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A B S T R A C T

Objectives: Piperacillin is a β-lactam antimicrobial frequently used in critically ill patients with acute
kidney injury treated with continuous renal replacement therapy (CRRT). However, data regarding
piperacillin tissue concentrations in this patient population are limited. A prospective observational
study was conducted of free piperacillin concentrations during a single 8-h dosing interval in plasma (8
samples) and subcutaneous tissue (SCT) (13 samples), in 10 patients treated with CRRT following
piperacillin 4 g given every 8 h as intermittent administration over 3 min.
Methods: A population pharmacokinetic model was developed using NONMEM 7.4.3, to simulate
alternative administration modes and dosing regimens. SCT concentrations were obtained using
microdialysis. Piperacillin concentrations were compared to the clinical breakpoint minimum inhibitory
concentration (MIC) for Pseudomonas aeruginosa (16 mg/l), with evaluation of the following
pharmacokinetic/pharmacodynamics targets: 50% fT > 1 � MIC, 100% fT > 1 � MIC, and 100% fT > 4
� MIC.
Results: SCT concentrations were generally lower than plasma concentrations. For the target of 50% free
time (fT) > 1 � MIC and 100% fT > 1 � MIC, piperacillin 4 g every 8 h resulted in probability of target
attainment (PTA) >90% in both plasma and SCT. PTA > 90% for the target of 100% fT > 4 � MIC was only
achieved for continuous infusion.
Conclusions: Piperacillin 4 g every 8 h is likely to provide sufficient exposure in both plasma and SCT to
treat P.aeruginosa infections in critically ill patients on CRRT, given that targets of 50% fT > 1 � MIC or 100%
fT > 1 � MIC are adequate. However, if a more aggressive target of 100% fT > 4 � MIC is adopted,
continuous infusion is needed.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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Introduction

Septic shock is a common cause of acute kidney injury (AKI)
in critically ill patients (de Mendonca et al., 2000; Bagshaw et al.,
2007). Piperacillin/tazobactam is a β-lactam/β-lactamase inhibi-
tor combination commonly used both for empirical and targeted
treatment in the intensive care unit (ICU setting. It exhibits a
broad spectrum antibacterial activity against both gram-positive
and gram-negative bacteria, including Pseudomonas aeruginosa
(Pinder and Lipman, 2002). The efficacy is related to the time
during which the free drug concentration is maintained above the
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minimum inhibitory concentration (fT > MIC). For piperacillin,
achievement of 50% fT > 1 � MIC in plasma has been associated
with clinical cure (Drusano, 2004; Seyler et al., 2011); however,
the exact association between piperacillin concentrations and
clinical efficacy remains uncertain. Since most bacteria reside in
the interstitial space of solid tissues, information on target site
concentrations is needed in order to evaluate the existing
treatment targets more closely (Drusano, 2004). Microdialysis
has evolved as a promising tool to continuously sample the free
fraction of antimicrobials from the interstitial fluid of the
investigated tissue (de la Pena et al., 2000; Joukhadar and
Muller, 2005). In contrast to existing methods for the assessment
of tissue concentrations, microdialysis has the potential to
generate dynamic antimicrobial pharmacokinetic (PK) data from
target sites.

Continuous renal replacement therapy (CRRT) is used in 5–10%
of critically ill patients treated in the ICU (Uchino et al., 2005).
During CRRT, plasma–water and solutes with low molecular
weight, including many types of antimicrobials, are removed from
the circulation. In particular, water-soluble drugs with low
albumin binding, such as piperacillin, may be removed (Seyler
et al., 2011; Roberts et al., 2012). Still, data regarding piperacillin
tissue concentrations in critically ill patients treated with CRRT are
limited (Ulldemolins et al., 2014; Varghese et al., 2014). Therefore,
we set out to assess the PK of free (unbound) piperacillin during a
single 8-h dosing interval in plasma and subcutaneous tissue (SCT)
using microdialysis in critically ill patients treated with CRRT
following piperacillin 4 g given every 8 h (q8h) as intermittent
administration (IA) over 3 min. By establishing a population PK
model, alternative dosing regimens and modes of administration
were simulated, and their probability of target attainment (PTA)
was evaluated.

Methods

This prospective observational study was conducted in the
Department of Anaesthesia and Intensive Care Medicine, Aarhus
University Hospital, Denmark, between December 2017 and June
2018. Chemical analyses were performed in the Department of
Clinical Biochemistry, Aarhus University Hospital.

Patient population, CRRT, and piperacillin

Patients treated with intravenous piperacillin/tazobactam (4
g/0.5 g) q8h given as an IA over 3 min and requiring CRRT were
eligible for the study. CRRT treatment and piperacillin/tazobactam
therapy were initiated independent of the current study, at the
discretion of the treating physician. A minimum of two doses of
piperacillin/tazobactam were given before study inclusion, with all
prior piperacillin/tazobactam doses recorded for incorporation in
the dataset.

Exclusion criteria were pregnancy, platelets below 5 � 109/l,
international normalized ratio (INR) above 5, known allergy to
benzylpenicillin or piperacillin, lactate >4 mmol/l, and the need for
noradrenalin >0.50 mg/kg/min or the equivalent doses of vaso-
pressors. The following data were collected and registered for each
enrolled patient on the day of inclusion: age, sex, weight, type of
anticoagulant required for CRRT, admission diagnosis, urine
output, microbiology, plasma creatinine, plasma bilirubin, plasma
albumin, plasma urea, Simplified Acute Physiology Score III
(SAPS3), and CRRT settings.

The Prismaflex CRRT system was used (Baxter International Inc.,
Deerfield, IL, USA) and all patients were treated using the M100
filter. All CRRT settings were prescribed at the discretion of the
treating physician following standard procedures in the depart-
ment, including continuous veno-venous haemodiafiltration
(CVVHDF), citrate anticoagulation, and the aim for a prescribed
effluent dose of 30 ml/kg/h.

Microdialysis

Briefly, microdialysis is a catheter-based technique that follows
a diffusion of water-soluble molecules, including antimicrobials,
from the interstitial space of accessible tissues across a semiper-
meable membrane located at the tip of the catheter (Bue et al.,
2018a,b; Tottrup et al., 2019). Due to continuous perfusion of the
microdialysis catheter, equilibrium will never occur. Accordingly,
the free concentration of the dialysate will only represent a fraction
of the actual free concentration in the tissue. This fraction is
referred to as ‘relative recovery’ and can be determined by various
calibration methods, which is imperative when assessing free
tissue concentrations (Bouw and Hammarlund-Udenaes, 1998; de
la Pena et al., 2000; Joukhadar and Muller, 2005). In this study,
benzylpenicillin was used as an internal calibrator for piperacillin
(Roberts et al., 2009). No patient received benzylpenicillin before
or after inclusion in the study. The relative recovery of piperacillin
was calculated from the loss of the internal calibrator across the
microdialysis membrane, using the retrodialysis by calibrator
method (Bouw and Hammarlund-Udenaes, 1998; Hanberg et al.,
2018). All catheters were calibrated individually. Detailed descrip-
tions of microdialysis can be found elsewhere (Muller, 2002;
Joukhadar and Muller, 2005; Hanberg et al., 2018). This study used
equipment from M Dialysis AB (Stockholm, Sweden). CMA 63
catheters were used (membrane length 30 mm with 20 kDa cut-
off), and CMA 107 precision pumps produced a flow rate of 2
ml/min.

Sampling procedures

Rich microdialysis and blood sampling were performed during
a single 8-h dosing interval. The microdialysis catheter was
inserted in the SCT of the upper arm a minimum 30 min prior to a
new piperacillin/tazobactam administration. The catheter was
fixed to the skin with a single suture to prevent displacement. The
microdialysis system was perfused with 0.9% NaCl containing
benzylpenicillin at a concentration of 4 mg/l (provided by the
Pharmacy at Aarhus University Hospital). Single blood and SCT
trough samples were obtained prior to the administration of
piperacillin/tazobactam (time 0), after which dialysates were
collected every 20 min for the first 3 h and every 60 min in the
following 5 h, providing 13 dialysates in total. Blood samples were
drawn from a peripheral arterial catheter at 10, 20, 30, 60, 120, 240,
and 480 min post-dose, resulting in a total of eight blood samples
per patient.

Blood samples were kept for a maximum of 3 h at room
temperature before being centrifuged at 3000 g for 10 min. Plasma
aliquots were frozen and stored at �80 �C until analysis. All
dialysates were immediately frozen on dry ice for a maximum of 10
h before being transferred and stored at �80 �C until analysis.

Quantification of piperacillin and benzylpenicillin concentrations

Unbound piperacillin concentrations in microdialysates and
plasma and benzylpenicillin concentrations in microdialysates
were simultaneously quantified with a standard assay using ultra-
high performance liquid chromatography (UHPLC) in the routine
hospital laboratory for therapeutic drug monitoring in hospitalized
patients. The UHPLC system consisted of an eluent pump,
autosampler, column compartment, and a UV detector (Agilent
1290 Infinity; Agilent Technologies, Waldbronn, Germany),
equipped with a Poroshell 120, EC-C18 2.1 � 100 mm, 2.7-mm
column (Agilent). Before UHPLC analysis, plasma was centrifuged
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in a 96-well ultrafilter plate with a 30-kDa molecular mass cut-off
retaining protein (mainly albumin) with unspecifically bound
antimicrobials, leaving only the free fraction of piperacillin for
analysis. Five microliters of microdialysate or plasma was then
mixed with 20 ml phosphate buffer pH 3.0 (50 nM NaH2PO4,
adjusted with o-phosphoric acid, 85%). After mixing, 10 ml was
injected into the UHPLC system. Calibration standards of 1.56, 3.13,
6.26, and 25.0 mg/ml piperacillin and 1.56, 3.13, 6.25, and 25.0
mg/ml of benzylpenicillin in 15 ml 0.9% NaCl were prepared and
analysed. No significant matrix effect on the calibration curves was
observed. Chromatography was conducted at 40 �C, with a gradient
of acetonitrile and phosphate buffer (50 nM NaH2PO4, 5%
acetonitrile, pH 3.0). The concentration of acetonitrile was elevated
from 20% to 30% over a time span of 4 min, and the total time of
analysis was 4 min with a post run time of 1 min. Piperacillin and
benzylpenicillin were detected at 210 nm. The lower limits of
quantification were found to be 0.5 mg/ml for piperacillin and 0.3
mg/ml for benzylpenicillin. Inter-run imprecisions (percent coef-
ficients of variation (CV%) were 15.3% at 4.5 mg/ml and 8.2% at 15.6
mg/ml for quantification of piperacillin, and 13.3% at 2.6 mg/ml and
14.4% at 12.0 mg/ml for quantification of benzylpenicillin. Dilution
experiments using high-concentration samples showed linearity
in measurement response within 0.5 mg/ml to 500 mg/ml for
piperacillin, and within 0.5 mg/ml to 60 mg/ml for benzylpenicillin.
All samples were diluted before bulk analyses as appropriate,
based on pilot experiments.

MIC

The clinical breakpoint MIC for planktonic P. aeruginosa (16
mg/l) defined by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) (EUCAST, 2019) was used to
evaluate the following pharmacokinetic/pharmacodynamic (PK/
PD) targets: 50% fT > 1 � MIC, 100% fT > 1 � MIC, and 100% fT > 4 �
MIC. P. aeruginosa is a problematic pathogen frequently seen in the
ICU setting, and the clinical breakpoint MIC may reflect a worst
case scenario regarding bacterial susceptibility in empirical
antimicrobial therapy (Shorr, 2009).

Pharmacokinetic modelling

All available samples were included and analysed using
population PK modelling in NONMEM 7.4.3 (ICON Development
Solutions, Hanover, MD, USA) (Boeckmann et al., 2013), with the
support of Perl-Speaks-NONMEM (PsN) and Piraña (Keizer et al.,
2013). The first-order conditional estimation method with
interaction was used for parameter estimation. R version 3.5 (R
Foundation for Statistical Computing, Vienna, Austria) was used for
data management, and the xpose4 package was used to support
model diagnostics and graphical evaluation of the results (Keizer
et al., 2013).

The likelihood ratio test (LRT) was used to evaluate statistical
significance for the inclusion of additional parameters in nested
models, with the objective function value (OFV) assumed to be Chi-
square distributed. A reduction in OFV (DOFV) of 3.84 between two
nested models with one parameter difference was considered a
statistically significant difference at the 5% significance level, with
a p-value of 0.05. Model selection was guided by statistical
goodness-of-fit, graphical evaluation of residual diagnostic plots,
and simulation-based prediction-corrected visual predictive
checks (VPC) (Bergstrand et al., 2011), and plausible parameter
estimates with acceptable precision (Nguyen et al., 2017).

Initially, a model was developed to describe the plasma
samples, for which one-, two-, and three-compartment disposition
models were evaluated. Thereafter, the model was extended to
include microdialysis observations using methodology described
previously (Tunblad et al., 2004). The observations were treated as
obtained, i.e., as dialysate concentration at the end of the collection
interval after correction for recovery. During model development,
the central, peripheral, or a separate compartment was evaluated
to reflect the collection site of the microdialysis data. To describe
the variability between patients, inter-individual variability (IIV)
terms were included if significant, assuming log-normally
distributed parameters.

To explain some of the observed random variability, the
following patient characteristics were evaluated in a covariate
analysis: age, weight, and serum albumin. Covariate selection was
guided by graphical evaluation and the LRT, with primary focus on
the clearance parameter. Since piperacillin is predominantly
eliminated renally (about 70%) (Andersen et al., 2018), there is a
physiological relationship between creatinine clearance and
piperacillin clearance. However, since the patients in this study
were anuric and on dialysis, it was not possible to evaluate a
covariate effect of creatinine clearance on elimination. Clearance
and volume parameters were scaled to body weight in line with
allometry, where weight was normalized to 70 kg for a typical
adult and scaled using a fixed exponent of 0.75 for clearance and 1
for volume. Categorical covariates were included as a shift in the
typical value from the most common category. The covariate
search was performed by stepwise covariate model building
supported by PsN, starting with forward addition followed by
backward elimination, with a significant p-value of 0.05 for
forward addition and 0.01 for backward elimination (Jonsson and
Karlsson, 1998).

Simulations

Alternative dosing regimens and modes of administration were
assessed at steady state (defined as the third day of dosing) with
respect to the PTA for the three PK/PD targets. Piperacillin daily
doses of 16, 12, and 8 g were assessed, administered by continuous
infusion (CI), extended infusion (EI), or intermittent administration
(IA). The EI dosing regimens were 4 g q6h (infusion over 3 h), 4 g
q8h (infusion over 4 h), and 4 g q12h (infusion over 6 h). The IA
dosing regimens were 4 g q6h, 4 g q8h, 4 g q12h, 2 g q4h, and 2 g
q6h. A population of 100 000 individuals were simulated for each
regimen with the final model, with values for any identified
covariate sampled from the observed values in the study
population, or a corresponding population distribution.

Results

Patient characteristics and piperacillin concentrations

Ten patients were included in the study; their characteristics
are summarized in Table 1. No microdialysis or piperacillin/
tazobactam adverse events were observed. Relative recovery could
not be determined for one of the microdialysis catheters. Since the
dialysate piperacillin concentrations from this catheter resembled
those of the other catheters, the mean value of the remaining
relative recoveries was applied for this catheter. Relative recovery
(mean � standard deviation (SD)) was 0.23 � 0.12, and trough free
piperacillin concentrations were 76.29 � 33.42 mg/ml in plasma
and 65.08 � 43.27 mg/ml in SCT.

Pharmacokinetic modelling

In general, free piperacillin in SCT was lower than that observed
in plasma, as shown in Figure 1. The parameter estimates of the
final PK model, in conjunction with the uncertainties and inter-
individual variability of the parameters, are summarized in Table 2.
The plasma samples were described by a two-compartment model



Table 1
Patient baseline characteristics (n = 10).a

Patient Age
(years)

Sex Weight
(kg)

AC Admission
diagnosis

Urine
output

Microbiologyb Creatinine
(mmol/l)

Bilirubin
(mmol/l)

Albumin
(g/l)

Urea
(mmol/l)

SAPS3 Prescribed
effluent dose
(ml/kg/h)c

1 81 F 65 Citrate Pneumonia Anuria Klebsiella
pneumoniae1

131 9 30 6.6 54 45

2 71 M 86 Citrate PI VSD Anuria NF 259 20 33 11.8 65 37
3 78 F 74 Heparin Pulmonary

embolism
Anuria NF 85 22 22 14.3 73 31

4 70 M 98 Citrate Sepsis Anuria Enterococcus faecalis2 244 21 27 12.8 68 40
5 72 M 60 Citrate Cardiac

arrest
Anuria NF 103 35 19 5.8 70 55

6 65 M 91 Citrate Aorta
dissection

Anuria Staphylococcusaureus2 191 334 26 16.2 65 37

7 62 F 58 Citrate Pneumonia Anuria Influenza A virus3 109 41 15 7.5 - 38
8 80 M 70 Citrate Pneumonia Anuria Influenza A virus4 140 15 26 9.2 91 44
9 46 M 84 Citrate Aorta

dissection
Anuria NF 649 9 33 24.1 51 40

10 64 F 84 Citrate Cardiac
arrest

Anuria Influenza B virus3 186 10 35 16.4 91 34

Median 70.5 79 163 20.5 26.5 12.3 68 39

AC, anticoagulant; SAPS3, Simplified Acute Physiology Score III; F, female; M, male; PI VSD, post infarct ventricle septum defect; NF, not found.
a All data were registered on day 1.
b The origin of the pathogens is indicated by superscript numbers: 1, pleural effusion; 2, tracheal secretion; 3, respiratory secretion; 4, throat swab.
c CRRT was not interrupted during the study period in any of the patients (prescribed dose = delivered dose).

Figure 1. Overview of the free microdialysis concentrations (closed circles) and plasma concentrations (open circles) available for each of the 10 individuals included. The
predicted free concentration–time courses from the model are shown for both plasma (dark solid lines) and subcutis (light solid lines) compartments. The observed
microdialysis concentrations (the average concentration over the collection interval) are plotted at the mid-point of the sampling interval for illustration. Body weight and age
are given for each patient.

Table 2
Final parameter estimates and variances from the population pharmacokinetic modelling analysis, including parameter uncertainty and shrinkage in inter-individual and
residual variability.

Parameter Parameter description Estimate (RSE%) [SHR%]

CL (l/h) Elimination clearance 3.30 (3.9)
Vc (l) Central volume of distribution 6.77 (8.3)
Q (l/h) Inter-compartmental clearance 15.4 (21)
Vp (l) Peripheral volume of distribution 10.0 (9.2)
fpl,sc Scaling factor between plasma and subcutis 0.661 (11)
CV% CL Inter-individual variability in CL 10.9 % (25) [6.6]
CV% Q Inter-individual variability in Q 54.8 % (29) [9.1]
CV% Vp Inter-individual variability in Vp 26.0 % (33) [12]
CV% fpl,sc Inter-individual variability in fpl,sc 35.7 % (17) [0]
ERR (%) Proportional residual error 16.6 % (15) [7.9]

CV%, coefficient of variation in percent; RSE, relative standard error in percent; SHR, shrinkage in percent (on standard deviation scale).
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Figure 2. Prediction-corrected visual predictive check based on the final model. The blue dashed lines and shaded areas represent the median and 5th and 95th percentiles of
model simulations and their corresponding 95% confidence intervals, while the red solid lines represent the median and 95th and 5th percentiles of the observed data (plasma
or microdialysis). Observed and simulated microdialysis samples are treated as collection interval data (i.e., the cumulative concentration measured at the end of a collection
interval).

Table 3
Overview of the probability of target attainment (PTA) for each of the regimens for a MIC value of 16.0 mg/l for plasma and subcutaneous tissue, respectively.

PTA: MIC =16.0 mg/l Plasma Subcutaneous tissue

50% fT >1 � MIC 100% fT >1 � MIC 100% fT >4 � MIC 50% fT >1 � MIC 100% fT >1 � MIC 100% fT >4 � MIC

CI 16 g 100 100 100 100 100 97.2
CI 12 g 100 100 100 100 100 87.8
CI 8 g 100 100 100 100 100 53.9
EI 4 g q6h 100 100 100 100 100 87.1
EI 4 g q8h 100 100 95.8 100 100 53.8
EI 4 g q12h 100 100 6.91 100 95.8 7.04
IA 4 g q6h 100 100 98.1 100 100 67.6
IA 4 g q8h 100 100 44.4 100 99.1 23.3
IA 4 g q12h 100 89.2 0 99.9 65.5 0.7
IA 2 g q4h 100 100 98.4 100 100 60.8
IA 2 g q6h 100 100 12.8 100 98.3 11.0

CI, continuous infusion; EI, extended infusion; IA, intermittent administration; fT, free time; MIC, minimum inhibitory concentration; PTA, probability of target attainment.
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with linear elimination. When the model was extended to include
data from microdialysis, the dialysate concentrations were well
reflected by the concentration–time course of free piperacillin in
the peripheral compartment, with a scaling factor estimated as a
parameter (fpl,sc). This scaling factor describes the ratio of drug
concentrations observed in the SCT and the peripheral compart-
ment. The final PK model was able to simultaneously describe the
free drug concentrations in plasma and SCT, with acceptable fit as
shown in the individual prediction plots (Figure 1) and the VPC
(Figure 2).

To describe differences between patients, significant IIV were
identified in elimination clearance, peripheral volume of distribu-
tion, inter-compartmental clearance, and the scaling factor. No
significant change in OFV (DOFV = �2.0) was obtained when an
additional peripheral compartment was evaluated to describe the
microdialysis data. No statistically significant covariates were
identified in the covariate analysis.

Simulations

The results of the simulations, calculated as the PTA for various
regimens, are summarized in Table 3 and illustrated in Figure 3. For
the predefined target of 50% fT > 1 � MIC, the PTA for a pathogen
with MIC equal to 16 mg/l was 100% for all dosing regimens
simulated in both plasma and SCT. The highest PTAs were observed
for CI regimens, with 100% PTA achieved in plasma for all dosing
regimens assessed. In SCT, the PTA for 100% fT > 4 � MIC was 97.2%
and 87.8% for CI 16 g and CI 12 g, respectively, and 53.9% for CI 8 g. In
general, IA given more frequently resulted in higher PTAs. For IA 2 g
q4h and 100% fT > 4 � MIC, PTAs of 98.4% and 60% were observed in
plasma and SCT, respectively. For IA 4 g q8h, the PTAs for the same
target mentioned previously were 44.4% in plasma and 23.3% in
SCT. Both dosing regimens have the same total daily dose of 12 g.

Discussion

Antimicrobial concentrations are known to vary greatly in
critically ill patients, and appropriate dosing remains a pivotal
challenge for clinicians. Sufficient antimicrobial concentrations,
not only in plasma but also at the target site of infection, are crucial
for bacterial eradication. This appears to be the first study to
evaluate the population PK of free piperacillin concentrations in
SCT and plasma in critically ill patients treated with CRRT. In this
study it was found that during standard CRRT settings, IA
piperacillin 4 g q8h is likely to provide sufficient exposure in
both plasma and SCT to treat P. aeruginosa infections, given that
targets of 50% fT > 1 � MIC or 100% fT > 1 � MIC are adequate.
However, if a more aggressive target of 100% fT > 4 � MIC is
adopted, prolonged infusion or a daily piperacillin dose of 16 g is
needed to achieve PTAs �90%. For SCT, only CI of 16 g daily resulted
in PTA � 90% for 100% fT > 4 � MIC. The benefits of a more frequent
IA dosing are demonstrated in Table 3. A daily piperacillin dosing of
12 g administered as IA 2 g q4h resulted in higher PTA for 100% fT >
4 � MIC compared to IA 4 g q8h. However, CI of 12 g resulted in
even higher PTAs compared to the IA regimens mentioned
previously.

CRRT may alter antimicrobial PK and hence complicate the
choice of dosing regimen (Seyler et al., 2011; Roberts et al., 2012;
Ulldemolins et al., 2014). Being a small hydrophilic molecule,
piperacillin is likely to be cleared by CRRT, although data regarding



Figure 3. Probability of target attainment (PTA) for the three PK/PD targets 50% fT > 1 � MIC, 100% fT > 1 � MIC, and 100% fT > 4 � MIC, in both plasma and subcutaneous
tissue. The predictions show the PTA at three daily dose levels of 16, 12, or 8 g, administered either through continuous infusion (CI), extended infusion (EI) (for half of the
dosing interval), or intermittent administration (IA) (short bolus infusion). Administration by CI was over 24 h (q24h), whereas EI consisted of 4 g doses given q6h, q8h, and
q12h and IA consisted of 4 g doses given q6h, q8h, or q12h or 2 g doses given q4h or q6h. The EUCAST MIC breakpoint for Pseudomonas aeruginosa (16 mg/l) is represented by
the dashed vertical line. The dashed horizontal line indicates that 90% of the simulated population have reached the specified target fT > MIC. Note that PTA lines for some
regimens overlap.
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the extent of clearance and the effect on tissue concentrations are
limited (Roberts et al., 2014). Previous studies have investigated
piperacillin plasma concentration in patients treated with CRRT,
demonstrating substantial inter-individual variability in PK (Bauer
et al., 2012; Asin-Prieto et al., 2014; Jamal et al., 2015; Roger et al.,
2017). The mean peak drug concentrations in plasma in the present
study are higher than those in previous studies, but mean trough
concentrations are comparable (Bauer et al., 2012; Asin-Prieto
et al., 2014; Jamal et al., 2015; Roger et al., 2017). This is expected
given the short infusion time of 3 min applied here, compared to 20
min or 30 min in the earlier studies (Bauer et al., 2012; Asin-Prieto
et al., 2014; Jamal et al., 2015; Roger et al., 2017), and the frequent
initial sampling in the current study. Observed peak drug
concentrations are highly dependent on the length of infusion
and the actual timing of sampling. However, given the time-
dependent efficacy of piperacillin, our conclusions do not conflict
with those of previous studies, but provide further support to the
existing evidence suggesting a need for higher doses and/or
continuous infusion of piperacillin in critically ill patients treated
with CRRT.

For piperacillin, data regarding SCT concentrations in this
patient population are sparse (Ulldemolins et al., 2014; Varghese
et al., 2014). In a similar study from 2014, Varghese et al. infused
the same piperacillin dose q8h over 20 min, and found lower
piperacillin SCT concentrations than reported in the present study
(Varghese et al., 2014). However, SCT data were obtained from just
four patients, and the relative recovery values used for correction
were not reported, complicating any direct comparison with the
present study. Relative recovery is of particular importance when
evaluating free tissue concentrations using microdialysis. It is
generally recommended that relative recovery should exceed 20%,
as lower levels of relative recovery are more exposed to a
magnification of the variation associated with sample preparation
and the chemical assay (Chaurasia et al., 2007). The present study
design resulted in a mean relative recovery of 23%, which was
found acceptable (Chaurasia et al., 2007). As most bacteria reside in
the interstitial space of solid tissues, obtaining valid target site
antimicrobial PK is important. In contrast to existing methods
assessing tissue concentrations by means of tissue samples,
microdialysis has a significant advantage by dynamically sampling
from the active compartment. Microdialysis provides high-
resolution concentration–time profiles, which can be used in the
assessment of relevant antimicrobial PK/PD targets.

Overall, the effect of CRRT on piperacillin PK remains somewhat
unclear, which may at least in part be attributed to patient
differences in residual renal function and variation in CRRT
modality (Arzuaga et al., 2005). All patients included in the present
study were anuric, indicating that anuric patients treated with
CRRT may be more likely to achieve therapeutic piperacillin
concentrations than patients with partly preserved renal function.
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The concentration–time course of tazobactam was not
determined in the present study and as such, it was not possible
to determine tazobactam PK in the studied population. Previous
studies have demonstrated that tazobactam plasma concentra-
tions are similar to piperacillin concentrations (Lister et al., 1997;
van der Werf et al., 1997). Moreover, piperacillin exhibits
comparable PK when given alone as well as in combination with
tazobactam. Therefore, any potential influence on the results or
inadequate coverage of β-lactamases with any of the proposed
regimens are therefore unlikely (Sorgel and Kinzig, 1993). A
recent study by Tamme et al. addresses another interesting
clinical issue regarding piperacillin/tazobactam dosing regimens
in patients undergoing high-volume haemodiafiltration (HVHDF)
(Tamme et al., 2016). The tazobactam concentration demonstrat-
ed high inter-individual variability within 10 patients; however,
the concentration after haemodiafiltration did not indicate
accumulation. Any direct comparison of the PK/PD values
obtained in that study with those of the present study is
complicated by the substantial differences in renal replacement
therapy mode (CVVHDF vs HVHDF) and thus in piperacillin
clearance.

A limitation of this study is the small and restricted study
population of 10 patients. However, the rich sampling of data from
both plasma and SCT (by microdialysis) were fully utilized and
integrated by use of the non-linear mixed-effects modelling
approach, which takes all observations from all individuals into
consideration. In addition to simultaneous incorporation and
connection of measurements from different sampling sites, this
approach makes it possible to model microdialysis samples in the
way they were collected, i.e., a sample reflects the concentration
over a time-period and is treated as such in the analysis (and not as
an average over the collection interval). Moreover, tissue perfusion
may have influenced the piperacillin tissue penetration; however,
we consider this influence most likely as minor, as all patients had
lactate levels below 4 mmol/l and vasopressor treatment below
noradrenalin 0.50 mg/kg/min (or equivalent doses of vasopres-
sors). The strict inclusion and exclusion criteria may hinder
generalizability to a broader ICU population, although residual
renal function, CRRT settings, and piperacillin dosing regimens
might be more important for piperacillin PK than patient-related
factors such as the presence of septic shock, comorbidity, and
severity of disease.

Prudently, the assessment of adequate piperacillin exposure
depends on the treatment target and tissue compartment
evaluated. Despite an increased focus on treatment optimization
for patients treated with CRRT, mortality remains high, reportedly
up to 70% (Uchino et al., 2005; Bagshaw et al., 2007; Meersch et al.,
2018). As such, aggressive targets of up to 100% fT > 4 � MIC may be
needed to achieve adequate antimicrobial exposure (Hayashi et al.,
2013; Delattre et al., 2017). Our findings suggest that CI is superior
to IA and EI in plasma and SCT for patients treated with CRRT and
leads to higher PTA irrespective of the daily dose administered. The
choice of optimal treatment target and potential tissue target
differences remain unclear. Large clinical trials with clinical
outcomes are needed for further investigation.

In conclusion, we found that in critically ill ICU patients treated
with CRRT, IA piperacillin 4 g q8h is likely to provide sufficient
exposure in both plasma and SCT to treat P. aeruginosa infections,
given that targets of 50% fT > 1 � MIC or 100% fT > 1 � MIC are
adequate. However, if a more aggressive target of 100% fT > 4 � MIC
is adopted, dose increment or CI regimens are needed.
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