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ABSTRACT Our study aimed to describe the population pharmacokinetics (PK) of
piperacillin and tazobactam in patients on extracorporeal membrane oxygenation
(ECMO), with and without renal replacement therapy (RRT). We also aimed to use
dosing simulations to identify the optimal dosing strategy for these patient groups.
Serial piperacillin and tazobactam plasma concentrations were measured with data ana-
lyzed using a population PK approach that included staged testing of patient and treat-
ment covariates. Dosing simulations were conducted to identify the optimal dosing
strategy that achieved piperacillin target exposures of 50% and 100% fraction of
time free drug concentration is above MIC (%fT.MIC) and toxic exposures of
greater than 360 mg/liter. The tazobactam target of percentage of time free con-
centrations of .2 mg/liter was also assessed. Twenty-seven patients were en-
rolled, of which 14 patients were receiving concurrent RRT. Piperacillin and tazo-
bactam were both adequately described by two-compartment models, with body
mass index, creatinine clearance, and RRT as significant predictors of PK. There were
no substantial differences between observed PK parameters and published parameters
from non-ECMO patients. Based on dosing simulations, a 4.5-g every 6 hours regimen
administered over 4 hours achieves high probabilities of efficacy at a piperacillin
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MIC of 16 mg/liter while exposing patients to a ,3% probability of toxic concentra-
tions. In patients receiving ECMO and RRT, a frequency reduction to every 12 hours
dosing lowers the probability of toxic concentrations, although this remains at 7 to
9%. In ECMO patients, piperacillin and tazobactam should be dosed in line with stand-
ard recommendations for the critically ill.

KEYWORDS dosing, ECMO, pharmacokinetics, penicillin, antibiotics, neurotoxicity,
continuous renal replacement therapy

Despite the increasing use of extracorporeal membrane oxygenation (ECMO) in the
adult intensive care unit (ICU), robust research to support drug dosing in this

patient group remains absent. Furthermore, the invasive nature of ECMO exposes
patients to an elevated risk of developing nosocomial infections (1). As such, effective
antimicrobial therapy is a significant determinant of survival for this group of patients
(2). However, this goal is often challenged by extreme pathophysiological changes (3)
that can alter antimicrobial pharmacokinetics (PK) and, consequently, antimicrobial ex-
posure and dosing requirements (4). The introduction of ECMO may further derange
antimicrobial PK and impact therapeutic outcomes (5). ECMO is hypothesized to pre-
dominantly affect the PK of antimicrobials by circuit sequestration leading to increased
volume of distribution (V) and altered drug clearance (CL) (6). Previous preclinical and
neonatal studies have demonstrated that lipophilic and highly protein-bound drugs
are mostly vulnerable to these PK alterations (7–10). However, the PK of neonates is
significantly different from adults, and therefore, specific adult clinical PK data are
needed to guide effective antimicrobial dosing in this patient population.

Piperacillin and tazobactam is a combination of two antimicrobials consisting of an
extended-spectrum beta-lactam antimicrobial (piperacillin) and a beta-lactamase inhib-
itor (tazobactam) that is frequently used for nosocomial infections (11). Piperacillin is
relatively hydrophilic, has a plasma protein binding of 30%, and is predominantly
cleared via renal elimination (11, 12). Piperacillin exhibits time-dependent bactericidal
activity where the percentage of time that the free (unbound) concentration of pipera-
cillin remains above the MIC (%fT.MIC) best describes its antimicrobial activity (13).
Preclinical studies have correlated 40 to 50% fT.MIC to be associated with optimal activ-
ity (13, 14). However, recent clinical data suggest that critically ill patients may benefit
from longer (e.g., 100% fT.MIC) beta-lactam exposures than those previously described
(15–18). The tazobactam pharmacodynamic target has been defined as %fT greater
than threshold concentration (CT). In the context of low, moderate, and high beta-lacta-
mase expression, different tazobactam CT values have been identified as 0.25, 0.5, and
2 mg/liter, respectively (19).

In patients with normal renal function, piperacillin and tazobactam is typically
dosed 4.5 g every 6 hours by intermittent infusion (11, 18, 20). Due to its potential neu-
rotoxicity and nephrotoxicity, piperacillin and tazobactam should be dosed with cau-
tion in patients with renal impairment (21). Dosing regimens should be tailored to the
degree of impairment such that a dose reduction to 4.5 g every 12 hours is often used
for a creatinine clearance (CrCL) of,20 ml/min (22).

There are currently little data to guide effective and safe piperacillin and tazobactam
dosing in critically ill adults receiving ECMO. The Antibiotic, Sedative and Analgesic
Pharmacokinetics during Extracorporeal Membrane Oxygenation (ASAP ECMO) study was
designed to address this gap by describing the PK of commonly used drugs in critically ill
adult patients receiving ECMO (23). The aims of this paper were to describe the population
PK of piperacillin and tazobactam in critically ill adults receiving ECMO with and without
RRT and to provide dosing recommendations for this group of patients.

RESULTS
Population characteristics. Twenty-seven patients were enrolled and contributed

242 plasma samples for analysis. Table 1 summarizes the baseline characteristics, clini-
cal information of the patients, and relevant ECMO data. Eight patients did not have
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tazobactam concentrations assayed (a total of 146 tazobactam samples analyzed). The
median (interquartile range [IQR]) age was 53 (40 to 58) years, and 70% (17/27) of the
cohort was male. Fifty-one percent (14/27) of the patients received concurrent RRT,
with the non-RRT group exhibiting a median CrCL of 99 ml/min.

Of the 14 patients on RRT, 11 were on continuous venovenous hemodiafiltration
(CVVHDF) and 3 on continuous venovenous dialysis (CVVHD). The median (IQR) efflu-
ent and blood flow rate were 2,700 (800 to 3,000) ml/h and 200 (200 to 225) ml/min,
respectively.

TABLE 1 Baseline characteristics, clinical information of the studied populationa, and
relevant ECMO data

Characteristic Result
Demographic data
Male (no. [%]) 19 (70)
Age (median [IQR] [yrs]) 53 (41–59)
Wt (median [IQR] [kg]) 80 (75–93)
Ht (median [IQR] [cm]) 175 (172–180)
Body mass index (median [IQR] [kg/m2]) 26 (24–30)
No. (%) of patients on RRT 14 (52)
CVVHDF 11 (79)
CVVHD 3 (21)

No. (%) of patients by indications for ECMO
Cardiogenic shock 7 (26)
Cardiac arrest 5 (19)
Acute respiratory distress syndrome 4 (15)
Pneumonia 4 (15)
Lung transplant 2 (7)
Heart transplant 2 (7)
Decompensated heart failure 2 (7)
Post-CABG 1 (4)

Illness severity score (median [IQR])
APACHE II (on admission) 19 (15–27)
SOFA score (on sampling day) 9 (6–12)

Native CrCL (median [IQR] [ml/min])b 99 (65–114)
Albumin (median [IQR] [g/liter]) 27 (22–30)
Bilirubin (median [IQR] [mmol/liter]) 20 (13–49)
Total protein (median [IQR] [g/liter]) 53 (49–59)
Urea (median [IQR] [mmol/liter]) 11 (7–17)
No. of patients by piperacillin and tazobactam dosing regimena

4.5 g every 8 hours (no RRT) 8 (30)
4.5 g every 6 hours (no RRT) 5 (19)
4.5 g every 8 hours (on RRT) 4 (15)
4.5 g every 6 hours (on RRT) 10 (37)

ECMO circuit data
No. (%) of veno-venous/no. (%) of veno-arterial 9 (33)/18 (67)
Type of pump (no. [%])
Jostra Rotaflow 16 (59)
Cardiohelp 9 (33)
Levitronix CentriMag 1 (4)
Medtronic Affinity 1 (4)

Type of oxygenator (no. [%])
Maquet Quadrox 24 (89)
Medos hilite 3 (11)

Flow rate (median [IQR] [liter/min]) 3.3 (2.9–4.0)
No. of days on ECMO before sampling (median [IQR]) 6 (3.5–7.8)

aData are for 27 patients.
bEstimated creatinine clearance only included those patients not on renal replacement therapy. RRT, renal
replacement therapy; CVVHD, continuous venovenous hemodialysis; CVVHDF, continuous venovenous
haemodiafiltration; CABG, coronary artery bypass surgery; APACHE II, acute physiology and chronic health
evaluation (II) score; SOFA, sequential organ failure assessment.
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PK model building. The final PK model for piperacillin (PIP) was a two-compart-
ment model with body mass index (BMI) included as a covariate on volume of distribu-
tion of the central (Vc) and peripheral (Vp) compartment (normalized to the mean BMI,
29 kg/m2), as well as CrCL on CL (normalized to mean CrCL, 121 ml/min). An additional
CL parameter was included to represent nonrenal CL (CLNR).

The final PK model for tazobactam was also a two-compartment model with BMI
included as a covariate on Vc and Vp (normalized to the mean BMI, 29 kg/m2), as well as
CrCL on CL (normalized to mean CrCL, 139 ml/min). The addition of CLNR did not
improve the tazobactam model and was therefore excluded from the final model.

Both models produced acceptable fits. The equations below are mathematical cal-
culations used to generate the individual BMI-scaled Vc and Vp. The total CL (CLT) was a
summation of either renal (CLR) or clearance in the presence of RRT (CLRRT) and CLNR.

Piperacillin equation 1: Vc;pip ¼ Vc � BMI
29

� �0:75

Piperacillin equation 2: Vp;pip ¼ Vp � BMI
29

� �0:75

Piperacillin equation 3: CLT ¼ CLNR1 CLR � CrCL
121

� �
ðif RRT;CLT ¼ CLNR 1CLRRTÞ

Tazobactam equation 1: Vc;taz ¼ Vc � BMI
29

� �0:75

Tazobactam equation 2: Vp;taz ¼ Vp � BMI
29

� �0:75

Tazobactam equation 3: CLT ¼ CLR � CrCL
139

ðif RRT;CLT ¼ CLRRTÞ

Figure 1 shows the visual predictive plots and diagnostic plots for the piperacillin
model generated from 27 patients and for the tazobactam model generated from 19
patients.

Table 2 shows the PK parameter estimates of the final PK model for both drugs.
Dosing simulations. Figure 2A and B show the probabilities of target attainment

(PTA) for 50% fT.MIC and 100% fT.MIC (MIC of 16 mg/liter) of various piperacillin dosing
regimens for a patient with a BMI of 30 kg/m2 with various degrees of native renal
function (CrCL of 30 ml/min, 100 ml/min, and 160 ml/min) at steady state (72 hours of
therapy). PTA of toxicity (minimum concentration of drug in serum [Cmin] . 360 mg/li-
ter) was not included in Fig. 2, as simulated probabilities were all below 3%. In ECMO
patients not requiring RRT, a 4.5-g every 6 hours dosing regimen administered over
4 hours achieved the highest probability of efficacy (100% at 50%fT.MIC and 37 to 90%
at 100%fT.MIC). Figure 2C shows the PTA for a CT of .2 mg/liter of various tazobactam
regimens. Simulations suggest that PTA is low with most of the simulated scenarios.

Figure 3 shows the PTAs of efficacy at 100%fT.MIC (MIC of 16 mg/liter) and toxicity
(Cmin . 360 mg/liter) in a patient on RRT with no native renal function (CrCL of 0 ml/
min) with various BMIs (20 kg/m2 and 30 kg/m2) at steady state (72 h of therapy) with
various regimens of piperacillin. In ECMO patients requiring concurrent RRT, a 4.5-g ev-
ery 12 hours dosing regimen administered over 4 hours achieved the widest difference
in probability of efficacy (64 to 68%) and toxicity (8 to 10%).

DISCUSSION

In this paper, we observed comparable piperacillin PK parameters in ECMO patients
to values from PK studies in critically ill patients not on ECMO. These results suggest
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FIG 1 visual predictive check for the piperacillin (top) and tazobactam (bottom) models; n = 1,000 simulations of plasma
data. Open circles represent observed data, and the lines represent the 5th, 25th, 50th, 75th, and 95th percentiles based
on simulations of the pharmacokinetic model.
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that dosage adjustments to account for ECMO are not required. Based on our dosing
simulations, a 4.5-g every 6 hours dosing regimen administered over a 4-hour
extended infusion achieved high probabilities of efficacy with low probabilities of tox-
icity in ECMO patients not on RRT. Our simulations suggest that ECMO patients on con-
comitant RRT are at elevated risks of exceeding neurotoxic concentrations, and there-
fore, a reduced dosing frequency to every 12 hours is recommended.

Two-compartment PK models adequately described piperacillin and tazobactam in
our study. We could not find any association between ECMO-related settings and
piperacillin or tazobactam PK. In a case-control study, Donadello et al. investigated the
piperacillin PK differences between ECMO and non-ECMO adult patients (24). Donadello et
al. reported no significant differences in V between ECMO and non-ECMO patients. Our
study observed a higher V (Vc 1 Vp) of 0.51 liter/kg and a higher total CL of 12.02 liters/
hour (CLR 1 CLNR) than Donadello’s reported parameters (V of 0.38 to 0.46 liter/kg and CL
of 7.92 to 8.46 liters/hour, respectively). This slight difference may be attributed to the
method of PK sampling applied in the two studies. Our study used an intensive PK sam-
pling strategy (9 versus 2 blood samples per dosing interval). Our approach is likely to bet-
ter describe distribution kinetics and thus the ability to characterize a multiple-compart-
ment PK model. The piperacillin PK parameters generated from our study were generally
consistent with published estimates generated from critically adult patients not on ECMO
(25–28). El-Haffaf et al. conducted a review on 10 piperacillin (with or without tazobactam)
population PK studies in the critically ill, suggesting a wide estimation of piperacillin CL,
ranging between 3.12 and 19.9 liters/hour, and V, ranging between 0.14 and 0.56 liter/kg
(17). The estimates generated from our study were within, albeit on the higher end of, this
published range. This is possibly attributable to the higher degree of critical illness in this
subset of critically ill patients. It has been well reported that increasing severity of critical ill-
ness may increase V and CL secondary to systemic inflammation and augmented renal
clearance (18). Our study supports the findings from Donadello et al. that ECMO was not a
significant predictor for V or CL (24). We conclude that the PK changes observed were
likely attributable to an increasing degree of critical illness rather than ECMO-drug interac-
tions. Our study presented findings which support the notion that tazobactam and pipera-
cillin PK follow the same relationship (29). There is a sparsity of tazobactam-specific PK
studies. However, the parameters generated from our study were found to be higher than
a population PK study with sparse sampling conducted in critically ill patients (CL, 12.59 lit-
ers/hour versus 5.27 liters/hour; V, 0.45 liter/kg versus 0.29 liter/kg) (30). This once again is
likely to be due to the selection of patients with the highest degree of critical illness for

TABLE 2 Pharmacokinetic parameter estimates for the final piperacillin and tazobactam
modelsa

Parameter Mean SD
Coefficient of
variation (%) Median

Piperacillin
CLR (liter/h) 9.01 8.24 91.46 9.36
CLNR (liter/h) 3.01 4.10 136.45 0.83
CLRRT (liter/h) 4.32 4.11 95.10 4.27
Vc (liter) 16.39 13.68 83.46 15.49
Q (liter/h) 23.56 16.08 68.25 20.33
Vp (liter) 24.13 17.60 72.94 16.97

Tazobactam
CLR (liter/h) 12.59 3.35 26.59 12.82
CLRRT (liter/h) 3.34 1.77 52.97 4.65
Vc (liter) 11.62 8.70 74.86 8.93
Q (liter/h) 39.40 14.81 37.60 49.99
Vp (liter) 24.53 14.15 57.66 14.18

aCLR, renal clearance; CLNR, piperacillin nonrenal clearance; CLRRT, dialytic clearance; Vc, volume of distribution of
the central compartment; Q, intercompartmental clearance; Vp, volume of distribution of the peripheral
compartment.

Cheng et al. Antimicrobial Agents and Chemotherapy

November 2021 Volume 65 Issue 11 e01438-21 aac.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
03

 N
ov

em
be

r 
20

21
 b

y 
13

2.
23

4.
22

8.
23

1.

https://aac.asm.org


ECMO therapy and differences in PK model structure. Our dosing simulations described a
low PTA for tazobactam targets, suggesting higher doses of tazobactam may be required
to maximize beta-lactamase inhibitor activity. Nonetheless, since tazobactam is currently
only administered in combination with piperacillin, its administration method is inevitably

FIG 2 Probability of target attainment (PTA) at targets 50%fT.MIC (A) and 100%fT.MIC (B) at an MIC of
16 mg/liter for piperacillin and 100% fT.CT of 2 mg/liter for tazobactam (C), with different dosing
regimens in patients with various degrees of renal function (CrCL of 30 ml/min, 100 ml/min, and
160 ml/min) at steady state with various regimens of 4.5 g piperacillin and tazobactam.

Pharmacokinetics of Piperacillin and Tazobactam in Critically Ill ECMO Patients Antimicrobial Agents and Chemotherapy

November 2021 Volume 65 Issue 11 e01438-21 aac.asm.org 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
03

 N
ov

em
be

r 
20

21
 b

y 
13

2.
23

4.
22

8.
23

1.

https://aac.asm.org


dependent on that used for piperacillin. Overall, dosing of piperacillin and tazobactam
should be guided by CrCL, BMI, and the presence of RRT as per accepted recommendations
for critically ill patients not on ECMO (31). Due to the small range of BMI within our cohort
(median, 26 kg/m2; IQR, 24 to 30), our dosing simulations demonstrated slight differences
in PTA between a BMI of 20 kg/m2 and 30 kg/m2. These slight differences did not result in
a need for dosage adjustments between these two groups. Based on dosing simulations
at MIC of 16 mg/liter in a patient with a BMI of 30 kg/m2 with various degrees of renal
function, a dosing regimen of 4.5 g every 6 hours administered as a 4-hour extended infu-
sion achieved the highest probability of efficacy (100% at 50%fT.MIC and 37 to 90% at
100%fT.MIC). Higher PTAs were identified with extended infusions at 4 hours compared
with shorter infusion times, supporting previous studies showing advantages of extended
infusions in the critically ill population (30, 32). However, higher doses or continuous infu-
sion may still be required to improve probabilities of efficacy in patients with augmented
renal clearance requiring 100%fT.MIC.

The results from our dosing simulations also suggest that the concomitant use of
RRT in ECMO patients increases the probability of reaching toxic concentrations. Based
on our simulations, a reduction in frequency from every 6 hours to every 12 hours dos-
ing reduced the probability of toxicity from 31 to 35% to 8 to 10%. Therapeutic-drug
monitoring (TDM)and close neurological monitoring are therefore recommended for
maintenance therapy in ECMO patients receiving RRT.

Several limitations should be noted for this study. First, total piperacillin concentra-
tions were used for PK modeling and dosing simulations. Protein binding characteris-
tics were mathematically corrected based on previous studies suggesting consistent
piperacillin protein binding kinetics in critically ill adult patients (33). Second, plasma
concentrations were used as a surrogate for infection site concentrations. Due to the
difficulty in measuring infection site drug concentrations, a higher PK target of 100%
fT.MIC was chosen to mitigate the risks of lower drug exposures at infection site. Third,
the neurotoxic threshold of Cmin of .360 mg/liter was derived from a study reporting
an associated 50% risk of developing a neurotoxicity event (21). Therefore, clinicians
should note that neurotoxicity may be possible below this threshold; neurological
monitoring and/or TDM should therefore be used if available. Fourth, dosing simula-
tions were only conducted for dosing regimens contributing to the PK model. Finally,
our study was not powered to provide a clear description of the RRT-related changes
to PK. The binary nature (RRT or no RRT) of our PK equations does not describe the
intricacies of RRT variables on PK, and thus, future studies may wish to investigate spe-
cific ECMO-RRT relationships with a greater sample size.

In conclusion, this study suggests that the PK of piperacillin and tazobactam is not
significantly affected by the introduction of ECMO. Dosing of piperacillin and

FIG 3 Probability of target attainment (PTA) at 100%fT.MIC at an MIC of 16 mg/liter and toxicity at Cmin of $360 mg/liter for
piperacillin dosing regimens in a patient with various body mass index (20 and 30 kg/m2) at steady state with various intermittent
piperacillin dosing regimens in an anuric (native CrCL of 0 ml/min) patient on ECMO and RRT. Gray areas demonstrate the therapeutic
window, which is the difference in the probability of attaining concentrations of efficacy and toxicity.
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tazobactam should be guided by CrCL, BMI, and the presence of RRT as per dosing
standard recommendations for critically ill patients not on ECMO. Where possible,
maintenance therapy in these patients should be guided by TDM and supported by
close neurological monitoring.

MATERIALS ANDMETHODS
Setting. The ASAP ECMO study was a prospective, open-labeled, multicenter PK study that was con-

ducted at five ICUs across Australia, New Zealand, South Korea, and Switzerland from November 2012 to
November 2019. A detailed study protocol and general noncompartmental results have been published
elsewhere and are only discussed briefly here (23). Ethical approval was provided by the lead site (The
Prince Charles Hospital, Brisbane, Australia; HREC/11/QPCH/121) with individual institutional approval
obtained according to local protocols. Written informed consent was acquired from the participant’s
next of kin.

Study population. ICU patients aged between 18 and 90 years old who were receiving piperacillin
and tazobactam while undergoing ECMO for respiratory and/or cardiac dysfunction were eligible for
inclusion. Patients who had a known allergy to the study drug, were pregnant, had bilirubin
.150 mmol/liter, received ongoing massive blood transfusion (.50% blood volume) in the preceding
8 hours, or received therapeutic plasma exchange in the preceding 24 hours were excluded.

Piperacillin and tazobactam dosing and administration. Piperacillin and tazobactam was reconsti-
tuted and administered intravenously as intermittent infusions according to local hospital protocol.

Study procedures/protocol. PK sampling was performed on one or two dosing occasions after the
patient was stabilized on ECMO. Blood samples were drawn from an existing arterial line and were col-
lected into 2-ml lithium-heparinized tubes at 0, 15, 30, 45, 60, 90, 120, 180, 360, and 480 min postcom-
mencement of infusion.

Blood samples were centrifuged at 3,000 � g for 10 min to separate plasma. Plasma samples were
frozen at the study site at 280°C. All frozen plasma samples were then couriered to and assayed at the
central bioanalysis laboratory at the University of Queensland Centre of Clinical Research (UQCCR),
Brisbane, Australia.

Clinical and demographic data were collected and deidentified by trained research staff. Each study
site maintained an electronic database for their participants, which was subsequently consolidated into
a single database.

Piperacillin and tazobactam assay. Piperacillin and tazobactam concentrations were measured in
plasma by a validated ultrahigh-pressure liquid chromatography-tandem mass spectroscopy (UHPLC-
MS/MS) method on a Shimadzu Nexera 2 UHPLC system coupled to a Shimadzu 80301 triple-quadru-
pole mass spectrometer (Shimadzu Corp., Kyoto, Japan) (34). Clinical samples were assayed in batches
alongside plasma calibrators and quality controls and were subject to batch acceptance criteria (39).
Piperacillin and tazobactam detection was monitored at 580 to 143 nm and 299 to 138 nm, respectively.
Linearity was validated over the concentration range of 0.5 to 500 for piperacillin and 0.625 to 62.5 mg/
liter for tazobactam. Precision and accuracy were within 5.8% and 10% for piperacillin and within 7.0%
and 7.6% for tazobactam. The lowest limits of quantification were 0.5 and 0.625 mg/liter for piperacillin
and tazobactam, respectively.

Population pharmacokinetic analysis. One-, two- and three-compartment PK models were tested
using the nonparametric adaptive grid algorithm within Pmetrics package for R (Los Angeles, CA, USA)
(35). Both lambda (additive) and gamma (multiplicative) error models were tested for inclusion.
Biologically plausible variables tested were actual body weight, BMI, age, serum creatinine, CrCL, ECMO
mode and flow rate, acute physiology and chronic health evaluation (II) (APACHE II), and sequential
organ failure assessment (SOFA) scores. These variables were added onto Vc, Vp, and CL in a forward
stepwise manner. In non-RRT patients, estimated CrCL (eCrCL) was calculated via the Cockcroft-Gault
equation (36) found below:

eCrCl ¼ 1402 ageð Þ � weight ðkgÞ
0:815� serum creatinine ðm mol=literÞ � 0:85 if female

If the inclusion of a variable resulted in an increase in the coefficient of determination of the linear
regression (R2) and in a reduction of the bias of the goodness-of-fit plots as well as a statistically signifi-
cant reduction in the log likelihood (P, 0.05), the covariate was supported for inclusion.

(i) Population pharmacokinetic model diagnostics. The R2 and the bias of the observed versus pre-
dicted plots as well as the log likelihood of each run were considered for the goodness-of-fit evaluation.
Predictive performance evaluation was based on mean predicted error (bias) and the mean bias-adjusted
prediction error (imprecision) of the population and individual prediction models (37). The visual predictive
check plot and the normalized prediction distribution errors were used to test the suitability of the final cova-
riate models.

(ii) Dosing simulations. Different piperacillin and tazobactam dosing regimens in patients with vari-
ous BMIs (20 and 30 kg/m2) and native CrCL (0 ml/min with RRT, 30 ml/min, 100 ml/min, and 160 ml/
min) were evaluated using Monte Carlo dosing simulations (n = 1,000) in Pmetrics. Dosing regimens
evaluated were 4.5 g administered every 6 hours to every 12 hours as a 0.5- to 4-hour infusion.
Extended infusions over 3 and 4 hours were included to assess potential advantages of target attain-
ment over traditional intermittent bolus dosing regimens (32). Total concentrations were corrected by
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30% to account for protein binding (12). A piperacillin Cmin of 16 mg/liter was chosen as the efficacy tar-
get, as it represents the European Committee of Antimicrobial Susceptibility Testing (EUCAST) MIC
breakpoint for Pseudomonas aeruginosa (38). A Cmin greater than 360 mg/liter was chosen as the pipera-
cillin toxicity threshold where patients have been reported to be at a 50% risk of developing a neuro-
toxic event (21). For tazobactam, a CT of .2 mg/liter was tested. For each dosing regimen, the probabil-
ity of target attainment (PTA) after 72 h of therapy was calculated as the percentage of patients
achieving a 50% and 100% time the free drug concentration remains above an MIC of 16 mg/liter and a
tazobactam CT of .2 mg/liter. Tazobactam toxicity was not tested, as the threshold has not yet been
well defined. The optimal dosing regimen was defined as the regimen that provided the lowest proba-
bility of achieving toxicity and highest probability of achieving efficacious exposures.
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