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Background: It is important to optimize dosing schemes of antibiotics to maximize the probability of therapeutic 
success. The recommended pharmacokinetic/pharmacodynamic (PK/PD) index for piperacillin/tazobactam 
therapy in clinical studies ranges widely (50%–100% fT>1–4×MIC). Dosing schemes failing to achieve PK/PD targets 
may lead to negative treatment outcomes.

Objectives: The first aim of this study was to define the optimal PK/PD index of piperacillin/tazobactam with a 
hollow-fibre infection model (HFIM). The second aim was to predict whether these PK/PD targets are currently 
achieved in critically ill patients through PK/PD model simulation.

Patients and methods: A dose-fractionation study comprising 21 HFIM experiments was performed against a 
range of Gram-negative bacterial pathogens, doses and infusion times. Clinical data and dose histories from a 
case series of nine patients with a known bacterial infection treated with piperacillin/tazobactam in the ICU were 
collected. The PK/PD index and predicted plasma concentrations and therefore target attainment of the patients 
were simulated using R version 4.2.1.

Results: fT>MIC was found to be the best-fitting PK/PD index for piperacillin/tazobactam. Bactericidal activity with 
2 log10 cfu reduction was associated with 77% fT>MIC. Piperacillin/tazobactam therapy was defined as clinically 
‘ineffective’ in ∼78% (7/9) patients. Around seventy-one percent (5/7) of these patients had a probability of 
>10% that 2  log10 cfu reduction was not attained.

Conclusions: Our dose-fractionation study indicates an optimal PK/PD target in piperacillin/tazobactam therapies 
should be 77% fT>MIC for 2 log10 kill. Doses to achieve this target should be considered when treating patients in ICU.

© 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 increasing incidence of global antimicrobial resistance 
reported in bacterial human pathogens in combination with 
the lack of antimicrobial development success in recent 
decades has raised concerns about antimicrobial treatment 
options for the future. For critically ill patients admitted to 
the ICU, concerns have been raised about current antibiotic 

treatment failure. Dosing regimens of antibiotics are usually 
developed in healthy volunteers and ward patients; however, 
ICU patients may exhibit different pharmacokinetic (PK) 
characteristics.1

Dosing schemes of antibiotics are defined using the PK/phar-
macodynamic (PK/PD) index. Currently, antibiotics are classified 
into three different PK/PD indices: (i) the ratio between the 
maximum drug concentration reached compared to the MIC 
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( fCmax/MIC); (ii) the ratio between the AUC24 compared with the 
MIC ( fAUC/MIC); or (iii) the fraction of time that the antibiotic con-
centration exceeds the MIC ( fT>MIC). The PK/PD index is usually 
determined with dose-fractionation studies.

Piperacillin/tazobactam is a penicillin/β-lactamase inhibitor 
combination prescribed frequently in the hospital setting and 
with a broad spectrum of activity for the treatment of a diverse 
range of infections. For piperacillin/tazobactam, a wide range of 
PK/PD targets in clinical studies have been described (50%– 
100% fT>1–4×MIC).2–6

Dose-fractionation experiments of piperacillin/tazobactam 
have been performed using a neutropenic murine thigh infection 
model,7 a one-compartment in vitro model,8 and a hollow-fibre in-
fection model (HFIM).9 A limitation of some of these experiments 
was that only the Escherichia coli strains were assessed, which 
does not account for piperacillin/tazobactam therapies used for 
more causative agents in clinical practice.7,8 Further, in some ex-
periments, piperacillin/tazobactam was not evaluated in its clinic-
ally employed 8:1 ratio,10 since piperacillin concentrations were 
fixed whilst tazobactam concentrations varied.8,9 Additionally, 
these experiments only evaluated 30 min infusions.7–9

The first aim of this study was to undertake a dose-fractionation 
study in an HFIM to define the PK/PD index of piperacillin/tazobac-
tam against several clinically relevant Gram-negative bacteria. 

Upon determining the PK/PD index and targets, the second aim 
was to demonstrate whether PK/PD targets are likely to be attained 
in ICU patients and to assess the outcomes of current treatment of 
known infections.

Materials and methods
A dose-fractionation study was performed using an HFIM. For details on 
the materials, HFIM setup and PK validation method, see the 
Supplementary Methods (available as Supplementary data at JAC-AMR 
Online).

Method for dose-fractionation assays
The MICs were determined using the broth microdilution method.11

Seven growth control experiments and 14 dose-fractionation experi-
ments were performed. The drug infusion was administered every 6 h 
over 24 h. Infusion times were 30 min or 3 h.

Before the start of the experiments, the bacterial titre as cfu/mL in the 
inoculum was estimated using a UV spectrophotometer to measure OD. 
During the experiments, the cfu/mL was measured by diluting samples 
10-fold in PBS and plating them out on Mueller–Hinton (MH) agar plates.

The PK/PD index and targets were defined using the statistical soft-
ware R version 4.2.1. Non-linear least squares were used to build models 
on the 24 h timepoint with model selection guided by Akaike information 
criteria (AIC) and R2.

Figure 1. Model for PK/PD index fT>MIC for piperacillin/tazobactam. The black line indicates the PK/PD index model fT>MIC. The dots represent the out-
comes of each experiment. The closer the dots are to the black line, the better the model fits. The different colours of the dots denote the doses used, as 
defined in Materials and methods; shapes denote the organism used (E. coli: ATCC25922, DWEC107; K. pneumoniae: DWKC01, JRKC01; P. aeruginosa: 
SWPC02, SWPC04). The x-axis represents the percentage of time the piperacillin/tazobactam concentration was above the MIC; the y-axis represents 
the change in log10 cfu/mL over 24 h.
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Target attainment
Clinical data for patients admitted to the ICU, University College London 
Hospitals from 27 July 2021 to 30 July 2022 were collected. Ethical 
approval was not deemed necessary as this was registered as an internal 
audit (a non-interventional retrospective audit of practice). One database 
had a collection of patients with known infections of either E. coli, 
Klebsiella pneumoniae or Pseudomonas aeruginosa. The other database 
consisted of patients who were administered piperacillin/tazobactam 
therapy in the ICU. The databases were combined to select patients 
who had a positive blood culture of one of the strains during piperacil-
lin/tazobactam treatment in the ICU. The dosing scheme (q6h versus 
q8h), the change in serum creatinine during the dosing scheme, age, 
weight, sex and whether they were on haemofiltration were collected. 
To predict blood concentrations for each patient, primary PK parameters 
of a previously made PK/PD model by Lonsdale et al.3 were used. Since pa-
tients on haemofiltration were excluded from that study, the dialysis 
clearance parameter defined by the PK/PD model of ertapenem by 
Eyler et al.12 was added. With these primary parameters and the individ-
ual parameters of each patient, the piperacillin/tazobactam concentra-
tion was simulated 1000-fold in R version 4.2.1. Subsequently, it was 
predicted whether the PK/PD targets were reached. As a reference point 
to define the MICs per isolate, the epidemiological cut-off (ECOFF) value 
defined by EUCAST for piperacillin/tazobactam was used.13

The outcome of piperacillin/tazobactam treatment per patient was 
classified as ‘effective’, ‘ineffective’ or ‘indeterminant’. ‘Ineffective’ was 
defined as starting additional antibiotics with a broader or similar spec-
trum within 48 h after treatment or death due to infection within 
10 days after the end of treatment. Treatment was defined as ‘indeter-
minate’ if the dosing scheme was too short to be able to have an effect 
or if the patient died of other causes during therapy. The outcome was de-
fined as ‘effective’ in any other situation.

Results
Dose-fractionation study
The MICs were 2, 32, 256, 32, 64 and 4 mg/L for ATCC 25922, 
DWEC107 (E. coli), DWKC01, JRKC01 (K. pneumoniae), SWP02 and 
SWPC04 (P. aeruginosa), respectively. For the results of the growth 
control and dose-fractionation experiment, see Figure S1. Figure 1
depicts the best-fitting PK/PD model. The AIC for fT>MIC was 94.1 
with an R2 value of 0.691, whereas the corresponding values for 
fCmax/MIC and fAUC/MIC were 102/0.526 and 96.9/0.62, respective-
ly. The PK/PD targets for fT>MIC were as follows: bacteriostasis was 
associated with 48% fT>MIC, 1 log10 kill was associated with 60% 
fT>MIC and 2 log10 kill with 77% fT>MIC.

Target attainment
Nine patients were selected, with 4/9 treated with piperacillin/tazo-
bactam 4.5 g q6h and 5/9 patients treated with 4.5 g q8h. The 
treatment was noted as ‘effective’ in one patient, ‘indeterminate’ 
in one patient and ‘ineffective’ in seven patients (Table 1). For five 
patients, all with ‘ineffective’ treatment outcome, there is a prob-
ability of 10% or more that the target for 2 log10 kill was not 
reached. There was no statistical difference between the q6h 
and q8h groups (unpaired t-test, P value = 0.9062).

Discussion
We have conducted a detailed dose-fractionation study to con-
firm the PK/PD index of piperacillin/tazobactam in its standard Ta
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8:1 ratio against a range of clinically relevant Gram-negative bac-
terial pathogens. From a case series of nine patients treated in 
ICU, we show that five had at least a 10% probability of not 
achieving the PK/PD target for 2 log10 kill, indicating suboptimal 
dosing could be a factor in treatment failure.

The best fitting index of fT>MIC was similar as expected for 
β-lactam antibiotics.14 The targets found in our study support the 
ones found in other dose-fractionation studies. For bacteriostasis, 
targets of 42% fT>MIC,7 44.9% fT>MIC

8 and >55.1% fT>MIC
9 were pre-

viously found, compared with 48% fT>MIC found in this study. For 
1 log10 kill, targets of 56% fT>MIC

7 and 62.9% fT>MIC
8 were found, 

compared with 60% fT>MIC in this study. The added value of this 
study was that it was performed with six strains mostly obtained 
from clinical isolates, two different infusion times (30 min and 
3 h) and 8:1 piperacillin:tazobactam ratio was used. The similar re-
sults to the animal study suggest that HFIM is a good replacement 
for PK/PD determination.7

Based on this small case series, piperacillin/tazobactam 
treatment administered by 30 min infusion in ICU patients 
does not seem to be effective, regardless of whether q6h or 
q8h is used. The DALI study showed that lower PK/PD target at-
tainment is associated with a more negative clinical outcome.2

This may indicate the need to modify the current dosing 
schemes for ICU patients to extended or continuous infusions. 
Previous research indicates that prolonged or continuous infu-
sion leads to better target attainment and clinical outcomes 
than intermittent infusion,5,6,15,16 and leads to improved out-
comes on mortality.17 18

A limitation of this study was that it lacked adjustment for ta-
zobactam’s influence on piperacillin susceptibility. However, we 
aimed to assess the standard piperacillin/tazobactam ratio for 
clinical extrapolation rather than determining its optimal ratio.

In our study, the piperacillin/tazobactam PK/PD model 
employed, designed by Lonsdale et al.,3 does not correct for hae-
mofiltration. Subsequently, we applied a PK/PD correction param-
eter that was based on a PK/PD model designed for ertapenem,12

because of lack of more suitable data. The number of patients au-
dited was a limited population and they had covariates that may 
have influenced treatment outcomes. Since MIC values for the 
patient isolates were unavailable in this study, the ECOFF values 
were used instead.13

More research employing larger populations should be 
performed to evaluate piperacillin/tazobactam effectiveness 
in ICU patients and determine how improved dosing schemes 
may achieve therapeutically effective target attainment. 
Ultimately, improving measures to achieve optimal dosing of 
piperacillin/tazobactam in the ICU is important to increase ef-
fectiveness of treatment whilst avoiding unnecessary drug ex-
posures potentially stimulating new resistance mechanisms in 
bacteria. HFIMs, therefore, may be important tools to comple-
ment antimicrobial stewardship programmes in healthcare 
settings.
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