocillin PK/PD and clinical effi-
cacy, there is no consensus on optimal dosing strategies.8–11,31

This study aimed to compare the effect of various dosing regi-
mens using PK/PD modelling and simulation, combining in vitro 
time–kill data and the plasma PK of temocillin in critically ill 
patients.

Our results indicate that temocillin effects against E. coli 
are dose-dependent within the currently used daily dose 

Table 2. Pharmacokinetic parameters used for simulations, from Laterre 
et al.22

Parameter Value IIV (CV, %)a

CL (L/h) 3.69 36
Vc (L) 14.0 58
Q (L/h) 8.45
Vp (L) 21.7
fu 0.25b, 0.41, 0.57b

Vc/p, distribution volume of the central/peripheral compartment; Q, inter-
compartmental CL. 
aConverted to variances (ω2) using %CV =  

���������
eω2 − 1
√

× 100. 
bResults shown in the Supplementary data.

PK/PD model-based optimization of temocillin dosing strategies                                                                    
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range of 4–6 g, and higher. Several retrospective studies indi-
cated that dosing temocillin at 6 g daily is safe, but reported 
no statistically significant differences in clinical outcomes be-
tween 4 and 6 g daily dosages.8,10,15 However, the limita-
tions inherent to retrospective studies, as well as the 
limited sample sizes with few treatment failures, may have 
concealed an effect. Moreover, the majority of patients in-
cluded in these studies were treated for UTIs or bacteraemia 
of urinary origin. The potential benefit of higher dosages may 

not apply to these indications since temocillin accumulates 
in urine14 and cure rates are overall high. Our results also 
suggest that CI regimens of temocillin kill bacteria more ef-
fectively than II regimens. The stability of temocillin at tem-
peratures up to 37°C makes it suitable for CI.17,29,30 This 
mode of administration may appeal to clinicians who, in 
the absence of robust clinical evidence supporting 6 g daily 
dosing, stick to 4 g daily dosages, e.g. to minimize antibiotic 
usage or for financial reasons.9–11

Figure 2. Visual predictive check to evaluate model fit to the observations in the STK (a) and HFIM (b) experiments. Symbols represent observations for 
the total bacterial population (black dots) and the subpopulation growing on agar containing 32 mg/L temocillin (red triangles). Solid lines represent 
the median values of model simulations and the shaded areas the 95% prediction intervals. The dashed line indicates the LOD (50 cfu/mL). 
Observations below the LOD are plotted at (log10 LOD)/2. This figure appears in colour in the online version of JAC and in black and white in the print 
version of JAC.

Van Os et al.
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The results of this study are in accordance with PTA analyses that 
suggested better coverage of temocillin with 6 g compared with 4 g 
daily dosages,17 and with CI compared with II regimens.18,32 PTA 
analyses commonly use 40%–50% fT>MIC as PK/PD target for temo-
cillin, which for other penicillins is associated with bacteriostasis over 
24 h in the neutropenic murine thigh infection model.33 PTA 
analyses using this PK/PD target underpinned the EUCAST 
recommendation to dose temocillin at 2 g q8h instead of 2 g 
q12h, since it increased the PTA at an MIC of 16 mg/L.7 Our PK/PD 
simulations are broadly in line with these findings, as dosing 2 g 
q8h compared with q12h increased the probability of bacterial 
density being below the stasis level at 24 h for the strains with 
temocillin MICs of 16 mg/L.

However, looking beyond the 24 h timepoint, net increases in 
bacterial population size were frequently predicted with the cur-
rently used regimens. Based on the median values of our simula-
tions, only a 12 g daily CI regimen suppressed regrowth to the 
bacteriostasis level for all strains over 72 h. This suggests higher 
doses may be required in some cases, e.g. in immunocomprom-
ised patients or when targeting strains with temocillin MIC values 
close to the resistance breakpoint. Doses above 6 g daily are cur-
rently not licensed or recommended.6 There are limited data on 
safety and toxicity of temocillin. Daily doses up to 8 g were safe 
in healthy volunteers,6,34 and in animal studies doses up to 
1000 mg/kg were well tolerated.35 However, the safety of temo-
cillin at increased doses would have to be closely monitored if 
used in selected patients. The observed regrowth was accompan-
ied by amplification of subpopulations phenotypically resistant to 
temocillin. It should be noted that antibiotic resistance may de-
velop more readily in vitro than clinically.36 Nevertheless, cases of 
emerging resistance during temocillin treatment, also at 6 g daily, 

have been reported.12 The risk of resistance development during 
temocillin treatment, particularly in immunocompromised pa-
tients, should be evaluated in future studies.

Through pharmacometric modelling, we integrated data from 
STK and HFIM experiments, thereby leveraging the advantages of 
both experimental setups. STK experiments were performed in 
triplicate and using a wide range of temocillin concentrations, 
thus providing rich data to estimate concentration–effect rela-
tionships. The HFIM is resource-intensive, meaning a limited 
number of experiments can feasibly be performed, but enables 
the following of bacterial response to dynamic, clinically relevant 
drug concentrations over longer time periods. The PK/PD model 
based on the STK data alone was generally able to predict 
the bacterial response observed in the HFIM during the first 
12–24 h, as observed by others.37 However, the regrowth was 
not always predicted accurately, presumably because the 
parameters describing it are informed by relatively few obser-
vations in the STK experiments. Extending the duration of STK 
experiments or taking additional samples between 12 and 
24 h may improve the predictive performance of models 
based on STK data over longer time periods and reduce the 
need for time-consuming and resource-intensive HFIM 
experiments.

A strength of the PK/PD modelling approach used in this study 
is that it considers the time courses of PK and PD simultaneously 
with continuous bacterial count data over 72 h as the endpoint, 
enabling a detailed comparison of dosing strategies. This is in 
contrast to the PK/PD target attainment approach, in which dy-
namic PK and PD time courses over 24 h are reduced to a thresh-
old value and information on the rate and extent of antibiotic 
effects is lost. The differences between the two approaches can 

Table 3. Parameter estimates of the pharmacodynamic model for the four strains

Parameter Unit Description
Estimate (%RSE)

ATCC 25922 ISOLMIC16 ISOLMIC8 ISOLMIC4

cfut0,S log10 cfu/mL Initial population size (S) 5.75 (1.1) 5.83 (1.3) 5.79 (1.5) 5.78 (0.9)
kg,S h−1 Growth rate constant (S) 1.29 (5.5) 1.39 (7.0) 1.51 (7.9) 1.47 (5.8)
Emax,S h−1 Maximum drug effect rate constant (S) 2.06 (3.3) 2.38 (4.3) 2.86 (4.5) 2.38 (3.5)
EC50,S mg/L Drug concentration at which effect is half-maximal (S) 3.56 (1.9) 8.31 (4.7) 3.75 (4.9) 1.57 (3.3)
H,S — Hill coefficient (S) 10 (FIX) 2.45 (9.0) 3.51 (19.0) 2.73 (12.8)
cfut0,LS log10 cfu/mL Initial population size (LS) 1.30 (12.1) 0.837 (31.2) 2.09 (5.6) 2.08 (5.4)
kg,LS h−1 Growth rate constant (LS) 0.797 (7.5) 0.795 (11.3) 0.720 (19.6) 0.796 (3.0)
Emax,LS h−1 Maximum drug effect rate constant (LS) 0.777 (9.2) 1.09 (10.1) 1.01 (22.6) 0.843 (2.5)
EC50,LS mg/L Drug concentration at which effect is half-maximal (LS) 17.1 (9.1) 37.0 (43.5) 17.1 (10.6) 6.34 (1.1)
H,LS — Hill coefficient (LS) 1.68 (12.1) 1 (FIX) 1.79 (28.3) 10 (FIX)
cfut0,RES log10 cfu/mL Initial population size (RES) 0.237 (46.4) 0.528 (21.4) 0.156 (87.8) −0.271 (47.2)
kg,RES h−1 Growth rate constant (RES) 0.583 (3.8) 0.589 (4.2) 0.510 (4.5) 0.558 (3.7)
klin,RES L/mg·h−1 Linear drug effect rate constant (RES) 0.00867 (9.8) 0.00940 (8.8) 0.0137 (5.7) 0.0421 (3.6)
Bmax,STK log10 cfu/mL Maximum bacterial density in STK experiments 8.89 (0.9) 8.86 (0.9) 8.71 (0.9) 8.63 (0.7)
Bmax,HFIM log10 cfu/mL Maximum bacterial density in HFIM experiments 10.0 (0.7) 9.94 (1.0) 10.1 (1.3) 10.4 (1.0)
RUVtotal log10 cfu/mL Additive residual variability (S + LS) (standard deviation) 0.403 (4.6) 0.507 (4.6) 0.555 (4.5) 0.413 (4.4)
RUVRES log10 cfu/mL Additive residual variability (RES) (standard deviation) 0.614 (7.0) 0.711 (6.8) 0.655 (8.6) 0.638 (11.9)

RSE, relative standard error; S, susceptible bacterial subpopulation; LS, less susceptible bacterial subpopulation; RES, resistant bacterial subpopulation 
growing on agar containing 32 mg/L temocillin.
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be illustrated by comparing our simulations with a PTA analysis by 
Tsakris et al.,18 which used the same temocillin PK model for si-
mulations.22 The authors reported higher PTA for a 6 g dosage 
administrated as CI (93%) compared with II (87%) at an MIC 
value of 16 mg/L. At MIC values below 16 mg/L, however, no dif-
ference in PTA was observed since all simulated patients reached 
the PK/PD target.18 In the present study we observed a compara-
tive benefit of CI over II also for strains with MIC values below 16 
mg/L.

A limitation of this study is that in vitro experiments do not re-
flect the in vivo infection site environment, where bacterial 
growth may be slower38 and a (partly) functioning immune re-
sponse may suppress regrowth after multiple-log reductions in 
bacterial concentrations. These factors likely contribute to the 
discrepancy between the frequent regrowth observed in this 
study and the low microbiological failure rates following temocil-
lin treatment in systemic infections reported in literature.10,16

Additionally, clinical outcomes are influenced by patient charac-
teristics and comorbidities beyond antibiotic-induced bacterial 
killing. For these reasons, PK/PD simulations based on in vitro 
data should not be directly translated to predict antibiotic effects 
in patients. They are useful, however, for comparing the PK/PD 
and relative effects of different dosing strategies, particularly 
when limited efficacy data are available. Another limitation is 

that temocillin effects were investigated only against E. coli; 
the results of the current study may not apply to other patho-
gens. Finally, the population PK model by Laterre et al.22 was de-
veloped using data from a small population (n = 11). The true 
variability in temocillin PK in critically ill patients may thus not 
be reflected in our simulations. Laterre et al. also did not observe 
the saturable protein binding of temocillin reported by 
others.32,39 It should be noted that plasma protein binding of 
temocillin is associated with high variability.22,32,39 Modifying 
the fu in our PK/PD simulations influenced the observed bacterial 
counts but overall did not change the comparative performance 
of the evaluated dosing regimens.

Ideally, prospective trials comparing temocillin dosing strat-
egies for the treatment of systemic infections would be per-
formed to confirm the results of this study. Such trials may not 
be feasible, however, given the large number of patients that 
are likely required to show dose–response relationships. 
Nonetheless, prospective trials evaluating whether temocillin is 
a valid alternative to carbapenems for systemic infections are 
needed. One such trial, comparing temocillin dosed at 2 g q8h 
versus carbapenems for the treatment of bacteraemia due to 
third-generation cephalosporin-resistant Enterobacterales is cur-
rently underway.40 Our results support the selection of 6 g in-
stead of 4 g daily doses in such trials.

Figure 3. Predicted bacterial counts of the total population (top panels) and the population growing on plates with 32 mg/L temocillin (bottom panels) 
at 24 h (a) and 72 h (b) following different dosing regimens and unbound fraction of 0.41. In each panel, the four leftmost boxplots represent dosing 
regimens currently in clinical use, while the four rightmost boxplots represent alternative regimens. The horizontal dashed lines correspond to the ini-
tial size of the total bacterial population (106 cfu/mL) and a 2 log10 reduction in bacterial count. 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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In conclusion, 6 g daily doses and continuous infusions of 
temocillin kill E. coli more effectively than 4 g daily doses and 
intermittent infusions and may increase the efficacy of temocillin 
for treatment of systemic infections. However, higher daily doses 
may be required to suppress resistance development.
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Table S1. Experimental parameters selected to replicate clinical PK profiles in the hollow-fibre 

infection model. 

Parameter II regimens CI 4g/day + 2g LD CI 6g/day + 2g LD Growth control 

Volume of circulating media (mL) 360 360 360 360 

Clearance pump rate (mL/min) 3.47 (0-2 h after 

dose); 0.67 (other) 

6.93 (0-2 h); 

0.67 (>2 h) 

6.93 (0-2 h); 

0.67 (>2 h) 

0.67 

Temocillin administered per dose 

(mg)  

19.88 13.96 (only LD) 9.58 (only LD) - 

Drug infusion time (min) 30  30 (only LD) 30 (only LD) - 

Temocillin added directly to media, 

for CI regimens (mg/L) 

- 18.52  27.76 - 

II: intermittent infusion; CI: continuous infusion; LD: loading dose 

 

 

 

 

Fig. S1. Schematic overview of the hollow-fibre infection model used in this study. Boxed arrows 

indicate peristaltic pump placement and pump direction. Blue lines represent the tubing through which 

fresh media is continuously supplied to the central compartment and its contents are pumped out. 

Orange lines represent the tubing circuit connecting the central compartment and the cartridge. The 

cartridge fibres are semi-permeable allowing equilibration of nutrients and drug concentrations 

between the capillaries and the extracapillary space (i.e., the bacterial compartment). The contents of 

the extracapillary space are circulated in the opposite direction as the content of the central 

compartment, indicated with green lines. The locations of syringe sampling ports for PK validation 

and quantification of cfu as well as the syringe pump for drug infusion are also indicated. 



 

Fig. S2. Targeted and measured temocillin concentrations in the hollow-fibre infection model 

experiments, as well as the fit of the pharmacokinetic models describing the measured concentrations 

in each experiment. II: intermittent infusion; CI: continuous infusion; LD: loading dose.  

 



 

Fig. S3. Visual predictive check showing the fit of the pharmacokinetic-pharmacodynamic model 

developed using only static time-kill data to the observations in the static time-kill (a) and hollow-fibre 

infection model (b) experiments. Symbols represent observations for the total bacterial population. 

Solid lines represent the median values of model simulations and the shaded areas the 95% prediction 

intervals. The dashed line indicates the limit of detection (LOD; 50 cfu/mL). Observations below the 

LOD are plotted at log10(LOD)/2. II: intermittent infusion; CI: continuous infusion; LD: loading dose. 



 

 
 

Fig. S4. Predicted time-courses of unbound temocillin concentrations (a) and bacterial counts (b-e) of 

the total populations (black) and the resistant subpopulations growing on agar containing 32 mg/L 

temocillin (red) for the four different strains. The dosing regimens simulated in the four leftmost 

panels are currently in clinical use, while the four rightmost panels represent alternative regimens. The 

fraction unbound was set to 0.41. The solid lines represent the median values of model simulations 

(n=1,000). The shaded areas cover the 10th and 90th percentiles. The horizontal dashed lines 

correspond to the initial size of the total bacterial population (106 cfu/mL) and a 2-log10 reduction in 

bacterial count. II: intermittent infusion; CI: continuous infusion; LD: loading dose. 

 



 
 

Fig. S5. Predicted cfu/mL of the total (top panels in each plot a-h) and the resistant population (bottom 

panels) at 24 h (plots on the left) and 72 h (plots on the right) following different dosing regimens. 

Simulations were performed with the mean fraction unbound (fu) of 0.41 (results also shown in the 

main text), as well as the mean fu +/- one standard deviation (i.e. 0.16) reported by Laterre et al.1 The 

horizontal dashed lines correspond to the initial size of the total bacterial population (106 cfu/mL) and 

a 2-log10 reduction. II: intermittent infusion; CI: continuous infusion; LD: loading dose. 



Validation of a HPLC-MS/MS assay for the determination of temocillin concentrations in 

CAMHB  

A previously described HPLC-MS/MS method to quantify total and unbound temocillin concentrations 

in serum2 was adapted and partially validated for determination of total temocillin concentrations in 

CAMHB in line with FDA guidelines.3 These FDA guidelines were also followed to evaluate trueness, 

precision, accuracy, limit of quantification (LOQ) and limit of detection (LOD), extraction efficiency 

and matrix effect (post-extraction addition technique). The calibration experimental design was 10 × 3 

× 3 (calibrators of ten concentration levels, each replicated three times over three days). A 4 × 3 × 3 

experimental design was used for the quality control (QC) samples. Data from calibrators were used to 

build the calibration curves (peak area ratios of temocillin/ticarcillin (internal standard, IS) versus 

concentration), and linear regression was used to predict the QC concentrations. Temocillin stock 

solutions were prepared in Ultrapure water (10 mg/mL) and diluted with CAMHB to prepare 10 

calibrators (CS) (range = 0.99 - 478.19 mg/L). QC samples (0.99, 4.762, 24.937, and 196.078 mg/L) 

were prepared from an independent stock solution. Then, 200 μL of CS or QC was treated with 600 μL 

methanol after addition of 30 μL IS (1 mg/mL). After vortexing for 5 seconds, samples were centrifuged 

at 11,000 g, and 10 μL supernatant was injected into the HPLC/MS-MS. Statistics were performed using 

JMP software (SAS Institute, USA). 

The correlation coefficient for each calibration curve was >0.9981 (Fig. S5). Relative bias was ≤-4.71%. 

The maximum relative standard deviation (RSD%) values for repeatability and highest intermediate 

precision were 4.13% and 4.52%, respectively. The method was considered accurate in the 0.99–478.19 

mg/L range (Fig. S6). Extraction recovery ranged from 95.28% to 101.58%. The matrix effect was 

evaluated by comparing the slope and the intercept of the linear regression obtained with and without 

matrix. No significant difference was observed for the intercept (p=0.72) nor for the slopes (p=0.63) 

(Wilcoxon test, p > 0.05), indicating limited impact of matrix effect on the measured temocillin 

concentrations. 

  



 

Fig. S6. Linear profile of temocillin in CAMHB. The solid line is the line of identity, the dashed blue 

lines represent the β-expectation tolerance limits (β=80%), and the dotted black lines represent the 

acceptance limits (±15% and ±20% for the LOQ). Symbols represent the relative back-calculated 

concentrations of the validation standards and are plotted according to their target concentration. 

 

Fig. S7. Accuracy profile. The solid line is the relative bias, blue dashed lines represent the β-expectation 

tolerance limits (β=80%), and the dotted black lines represent the acceptance limits (±15% and ±20% 

for the LOQ). Symbols represent the relative back-calculated concentrations of QC samples. 
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