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ABSTRACT Piperacillin/tazobactam (TZP) is administered intravenously in a fixed ratio
(8:1) with the potential for inadequate tazobactam exposure to ensure piperacillin
activity against Enterobacterales. Adult patients receiving continuous infusion (Cl) of TZP
and therapeutic drug monitoring (TDM) of both agents were evaluated. Demographic
variables and other pertinent laboratory data were collected retrospectively. A popula-
tion pharmacokinetic approach was used to select the best kidney function model
predictive of TZP clearance (CL). The probability of target attainment (PTA), cumulative
fraction of response (CFR) and the ratio between piperacillin and tazobactam were
computed to identify optimal dosage regimens by continuous infusion across kidney
function. This study included 257 critically ill patients (79.3% male) with intra-abdomi-
nal, bloodstream, and hospital-acquired pneumonia infections in 89.5% as the primary
indication. The median (min-max range) age, body weight, and estimated glomerular
filtration rate (eGFR) were 66 (23-93) years, 75 (39-310) kg, and 79.2 (6.4-234) mL/min,
respectively. Doses of up to 22.5 g/day were used to optimize TZP based on TDM.
The 2021 chronic kidney disease epidemiology equation in mL/min best modeled TZP
CL. The ratio of piperacillin:tazobactam increased from 6:1 to 10:1 between an eGFR
of <20 mL/min and >120 mL/min. At conventional doses, the PTA is below 90% when
eGFR is 2100 mL/min. Daily doses of 18 g/day and 22.5 g/day by ClI are expected
to achieve a >80% CFR when eGFR is 100-120 mL/min and >120-160 mL/min, respec-
tively. Inadequate piperacillin and tazobactam exposure is likely in patients with eGFR >
100 mL/min. Dose regimen adjustments informed by TDM should be evaluated in this
specific population.

KEYWORDS beta-lactamases, beta-lactams, clinical therapeutics, Enterobacteriaceae,
pharmacokinetics, pharmacodynamics

iperacillin/tazobactam (TZP) is one of the top five intravenous antibiotics used in

hospitals in the United States (1). The dosage of TZP is typically 3.375 g every 6 h
infused over 30 min for most indications with a higher dose of 4.5 g every 6 h infused
over 30 min for nosocomial pneumonia (2). Recently, a revision to the TZP susceptibility
breakpoints for Enterobacterales was put forth by the Clinical Laboratory Standards
Institute (CLSI) that lowered the susceptibility threshold and includes a susceptible-dose
dependent (S-DD) category of 16 mg/L for piperacillin (PIP) in the presence of 4 mg/L
tazobactam (TAZ) (3). Reliance on an extended infusion (El) of TZP over 50% of the
dosing interval has been used to justify this S-DD category. The evidence for this
pharmacodynamic target was deemed insufficient by the Food and Drug Administration
to accept CLSI's S-DD category but sufficient to accept the susceptibility criteria of 8 mg/L
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for PIP in the presence of 4 mg/L of TAZ. As reflected in these assessments, a ratio of 4:1
and 2:1 exists with the CLSI S-DD and susceptibility criteria for PIP:TAZ. Alternatively
ensuring that TAZ concentrations exceed 4 mg/L is considered a reasonable systemic
concentration threshold (C7) based on animal and in vitro models (4, 5).

The TZP drug product is formulated based on a fixed ratio of 8 parts PIP to 1 part
TAZ (2). Once administered intravenously, the clearance (CL) of these compounds is
dependent on the glomerular filtration rate (GFR) and kidney tubular secretion with the
recovery of 65%-70% of the drugs as the unchanged form in urine (2). Uniquely, PIP
inhibits the kidney tubular secretion of TAZ (6). The relevance is that kidney function
plays an integral role in dose administration considerations and at present is only used
to select lower doses of TZP when kidney function, evaluated by estimated GFR (eGFR)
is <40 mL/min. The impact of the alternate scenario, when kidney function is augmented
(eGFR > 120 mL/min) on the TZP profile, has not been well characterized. Recent drug
product approvals for antibiotics like cefiderocol (7) and sulbactam-durlobactam (8) have
verified the need for higher antibiotic dose regimens when eGFR exceeds 120 mL/min
and 130 mL/min, respectively. These developments raise fundamental concerns for
antibiotics like TZP that simultaneously require optimal exposures of two drugs across
the full expected clinical range of kidney function. Importantly, how does the ratio of TZP
change with kidney function and are there thresholds where clinical dose intervention
may be necessary? This question is harder to answer in the United States because
routine therapeutic drug monitoring (TDM) is not performed for these agents. Also, one
approach to measure kidney clearance is by continuous infusion (Cl) and measurement
of probe molecule concentrations at steady state. A principle is applied to measure the
GFR using an exogenous molecule like inulin. Using the same principle, we leverage Cl
TZP data from patients undergoing routine TDM for both compounds, a practice that
is routine within some institutions in Italy (9). Our objective was to understand how
the ratio of the two drug components changes and whether dose adjustments may be
necessary in certain groups of patients across the expected adult kidney function range.

MATERIALS AND METHODS
Study design

The study was approved by the local Ethics Committee. Signed informed consent
was waived due to the retrospective nature of this investigation, in accordance with
the national legislation and the institutional requirements. Adult patients who were
consecutively admitted to both the general and post-transplant intensive care units of
the IRCCS Azienda Ospedaliero—Universitaria di Bologna, Italy, in the period April 2021
to April 2023 and who were treated empirically with TZP for suspected Gram-negative
infections were included in this study.

Standard initial dosing regimens of TZP at the IRCCS Azienda Ospedaliero—
Universtaria di Bologna, Italy, were a loading dose of 9 g infused over 1 h and followed
immediately by a Cl maintenance dose of 18 g/day for eGFR > 40 mL/min, of 13.5 g/day
for eGFR of 20-40 mL/min, and of 9 g/day for eGFR < 20 mL/min. After 48-72 h of
treatment initiation, patients underwent real-time TDM coupled with clinical pharmacol-
ogy consultation for exposure optimization (9). At each TDM assessment, a single blood
sample was collected for measuring steady-state plasma concentrations of PIP (Csspp)
and TAZ (Csstaz). Total Csspjp and Csstaz were measured by means of a liquid chroma-
tography-tandem mass spectrometry commercially available method (Chromsystems
Instruments & Chemicals GmbH, Munich, Germany), with a lower limit of quantification
of T mg/L and 0.5 mg/L for PIP and TAZ, respectively. TDM-based TZP dosing adjustments
were provided whenever needed for attaining the so-called optimal joint pharmacoki-
netic/pharmacodynamic (PK/PD) target of TZP for empirical treatment. The joint PK/PD
target of TZP was defined as optimal for empirical treatment when both the fCss/MICgp
ratio of PIP was >4 (where MICgp is the EUCAST and the CLSI clinical breakpoint for TZP
against susceptible Enterobacterales, namely 8 mg/L) and the fCss/Cr ratio of TAZ was >1
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(where Cr was the fixed target TAZ concentration used by the EUCAST and the CLSI for
in vitro standard susceptibility testing of TZP, namely 4 mg/L). The joint PK/PD target of
TZP was defined as quasi-optimal or sub-optimal for empirical treatment if only one or
none of the two thresholds were attained, respectively. We also quantified the incidence
of cases achieving a Csspjp > 157.2 mg/L, a value that has recently been linked to a higher
probability of neurotoxicity with TZP (10).

The following demographic and clinical data were retrieved from archived patient
clinical records: age, gender, body weight, height, serum creatinine, TZP posology, Csspjp
and Csstaz, type and site of infection, and bacterial isolates (whenever identified). Csspp
to Csstaz ratios were calculated (PIP:TAZ ratio) and distributed according to seven
different classes of eGFR calculated by means of the non-race-based chronic kidney
disease epidemiology (CKD-EPI) equation (11).

Population pharmacokinetic modeling

TZP plasma concentrations were analyzed using non-linear mixed effects modeling using
the stochastic approximation expectation minimization algorithm through the Monolix
software (version 2023R1; Lixoft, Antony, France). As all subjects received TZP by 24 h
Cl, mono-compartmental system analysis was adequate to simultaneously model the
pharmacokinetics of both PIP and TAZ (Fig. S1). First of all, a linear model parameter-
ized with zero order administration and two drug components for CL from the central
compartment, one for PIP (CLpjp) and the other for TAZ (CLtaz), was built. The distribution
volume of the central compartment was fixed to 15 L for both PIP and TAZ based on the
product label central tendency value (2). Exploratory analyses (Fig. S2) suggested that
ClLtaz was influenced by Csspip. As a consequence, CLyaz was evaluated as linear and
non-linear functions of CLpjp and Csspjp by seven different mathematical functions. The
structural models are detailed in Table S1.

All individual parameters were considered to be log-normally distributed. Several
error models (additive, proportional, or combined additive and proportional error model)
were tested for residual variability. The effect of covariates such as age, body weight, and
eGFR, was evaluated. Covariate selection was made according to a forward/backward
process. In the forward step, the inclusion of a covariate in the model was based on the
result of Pearson’s correlation test between each covariate and the random effect of the
estimated pharmacokinetic parameter. In the backward step, the Wald test was used to
test whether any covariate could be removed from the full covariate model.

Model selection and validation

Comparisons of the performances of the models were evaluated by calculating the
Akaike information criteria (AIC). A decrease of at least 2 points in the AIC was used for
model discrimination. The adequacy of different models was also assessed by consider-
ing the goodness of fit of the observed versus predicted concentrations, the relative
standard error (RSE) of the estimated pharmacokinetic parameters, the distribution of
the individual weighted residuals, and the nonparametric distributional errors. Visual
predictive check showing the time course of the 10th, the 50th, and the 90th percentiles
of observed data overlaid to the corresponding 90% prediction intervals was used for
internal validation.

Monte Carlo simulation

Monte Carlo simulations (n = 1,000 subjects) were executed using the final popula-
tion pharmacokinetic model using Simulx 2023R1 (Lixoft, Antony, France) to generate
different TZP concentration-time profiles associated with different dosing regimens
adjusted for classes of eGFR and administered by 24 h CI.

The simulated TZP dosing regimens were 2.25 and 4.5 g by 24 h Cl for eGFR of 20-40
mL/min, 6.75 and 9 g 24 h Cl for eGFR of 20-80 mL/min, 13.5 g 24 h Cl for eGFR of
60-80 mL/min and 18 g 24 h Cl for eGFR of 80-180 mL/min. We also tested an intensified
regimen of 22.5 g 24 h Cl for eGFR of 100-180 mL/min.
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The probability of target attainment (PTA) of the joint PK/PD target of TZP was
calculated by using the free fractions (f) of PIP and TAZ concentrations that were set at
70% based on plasma protein binding being reported as 30% (2). The joint PK/PD target
of TZP was considered optimal for empirical treatment against the Enterobacterales
whenever the PTA for both the fCss/MICgp ratio of PIP >4 and the fCss/Cr ratio of TAZ >1
were >90%. The joint PK/PD target of TZP was considered quasi-optimal whenever PTA
was =90% for only one of the two thresholds, and sub-optimal whenever PTA was <90%
for both of the two thresholds.

The PTAs of optimal, quasi-optimal, and sub-optimal joint PK/PD target of TZP were
calculated also against the CLSI S-DD category for Enterobacterales by substituting the
MICgp with the MIC value of 16 mg/L, which is used for defining this category (MICs_pp).
We quantified the probability of achieving a Csspp > 157.2 mg/L, which has been
associated with the development of neurotoxicity (10). In addition, we determined the
cumulative fraction of response (CFR) based on the MIC distribution of a large collection
of Escherichia coli clinical isolates from sentinel hospitals across Canada (12).

RESULTS

A total of 257 critically ill patients were evaluated contributing 506 Csspjp and Csstaz for
this analysis. Patients’ demographic and clinical characteristics are reported in Table 1.
Median (min-max range) age, weight, and eGFR were 66 years (23-93), 75 kg (39-310),
and 79.2 mL/min (6.4-234), respectively. Intra-abdominal, bloodstream, and hospital-
acquired pneumonia infections accounted for the vast majority of TZP indications
(89.5%, 230/257). TDM was assessed first after a median of 3 days interquartile range (IQR
2-4). The median (range) Csspjp and Csstaz were 71.2 (12.6-423) mg/L and 9.4 (2.0-66.6)
mg/L, respectively. A total of 54 patients had 67 observed Csspjp values >157.2 mg/L but
no neurotoxicity events were explicitly noted in their medical records. Figure 1 shows the
observed distributions of the PIP:TAZ ratios across the different classes of eGFR. Median
(IQR) observed PIP:TAZ ratio increased proportionally across different classes of kidney
function, from a minimum of 5.8 (4.8-7.05) for eGFR < 20 mL/min up to a maximum of
10.1 (8.6-11.3) for eGFR > 120 mL/min (P < 0.001).

Table S2 provides the stepwise comparison of the seven alternate structural models
based on independent and dependent (linear, power, Emax, Sigmoidal) functions of

TABLE 1 Demographics and clinical characteristics (n = 257)°

Age (years) 66 (23-93)
Gender (M/F) 177/80
Weight (kg) 75 (39-310)
BSA (m?) 1.9 (1.3-3.9)
Creatinine (mg/dL) 1.04 (0.23-8.84)
eGFR (mL/min) 79.2 (6.4-234)
Type of infection
Intra-abdominal infections 95 (36.9)
Bloodstream infections 75(29.2)
Hospital-acquired pneumonia 60 (23.4)
Skin and soft-tissue infections 12 (4.7)
Urinary tract infections 8(3.1)
Bone and joint infections 5(1.9)
Febrile neutropenia 2(0.8)
Piperacillin/tazobactam treatment
Median dose (g/day) 18.0 (2.25-22.5)
Piperacillin Css (mg/L) 71.2(12.6-423.0)
Tazobactam Css (mg/L) 9.4 (2.0-66.6)
No. of TDM assessment per patient 2(1-7)

9Data are presented as median (min-max) for continuous variables and as number (%) for dichotomous variables.
BSA: body surface area and Css: steady-state concentration.
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FIG 1 Box and whisker plot (5th and 95th percentiles) of observed piperacillin/tazobactam concentra-
tion ratio across different classes of kidney function. The solid line represents the expected value of the

concentration ratio based on the 8:1 proportion between piperacillin and tazobactam.

CLtaz and CLpjp. A one-compartment model including eGFR as a covariate of independ-
ent functions of CLtaz and CLpp best fits the population pharmacokinetics of TZP (model
1). An Emax model of CLtaz that included eGFR as a covariate of CLpjp was the next
best model and aligned with the observations of lower CLtaz with increasing Csspjp (Fig.
S2), and a comparison is provided in Table S3. While this Emax model was not selected
as the final model, Fig. S3 illustrates that an IC5q of 29.9 mg/L for Csspjp is associated
with a 5.5% reduction in CLtaz with an inhibition maximum (Imax) of 11% at the highest
Cssp|p concentrations. As noted, kidney function was the primary covariate of CLyaz and
CLpjp Comparisons of contemporary kidney function equations are provided in Table
S4 and show that eGFR should be in mL/min rather than mL/min/1.73 m? and that
the 2021 non-race-based CKD-EPI equation performed best. Model diagnostics plots are
summarized in Fig. S4 to S7. Given that the distribution volume of the central compart-
ment was fixed to 15 L for both PIP and TAZ, we also performed an analytical solution
to the estimation of PIP and TAZ CL based on the rate of infusion/Css value. Figure S8
shows that the individual estimates derived by the final model match a no-model-based
analytical solution implying that the typical value for V that was selected resulted in
CL estimates that were similar to this analytical solution method of estimating CL. The
summary of the final population pharmacokinetic mode is reported in | is reported in
Table 2.

Table 3 provides the probability estimates for achieving a Csspp > 157.2 mg/L across
eGFR estimates of 20-180 mL/min. The licensed dosing regimens allowed optimal joint
PK/PD target of TZP up to the EUCAST/CLSI clinical breakpoint up to eGFR of 80 mL/min
if administered by Cl (Table 4). The intensified dosing regimen of 22.5 g administered by
Cl granted optimal joint PK/PD target at eGFR of 100 mL/min, but not at higher eGFR
values. In the CLSI S-DD category of 16 mg/L, only quasi-optimal (only for tazobactam)
joint PK/PD targets were attainable with the same dosing schedules (Table 5). Table 6
includes the CFR as well as the toxicity risk (TR) estimate (based on Csspjp > 157.2 mg/L)
for doses within and above the conventional range. Daily doses of 18 g/day and
22.5 g/day by Cl are expected to achieve a >80% CFR when eGFR is 100-120 mL/min
and >120-160 mL/min, respectively. Based on the difference between CFR and TR, Cl
doses of up to 22.5 g are suggested when eGFR > 120 mL/min.
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TABLE 2 Summary of the final population pharmacokinetic model”

Parameter Value (%RSE)
Fixed effects
Vi 15
Clpip 6.39(2.92)
B_CLppp 0.77 (5.43)
Clyaz 5.89(2.95)
B_Claz 0.92 (4.47)
Vs 15
F 0.1
SD of the random effects
wClpp 0.41(11.6)
(.AJCLTAZ 0.41(12.0)
Correlation
CLpipClyaz 0.93(11.5)
Residual variability
b (proportional) PIP 0.28 (3.98)
b (proportional) TAZ 0.29 (3.78)

2V, is the volume of central compartment for piperacillin; CLpjp is piperacillin clearance, B_CLpjp is the coefficient
of piperacillin CL as a function of eGFR; CLyaz is tazobactam clearance, B_CLyaz is the coefficient of piperacillin CL
as a function of eGFR; V5 is the volume of central compartment for tazobactam; F is the fraction of infused drug
representative of tazobactam; eGFR is the estimated glomerular filtration rate based on the 2021 chronic kidney
disease epidemiology equation; and SD is the standard deviation. The formulas can be represented as follows:

0.77 0.92
CLpp = 6.39 X (e(é%) X ¢€,CLtaz = 5.89 X (e(’é%) X ¢, where ¢ is eta_CL that represents the random

effect defining the interindividual variability of CL. It is automatically defined in Monolix as a normal random
variable with zero mean and a standard deviation to be estimated. The distribution of Cl is thus defined with
two population parameters: Cl_pop (in this case CLpjp and CLyaz), the typical value of Cl in the population, and
omega_Cl, the standard deviation of eta_CL.

DISCUSSION

This study on TZP dosing and TDM provides valuable insights into the complexities of
antibiotic administration, especially in patients with augmented renal clearance (ARC).
TZP is a frontline antibiotic in the treatment of severe infections, and ensuring adequate
concentrations of both PIP and TAZ is crucial for its efficacy. This study’s findings shed
light on the need for personalized dosing regimens to optimize patient outcomes.

TZP is predominantly eliminated by the kidneys, and the pharmacokinetics of
tazobactam is dependent on piperacillin concentrations (13-15). Our results align with
these expectations and provide quantitative context to the degree of this interaction.
We show that piperacillin reduces tazobactam clearance by up to 11%, and this loss of
inhibition is likely in patients with high eGFR where Csspjp <29.9 mg/L is expected. In this
regard, the use of El or Cl TZP is a proven strategy to achieve higher PTA than standard
Il (16) and potentially higher clinical cure rates (17-19). Concerns about the efficacy of

TABLE 3 Probability of achieving a steady-state piperacillin concentration >157.2 mg/L (asssoicated with
neurotoxicity) by incremental piperacillin/tazobactam dosages administered by Cl across specified values
of eGFR

eGFR (mL/min) Piperacillin/tazobactam dosages (g/day by CI)

2.25 4.5 6.75 9 13.5 18 225
20 0 0.8 10.3 28.1 64.2 86 94.6
40 0 0.1 0.6 2.1 16.9 37.7 60
60 0 0 0 0.2 6 18 34.7
80 0 0 0 0.1 1.7 6.6 16.6
100 0 0 0 0 0.4 2 7.2
120 0 0 0 0 0.1 0.8 3.7
140 0 0 0 0 0 0.2 1.6
160 0 0 0 0 0 0.1 1.5
180 0 0 0 0 0 0 0.7
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TABLE 4 Probability of optimal, quasi-optimal, and sub-optimal joint PK/PD target attainment at day 3 with different dosages of continuous infusion
piperacillin/tazobactam by eGFR in relation to the EUCAST clinical breakpoints of Enterobacterales of 8 mg/L?

Piperacillin/tazobactam dosages (g/day by Cl)

eGFR (mL/min) 2.25 45 6.75 9 13.5 18 22,5
PIP TAZ PIP TAZ PIP TAZ  PIP TAZ PIP  TAZ PP TAZ PP TAZ
20 176 359 762 9.1 95.4 987 991 996 - - - - - -
40 0.7 25 250 381 63.4 755 845 903 - - - - - -
60 - - - - 36.6 44 629 699 922 936 - - - -
80 - - - - 17.3 202 384 430 747 800 942 949 - -
100 - - - - - - - - - - 841 843 946 952
120 - - - - - - - - - - 785 734 878 870
140 - - - - - - - - - - 66.1 606 845 808
160 - - - - - - - - - - 553 508 760 705
180 - - - - - - - - - - 504 403 674 618

“The shaded areas identify optimal (dark gray) and quasi-optimal (light gray) joint PK/PD target attainment.
®Intensified Cl tested an increased dose of 22.5 g when eGFR > 100 mL/min. A loading dose of 9 g infused over 1 h was used prior to initiation of the Cl regimens.
“~'means "Not assessed".

TZP in the treatment of severe infections due to ESBL-producing bacteria have emerged
in recent years. In the Merino trial, the 30-day mortality rate of bloodstream infections
caused by ESBL-producing bacteria was higher in the TZP arm than in the meropenem
arm (12.3% versus 3.7%) (20). While specific beta-lactamases resistant to tazobactam
(OXA-48 and ampC) contributed to this difference, issues related to inadequate TZP
exposure related to Il administration have been raised. Importantly, TZP remains a
high-use agent in most institutions in the United States, and Il is likely to still be the
predominant administration route.

While El is seen as the middle ground from a clinical implementation perspective, the
use of Cl should be advocated in our opinion for TZP in the treatment of severe infections
in critically ill patients or those with ARC (21). Patients with ARC, characterized by an
eGFR = 120 mL/min, present a unique challenge. Prior research has shown that these
patients may experience sub-optimal antibiotic exposure due to rapid drug clearance,
potentially compromising treatment efficacy (21-24). The findings suggest the need for a
more intensified dosing regimen by Cl to properly deal with this issue.

Our population pharmacokinetic model emphasizes the intricate relationship
between PIP concentrations and TAZ clearance. The pharmacokinetics of the two drugs
are highly correlated, but PIP inhibits the renal excretion of TAZ (6, 25), especially when
high Csspjp is achieved. This interaction highlights the importance of considering both
drugs when adjusting dosing regimens. Previous research has also recognized the need

TABLE 5 Probability of optimal, quasi-optimal, and sub-optimal joint PK/PD target attainment at day 3 with different dosages of continuous infusion
piperacillin/tazobactam by eGFR in relation to the CLSI S-DD category of Enterobacterales of 16 mg/L®

Piperacillin/tazobactam dosages (g/day by Cl)

eGFR (mL/min) 2.25 45 6.75 9 13.5 18 22.5°
PIP  TAZ PIP  TAZ  PIP TAZ PIP TAZ  PIP TAZ PP TAZ PIP TAZ
20 007 359 176 911 489 98.7 762 996 - - - - - -
40 001 25 007 381 87 75.5 250 903 - - - - - -
60 - - - - 18 424 9.4 699 366 936 - - - -
80 - - - - 0.06 20.2 2.1 430 173 800 426 949 - -
100 - - - - - - - - - - 244 843 459 952
120 - - - - - - - - - - 184 734 306 870
140 - - - - - - - - - - 109 606 261 80.8
160 - - - - - - - - - - 057 508 174 705
180 - - - - - - - - - - 040 403 116 618

“The shaded areas identify optimal (dark gray) and quasi-optimal (light gray) joint PK/PD target attainment.
®Intensified Cl tested an increased dose of 22.5 g when eGFR > 100 mL/min. A loading dose of 9 g infused over 1 h was used prior to initiation of the Cl regimens.
“~'means "Not assessed".
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TABLE 6 CFR, TR, and the difference between these estimates (delta) with different dosages of continuous
infusion piperacillin/tazobactam by eGFR

eGFR (mL/min) Dose (g) CFR (%)° TR (%)° Delta (CFR-TR)
20 6.75 87.1 103 77
9 90.5 28.1 62
40 9 82.8 2.1 81
135 920 16.9 73
60 135 853 6 79
18 88.9 18 71
80 18 86.2 6.6 80
100 18 82.7 2 81
225 86.6 7.2 79
120 18 81 0.8 80
225 83.9 37 80
140 18 78.1 0.2 78
225 829 1.6 81
160 18 753 0.1 75
225 80.6 15 79
180 18 73.6 0 74
225 78.4 0.7 78

9CFR is the cumulative fraction of response based on the probability of target attainment at MIC distributions of
ESBL-producing Escherichia coli (12).

*TR is the toxicity-risk potential based on probability of a steady-state piperacillin concentration >157.2 mg/L that
has been associated with neurotoxicity (10).

for such an integrated approach (26) to ensure that both PIP and TAZ maintain therapeu-
tic concentrations, especially in patients with ARC.

Furthermore, the Monte Carlo simulations in this study align with earlier investiga-
tions that revealed the limitations of standard TZP dosing. While the CI of TZP may
adequately maintain PIP concentrations above susceptibility breakpoints, it may fall
short in achieving optimal TAZ exposure in patients with ARC (27). These findings
have practical implications for clinicians, urging them to tailor TZP dosing strategies
to individual patient characteristics, particularly kidney function. We also show that
the estimation of kidney function using the most contemporary approach is the 2021
CKD-EPI equation that eliminated race as a factor. Our analyses unequivocally show that
the unit of reporting these values should be in mL/min rather than mL/min/1.73 m?, in
line with US FDA recommendations.

While kidney function estimation is useful, it is important to acknowledge that 40% of
the interindividual variability in clearance remains unexplained for TZP with the inclusion
of this parameter. TDM is, therefore, a crucial tool to optimize empiric antibiotic dosing,
especially in critically ill patients (28). Prior studies have demonstrated the benefits
of real-time TDM, enabling clinicians to make informed dose adjustments to achieve
desired PK/PD targets (29). This approach ensures that both PIP and TAZ concentrations
remain within the therapeutic window, enhancing the likelihood of clinical success while
minimizing the risk of resistance and toxicity.

There are several counter-points and limitations to our work that deserve attention.
Firstly, we measured total rather than free concentrations. While free concentration
measurement would be ideal, it is not practical or feasible to perform that measure-
ment routinely in TDM practice. We also measured concentrations at steady state that
precluded generation of a volume of distribution estimate. We relied on a fixed estimate
of volume of distribution that allowed for a reasonable estimation of clearance but
restricted our simulations to Cl regimens only. Another point of contention is the target
concentrations selected to qualify the joint PKPD targets for TZP. Some argue that
targeting an fCsspjp > 1x minimum inhibitory concentration (MIC) to be sufficient (rather
than 4x MIC) and that fCssyaz = 4 mg/L to be overly aggressive. A recent randomized
controlled trial targeted fCsspjp > 4x MIC, which is consistent with our clinical practice
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(30). We empirically target Csspjp values of 32-64 mg/L because we are treating critically
ill patients, considering that we are measuring total rather than free concentrations,
accounting for the risk of having 1-2 dilution variability in the MIC, and expecting
tissue concentrations such as pulmonary penetration of Csspjp to be ~50% of plasma
concentrations (31). Empirically targeting a Csspjp of 1x MIC or 8 mg/L would provide
a very limited margin of safety when considering all of these variables. Likewise, some
argue that it is not necessary to sustain Cssyaz for 100% of the dosing interval and that
the threshold is dependent on the degree of beta-lactamase expression (4). Prior work
that identified this relationship used laboratory-derived strains expressing one type of
beta-lactamase. That research group demonstrated that it is not possible to model these
relationships when multiple strains with different beta-lactamase expression profiles
were tested (32). They did identify a simple relationship that the Cssyaz threshold was
0.5 times the ceftolozane MIC (32). If that relationship translates to piperacillin then
the Csstaz threshold would be 4 mg/L for a piperacillin MIC of 8 mg/L. Abodakpi et al.
constructed an Emax model using four ESBL-producing Enterobacterales strains based on
the log; piperacillin MIC. The ICzq for tazobactam was identified to be 2.6, 1.36, 35.3,
and 2.71 mg/L, respectively for each of these strains, with near maximal effect around
8 mg/L for two of these strains (33). There is no consensus statement on the optimal
Csstaz threshold, the FDA in their rationale for TZP breakpoints specifically cited, “CLSI's
rationale does not specify tazobactam PK/PD targets nor includes tazobactam PK/PD
target attainment analyses to demonstrate that tazobactam exposure will be sufficiently
high to drive piperacillin efficacy with the dosing regimens noted for the proposed
breakpoints (34)." Given these uncertainties, reliance on Csstaz 4 mg/L as the threshold
is a reasonable benchmark that we applied since it is used as the in vitro standard. We
tested this assumption in a recent prospective study carried out among 35 patients
having a documented secondary blood stream infection (BSI) caused by ESBL-producing
Enterobacterales and specific pre-defined inclusion criteria (namely absence of septic
shock at onset; favorable clinical evolution in the first 48 h after starting treatment;
low-intermediate risk primary infection source) (35). The findings showed that real-time
TDM-guided attainment of this aggressive joint PK/PD target of Cl piperacillin-tazobac-
tam monotherapy, by granting microbiological eradication in the vast majority of cases
(32/35; 94.1%), may represent an effective carbapenem-sparing strategy for treating
non-severe ESBL-producing Enterobacterales secondary BSls (35). Future consensus will
address whether lower Csspjp and Cssyaz could support the consideration of lower
dosing recommendations than those identified by our analyses.

In conclusion, this study’s results build upon prior research in the field of TZP
dosing and TDM. This work emphasizes the intricate interplay between piperacillin
and tazobactam pharmacokinetics, particularly in patients with ARC. The lessons from
previous studies underscore the complexity of antibiotic dosing and the critical role
of personalized treatment regimens. By integrating TDM and model-informed precision
dosing into clinical practice and considering individual patient characteristics, healthcare
providers can enhance the precision of antibiotic dosing, ultimately improving outcomes
for patients with severe infections. Future research should continue to explore these
nuances and refine dosing recommendations to advance patient care.

AUTHOR AFFILIATIONS

'Department of Medical and Surgical Sciences, Alma Mater Studiorum, University of
Bologna, Bologna, Italy

“Clinical Pharmacology Unit, IRCCS Azienda Ospedaliero—Universitaria di Bologna,
Bologna, Italy

*Department of Clinical Pharmacy, College of Pharmacy, University of Michigan, Ann
Arbor, Michigan, USA

“Anesthesiology and Intensive Care Medicine, IRCCS Azienda Ospedaliero—Universitaria
di Bologna, Bologna, Italy

April 2024 Volume 68 Issue 4

Antimicrobial Agents and Chemotherapy

10.1128/aac.01404-23

9


https://doi.org/10.1128/aac.01404-23

Full-Length Text

Antimicrobial Agents and Chemotherapy

*Division of Anesthesiology, Department of Anesthesia and Intensive Care, IRCCS Azienda
Ospedaliero—Universitaria di Bologna, Bologna, Italy
®Infectious Diseases Unit, IRCCS Azienda Ospedaliero—Universitaria di Bologna, Bologna,

Italy

AUTHOR ORCIDs

Pier Giorgio Cojutti {2 http://orcid.org/0000-0001-7135-4410
Manjunath P. Pai & http://orcid.org/0000-0001-7119-5034
Federico Pea { http://orcid.org/0000-0002-6966-7167

AUTHOR CONTRIBUTIONS

Pier Giorgio Cojutti, Conceptualization, Data curation, Methodology, Writing — original
draft, Writing - review and editing | Manjunath P. Pai, Formal analysis, Methodology,
Writing - original draft, Writing — review and editing | Tommaso Tonetti, Investigation,
Writing — review and editing | Antonio Siniscalchi, Writing - review and editing | Pierluigi
Viale, Investigation, Writing — review and editing | Federico Pea, Conceptualization,
Project administration, Writing — review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig S1 to S8, Tables S1 to S4 (AAC01404-23-s0001.pdf). Modeling strategy and
rationale, iterative model building decision points, interpretations and diagnostics.

REFERENCES

1.

April 2024 Volume 68

Magill SS, O’Leary E, Ray SM, Kainer MA, Evans C, Bamberg WM, Johnston
H, Janelle SJ, Oyewumi T, Lynfield R, Rainbow J, Warnke L, Nadle J,
Thompson DL, Sharmin S, Pierce R, Zhang AY, Ocampo V, Maloney M,
Greissman S, Wilson LE, Dumyati G, Edwards JR, Emerging Infections
Program Hospital Prevalence Survey Team. 2021. Antimicrobial use in US
hospitals: comparison of results from emerging infections program
prevalence surveys, 2015 and 2011. Clin Infect Dis 72:1784-1792. https://
doi.org/10.1093/cid/ciaa373

Perry CM, Markham A. 1999. Piperacillin/tazobactam: an updated review
of its use in the treatment of bacterial infections. Drugs 57:805-843.
https://doi.org/10.2165/00003495-199957050-00017

Tamma PD, Harris PNA, Mathers AJ, Wenzler E, Humphries RM. 2023.
Breaking down the breakpoints: rationale for the 2022 clinical and
laboratory  standards Institute revised piperacillin-tazobactam
breakpoints against Enterobacterales. Clin Infect Dis 77:1585-1590.
https://doi.org/10.1093/cid/ciac688

Nicasio AM, VanScoy BD, Mendes RE, Castanheira M, Bulik CC, Okusanya
0O, Bhavnani SM, Forrest A, Jones RN, Friedrich LV, Steenbergen JN,
Ambrose PG. 2016. Pharmacokinetics-pharmacodynamics of tazobac-
tam in combination with piperacillin in an in vitro infection model.
Antimicrob Agents Chemother 60:2075-2080. https://doi.org/10.1128/
AAC.02747-15

VanScoy B, Rubino C, McCauley J. Determination of the tazobactam
exposure required for piperacillin efficacy using a onecompartment in
vitro infection model. Boston (MD): ASM Microbe 2016.

Wen S, Wang C, Duan Y, Huo X, Meng Q, Liu Z, Yang S, Zhu Y, Sun H, Ma
X, Yang S, Liu K. 2018. OAT1 and OAT3 also mediate the drug-drug
interaction between piperacillin and tazobactam. Int J Pharm 537:172-
182. https://doi.org/10.1016/j.ijpharm.2017.12.037

European Medicine Agency. 2020. Fetcrojia: Summary of product
characteristics.  Available ~ from:  https://www.ema.europa.eu/en/
medicines/human/EPAR/fetcrojat#:~:text=information%200n%
20Fetcroja-,Overview,contains%20the%20active%20substance%
20cefiderocol

Issue 4

10.

11.

12.

13.

14.

Keam SJ. 2023. Sulbactam/durlobactam: first approval. Drugs 83:1245-
1252. https://doi.org/10.1007/s40265-023-01920-6

Cojutti PG, Gatti M, Bonifazi F, Caramelli F, Castelli A, Cavo M, Cescon M,
Corvaglia LT, Lanari M, Marinelli S, Morelli MC, Pession A, Poggioli G,
Ramirez S, Siniscalchi A, Tonetti T, Trevisani F, Zanoni A, Zinzani PL,
Gibertoni C, Viale P, Pea F. 2023. Impact of a newly established expert
clinical pharmacological advice programme based on therapeutic drug
monitoring results in tailoring antimicrobial therapy hospital-wide in a
tertiary university hospital: findings after the first year of implementa-
tion. Int J Antimicrob Agents 62:106884. https://doi.org/10.1016/j.
ijjantimicag.2023.106884

Quinton M-C, Bodeau S, Kontar L, Zerbib Y, Maizel J, Slama M, Masmoudi
K, Lemaire-Hurtel A-S, Bennis Y. 2017. Neurotoxic concentration of
piperacillin  during continuous infusion in critically ill patients.
Antimicrob Agents Chemother 61:61. https://doi.org/10.1128/AAC.
00654-17

Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, Crews DC,
Doria A, Estrella MM, Froissart M, et al. 2021. New creatinine- and
cystatin C-based equations to estimate GFR without race. N Engl J Med
385:1737-1749. https://doi.org/10.1056/NEJM0a2102953

Walkty A, Karlowsky JA, Lagacé-Wiens PRS, Golden AR, Baxter MR,
Denisuik AJ, McCracken M, Mulvey MR, Adam HJ, Zhanel GG. 2022.
Presence of the narrow-spectrum OXA-1 beta-lactamase enzyme is
associated with elevated piperacillin/tazobactam MIC values among
ESBL-producing Escherichia coli clinical isolates (CANWARD, 2007-18).
JAC Antimicrob Resist 4:dlac027. https://doi.org/10.1093/jacamr/dlac027
Landersdorfer CB, Bulitta JB, Kirkpatrick CMJ, Kinzig M, Holzgrabe U,
Drusano GL, Stephan U, Sérgel F. 2012. Population pharmacokinetics of
piperacillin at two dose levels: influence of nonlinear pharmacokinetics
on the pharmacodynamic profile. Antimicrob Agents Chemother
56:5715-5723. https://doi.org/10.1128/AAC.00937-12

Cojutti PG, Morandin E, Baraldo M, Pea F. 2021. Population pharmacoki-
netics of continuous infusion of piperacillin/tazobactam in very elderly
hospitalized patients and considerations for target attainment against

10.1128/aac.01404-2310


https://doi.org/10.1128/aac.01404-23
https://doi.org/10.1093/cid/ciaa373
https://doi.org/10.2165/00003495-199957050-00017
https://doi.org/10.1093/cid/ciac688
https://doi.org/10.1128/AAC.02747-15
https://doi.org/10.1016/j.ijpharm.2017.12.037
https://www.ema.europa.eu/en/medicines/human/EPAR/fetcroja#:~:text=information%20on%20Fetcroja-,Overview,contains%20the%20active%20substance%20cefiderocol
https://doi.org/10.1007/s40265-023-01920-6
https://doi.org/10.1016/j.ijantimicag.2023.106884
https://doi.org/10.1128/AAC.00654-17
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1093/jacamr/dlac027
https://doi.org/10.1128/AAC.00937-12
https://doi.org/10.1128/aac.01404-23

Full-Length Text

20.

21.

22.

23.

24,

25.

April 2024 Volume 68

Enterobacterales and Pseudomonas aeruginosa. Int J Antimicrob Agents
58:106408. https://doi.org/10.1016/j.ijantimicag.2021.106408

Dhaese SAM, Colin P, Willems H, Heffernan A, Gadeyne B, Van Vooren S,
Depuydt P, Hoste E, Stove V, Verstraete AG, Lipman J, Roberts JA, De
Waele JJ. 2019. Saturable elimination of piperacillin in critically ill
patients: implications for continuous infusion. Int J Antimicrob Agents
54:741-749. https://doi.org/10.1016/j.ijjantimicag.2019.08.024

Felton TW, Hope WW, Lomaestro BM, Butterfield JM, Kwa AL, Drusano
GL, Lodise TP. 2012. Population pharmacokinetics of extended-infusion
piperacillin-tazobactam in hospitalized patients with nosocomial
infections. Antimicrob Agents Chemother 56:4087-4094. https://doi.
org/10.1128/AAC.00521-12

Lorente L, Jiménez A, Martin MM, Iribarren JL, Jiménez JJ, Mora ML.
2009. Clinical cure of ventilator-associated pneumonia treated with
piperacillin/tazobactam administered by continuous or intermittent
infusion. Int J Antimicrob Agents 33:464-468. https://doi.org/10.1016/j.
jjantimicag.2008.10.025

Lodise TP, Lomaestro B, Drusano GL. 2007. Piperacillin-tazobactam for
Pseudomonas aeruginosa infection: clinical implications of an extended-
infusion dosing strategy. Clin Infect Dis 44:357-363. https://doi.org/10.
1086/510590

Roberts JA, Abdul-Aziz M-H, Davis JS, Dulhunty JM, Cotta MO, Myburgh
J, Bellomo R, Lipman J. 2016. Continuous versus intermittent beta-
lactam infusion in severe sepsis. a meta-analysis of individual patient
data from randomized trials. Am J Respir Crit Care Med 194:681-691.
https://doi.org/10.1164/rccm.201601-00240C

Harris PNA, Tambyah PA, Lye DC, Mo Y, Lee TH, Yilmaz M, Alenazi TH,
Arabi Y, Falcone M, Bassetti M, et al. 2018. Effect of piperacillin-
tazobactam vs meropenem on 30-day mortality for patients with E coli
or Klebsiella pneumoniae bloodstream infection and ceftriaxone
resistance: a randomized clinical trial. JAMA 320:984-994. https://doi.
org/10.1001/jama.2018.12163

Udy AA, Lipman J, Jarrett P, Klein K, Wallis SC, Patel K, Kirkpatrick CMJ,
Kruger PS, Paterson DL, Roberts MS, Roberts JA. 2015. Are standard
doses of piperacillin sufficient for critically ill patients with augmented
creatinine clearance?. Crit Care 19:28. https://doi.org/10.1186/513054-
015-0750-y

Besnard T, Carrié C, Petit L, Biais M. 2019. Increased dosing regimens of
piperacillin-tazobactam are needed to avoid subtherapeutic exposure in
critically ill patients with augmented renal clearance. Crit Care 23:13.
https://doi.org/10.1186/513054-019-2308-x

Huttner A, Von Dach E, Renzoni A, Huttner BD, Affaticati M, Pagani L,
Daali Y, Pugin J, Karmime A, Fathi M, Lew D, Harbarth S. 2015. Augmen-
ted renal clearance, low beta-lactam concentrations and clinical
outcomes in the critically ill: an observational prospective cohort study.
Int J Antimicrob Agents 45:385-392. https://doi.org/10.1016/j.
ijjantimicag.2014.12.017

Udy AA, Dulhunty JM, Roberts JA, Davis JS, Webb SAR, Bellomo R,
Gomersall C, Shirwadkar C, Eastwood GM, Myburgh J, Paterson DL, Starr
T, Paul SK, Lipman J, BLING-II Investigators, ANZICS Clinical Trials Group.
2017. Association between augmented renal clearance and clinical
outcomes in patients receiving beta-lactam antibiotic therapy by
continuous or intermittent infusion: a nested cohort study of the BLING-
Il randomised, placebo-controlled, clinical trial. Int J Antimicrob Agents
49:624-630. https://doi.org/10.1016/j.ijantimicag.2016.12.022

Komuro M, Maeda T, Kakuo H, Matsushita H, Shimada J. 1994. Inhibition
of the renal excretion of tazobactam by piperacillin. J Antimicrob
Chemother 34:555-564. https://doi.org/10.1093/jac/34.4.555

Issue 4

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Antimicrobial Agents and Chemotherapy

Wallenburg E, Ter Heine R, Schouten JA, Raaijmakers J, Ten Oever J,
Kolwijck E, Burger DM, Pickkers P, Frenzel T, Briggemann RJM. 2022. An
integral pharmacokinetic analysis of piperacillin and tazobactam in
plasma and urine in critically ill patients. Clin Pharmacokinet 61:907-
918. https://doi.org/10.1007/s40262-022-01113-6

Crass RL, Pai MP. 2019. Pharmacokinetics and pharmacodynamics of
beta-lactamase inhibitors. Pharmacotherapy 39:182-195. https://doi.
org/10.1002/phar.2210

Abdul-Aziz MH, Alffenaar J-W, Bassetti M, Bracht H, Dimopoulos G,
Marriott D, Neely MN, Paiva J-A, Pea F, Sjovall F, Timsit JF, Udy AA, Wicha
SG, Zeitlinger M, De Waele JJ, Roberts JA, Infection Section of European
Society of Intensive Care Medicine (ESICM), Pharmacokinetic/
pharmacodynamic and Critically Ill Patient Study Groups of European
Society of Clinical Microbiology and Infectious Diseases (ESCMID),
Infectious Diseases Group of International Association of Therapeutic
Drug Monitoring and Clinical Toxicology (IATDMCT), Infections in the
ICU and Sepsis Working Group of International Society of Antimicrobial
Chemotherapy (ISAC). 2020. Antimicrobial therapeutic drug monitoring
in critically ill adult patients: a position papery. Intensive Care Med
46:1127-1153. https://doi.org/10.1007/s00134-020-06050-1
Martin-Loeches I. 2022. Therapeutic drug monitoring (TDM) in real-time:
a need for the present future. Expert Rev Anti Infect Ther 20:1245-1247.
https://doi.org/10.1080/14787210.2022.2110070

Hagel S, Bach F, Brenner T, Bracht H, Brinkmann A, Annecke T, Hohn A,
Weigand M, Michels G, Kluge S, Nierhaus A, Jarczak D, Konig C,
Weismann D, Frey O, Witzke D, Miiller C, Bauer M, Kiehntopf M,
Neugebauer S, Lehmann T, Roberts JA, Pletz MW, TARGET Trial
Investigators. 2022. Effect of therapeutic drug monitoring-based dose
optimization of piperacillin/tazobactam on sepsis-related organ
dysfunction in patients with sepsis: a randomized controlled trial.
Intensive Care Med 48:311-321. https://doi.org/10.1007/s00134-021-
06609-6

Felton TW, McCalman K, Malagon |, Isalska B, Whalley S, Goodwin J,
Bentley AM, Hope WW. 2014. Pulmonary penetration of piperacillin and
tazobactam in critically ill patients. Clin Pharmacol Ther 96:438-448.
https://doi.org/10.1038/clpt.2014.131

VanScoy BD, Mendes RE, Castanheira M, McCauley J, Bhavnani SM, Jones
RN, Friedrich LV, Steenbergen JN, Ambrose PG. 2014. Relationship
between ceftolozane-tazobactam exposure and selection for
Pseudomonas aeruginosa resistance in a hollow-fiber infection model.
Antimicrob Agents Chemother 58:6024-6031. https://doi.org/10.1128/
AAC.02310-13

Abodakpi H, Chang K-T, Gao S, Sénchez-Diaz AM, Cantén R, Tam VH.
2019. Optimal piperacillin-tazobactam dosing strategies against
extended-spectrum-beta-lactamase-producing Enterobacteriaceae.
Antimicrob Agents Chemother 63:63. https://doi.org/10.1128/AAC.
01906-18

FDA. 2023 FDA rationale for piperacillin-tazobactam breakpoints for
Enterobacterales. Available from: https://www.fda.gov/drugs/
development-resources/fda-rationale-piperacillin-tazobactam-
breakpoints-enterobacterales

Gatti M, Bonazzetti C, Pascale R, Giannella M, Viale P, Pea F. 2024. Real-
time TDM-guided optimal joint PK/PD target attainment of continuous
infusion piperacillin-tazobactam monotherapy is an effective carbape-
nem-sparing strategy for treating non-severe ESBL-producing
Enterobacterales secondary bloodstream infections: findings from a
prospective pilot study. Microorganisms 12:12. https://doi.org/10.3390/
microorganisms12010151

10.1128/aac.01404-2311


https://doi.org/10.1016/j.ijantimicag.2021.106408
https://doi.org/10.1016/j.ijantimicag.2019.08.024
https://doi.org/10.1128/AAC.00521-12
https://doi.org/10.1016/j.ijantimicag.2008.10.025
https://doi.org/10.1086/510590
https://doi.org/10.1164/rccm.201601-0024OC
https://doi.org/10.1001/jama.2018.12163
https://doi.org/10.1186/s13054-015-0750-y
https://doi.org/10.1186/s13054-019-2308-x
https://doi.org/10.1016/j.ijantimicag.2014.12.017
https://doi.org/10.1016/j.ijantimicag.2016.12.022
https://doi.org/10.1093/jac/34.4.555
https://doi.org/10.1007/s40262-022-01113-6
https://doi.org/10.1002/phar.2210
https://doi.org/10.1007/s00134-020-06050-1
https://doi.org/10.1080/14787210.2022.2110070
https://doi.org/10.1007/s00134-021-06609-6
https://doi.org/10.1038/clpt.2014.131
https://doi.org/10.1128/AAC.02310-13
https://doi.org/10.1128/AAC.01906-18
https://www.fda.gov/drugs/development-resources/fda-rationale-piperacillin-tazobactam-breakpoints-enterobacterales
https://doi.org/10.3390/microorganisms12010151
https://doi.org/10.1128/aac.01404-23

	Balancing the scales: achieving the optimal beta-lactam to beta-lactamase inhibitor ratio with continuous infusion piperacillin/tazobactam against extended spectrum beta-lactamase producing Enterobacterales
	MATERIALS AND METHODS
	Study design
	Population pharmacokinetic modeling
	Model selection and validation
	Monte Carlo simulation

	RESULTS
	DISCUSSION


