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Abstract
Background: Piperacillin/tazobactam is commonly used for empirical or directed treatment of infections
during extracorporeal membrane oxygenation therapy (ECMO). Critical illness and extracorporeal
circulation, such as ECMO and continuous renal replacement therapy may alter the pharmacokinetic
parameters. We aimed to develop a population pharmacokinetic model of piperacillin/tazobactam in
ECMO patients and investigate the optimal dosage regimen to achieve a pharmacodynamics target.

Methods: This was a prospective observational study of 26 ECMO patients who received
piperacillin/tazobactam. A population PK model was developed using non-linear mixed-effects models
and simulations were performed to evaluate patient variables, MIC levels, and dosage regimens in
relation to the probability of target attainment (PTA). The acceptable piperacillin PTA was set at ≥90% for
50%ƒT >16 mg/L.

Results: A total of 244 samples were collected (163 during ECMO and 81 weaned from ECMO). Thirteen
patients (50%) underwent continuous venovenous hemodia�ltration (CVVHDF). In a 2-compartment
model, clearance increased by 10.1% when patients weaned from ECMO. Because patients on CVVHDF
had a signi�cant residual renal function, CVVHDF was found non-relevant to clearance. Instead, volume
overload which was main cause of CVVHDF and membrane adsorption might contribute to the increased
volume of distribution. Creatinine clearance (CrCL) calculated by Cockcroft-Gault equation had a
signi�cant impact on clearance. Simulation demonstrated that extended infusion should be considered in
ECMO patients with CrCL >60 mL/min. Our proposed regimen was extended infusion of 2/0.25 g q8h,
2/0.25 g 6h, 3/0.375 g q 6h, and 4/0.5g q6h for CrCL ≤40, 40–60, 60–130, and >130 mL/min,
respectively. Furthermore, even a higher dose would be required when patients did not receive CVVHDF
after weaning from ECMO, which was 4/0.5g q6h for CrCL >110 mL/min

Conclusions: Piperacillin/tazobactam PK changes observed in ECMO patients were associated with
critical illness rather than ECMO itself. A recent guideline dose may result in underexposure against
P.aeruginosa when ECMO patients have CrCL > 110 mL/min; therefore, close monitoring of renal
clearance is crucial in ECMO patients who received piperacillin/tazobactam regardless of CVVHDF use to
provide effective treatment of infections and promote recovery. Overall, this study provides preliminary
insights into the incremental effects of critical illness, ECMO and CVVHDF on piperacillin/tazobactam PK.

Trial Registration: Clinicaltrials.gov NCT02581280, December 1st, 2014. 

Introduction
Extracorporeal membrane oxygenation (ECMO) is mechanical circulatory support for bridge to recovery or
transplantation in patients with refractory cardiopulmonary failure, and its use has increased in recent
years [1]. More than 60% of adult patients receiving ECMO develop nosocomial infections, which are
related to the multiple invasive devices required for management, long-term mechanical ventilation, and
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hospital stays [2]. The infectious complications of ECMO increase the risk of death by 38–63% [3, 4];
therefore, prevention and treatment of infections are important.

Piperacillin/tazobactam is an intravenous β-lactam antibiotic commonly used for the empirical or
directed treatment of infections in critically ill patients including ECMO patients [5]. Piperacillin exhibits
activity against a broad range of gram-negative organisms including Acinetobacter baumannii,
Escherichia coli, Klebsiella pneumonia, and Pseudomonas aeruginosa and shows high tolerability [6]. For
piperacillin/tazobactam, having a time-dependent activity pattern, the pharmacodynamics (PD) target is
related to the percentage of time that the unbound drug concentration remains above the minimum
inhibitory concentration (% fT > MIC) [7]. fT > MIC required for optimal bactericidal activity for piperacillin
has been reported to be 50% [8].

Piperacillin/tazobactam is a minimally protein-bound and hydrophilic drug, which recovery from ex vivo
ECMO circuits after 48 h was 71% [9]. Critical illness and ECMO itself can signi�cantly alter the
pharmacokinetics (PK) of piperacillin/tazobactam, which can result in subtherapeutic levels or
accumulation associated with clinical failure. In addition, the use of continuous renal replacement
therapy (CRRT) further complicates the PK of piperacillin/tazobactam [10]. To date, studies on the PK of
piperacillin/tazobactam have enrolled patients receiving ECMO or CRRT separately.

In this study, we developed a population PK model of piperacillin/ tazobactam in ECMO patients and
performed Monte Carlo simulations to evaluate various clinical covariates, MIC level, and dosing
regimens in relation to fT > MIC, and �nally suggested an optimal dosage regimen to achieve the PD
target.

Methods
Study design and population

This prospective observational PK/PD study was conducted at the cardiac intensive care unit (CCU) in
Severance Cardiovascular Hospital between November 2015 and January 2019. The protocol for the
study was approved by the Institutional Review Board (IRB No. 4-2014-0919) of Severance Hospital and
was registered at ClinicalTrials.gov (NCT02581280). Written informed consent was obtained from each
patient or the legal representative of unconscious patients prior to enrolment. This study included
critically ill patients aged 19 years or older who were admitted CCU for venoarterial -ECMO and were
prescribed piperacillin/tazobactam. The exclusion criterion was the use of drugs known to change
piperacillin/tazobactam plasma concentrations.

Details of ECMO and CRRT

The ECMO circuit included a centrifugal blood pump with a pump controller (Capiox® SP-101, Terumo
Inc., Tokyo, Japan), an air-oxygen mixer (Sechrist® Ind., Anaheim, CA, USA), and conduit tubing (Capiox®
EBS Circuit with X coating, Terumo Inc., Tokyo, Japan).
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Patients underwent independent CRRT utilizing continuous venovenous haemodia�ltration (CVVHDF,
Prisma�ex®; Baxter Inc., IL, USA). Prisma�ex® ST100 set con�gurations were used with the
polyacrylonitrile AN 69 membrane of 1m2 surface area. All CVVHDF settings were established at the
discretion of the treating physician.

Dosing and sampling procedure

The standard empirical dose used at our institution for patients with normal renal function is 4/0.5 g of
intravenous piperacillin/tazobactam every 6 h (q6h) or q8h infused over 40 min per dose. However, when
creatinine clearance (CrCL) was <40 mL/min or the patient was receiving CRRT, the
piperacillin/tazobactam dosage was reduced to 3/0.375 g or 2/0.25 g q6h.

Blood samples were collected from an existing arterial catheter just before piperacillin/tazobactam
administration (time 0) and then 0–0.5, 0.5–1, 1–2, 2–4, 4–6, and 6–8 h afterward. The samples were
collected between days 2 and 4 of VA ECMO. In the case of concomitant CRRT, the �rst sample was
obtained at least 24 hours after CRRT initiation. Fourteen subjects received piperacillin/tazobactam after
ECMO weaning, and blood samples were collected as indicated above between days 2 and 4 of VA ECMO
weaning.

plasma concentration assay

Blood samples were added to EDTA tubes and centrifuged at 1,500 × g for 15 min within 1 h of collection
and stored at –80 °C until analysis. Validated liquid chromatography–tandem mass spectrometry assays
were used to quantify piperacillin and tazobactam concentrations [11]. The linear concentration ranges of
piperacillin and tazobactam were 1 to 220 mg/L and 0.5 to 28 mg/L, respectively. The lower limit of
quanti�cation was 0.5 mg/L for both piperacillin and tazobactam. The intra-assay accuracies of the
quality control samples (1, 3, 30, and 160 mg/L) ranged from 94.9% to 96.5% for piperacillin and from
90.0% to 94.7% for tazobactam.

Population PK analyses

Population PK analyses were conducted using non-linear mixed-effects modeling (NONMEM®; version
7.4; ICON Development Solutions, Ellicott, MD, USA) and the �rst-order conditional estimation with
interaction method. We explored 1-, 2-, and 3-compartment models. Interindividual variability (IIV) was
modeled exponentially, and additive, proportional, and combined residual error models were evaluated.
Model selections were based on the decrease in objective function value (OFV), goodness-of-�t (GOF)
plots, and the relative standard errors of the parameters. When adding another parameter to the model, a
decrease in OFV greater than 3.84 points between two nested models was signi�cant at P-values of 0.05.

The relationship between individual PK parameter estimates and the covariates (sex, age, weight, total
plasma protein, glomerular �ltration rate, blood urea nitrogen, serum creatinine, CrCL, total bilirubin, use
of CRRT, CRRT blood �ow rate, CRRT dialysate �ow rate, CRRT duration, use of ECMO, ECMO pump speed,
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ECMO �ow rate, ECMO duration) were investigated in scatter plots and a biologically plausible
explanation for altering PKs were explored. Continuous covariates were centered at the median value of
the population. Based on the 2 test, stepwise covariate modeling with forward inclusion (P <0.05, OFV
decrease of 3.84 points) and backward deletion (P <0.01, OFV increase of 6.64 points) was performed.
Reduced inter-individual and residual variabilities, precision of the parameter estimates, and diagnostic
plots and shrinkage were also considered. The extent of shrinkage, as a measure of model over-
parameterization, was calculated for each PK parameter with associated IIV.

Validation of the �nal model was conducted using the bootstrap method (n = 5,000 runs) and prediction-
corrected visual predictive checks (pc–VPCs). The median and 95% con�dence intervals for the bootstrap
results were compared with the estimated PK parameters from the �nal model. By using pc-VPCs, 1000
datasets were simulated from the �nal model parameter estimates, and the 95% CIs for the 5th, 50th, and
95th percentiles based on the simulated datasets were calculated and overlaid with prediction corrected
observed concentration for visual inspection [12].

Monte Carlo simulations

Monte Carlo simulations (n = 1,000) were conducted for segmented CrCL level (20–150 mL/min) in four
cases: concomitant use of ECMO and CVVHDF, receiving ECMO only, weaning from ECMO and receiving
CVVHDF, weaning from ECMO and not receiving CVVHDF. The dosing regimen was created based on a
total daily piperacillin/tazobactam dose of 16/2, 12/1.5, 9/1.125, 8/1, or 6/0.75 g, with an inter-dose
interval of 6 or 8 h and duration of infusion of 0.5 h (intermittent bolus), 3 or 4 h (extended infusion equal
to half of the dosing interval). Proportion of time between two infusions with piperacillin concentrations
above the concentration threshold (ranging from 2 to 64 mg/L) was determined. The PK/PD target for
piperacillin was set to 50% fT >MIC of 16 mg/L, which is the clinical breakpoint for P.aeruginosa de�ned
by the European Committee on Antimicrobial Susceptibility Testing [13], and considered successful if the
PTA ≥90% [14, 15]. The PTA for 63% fT >2 mg/L of free tazobactam was also evaluated, and the
acceptable PTA level was set at ≥50% [16, 17].

Results
Study population

The study included 26 ECMO patients, of which 19 (73.1%) were male; the median age was 57 (range 20–
89) years, and the median body weight was 70 (range 40.8–92.5) kg. Thirteen patients (50%) received
CVVHDF, with the median blood �ow rate of 150 (range 100–160) mL/min and the median dialysate �ow
rate of 1200 (range 700–1400) mL/h. CrCL was estimated with the Cockcroft–Gault equation on the day
of the study with median of 40.5 (range18.0–111) mL/min on CVVHDF, and 63.2 (16.2–157) mL/min not
on CVVHDF.

All 26 patients provided samples for PK analysis while they were on ECMO. Among them, 14 patients who
were weaned from ECMO were able to provide samples to explore ECMO effect on
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piperacillin/tazobactam PK. A total of 244 piperacillin/tazobactam plasma concentration measurements
were available—67 during concomitant use of ECMO and CVVHDF, 96 during ECMO only, 27 weaning
from ECMO and receiving CVVHDF, and 54 weaning from ECMO and not receiving CVVHDF. The
demographic characteristics are presented in Table 1.

Population PK analysis

A two-compartment PK model with �rst-order linear elimination and proportional residual variability best
described the observed concentration data for piperacillin. IIVs were included for clearance (CL), central
volume of distribution (V1), and peripheral volume of distribution (V2). The full model supported the
inclusion of CrCL and presence of ECMO as covariates for CL, and total bilirubin and presence of
CVVHDF as covariates for V1. In the backward elimination, extracting the total bilirubin from V1 increased
OFV <6.63 (P >0.01). The �nal PK model is described as follows:

CL (L/h) = 9.4 × (1 − 0.092 × ECMO) + [0.115 × (CrCL − 54.7)]

V1 (L) = 6.56 × (1 + 1.46 × CVVHDF)

V2 (L) = 14.2

Q (intercompartmental clearance, L/h) = 17.2

A two-compartment PK model with �rst-order linear elimination and combined residual variability was the
best �t for the tazobactam concentration–time data. IIVs were included for CL and V1. After forward
selection and backward elimination, CrCL and presence of ECMO were identi�ed as the signi�cant
covariates of CL. The �nal PK model is described as follows:

CL (L/h) = 7.93 × EXP (−0.0723 × ECMO) + 0.104 × (CrCL − 54.7)

V1 (L) = 8.58

V2 (L) = 10.5

Q (L/h) = 17.1

The population parameters of the �nal models for piperacillin and tazobactam are presented in Table 2
and 3, respectively. All estimates were within the 95% CIs obtained by 5,000 bootstrap runs. The GOF
plots for piperacillin and tazobactam are presented in the Figure 1 and 2, respectively. The individual-
�tted and population-�tted concentrations were unbiased and did not show any model misspeci�cation.
The pc–VPC plot revealed that the 5th to 95th percentiles of the predicted data overlaid most of the
observed data, indicating good predictive power (Figure 3 and 4). These results con�rmed that this �nal
model was su�ciently robust to simulate concentration–time pro�les.

Monte Carlo simulations
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Simulated mean free piperacillin concentration-time courses are shown in Figure 5. Dosing regimen was
established based on a total daily piperacillin dose of 12 g. Use of CVVHDF results in lower peak and
higher trough concentration than without CVVHDF.

The piperacillin PTA of 50% fT >16 mg/L is calculated in Table 4. The calculated PTA decreased after
weaning from ECMO, and increased in patients who received CVVHDF than in patients who did not
receive CVVHDF. The strong relationship between CrCL and piperacillin clearance is directly re�ected in
the PTA. The range of PTA reduction as CrCL increased was greater with intermittent bolus than with
extended infusion. It would be more appropriate to administer frequently even with the same total daily
dose (3 g q6h was better than 4 g q8h) with extended infusion. The tazobactam PTA of 63% fT >2 mg/L
was also calculated (Table 5).

We have recommended dosing regimens based on the achievement of 90% PTA (50% ƒT >16 mg/L) for
piperacillin and 50% PTA (63% ƒT >2 mg/L) for tazobactam in four cases (Table 6). Considering the
possibility of toxicity, the lowest possible dose with frequent administration was chosen. In patients with
CrCL >60 mL/min, extended infusion should be considered because intermittent bolus could not achieve
90% PTA for piperacillin even at a dose of 4 g q6h. For extended infusion, all four cases required similar
dosage which were 2/0.25 g q8h, 2/0.25 g q6h, 3/0.375 g q6h, and 4/0.5 g q6h for CrCL ≤40 mL/min,
40–60 mL/min, 60-130 mL/min, and >130 mL/min, respectively (in case of weaning from ECMO and not
receiving CVVHDF, 4/0.5 g q6h for CrCL >110 mL/min).

The piperacillin PTAs against concentration threshold of 2–64 mg/L according to four CrCL levels (20,
60, 90, and 130 mL/min) during ECMO are presented in Figure 6. Five dosage regimens that comprised
only the extended infusion method were evaluated. For MIC ranges from 2 to 8 mg/L, all extended
infusion dosage could achieve 90% PTA in CrCL 20–130; however, for MIC 32 mg/L (also same as 4 ×
MIC of 8 mg/L) and 64 mg/L (also same as 4 × MIC of 16 mg/L), extended infusion of 4g q6h could not
achieve 90% PTA in CrCL >60 mL/min and >20 mL/min, respectively.

Discussion
To the best of our knowledge, our current work is the �rst large prospective PK/PD study of
piperacillin/tazobactam in ECMO patients. Two case-control studies showed that the PK of
piperacillin/tazobactam did not differ signi�cantly between ECMO and critically ill patients; however, this
conclusion was reached by simple PK analysis using the therapeutic drug monitoring results [18], or PK
modeling that only explored ECMO as a covariate [19]. In this study, we used piperacillin/tazobactam
plasma concentration data from four different cases (concomitant use of ECMO and CVVHDF, receiving
ECMO only, weaning from ECMO and receiving CVVHDF, weaning from ECMO and not receiving CVVHDF)
to provide preliminary insights into the incremental effects of critical illness, ECMO and CRRT on
piperacillin/tazobactam PK. It could re�ect a balance between the independent changes in volume of
distribution and clearance in the presence of various clinical factors. Furthermore, we proposed an
optimal dosage regimen for piperacillin/tazobactam.
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The PK of piperacillin and tazobactam in our study was best described by two-compartment models with
linear elimination with CL of 8.54 L/h (receiving ECMO; standardized CrCL 54.7 mL/min), V1 of 6.56 L
(not receiving CVVHDF), V2 of 14.2 L, and Q of 17.2 L/h. Our �nal model showed that the CL increased by
10.1% when patients weaned from ECMO, and the V1 increased by 146% in patients on CVVHDF
compared with those not on CVVHDF.

For ECMO, despite initial concerns about drug adsorption in the circuit, this sequestration does not appear
to occur signi�cantly in piperacillin and tazobactam, which are hydrophilic and low protein binding.
Instead, decreased clearance during ECMO may re�ect a relatively higher severity of illness when patients
received ECMO.

Piperacillin/tazobactam is predominantly eliminated through renal excretion and their clearance was
usually dependent on renal function and CRRT [20, 21]. Interestingly, inclusion of CVVHDF intensity
(dialysate �ow rate) and CVVHDF duration on clearance did not improve the models’ performance.
Previous studies did not yield conclusive data on the effect of CRRT on piperacillin/tazobactam PK,
which might be attributed to patient baseline differences and variation in CRRT modality. Recent evidence
has suggested that CRRT affects clearance only in patients with signi�cantly impaired renal function
(CrCL ≤ 10 mL/min or urine output < 20 mL/h) [22, 23]. Since our patients on CVVHDF had residual renal
function (median CrCL before starting CVVHDF, 34.4 mL/min), CVVHDF was found to be non-relevant to
CL. Instead, volume overload which was main cause of CVVHDF might have contributed to the increased
V1 of piperacillin. The initiation of CVVHDF occurred a median of 27.3 (range 24.2–36.2) h before the
�rst sample was obtained. Also, CVVHDF membrane, polyacrylonitrile, could be responsible for
adsorption of piperacillin/tazobactam [24]. In the �nal model, CrCL calculated by the Cockcroft–Gault
equation was included as a covariate on CL, which could indirectly re�ect the clearing effect of CVVHDF.
The in�uence of serum creatinine, blood urea nitrogen, and glomerular �ltration rate was also tested but
showed a less signi�cant impact.

Three piperacillin PK/PD targets are regularly used in the literature in critically ill patients:50% fT > MIC,
50% fT > 4 × MIC, and 100% fT > MIC [25, 26]. When 50% ƒT > 4 × MIC of 16 mg/L was evaluated for
piperacillin in consideration of conservative target, extended infusion of 4 g q6h could not achieve the
desirable PTA in patients with CrCL > 20 mL/min; however, 50% fT > 16 mg/L re�ects the worst-case
associated with bacterial susceptibility in empirical treatment, and previous studies have shown these
targets to be clinically meaningful [27].

According to the Stanford Health Care Antimicrobial Dosing Reference Guide 2020 [28], 3/0.375 to 4/0.5
g q6h intermittent bolus or 3/0.375 to 4/0.5 g q8h extended infusion was suitable for patients with CrCL 
> 40 mL/min or patients who receive CRRT. In our simulation, however, in patients with CrCL > 60 mL/min,
intermittent bolus could not achieve 90% PTA for piperacillin even at a dose of 4 g q6h. Also, with
extended infusion of 4 g q8h, 50% ƒT > 16 mg/L was achieved <90% of patients with CrCL >110 mL/min.
This is especially relevant in critically ill patients who have augmented renal clearance for many reasons.
It could be induced by hyperdynamic conditions in sepsis or by use of hemodynamically active drugs
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[29]. We proposed extended infusion of 3/0.375 g q6h and 4/0.5 g q6h in patients with CrCL 110–130
and >130 mL/min, respectively. Furthermore, even a higher dose would be required when patients did not
receive CVVHDF after weaning from ECMO, which was 4/0.5g q6h for CrCL >110 mL/min (Table 6). In
tazobactam simulation, our recommended doses of tazobactam in the piperacillin/tazobactam
formulation were su�cient for bacterial stasis when the target was 63% fT >MIC of 2 mg/L.

This study has limitations that should be noted. First, this was a single-center study and caution is
advised against the extrapolation of the dosage regimen to any patient falling outside the characteristics
of the studied cohort. Second, because of the absence of urine data we could not explore measured
creatinine clearance or residual diuresis as a potential covariate of CL in our PK model. we measured
neither pre- and post-�lter concentrations nor dialysate concentrations which could conclude about the
clearance of the CVVHDF. Third, CVVHDF status was used as a binary covariate. We tested the CVVHDF
duration, dialysate �ow rate and blood �ow rate as covariates, but these did not improve the model. This
might because all the samples during ongoing CVVHDF was obtained 24.2–36.2 h, and a consistent
setting of CVVHDF was applied to most of study patients. Kohama et al. found that blood �ow rate and
blood puri�cation rate could affect piperacillin clearance [30]. Future studies should further investigate
the effects of duration, mode and intensity of CRRT on piperacillin/tazobactam PK during ECMO.
Nevertheless, the major strengths of this study are its large sample size (26 patients) and the rich
sampling scheme.

Conclusions
In conclusion, we revealed that piperacillin/tazobactam PK changes observed in ECMO patients were
associated with critical illness rather than ECMO itself. CVVHDF did not affect clearance in patients with
residual renal function, and creatinine clearance had a signi�cant impact on clearance and PK/PD target
attainment. A recent guideline dose may result in underexposure against P.aeruginosa when ECMO
patients have CrCL >110 mL/min.; therefore, extended infusion of 3/0.375 g q6h and 4/0.5 g q6h in
patients with CrCL 110–130 and >130 mL/min seem to be appropriate. Close monitoring of renal
clearance is crucial in ECMO patients who received piperacillin/tazobactam regardless of CVVHDF use to
provide effective treatment of infections and promote recovery.

List Of Abbreviations
CCU, cardiac intensive care unit; CL, clearance; CrCL, creatinine clearance; CRRT, continuous renal
replacement therapy; CVVHDF, continuous venovenous hemodia�ltration; ECMO, extracorporeal
membrane oxygenation; GOF, goodness-of-�t; IIV, interindividual variability; NONMEM, non-linear mixed-
effects modeling; OFV, objective function value; pc-VPC, prediction-corrected visual predictive checks; PD,
pharmacodynamics; PK, pharmacokinetics; PTA, probability of target attainment; Q, intercompartmental
clearance; V1, central volume of distribution; V2, peripheral volume of distribution

Declarations



Page 10/24

Ethics approval and consent to participate

The study was approved by the Institutional Review Board (IRB No.: 4-2014-0919) of Severance Hospital
and was registered at Clinicaltrials.gov (NCT02581280). Written informed consent was obtained from the
patients or the legal surrogates of unconscious patients.

Consent for publication

Written informed consent was obtained from the patients’ legal representatives for publication of their
individual details in this manuscript. The consent form is held by the authors’ institution and is available
for review by the Editor.

Availability of data and materials

The datasets generated and/or analyzed during the current study are not publicly available due to privacy
concerns and institutional policy, but are available from the corresponding author on reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korean Government (Ministry of Science, ICT & Future Planning) [No. 2020R1A6A3A0110036711], and
the National Research Foundation of Korea (NRF) grant funded by the Korean Government (Ministry of
Science, ICT & Future Planning) [No. 2021R1F1A1070549].

Authors' contributions

JH, JW, and MJC designed the study, performed the population PK analysis, interpreted the results of the
analysis, and drafted the manuscript. JW and MJC supervised the design, conducted the study, and
revised the manuscript. SY, KLM, DK, and BHJ collected the blood sample and patient data. SY and KLM
assisted technical PK modeling. CP conducted the drug concentration assay and validation. MSP
interpreted the study results and revised the manuscript. All authors read and approved the �nal
manuscript. JH, JW, and MJC designed the study and interpreted the results of the analysis. JH
performed the population PK analysis and drafted the manuscript. JW and MJC revised the manuscript.
KLM, DK, BHJ and SY collected the blood sample and patient data. KLM and SK assisted in technical PK
modeling. MSP interpreted the study results and revised the manuscript. All authors read and approved
the �nal manuscript.

Acknowledgements



Page 11/24

We would like to acknowledge all the staff of the cardiac care unit at Severance Cardiovascular Hospital
for their routine support and patient care, which was crucial for the successful completion of this study.

References
1. Bartlett R, Gattinoni L: Current status of extracorporeal life support (ECMO) for cardiopulmonary

failure. Minerva Anestesiol 2010, 76(7):534-540.

2. Schmidt M, Brechot N, Hariri S, Guiguet M, Luyt CE, Makri R, Leprince P, Trouillet JL, Pavie A, Chastre
J et al: Nosocomial infections in adult cardiogenic shock patients supported by venoarterial
extracorporeal membrane oxygenation. Clinical infectious diseases : an o�cial publication of the
Infectious Diseases Society of America 2012, 55(12):1633-1641.

3. Bi� S, Di Bella S, Scaravilli V, Peri AM, Grasselli G, Alagna L, Pesenti A, Gori A: Infections during
extracorporeal membrane oxygenation: epidemiology, risk factors, pathogenesis and prevention.
International journal of antimicrobial agents 2017, 50(1):9-16.

4. Vogel AM, Lew DF, Kao LS, Lally KP: De�ning risk for infectious complications on extracorporeal life
support. Journal of pediatric surgery 2011, 46(12):2260-2264.

5. Claeys KC, Zasowski EJ, Trinh TD, Lagnf AM, Davis SL, Rybak MJ: Antimicrobial Stewardship
Opportunities in Critically Ill Patients with Gram-Negative Lower Respiratory Tract Infections: A
Multicenter Cross-Sectional Analysis. Infectious diseases and therapy 2018, 7(1):135-146.

�. Pinder M, Bellomo R, Lipman J: Pharmacological principles of antibiotic prescription in the critically
ill. Anaesthesia and intensive care 2002, 30(2):134-144.

7. Drusano GL: Antimicrobial pharmacodynamics: critical interactions of 'bug and drug'. Nature reviews
Microbiology 2004, 2(4):289-300.

�. Kuti JL: OPTIMIZING ANTIMICROBIAL PHARMACODYNAMICS: A GUIDE FOR YOUR STEWARDSHIP
PROGRAM. Revista Médica Clínica Las Condes 2016, 27(5):615-624.

9. Leven C, Fillatre P, Petitcollin A, Verdier MC, Laurent J, Nesseler N, Launey Y, Tattevin P, Bellissant E,
Flecher E et al: Ex Vivo Model to Decipher the Impact of Extracorporeal Membrane Oxygenation on
Beta-lactam Degradation Kinetics. Therapeutic drug monitoring 2017, 39(2):180-184.

10. Deepa C, Muralidhar K: Renal replacement therapy in ICU. J Anaesthesiol Clin Pharmacol 2012,
28(3):386-396.

11. Barco S, Bandettini R, Ma�a A, Tripodi G, Castagnola E, Cangemi G: Quanti�cation of piperacillin,
tazobactam, meropenem, ceftazidime, and linezolid in human plasma by liquid
chromatography/tandem mass spectrometry. Journal of chemotherapy (Florence, Italy) 2015,
27(6):343-347.

12. Bergstrand M, Hooker AC, Wallin JE, Karlsson MO: Prediction-corrected visual predictive checks for
diagnosing nonlinear mixed-effects models. The AAPS journal 2011, 13(2):143-151.

13. European Committee on Antimicrobial Susceptibility Testing (EUCAST).
https://wwweucastorg/clinical_breakpoints/ Accessed 4 May 2021.

https://wwweucastorg/clinical_breakpoints/


Page 12/24

14. DeRyke CA, Kuti JL, Nicolau DP: Pharmacodynamic target attainment of six beta-lactams and two
�uoroquinolones against Pseudomonas aeruginosa, Acinetobacter baumannii, Escherichia coli, and
Klebsiella species collected from United States intensive care units in 2004. Pharmacotherapy 2007,
27(3):333-342.

15. Lodise TP, Lomaestro BM, Drusano GL: Application of antimicrobial pharmacodynamic concepts into
clinical practice: focus on beta-lactam antibiotics: insights from the Society of Infectious Diseases
Pharmacists. Pharmacotherapy 2006, 26(9):1320-1332.

1�. Nicasio AM, VanScoy BD, Mendes RE, Castanheira M, Bulik CC, Okusanya OO, Bhavnani SM, Forrest
A, Jones RN, Friedrich LV et al: Pharmacokinetics-Pharmacodynamics of Tazobactam in
Combination with Piperacillin in an In Vitro Infection Model. Antimicrobial agents and chemotherapy
2016, 60(4):2075-2080.

17. Kalaria SN, Gopalakrishnan M, Heil EL: A Population Pharmacokinetics and Pharmacodynamic
Approach To Optimize Tazobactam Activity in Critically Ill Patients. Antimicrobial agents and
chemotherapy 2020, 64(3):e02093-02019.

1�. Donadello K, Antonucci E, Cristallini S, Roberts JA, Beumier M, Scolletta S, Jacobs F, Rondelet B, de
Backer D, Vincent JL et al: beta-Lactam pharmacokinetics during extracorporeal membrane
oxygenation therapy: A case-control study. International journal of antimicrobial agents 2015,
45(3):278-282.

19. Fillâtre P, Lemaitre F, Nesseler N, Schmidt M, Besset S, Launey Y, Maamar A, Daufresne P, Flecher E,
Le Tulzo Y et al: Impact of extracorporeal membrane oxygenation (ECMO) support on piperacillin
exposure in septic patients: a case-control study. The Journal of antimicrobial chemotherapy 2021.

20. Ghibellini G, Vasist LS, Hill TE, Heizer WD, Kowalsky RJ, Brouwer KL: Determination of the biliary
excretion of piperacillin in humans using a novel method. British journal of clinical pharmacology
2006, 62(3):304-308.

21. Derendorf H, Dalla Costa T: Pharmacokinetics of piperacillin, tazobactam and its metabolite in renal
impairment. International journal of clinical pharmacology and therapeutics 1996, 34(11):482-488.

22. Ulldemolins M, Vaquer S, Llauradó-Serra M, Pontes C, Calvo G, Soy D, Martín-Loeches I: Beta-lactam
dosing in critically ill patients with septic shock and continuous renal replacement therapy. Critical
care (London, England) 2014, 18(3):227.

23. Asin-Prieto E, Rodriguez-Gascon A, Troconiz IF, Soraluce A, Maynar J, Sanchez-Izquierdo JA, Isla A:
Population pharmacokinetics of piperacillin and tazobactam in critically ill patients undergoing
continuous renal replacement therapy: application to pharmacokinetic/pharmacodynamic analysis.
The Journal of antimicrobial chemotherapy 2014, 69(1):180-189.

24. Onichimowski D, Ziółkowski H, Nosek K, Jaroszewski J, Rypulak E, Czuczwar M: Comparison of
adsorption of selected antibiotics on the �lters in continuous renal replacement therapy circuits: in
vitro studies. J Artif Organs 2020, 23(2):163-170.

25. Ishihara N, Nishimura N, Ikawa K, Karino F, Miura K, Tamaki H, Yano T, Isobe T, Morikawa N, Naora K:
Population Pharmacokinetic Modeling and Pharmacodynamic Target Attainment Simulation of



Page 13/24

Piperacillin/Tazobactam for Dosing Optimization in Late Elderly Patients with Pneumonia.
Antibiotics (Basel, Switzerland) 2020, 9(3).

2�. Kanji S, Roberts JA, Xie J, Alobaid A, Zelenitsky S, Hiremath S, Zhang G, Watpool I, Porteous R, Patel
R: Piperacillin Population Pharmacokinetics in Critically Ill Adults During Sustained Low-E�ciency
Dialysis. The Annals of pharmacotherapy 2018, 52(10):965-973.

27. Weber N, Jackson K, McWhinney B, Ungerer J, Kennedy G, Lipman J, Roberts JA: Evaluation of
pharmacokinetic/pharmacodynamic and clinical outcomes with 6-hourly empiric piperacillin-
tazobactam dosing in hematological malignancy patients with febrile neutropenia. Journal of
infection and chemotherapy : o�cial journal of the Japan Society of Chemotherapy 2019.

2�. Stanford Health Care Antimicrobial Dosing Reference Guide.
http://portalstanfordmedorg/depts/AntimicrobialStewardshipProgram Accessed 4 May 2021.

29. Nei AM, Kashani KB, Dierkhising R, Barreto EF: Predictors of Augmented Renal Clearance in a
Heterogeneous ICU Population as De�ned by Creatinine and Cystatin C. Nephron 2020, 144(7):313-
320.

30. Kohama H, Ide T, Ikawa K, Morikawa N, Nishi S: Pharmacokinetics and outcome of
tazobactam/piperacillin in Japanese patients undergoing low-�ow continuous renal replacement
therapy: dosage considerations. Clinical pharmacology : advances and applications 2017, 9:39-44.

Tables
Table 1. Demographic characteristics
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  N (%) or median [range] (n = 26)

Age (years) 57 [20–89]

Male 19 (73.1)

Body weight (kg) 70 [40.8–92.5]

Body mass index (kg/m2) 26 [18.1–31.3]

APACHE II 32 [6–46]

Indication for VA-ECMO  

Cardiomyopathy

Valvular heart disease

3

4

ST-elevation myocardial infarction 16

  Non-ST-elevation myocardial infarction 3

Duration of VA-ECMO (h) 135 [52.1–264]

ECMO �ow rate (L/min) 3.0 [0.3–4.1]

Use of continuous CVVHDF 13

Blood �ow rate (mL/min)

Dialysate �ow rate (mL/h)

150 [100–160]

1200 [800–1400]

Blood chemistry, serum levels  

Total plasma protein (g/dL) 4.9 [2.7–6.8]

Albumin (g/dL) 2.9 [1.4–3.7]

Total bilirubin (mg/dL) 2.1 (0.5–8.1]

Blood urea nitrogen (mg/dL) 23.1 [7–64.2]

Serum creatinine (mg/dL) 1.4 [0.37–5.22]

CrCL a (mL/min)

CrCLa when receiving CVVHDF (mL/min)

CrCLa when not receiving CVVHDF (mL/min)

54.7 [16.2-157]

40.5 [18.0–111]

63.2 [16.2–157]

Lactate (mmol/L) 1.6 [0.8–20.0]

Partial pressure of carbon dioxide (mmHg) 29.1 [13.5–46.7]

Tympanic body temperature (°C) 36.9 [33–38.7]

Piperacillin/tazobactam dosage (intermittent bolus)  
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2/0.25 g every 6 hours (q 6h)

3/0.375 g q 6h

4/0.5 g q 6h

4/0.5 g q 8h

9

4

9

4

Data are presented as number (percentage) or median (range). aCreatinine clearance estimated using the
Cockroft–Gault equation. APACHE II, Acute Physiology and Chronic Health Evaluation II; CrCL, creatinine
clearance; CVVHDF, continuous venovenous hemodia�ltration; VA-ECMO, venoarterial extracorporeal
membrane oxygenation therapy

Table 4. Simulated probability of target attainments for piperacillin (pharmacodynamic target: 50% fT >
16 mg/L)

PTAs above 90% are highlighted in yellow. ECMO, extracorporeal membrane oxygenation therapy;
CVVHDF, continuous venovenous hemodia�ltration; CrCL, creatinine clearance; IB, intermittent bolus; EI,
extended infusio

Table 5. Simulated probability of target attainments for tazobactam (Pharmacodynamic target: 63% fT >
2 mg/L)
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PTAs above 50% are highlighted in yellow. ECMO, extracorporeal membrane oxygenation therapy; CrCL,
creatinine clearance; IB, intermittent bolus; EI, extended infusion

Table 6. Proposed dosage regimen of piperacillin/tazobactam in ECMO patients
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Category of

patients

Concomitant use of

ECMO and CVVHDF

Receiving ECMO only

OR

Weaning from ECMO
and receiving CVVHDF

Weaning from ECMO

(not receiving CVVHDF)

Infusion method Intermittent
bolus

Extended
infusion

Intermittent
bolus

Extended

infusion

Intermittent
bolus

Extended
infusion

CrCL
(mL/min)

 20 2/0.25 g q
8h

2/0.25 g
q 8h

2/0.25 g q
8h

2/0.25 g
q 8h

2/0.25 g q
8h

2/0.25 g
q 8h

20–
40

2/0.25 g q
6h

3/0.375 g q
8h

3/0.375 g
q 6h

40–
60

3/0.375 g
q 6h

2/0.25 g
q 6h

4/0.5 g q
6h

2/0.25 g
q 6h

4/0.5 g q
6h

2/0.25 g
q 6h

60-
90

  3/0.375
g q 6h

 

  3/0.375 g
q 6h

  3/0.375
g q 6h

90-
110

110-
130

4/0.5 g q
6h

>130 4/0.5 g q
6h

4/0.5 g q
6h

Dosing regimens suggestion was based on the achievement of 90% PTA (PD target: 50% ƒT > 16 mg/L)
for piperacillin and 50% PTA (PD target: 63% ƒT > 2 mg/L) for tazobactam. ECMO, extracorporeal
membrane oxygenation therapy; CVVHDF, continuous venovenous hemodia�ltration; CrCL, creatinine
clearance

Due to technical limitations, table 2 and 3 docx are only available as a download in the Supplemental
Files section.

Figures
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Figure 1

Goodness-of-�t plots for the �nal population pharmacokinetic model of piperacillin. Observed piperacillin
concentrations versus population predicted concentrations (A) and individual predicted concentrations
(B), and conditional weighted residuals (CWRES) versus population predicted concentrations (C) and time
(D).
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Figure 2

Goodness-of-�t plots for the �nal population pharmacokinetic model of tazobactam. Observed
tazobactam concentrations versus population predicted concentrations (A) and individual predicted
concentrations (B), and conditional weighted residuals (CWRES) versus population predicted
concentrations (C) and time (D).
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Figure 3

Prediction-corrected visual predictive checks (pc-VPCs) of the piperacillin �nal population
pharmacokinetic model. Corresponding to ‘on ECMO’ (upper panel) and corresponding to ‘off ECMO’
(lower panel). Open circles, observed piperacillin concentrations; solid line, median; lower and upper
dashed lines, 5th and 95th percentiles of the simulated data, respectively; shaded areas, 95% con�dence
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intervals for simulated predicted median, 5th percentile, and 95th percentile constructed from 1,000
simulated datasets of individuals from the original dataset.

Figure 4

Prediction-corrected visual predictive checks (pc-VPCs) of the tazobactam �nal population
pharmacokinetic model. Corresponding to ‘on ECMO’ (upper panel) and corresponding to ‘off ECMO’
(lower panel). Open circles, observed tazobactam concentrations; solid line, median; lower and upper
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dashed lines, 5th and 95th percentiles of the simulated data, respectively; shaded areas, 95% con�dence
intervals for simulated predicted median, 5th percentile, and 95th percentile constructed from 1,000
simulated datasets of individuals from the original dataset.

Figure 5

Simulated mean free piperacillin concentration-time courses. A. Concomitant use of ECMO and CVVHDF,
B. Receiving ECMO only, C. Weaning from ECMO and receiving CVVHDF, D. Weaning from ECMO and not
receiving CVVHDF in patients with creatinine clearance levels of 60 mL/min. The dashed horizontal line
indicates that MIC breakpoint of 16 mg/L. CVVHDF, continuous venovenous hemodia�ltration; ECMO,
extracorporeal membrane oxygenation; TD, total daily dose; IB, intermittent bolus; EI, extended infusion
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Figure 6

Probability of target attainment (50% ƒT >2–64 mg/L) for piperacillin in ECMO patients. Patients were
strati�ed by the presence of CVVHDF at different CrCL levels (�rst column, CrCL 20 mL/min; second
column, CrCL 60 mL/min; third column, CrCL 90 mL/min; last column, CrCL 130 mL/min). The dashed
horizontal line indicates 90% PTA. ECMO. extracorporeal membrane oxygenation; CrCL, creatinine
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clearance; CVVHDF, continuous venovenous hemodia�ltration; PTA, probability of target attainment; TD,
total daily dose; EI, extended infusion
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