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ABSTRACT The objective of this article is to describe the population pharmacoki-
netics (PK) of temocillin administered via continuous infusion (Cl) versus intermittent
infusion (Il) in critically ill patients with pneumonia. Secondary objectives included
characterization of epithelial lining fluid (ELF)/plasma penetration ratios and determi-
nation of the probability of target attainment (PTA) for a range of MICs. Thirty-two
mechanically ventilated patients who were treated for pneumonia with 6 g of temocil-
lin daily for in vitro sensitive pathogens were assigned to either the Il (2 g every 8 h
over 0.5 h) or the Cl (6 g over 24 h after a loading dose of 2 g) group. A population
pharmacokinetic model was developed using unbound plasma, and total ELF concen-
trations of temocillin and related Monte Carlo simulations were performed to assess
PTAs. The area under the concentration-time curve from 0 to 24 h (AUC,.,) ELF/
plasma penetration ratio was 0.73, at steady state, for both modes of infusion and
whatever the level of creatinine clearance. Monte Carlo simulations showed that for
the minimal pharmacodynamic (PD) targets of 50% T > 1x MIC (Il group) and 100%
T > 1x MIC (Cl group), PK/PD breakpoints were 4 mg/L in plasma and 2 mg/L in ELF
and 4 mg/L in plasma and ELF, respectively. The breakpoint was 8 mg/L in ELF for
both modes of infusion in patients with creatinine clearance (CL.;) < 60 mL/min/1.73
m2. While CI provides better PKPD indexes, the latter remain below available recom-
mendations for systemic infections, except in the case of moderate renal impairment,
thereby warranting future clinical studies in order to determine the efficacy of temocil-
lin in severe pneumonia.
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structural modification, is resistant to most B-lactamases produced by extended- Returned for modification 16 November
spectrum B-lactamases (ESBLs), excluding nonfermenters such as Pseudomonas 2021
Aeruginosa, Stenotrophomonas maltophilia, Acinetobacter sp., and some carbapene- A ZOJanuar}’ 2022 )
mases (1). This feature makes it an interesting alternative in an era of highly resistant gfj:::::’yr;g;usmpt posted online
Enterobacterales infections in view of sparing carbapenems, supported by some ret- Published 15 March 2022

rospective study results (2, 3).
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Temocillin is licensed in the United Kingdom, Belgium, France, and Germany for use
in urinary tract infections (UTI), bloodstream infections, and lower respiratory tract infec-
tions (LRTI) at a posology of 2 g twice daily (4). However, studies have demonstrated
higher efficacy with 6 g daily in continuous infusion in critically ill patients in various in-
fectious settings (5). Extended or continuous infusions of B-lactams are being used in
daily clinical practice in order to maximize the time that the antimicrobial free concentra-
tion remains above the MIC (%fT > MIC), which is the cornerstone of B-lactam therapy
efficacy (6-8). For temocillin, although no detailed analysis of its pharmacodynamics
(PD) in vitro exists, it is assumed that a minimal bacteriostatic target of 40 to 50% should
be considered by comparison with other penicillins (9, 10). Furthermore, in patients with
severe pneumonia, data about epithelial lining fluid (ELF) pharmacokinetics (PK) and
penetration ratio of temocillin are lacking. Currently, only the British Society for
Antimicrobial Chemotherapy (BSAC) and the Comité de I'Antibiogramme de la Société
Francaise de Microbiologie (CA-SFM) have defined temocillin clinical breakpoints (sus-
ceptible [S] = 8 and resistant [R] > 8 mg/L) for systemic infections (11). Very recently,
EUCAST issued clinical breakpoints for urinary tract infections only (S = 0.001 and
R > 16 mg/L), thereby excluding other sites of infection from its recommendations due
to the lack of clinical and PK data (12). The aim of this study is to provide an insight to
establishing temocillin PK/PD breakpoints in pneumonia via ELF and plasma samples.

RESULTS

Patient enrollment, exclusions, and adverse events. Forty-four patients were en-
rolled in the study. Thirty-five patients were treated either in the continuous infusion
(Cl) group (n = 10) or in the intermittent infusion () group (n = 25). Twelve were
excluded from the PK and PK/PD analyses for the following reasons. Three patients
were under continuous veno-venous hemofiltration (CVVH), and this limited number
did not permit their PK characterization with acceptable robustness. Furthermore, in
the Il group, four patients were extubated before bronchoalveolar lavage (BAL), one
patient had undetectable urea-BAL, and one patient died before BAL. In the Cl group,
one patient had undetectable cells in BAL, another patient was shifted from CVVH to
intermittent hemodialysis, and one patient was deemed too unstable by the attending
physician to undergo BAL.

Consequently, 32 patients were included in the final PK analyses, 23 in the Il group
and 9 in the Cl group. Temocillin and mini-BAL were well tolerated without any signifi-
cant adverse events.

Patient demographics. Patient demographics and clinical characteristics are described
in Table 1. The two groups were clinically and demographically similar. Thirty-one percent
of patients had augmented renal clearance (ARC) defined as >120 mL/min/1.73 m? (7/23 in
the II versus 3/9 in the Cl group, respectively) (13). The mean creatinine clearance was
107.2 = 49.5 mL/min/1.73 m2.

Clinical PK and microbiology. A high PK interindividual variability was observed in
the serum and ELF concentrations in both groups as illustrated in Fig. S1 in the supple-
mental material. Mean observed concentrations in plasma and ELF are displayed in Fig. 1.

Forty-six pathogens were isolated from the 32 patients (11 in the Cl group; 35 in
the Il group), among which were 33 nonfermenter Enterobacterales (data not shown).
Based on Vitek 2, the majority (85%) of pathogens had an MIC of =4 mg/L for temocil-
lin, and 15% had an MIC of 8 mg/L. Based on Etest, 10 (30.3%) pathogens had an
MIC of =4 mg/L, 12 (36.4%) had an MIC of 4 to 8 mg/L, and 11 (33.3%) had an MIC
of >8 mg/L, mainly Escherichia coli and Serratia Marcescens, corresponding to resistant
strains according to BSAC recommendations. Four strains (12.1%) were extended-spec-
trum B-lactamase (ESBL) producers, one in the Il group and three in the Cl group.
None were carbapenemase producers. Based on Etest, the mean MIC was 9.94 mg/L
(* 7.86 mg/L), and the median was 8 mg/L (interquartile range [IQR], 4 to 13 mg/L).

Population PK model building and internal validation. A two-compartment
model best fitted the plasma unbound concentrations, and an additional compartment
was added to describe ELF concentrations. Creatinine clearance was retained as a

March 2022 Volume 66 Issue 3 e02052-21

Antimicrobial Agents and Chemotherapy

aac.asm.org 2

Downloaded from https://journals.asm.org/journal/aac on 25 April 2022 by 139.165.96.129.


https://aac.asm.org

Temocillin in Patients with Nosocomial Pneumonia Antimicrobial Agents and Chemotherapy

TABLE 1 Demographic and clinical characteristics of patients

Demographic and clinical data All (n=32) Clgroup(n=9) llgroup (n=23) Pvalue
Age (yr) 649114 66.1 7.0 644 *+128 0.71
Male (no. [%]) 24 (75.0) 8(88.9) 16 (69.6) 0.39¢
Wt (kg) 744 £13.7 756 *16.7 739+ 128 0.76
BMI (kg/mz) 251 %46 25.1£45 251 %47 0.99
Hospital stay before onset of pneumonia 15.6 = 15.0 183 = 13.9 145 + 15.6 0.33%
(days)
ICU stay before onset of pneumonia 103 *+10.1 138129 9.0 + 8.8 0.35°
(days)
Simplified CPIS 7810 81*+1.2 7.7 £0.93 0.25
SAPS Il 722 %127 748*+119 713 £13.2 0.49
SOFA score 9.7 33 10.0 = 3.7 9.6 +3.2 0.77
APACHE Il 28.6 £ 8.6 283 £9.6 28.7 £ 84 0.92
Septic shock (no. [%]) 12 (37.5) 5(55.6) 7 (30.4) 0.24
Concomitant bacteremia with the 5(15.6) 3(33.3) 2(8.7)

targeted bacteria (no. [%)])

Cleg (mean * SD) 1156 +51.7 1192+332  1142+580 081
>120 mL/min/1.73 m? 14(437)  6(66.7) 8(35.8)
90-119 mL/min/1.73 m? 8 (25.0) 2(222) 6(26.1)
60-89 mL/min/1.73 m? 3(9.4) 0(0.0) 3(13.0)
30-59 mL/min/1.73 m? 7(21.9) 1(11.1) 6 (26.1)
CVVH 0(0.0) 0(0.0) 0(0.0)

aFisher’s exact test.
bKruskal-Wallis test.
cUsing urine output collection over 24 h.

significant covariate on clearance (power relationship). According to the model, the
plasma free fraction increases on average from 10% to about 75% when the total con-
centration increases from 10 mg/L to 400 mg/L, with quite high interindividual variabil-
ity (coefficient of variation [CV] = 36%).

Total temocillin concentrations were related to unbound concentrations according to
the following equation: Ct = Cu + % Parameter estimates and related covariate
are summarized in Table S1 in the supplemental material. The ratio of area under the con-
centration-time curve (AUC) between concentration of total temocillin in ELF (Celf) and
plasma concentration of unbound (free) temocillin (Cu) (Ryyc) was estimated to be 0.73.
Basic goodness-of-fit plots for total plasma, unbound plasma, and total ELF concentrations
are displayed in Fig. S2 to S4 in the supplemental material. They indicate adequate fitting
performances of the model to the data. Visual predictive checks are presented on Fig. 2
and show an acceptable agreement between the predicted and observed data over the
dosing interval for both free and total plasma and ELF total concentrations.
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FIG 1 Mean (*+ standard deviation [SD]) observed free (red) and total (black) concentrations of temocillin in plasma and total concentration of temocillin in
ELF (blue), after intermittent infusion, 2 g every 8 h over 0.5 h (n = 23) (left), and continuous infusion, 6 g over 24 h (n = 9) (right).
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FIG 2 Visual predictive checks (simulations of the data set) of total and free plasma and total ELF
concentrations after intermittent infusions () and continuous infusions (Cl). Solid lines, medians and
90% prediction intervals; filled circles, observed concentrations.

PK/PD analysis. The probability of target attainment (PTA) was computed for two
PK/PD targets (50% T > MIC for Il and 100% T > MIC for both modes of infusion)
against a range of MICs in plasma (free concentrations) and ELF (total concentrations)
(Fig. 3). The same targets were considered after dichotomization of creatinine clear-
ance between =60 mL/min/1.73 m? and <60 mL/min/1.73 m?, respectively, as shown
in Fig. S5 in the supplemental material, as well as in the case of ARC, as shown in Fig.
S6 in the supplemental material. Furthermore, PTA was performed for 60 = creatinine
clearance (Clcg) < 90 mL/min/1.73 m? and 90 = Cl; < 120 mL/min/1.73 m? as shown
in Fig. S7 in the supplemental material. The corresponding PK/PD breakpoints are
determined using a probability of success of 90% and are summarized in Table 2.

DISCUSSION

To the best of our knowledge, this is the first report of temocillin PK in the ELF of
critically ill patients with pneumonia. Ratios of AUCs show that penetration ratio is
higher than previously published for most other B-lactams, except cefepime, for both
modes of infusion (14-18). As illustrated in Table 2, Cl offers better PK/PD indexes than
Il in all scenarios considered: for the less stringent PD targets (50% T > 1x MIC in Il
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FIG 3 Probability of target attainment (obtained with the Monte Carlo simulations, n = 32,000) for
free plasma concentrations (left) and total ELF concentrations (right) for different dosing regimens
and PK/PD targets (50% or 100% of time above the MIC). Continuous lines with filled circles, Il (2 g/8
h over 0.5 h infusion); broken line with open triangles, Cl (6 g/24 h).

and 100% T > 1x MIC in Cl), the breakpoints in plasma and ELF were found to be
4 mg/L and 2 mg/L in ll, respectively, versus 4 mg/L in Cl. For the most stringent PD tar-
get (100% T > 4x MIC for both Il and Cl), the breakpoints in plasma and ELF were
0.25 mg/L in the Il versus 1 mg/L in the Cl, respectively. Nonetheless, these values
remain well below the only available to date BSAC breakpoints (=8 mg/L) that recom-
mend the usage of temocillin in systemic infections and, moreover, below the mean
MIC of 9.94 mg/L (based on Etest) of the pathogens isolated in this cohort of patients.
At best, an MIC of 8 mg/L was achieved for the less stringent PD targets in ELF for both
Il and ClI in patients with moderate renal impairment (30 to 60 mL/min/1.73 m?2).
However, as already pointed out, as many as 33.3% of the pathogens in this cohort
had an MIC > 8 mg/L to temocillin by Etest, thereby precluding its usage even in the
less stringent scenario.

The renal function was found to be a clinically relevant covariate on the drug clear-
ance in the population pharmacokinetics (popPK) analysis, which is consistent with
temocillin’s renal elimination (19). This is also in line with PK/PD findings for other
renally excreted beta-lactams (20-22). The incidence of ARC in our study is also in line
with current reports in critically ill patients (23).

Two previous PK studies have been undertaken with temocillin in critically ill patients;
however, they were not focused on severe pneumonia (4, 5). With the same dose given
by Cl, Laterre et al. (5) reported higher average concentrations of free temocillin in plasma
(mean, 37 mg/L; n = 11) than that observed in our study (13.7 = 11.8 mg/L). This differ-
ence can probably be explained by differences in the distribution of the creatinine clear-
ance, 56 *= 34 mL/min/1.73 m? in the study by Laterre et al. (5) versus 119.2 + 332 mL/

March 2022 Volume 66 Issue 3 e02052-21

Antimicrobial Agents and Chemotherapy

aacasm.org 5

Downloaded from https://journals.asm.org/journal/aac on 25 April 2022 by 139.165.96.129.


https://aac.asm.org

Layios et al.

TABLE 2 PK/PD breakpoints in plasma (free concentrations) and ELF (total concentrations)
for specific PD targets according to different modes of administration using a probability of
success of 90%“

Mode of administration

1l Cl
PD target Plasma ELF Plasma ELF
50% T > 1x MIC 4 2 NA NA
Cleg < 60 mL/min/1.73 m? 8 8 NA NA
60 = Clcy < 90 mL/min/1.73 m? 8 4 NA NA
90 = Cleg < 120 mL/min/1.73 m? 4 4 NA NA
Cleg = 60 mL/min/1.73 m? 4 2 NA NA
Cler > 120 mL/min/1.73 m2 2 2 NA NA
50% T > 4x MIC 1 0.5 NA NA
Cleg < 60 mL/min/1.73 m? 2 2 NA NA
60 = Clg < 90 mL/min/1.73 m? 2 1 NA NA
90 = Clgz < 120 mL/min/1.73 m? 1 1 NA NA
Cleg = 60 mL/min/1.73 m? 1 0.5 NA NA
Cleg > 120 mL/min/1.73 m? 0.5 0.5 NA NA
100% T > 1x MIC 1 1 4 4
Cleg < 60 mL/min/1.73 m? 4 4 8 8
60 = Clcg < 90 mL/min/1.73 m? 2 2 8 8
90 = Cleg < 120 mL/min/1.73 m? 2 1 8 4
Cleg = 60 mL/min/1.73 m? 1 0.5 4 4
Cleg > 120 mL/min/1.73 m? 0.5 0.5 4 4
100% T > 4x MIC 0.25 0.25 1 1
Cleg < 60 mL/min/1.73 m? 1 1 4 2
60 = Clg <90 mL/min/1.73 m? 0.5 0.5 2 2
90 = Clz<120 mL/min/1.73 m? 0.5 0.25 2 1
Cleg = 60 mL/min/1.73 m? 0.25 0.125 1 1
Cleg > 120 mL/min/1.73 m? 0.125 0.125 1 0.5

9NA, not applicable; Il, intermittent infusion; Cl, continuous infusion; Cl.,, creatinine clearance.
These patients are included in the group of patients with Cl, = 60 mL/min.

min/1.73 m? in the present study. Moreover, in the De Jongh et al. (4) study, temocillin
was given at a lower dose of 4 g/day via Cl in 6 patients who displayed a higher mean
free plasma concentration of 21.5 mg/L and a higher plasma breakpoint of 16 mg/L in
parallel with a lower CLc (102 = 18 mL/min/1.73 m?) than in our study, thereby also pos-
sibly explaining the discrepancies observed with our results.

This study’s limitations include its single-center design, the fact that it was not
designed to test clinical efficacy of temocillin, and a relatively low number of patients,
some of which were severely ill with late-stage ARC (23). Furthermore, the choice of
microbiological diagnostic techniques such as Vitek 2 and Etest, which was anterior to
EUCAST guidelines, might have underestimated or overestimated sensitivity to temocillin
in comparison to disk diffusion and broth microdilution tests, which are now recom-
mended (24). Moreover, this study included mainly normal weight patients; therefore,
no conclusions may be drawn as to PTA of temocillin in obese (BMI > 30) critically ill
patients (25). Finally, MIC distributions of various ESBL-producing organisms are largely
unknown at this stage, making it difficult to generate recommendations for temocillin
usage solely based on PTA analysis.

In conclusion, penetration ratios that were estimated by MC simulations at 73%
were higher than previously demonstrated for other B-lactams, except cefepime.
However, the current BSAC breakpoint of 8 mg/L was achieved for Il and Cl only in
patients with creatinine clearance of <60 mL/min/1.73 m? and with the least stringent
PD target both in plasma and ELF. While it has not been demonstrated that efficacy of
a B-lactam in severe pneumonia is entirely dependent on its ELF concentration levels,
our results suggest that temocillin should not be recommended in severe nosocomial
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pneumonia without further clinical data in accordance with recent EUCAST clinical
breakpoints.

MATERIALS AND METHODS

Study design and participants. This was a single-center, prospective, randomized study that was
conducted in six intensive care units (ICUs), with a total of 53 medical and surgical beds, at the Centre
Hospitalier Universitaire du Sart-Tilman, Liége, Belgium, between March 2016 and February 2017. The
study was approved by the local ethics committee (EudraCT number 2015-004591-30), and informed
consent was obtained from relatives because all patients were ventilated at the time of inclusion.

Eligible patients had to meet the following inclusion criteria: age > 18; diagnosis of ventilator-associ-
ated pneumonia (VAP) or hospital-acquired pneumonia (HAP) requiring mechanical ventilation with a
documented pathogen showing temocillin Vitek 2 in vitro sensitivity of =8 mg/L; and creatinine clear-
ance based on 24-h urine output collection and measurement =30 mL/min/1.73 m2

The enrolled patients were prospectively randomized in a 2.5:1 ratio to either the intermittent infu-
sion group (Il; 2 g over 0.5 h every 8 h) or the continuous infusion group (Cl; 6 g over 24 h after a loading
dose of 2 g over 0.5 h). The a priori defined ratio was chosen to study the temocillin concentration at
five time points, using only one ELF sample per patient. No power size calculation was deemed neces-
sary for this descriptive study.

Data collection, study drug, and sampling. Demographic and clinical data were prospectively col-
lected including age, sex, weight, admission diagnosis, duration of ICU stay before temocillin treatment,
clinical pulmonary infectious score (CPIS), simplified acute physiology score (SAPS) 3, sequential organ
failure assessment (SOFA), and acute physiology and chronic health evaluation (APACHE) scores, pres-
ence of septic shock, and in-hospital and ICU mortality.

Temocillin (Négaban; Eumedica, Belgium) was dissolved in 50 mL of NaCl 0.9% saline solution and
injected into a central venous catheter via a volumetric pump with an infusion dead space of less than
2 mL. Stability of the infusion has been published elsewhere (26).

All serum and mini-bronchoalveolar lavage (mini-BAL) samples were obtained within 15 min either
side of the expected time of sampling after at least 24 h of infusion in the Cl group and at least 3 doses
in the Il group. Serum samples (10 mL) were collected from indwelling arterial catheters at three prede-
termined time points for each patient in the Cl group: i.e., 8am, time of the mini-BAL, and 4 pm. In the Il
group, blood samples were obtained at predose and 0.5, 1, 3, and 6 h after the start of temocillin
infusion.

Mini-BAL samples (one per patient, evenly at the blood sampling times) were collected through a
standardized mini-BAL procedure as follows: 2 x 40 mL of sterile 0.9% saline solution using a non-bron-
choscopy catheter (Bal-Cath system; Kimberly Clark, Zaventem, Belgium).

Analytical methods. Blood and mini-BAL samples were immediately centrifuged at 3,000 rpm for
10 min and 10,900 rpm for 5 min, respectively; the supernatant was immediately separated and kept at
—20°C until analysis, except for the BAL microbiological culture. For determination of total temocillin,
200 ul of BAL were spiked with ticarcillin (internal standard) and cleaned up by liquid-liquid extraction
prior to chromatographic analysis. For determination of free temocillin concentration, 500 L of serum
or BAL was beforehand filtered by centrifugation using an Amikon 10-kDa ultrafiltration device
(Millipore). Then, 300 wL of this ultrafiltered serum (or 200 uL of ultrafiltered BAL) were spiked with ticar-
cillin and were cleaned up by liquid-liquid extraction. The ultrafiltered serum/BAL was directly analyzed
without extraction.

All pretreated samples were analyzed using a validated method on ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS) (Acquity Waters-Quattro Premier Waters)
equipped with a solvent quaternary pump, an injector, an Acquity HSS T3 column (100 x 2.1 mm;
1,8 wm) thermostatized at 40°C, and MassLynx computer software (Waters Corporation).

Measure of urea and determination of ELF concentrations. The concentrations of urea in the se-
rum and ELF were determined as described by Rennard et al. (27) with the urea nitrogen/1900 kit
(Roche Professional Diagnostics, Mannheim, Germany). The concentration of temocillin in ELF was there-
after determined using urea as an endogenous marker according to the following formula (27, 28).

TEMBAL X ureappa
TEMgp= —MM—
ureagar,

where calculated TEM ;. is the concentration of temocillin in ELF, TEM,, is the concentration of temocil-
lin in the mini-BAL fluid, urea, , is the concentration of urea in serum (collected concomitantly with
bronchoscopy), and ureag,, is the concentration of urea in the mini-BAL fluid.

MIC determinations. MICs were first determined using the automated system Vitek 2 (bioMérieux)
and subsequently by Etest (bioMérieux).

PK analysis. A population PK model was developed. A nonlinear mixed effects modeling approach
was performed with NONMEM version 7.4.0 (double precision; Icon Development Solutions, Ellicott City,
MD, USA) and PsN-toolkit version 4.6.0 (29). The first-order conditional estimation method with interac-
tion was used. One- and two-compartment structural models were fitted to free (Cu) and total (Ct) se-
rum and total ELF (Celf) concentrations. The estimated pharmacokinetic parameters reflect the unbound
concentrations of temocillin. The relationship between bound and unbound concentrations of temocillin
was described by an E,_,-type model of parameters Cb,,,, the maximal concentration of temocillin that
can be bound and BC,,, the concentration of unbound temocillin for which half of Cb,,, is reached. The

max
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passage of unbound temocillin from plasma to ELF was modeled with an entry clearance into ELF (Q,)
and an exit clearance from ELF (Q,,,). At steady state, the AUC ratio (R, ) between Cu and Celf corre-
sponds to the Q,,/Q,, ratio. The interindividual variability in the PK parameters was estimated with the
use of exponential models. The correlation between individual values of plasma clearance and central
volume of distribution was estimated. Additive, proportional, and mixed error models were investigated
to describe the residual variability. Weight, body surface area, and creatinine clearance were tested as
covariates on volumes of distribution and/or clearance parameters. Power functions were used for this
purpose. A decrease in objective function of >3.84 was used to consider a covariate as statistically sig-
nificant with a 5% type | error. The correlation between unbound and total temocillin concentration
measurements from the same sample was tested using the L2 function in NONMEM. Precision of the
estimations was evaluated by using the sampling importance resampling (SIR) procedure, implemented
with PsN (30). An internal validation of the model was performed by visual inspection of goodness-of-fit
(GOF) plots, based on model predictions and residuals, and visual predictive checks (VPCs).

Monte Carlo simulations. (i) PK/PD analysis. Steady-state concentrations of temocillin in serum
and ELF were generated for 32,000 virtual subjects by Monte Carlo simulations, with the same demo-
graphic characteristics as the 32 patients included in the study, for each of the two dosing scenarios.
Subsequently, the %T > MIC were calculated as well as the probabilities of target attainment (PTA) for
different PD targets based on Cu for plasma. The BSAC defined breakpoints for systemic infections
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caused by Enterobacterales were used (11).
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