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Abstract

Background and Objectives The pharmacokinetics (PK) of piperacillin/tazobactam (PIP/TAZ) is highly variable across
different patient populations and there are controversies regarding non-linear elimination as well as the fraction unbound
of PIP (fyng prp)- This has led to a plethora of subgroup-specific models, increasing the risk of misusing published models
when optimising dosing regimens. In this study, we aimed to develop a single model to simultaneously describe the PK of
PIP/TAZ in diverse patient populations and evaluate the current dosing recommendations by predicting the PK/pharmaco-
dynamics (PD) target attainment throughout life.

Methods Population PK models were separately built for PIP and TAZ based on data from 13 studies in various patient
populations. In the development of those single-drug models, postnatal age (PNA), postmenstrual age (PMA), total body
weight (TBW), height, and serum creatinine (SCR) were tested as covariates. Subsequently, a combined population PK model
was established and the correlations between the PK of PIP and TAZ were tested. Monte Carlo simulations were performed
based on the final combined model to evaluate the current dosing recommendations.

Results The final combined model for PIP/TAZ consisted of four compartments (two for each drug), with covariates including
TBW, PMA, and SCR. For a 70-kg, 35-year-old patient with SCR of 0.83 mg L™, the PIP values for V,, CL, V, and Q, were
104L,106Lh~", 11.6 Land 152 Lh~", respectively, and the TAZ values were 10.5 L, 9.58 L h™!',13.7Land 16.8 L h~,
respectively. The CL for both drugs show maturation in early life, reaching 50% at 54.2 weeks PMA. With advancing age,
CL of TAZ declines to 50% at 61.6 years PMA, whereas CL of PIP declines more slowly, reaching 50% at 89.1 years PMA.
The fynp_pip Was estimated as 64.5% and non-linear elimination was not supported by our data. The simulation results
indicated considerable differences in PK/PD target attainment for different patient populations under current recommended
dosing regimens.

Conclusions We developed a combined population PK model for PIP/TAZ across a broad range of patients covering the
extremes of patient characteristics. This model can be used as a robust a priori model for Bayesian forecasting to achieve
individualised dosing. The simulations indicate that adjustments based on the allometric theory as well as maturation and
decline of CL of PIP may help the current dosing recommendations to provide consistent target attainment across patient
populations.

1 Introduction

Piperacillin/tazobactam (PIP/TAZ) is an intravenous
B-lactam/p-lactamase inhibitor combination product, which
is frequently prescribed for moderate or severe infections in

The members of PIP/TAZ Consortium are mentioned in
“Acknowledgements”.

the intensive care unit setting due to its broad-spectrum anti-
microbial activity against Gram-positive and Gram-negative
bacteria [1-3]. Both PIP and TAZ are eliminated predomi-
nantly by the kidney with up to 68% of PIP and 80% of TAZ
being excreted into urine as unchanged drugs [4].
Although PIP and TAZ have been in clinical use for more
than three decades [5] and have been investigated in many
studies, there is still debate around their pharmacokinetic
(PK) properties. Various studies differ in included patient
population and disease characteristics, which has translated
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A single model is able to describe the pharmacokinet-
ics of piperacillin and tazobactam in a broad population
covering the extremes of age and weight.

Pharmacokinetic differences across subjects are mostly
explained by a subject’s age, bodyweight, and serum
creatinine.

Current dosing recommendations of piperacillin and
tazobactam do not accurately reflect age-related phar-
macokinetic differences across subjects and result in
inconsistent target attainment throughout life.

in various population PK model structures [6, 7]. Age,
weight and creatinine clearance (CL(g) of patients have
been considered to explain part of the variability in the
PK profile. However, different approaches have been used
in the model development process, which has resulted in
debate as to what covariates should be included and how
to include them [1, 8—13]. There is also controversy about
whether elimination of the drugs is saturable. Linear PK
of PIP has been demonstrated in several studies [13-16].
On the other hand, some PK analyses reported non-linear
elimination of PIP in healthy volunteers and patients with
cystic fibrosis [3, 5, 17]. Although most studies reported
that TAZ displays linear PK [18-20], evidence supporting
non-linear PK of TAZ was found [2]. Another difficulty lies
in prediction of unbound plasma concentrations (Cyyp) for
PIP. Variability exists among the reported fraction unbound
of PIP (fyng_pp), leading to differing fractions from 70% to
78% being assumed in studies [15, 21, 22]. Given that the
bactericidal activity of PIP depends on the proportion of
time for which Cyyp is kept above the minimum inhibitory
concentration (MIC) during a dosing interval (fT, ) [23,
24], areliable estimate for fynp prp is a requisite.
Therapeutic drug monitoring (TDM) plays an important
role in optimising the PK target attainment of these drugs
[25-27]. One of the most efficient ways to achieve indi-
vidualised dosing is by using Bayesian forecasting based
on an a priori population PK model. This technology can
be facilitated by model-informed precision dosing (MIPD)
software packages, such as InsightRx® (Insight Rx Inc., San
Francisco, CA, USA) [28] and DosOpt (University of Tartu,
Tartu, Estonia) [29]. However, the high variability and ongo-
ing controversies on the PK of PIP/TAZ have resulted in
numerous PK models, each specific to a different patient
population. Clinicians, pharmacists, and pharmacology spe-
cialists have to understand the limitations of the models they
use and switch models according to patient populations. This
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is a difficult task even for experts. It becomes easier and
less critical when robust models suitable for a broad range
of patients are available. In this study, we aimed to estab-
lish a single population PK model for PIP/TAZ based on a
pooled dataset, which is broad enough to cover the extremes
of patient characteristics. This model is expected to simulta-
neously describe the exposure of PIP and TAZ in different
patient populations and facilitate routine clinical use.

2 Methods
2.1 Component Datasets

Pharmacokinetic studies of PIP/TAZ were identified
through a PubMed search (until 20 November 2019), using
search terms: “piperacillin AND pharmacokinetics [Title/
Abstract]”. We excluded studies in which patients received
renal replacement therapy, extra-corporeal membrane oxy-
genation or non-intravenous administration of PIP/TAZ.
Corresponding or senior authors of these included studies
were invited for collaboration and sharing of anonymised
data. Necessary institutional review board approval was
attained for all included studies in the declarations from the
original papers or from corresponding or senior authors.

Along with the observations, patient characteristics
including postmenstrual age (PMA), postnatal age (PNA),
sex, total body weight (TBW), height and serum creatinine
(SCR) were extracted from component datasets. For patients
other than neonates (PMA < 0.87 years), we assumed that
their PMA was 40 weeks longer than the recorded PNA
(years) [30]. For patients whose SCR records were all
missing, we assumed they had standardised SCR values,
as detailed below. If SCR records of a patient were partly
missing, the missing values were supplemented by constant
backwards propagation (next value carried backwards) based
on the available SCR measurements.

A comprehensive check was conducted across component
datasets. Contradictions in dosing records and questionable
records of included patient characteristics were corrected in
agreement with the corresponding or senior authors of the
included studies.

2.2 Single-drug Pharmacokinetic Modelling

Single-drug population PK models for PIP and TAZ were
separately developed by the same procedures. For each drug,
one-, two- and three-compartmental PK models were com-
pared to simultaneously fit all types of observations. Inter-
individual variability (IIV) of typical parameter estimates
was assumed to be log-normally distributed. A combined



A Pooled PK Analysis for Piperacillin/Tazobactam Across Different Patient Populations 109

proportional and additive residual-error model was used as
a starting point to describe unexplained residual variability,
which could be simplified when appropriate. Because of the
possible difference between distributions of residual vari-
ability for different types of observations (total, unbound,
and dried blood concentrations), coexistence of multiple
combined residual-error models was also evaluated in
both single-drug models. In addition, patient characteris-
tics including TBW (kg), PMA (years), PNA (years), sex,
height (m) and SCR (mg dL™") were tested as covariates for
inclusion. Every covariate was tested in the PIP model in
the same way as it was in the TAZ model. As the final step
of single-drug modelling, non-linear elimination of PIP and
TAZ was tested using an E_,. function, where CL decreased

max
when total plasma concentration increased.

2.3 Weight-Based and Compartmental Allometry

Based on previous studies [8, 9, 12, 15, 31, 32], TBW was
a priori included in both single-drug models to correct PK
parameters for size changes. Allometry scaling [33] was
used to scale parameters to TBW with an exponent of 1 for
volume terms (V,, V,, V) and an exponent of 0.75 for clear-
ance terms (CL, Q,, O5). Scaling was performed relative to
a reference individual, a 70-kg male.

Compartmental allometry for inter-compartment clear-
ance was tested in line with earlier work on propofol [34],
dexmedetomidine [35], remifentanil [36] and vancomycin
[30]. Specifically, inter-compartment clearance terms were
scaled to the individual estimated size of the corresponding
peripheral compartment to an exponent of 0.75. In Eq. 1, O,
denotes individual estimates for inter-compartment clear-
ance between the central and the ith compartment, V; denotes
individual estimates for peripheral volume of distribution
for the ith compartment, and 6y; is the estimate for V; of the
reference individual.

0o (L)" =23 (1)

0 Vi

2.4 Maturation-Decline Function for Clearance

Based on the work by Lonsdale et al. [6] and Colin et al.
[30], a function was tested to describe maturation of elimi-
nation clearance (CL) during early life and its subsequent
decline with aging. Maturation of CL was modelled with
a sigmoidal function (Eq. 2), in which MAT5, is the PMA
in weeks when CL is increased to 50% and y, is the shape
factor defining the steepness of this non-linear relationship.
In a similar way, a decline sigmoidal function was used to
fit age-induced decline of CL (Eq. 3), in which DECjj, is

the PMA or PNA at which CL gets reduced by 50% and y,
is the shape factor defining the steepness of this non-linear
relationship.

. . PMAI
Maturation function = ——————
PMA”I +MAT;,"1 @)
. . _1_ age’?2
Decline function = 1 o +DECL (3)

2.5 Testing Serum Creatinine as a Covariate
in the Model

Serum creatinine was evaluated as a time-varying covariate
on CL using an exponential function according to Eq. 4.
Oycr defines the rate at which CL decreases with increas-
ing SCR. To correct the estimate for Oy-i for SCR values,
a standardised SCR (SCR,) value was used to centre SCR
records. Different methods for standardising SCR were com-
pared. First, the median and the mean value of SCR records
were tested, respectively, as SCRy. The reference SCRyy
equations derived from the previous studies by Johansson
et al. [37] and Colin et al. [30] were also included in this
comparison. We also explored other approaches in which
the “mfp : Multivariable Fractional Polynomials” package
in R® (Version 1.5.2) was used to fit empiric SCR, equa-
tions based on the age, weight and sex records derived from
component datasets. The missing SCR records marked as 0
were assumed as SCR4; during the modelling process.

Fyeg = ¢~ Oscr*(SCR(mg dL™")~SCRyy) )

2.6 Combined Pharmacokinetic Modelling

A combined population PK model was established based
on the single-drug models for PIP and TAZ. Given that PIP
and TAZ have similar chemical structures and identical renal
elimination pathways [22], they are expected to go through
analogous PK processes in the human body. Similar or even
identical information could be contained by a pair of paral-
lel parameters that play the same role in the PK of PIP and
that of TAZ. These relationships may be evident as a cor-
relation between these parameters across models. Therefore,
we tested the correlation within every pair of parallel PK
parameters. For the fixed-effect parameters and the residual
error terms, correlation between a pair of parallel param-
eters was tested by combining them into a single value. For
the IIV terms, both covariance estimation and combining
parameters (same/different magnitudes) were tested. After
the evaluation of PK correlations was finished, a parallel
linear and non-linear elimination was further tested for PIP.
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2.7 Model Evaluation

The objective function value (OFV), Akaike information
criterion (AIC), plots of II'V factor (ETA) versus covariate,
goodness-of-fit (GOF) and the prediction- and variability-
corrected visual predictive check (pvcVPC) [38] were used
to determine whether a modification could be accepted into
structural models and/or covariate model. In the structural
changes of single-drug PK models and inclusion of covari-
ate relationships, an additional parameter could be included
when the OFV decreased by more than 3.84 points and
observable improvements were shown in GOF and pvcVPC
plots. Covariates were eligible for evaluation in the model
if trends were visible in the graphic evaluation of ETA ver-
sus covariate relationships. During model development of
the combined PK model, AIC instead of OFV was used to
compare non-nested models resulted from covariance esti-
mation and combining of parameters. For this, a reduction
of one parameter was accepted with no AIC increase or
apparent deterioration in GOF or pvcVPC observed. The
GOF and pveVPC were conducted hierarchically to avoid
that the most populated subgroup dominates covariate analy-
sis. As previously reported by Colin et al. [30], the follow-
ing subgroups were created: pre-term and term newborns
(PMA < 0.87 years), children and adolescents (PMA > 0.87
years and aged < 18 years), adults (aged 18 years to < 65
years), elderly (aged 65 years to < 80 years), very elderly
(aged > 80 years), underweight adults (aged > 18 years and
BMI < 18.5 kg m~2) and obese adults (aged > 18 years and
BMI > 30 kg m™2). A model was accepted only when there
was no obvious bias in GOF or pvcVPC across the sub-
groups. Parameter uncertainty was estimated by the covari-
ance step in NONMEM or sampling importance resampling
[39].

2.8 Evaluation of Current Dosing Recommendations

The current PIP/TAZ dosing guidelines approved by the Euro-
pean Medicines Agency (EMA) and the US Food and Drug
Administration (FDA) were obtained from the summary of
product characteristics (SmPC) for “Tazocin 4 g/0.5 g powder
for solution for infusion” (Pfizer Ltd; available from http://
www.medicines.org.uk; consulted on 19 April, 2024) and the
label for “ZOSYN (piperacillin and tazobactam) for injection”
(Pfizer Inc.; available from http://www.fda.gov; consulted on
19 April, 2024). The posologies extracted from the SmPC and
the FDA label are shown in Table S1 and S2 of the Electronic
Supplementary Material 4 (ESM4), respectively.

Probability of target attainment (PTA) at steady state for
the SmPC- and the FDA-recommended dosing regimens were
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evaluated with Monte Carlo simulations. With the final com-
bined model, 1000 virtual patients were simulated for each
combination of age group, dosing guideline, and infusion dura-
tion. Six age groups were created according to EMA and FDA
guidance [40—43]: neonates (aged < 28 days), infants (aged 28
days to < 2 years), children (aged 2 years to < 12 years), ado-
lescents (aged 12 years to < 18 years), adults (aged 18 years
to < 65 years) and elderly (aged > 65 years). The PMA, PNA,
TBW, and height of the virtual patients in each age group were
fixed to the median values of the patients included in our study
within the corresponding age group. Virtual patients were
male with SCR values fixed to the SCR,. All virtual patients
received the highest recommended dose for their respective
age, weight and sex, according to the SmPC and the FDA
label. The influence of infusion duration on PTA was evaluated
with intermittent infusions (30 min), extended infusions (half
of the dosing interval), and continuous infusions.

As a beta-lactam antibiotic, PIP has a time-dependent
bactericidal activity, which is defined by fT.yc. A fTomic
of minimally 50% is required for clinical efficacy [2, 4]. As a
higher target, a fT ;¢ of 100% (fT,\yc 100%) was reported
to be more beneficial for patients by preventing the possibil-
ity of bacterial regrowth [1]. Besides the prolonged exposure,
an increase in PIP concentration was also found to lead to a
rise in bactericidal activity until the PIP concentration exceeds
four to five times the MIC [44]. Therefore, fT. \mc 100% and
unbound PIP concentrations exceeding 4 times the MIC during
the entire dosing interval (T 4.\ 100%) were used as PK/
pharmacodynamics (PD) targets to evaluate the current dosing
recommendations.

To evaluate TAZ exposure, the mean concentration of TAZ
(Cin_taz) Was calculated across age groups according to Eq. 5,
where AUC 4, denotes the area under the total TAZ concen-
tration versus time curve for 24 h in steady state.

_ AUC,,
Contaz(mgL7!) = =222, (5)

2.9 Software

The PK data were fitted using the FOCE-I estimation algo-
rithm in NONMEM® (Version 7.5; Icon PLC, Dublin, Ire-
land). All models were managed with Pirana (Version 3.0.0;
Princeton, New Jersey, USA). The GOF and pvcVPC were
graphically assessed using the “tidyverse” package (Version
1.3.2; Wickham H. 2017) in R® (R Foundation for Statistical
Computing, Vienna, Austria). Monte Carlo simulations were
performed in NONMEM.
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3 Results
3.1 Data

In total, 58 publications were identified through the Pub-
Med search. After contacting the corresponding or senior
authors by e-mail, we obtained individual-level data from
13 identified publications [7-9, 11-15, 32, 45-48] to gener-
ate a pooled dataset which covers a broad range of patients
ranging from premature neonates [8] to very elderly people
[11,45, 46, 48], from underweight [11, 13, 46—48] to obese
adults [7, 11, 13-15, 32, 45, 47, 48] and from critically ill
patients with sepsis [11, 13, 15, 32, 46, 47] to febrile neu-
tropenic patients with haematological malignancy [7]. The
included PK data and patient characteristics are summarised
in Table 1 and their distributions are shown in Figure S1 of
the ESM1. In total, 3798 PIP concentrations and 1948 TAZ
concentrations in different types of samples derived from
415 patients were included in this population PK analysis.
The PIP observations comprised 2855 total plasma concen-
tration (Crqy) observations, 888 Cynp Observations and 55
observations of concentration in dried blood spot samples
(Cpps)- However, for TAZ there were only Cpngr obser-
vations (n = 1893) and Cppg observations (n = 55). The
included patients consisted of 32 newborns, 127 children/
adolescents, 74 elderly patients, 19 very elderly patients and
163 adults including 42 obese and 12 underweight. For 191
individuals, both PIP and TAZ concentrations were avail-
able. For 20 patients both Cyqr and Cyyg observations for
PIP were available. For 28 patients both Cygr and Cpgg
observations for PIP and TAZ were available.

3.2 Single-Drug Pharmacokinetic Modelling

The developing hierarchy of single-drug models for PIP and
TAZ is shown in Table 2. Generally, these two single-drug
models were established through the same procedures. Both
of them are 2-compartment models with linear elimination
and identified covariates including TBW, PMA and SCR.
Besides, PK alterations were observed for PIP in two com-
ponent datasets. In the Sime et al. [7] study, which included
patients with haematological malignancies, we found an ele-
vated CLpp (+ 72.1%) and a lower V, pp (— 48.3%). In the
Sukarnjanaset et al. [11] study, a high fxg pp (100%) was
observed. In the single-drug model for PIP, an additional
set of proportional and additive residual errors is used for
Cyng Observations, which is independent of that for Cygr
and Cppg observations. For both drugs, non-linear elimina-
tion was tested but model fit was not significantly improved.
We also tested non-linear protein binding of PIP using an
E,.« function. The estimated dissociation constant was high
(854 mg L~!) and the fit of the model to the data was not

significantly improved (AAIC = — 0.12). Therefore, non-
linear protein binding was not included in the single-drug
model for PIP. More details about the model development
process of single-drug models are described in the ESM2.

3.3 Combined Pharmacokinetic Modelling

The combined population PK model was established based
on the final single-drug models for PIP and TAZ. We con-
sidered IV terms, covariate fixed effects and residual error
terms for combination across models. No apparent deterio-
ration in model performance was caused by combining the
Oscr of PIP and that of TAZ into one (AAIC = — 1.995),
indicating that SCR influences CLpp in the same way as
CL;a,. For every 0.20 mg dL™! rise in SCR, CLypp and
CL;4z both decrease by 6.7% according to the final com-
bined model.

The maturation functions for the two drugs could
be merged without significant changes to model fit
(AAIC = — 0.38) with CLpp and CLy,, reaching 50% matu-
ration at 54.2 weeks PMA (MATs5). The decline functions
could not be merged (AAIC = + 13.7) and in the final model,
CLrz declines by 50% at 61.6 years PMA (DECsj 147)
whereas for CLpyp this is 89.1 years PMA (DECs pp). The
typical-for-PMA standardised CLpp (L h™ 70 kg™1) for all
included patients is shown in Fig. 1A (solid line). For com-
parison, the maturation-decline function for PIP (dashed
line), extracted from the pooled analysis by Lonsdale et al.
[6] are also shown. As for TAZ, the typical-for-PMA stand-
ardised CLy,, (L h™ 70 kg™") for all the included subjects
with TAZ observations is shown in Fig. 1B.

Merging the ratio of Cppg to Crop for PIP (fppg prp) and
the one for TAZ (fpgs taz) together resulted in a worse fit
(AAIC = + 8.82), revealing that significant differences
existed between the estimates for this pair of parallel param-
eters. As estimated in the final combined PK model, con-
centrations of PIP and TAZ in dried blood spot samples are
63.2% and 55.2% lower, respectively, than those in plasma.

As for the other fixed-effect parameters of covariate-based
and study-specific corrections, their estimates were slightly
influenced although they were not enrolled into the correla-
tion test. The fynp prp Was estimated as 64.5% in the final
combined PK model. In the patients derived from the study
of Sukarnjanaset et al. [11], a higher fi;\g pp Was observed
(fung_sukarnjanasert = 100%). In addition, an increase by 73.2%
and a decrease by 48.8% were sequentially identified for CL
and V, in the Sime et al study, which included patients with
haematological malignancies [7].

Later, we tested the correlation within every pair of par-
allel ITV terms. Ultimately, we could combine the IIV for
PIP and TAZ for V|, V, and Q,, respectively, which pro-
duced the lowest AIC (AAIC = — 370.844) without inter-
fering with the interpretation of the fixed-effect parameters.
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A Pooled PK Analysis for Piperacillin/Tazobactam Across Different Patient Populations
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(A) Standardized clearance of piperacillin

30+

N
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Clgg (Lh™" 70kg™")
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Postmenstrual age (yr)

Fig. 1 Standardised clearance [CLy4] (L h™' 70 kg_l) of pipera-
cillin (PIP, A) and tazobactam (TAZ, B) throughout life. The solid
lines represent the typical CL, of PIP and TAZ according to our
final combined pharmacokinetic (PK) model. The solid grey circles
represent the post hoc CLy, values for all patients included in this

(B) Standardized clearance of tazobactam

304

N
o
1

Clgg (Lh™" 70kg™")

=
o
It

05 10 20 50 100 20.0 500 90.0

Postmenstrual age (yr)

study. The region between the 5% and 95% percentile of those post
hoc CL values is shown with grey shadow. The maturation-decline
function for PIP according to the Lonsdale et al. [6] study is shown
by the dashed line

1 % 0.75 F =1- PMA(year)”2
Q) taz(Lh™") =0y 1az X ( - ) x e, (14)  TDECPIP = 5™ BNfA(yeary? +DECy, 2 (18)
V2’
_1_ PMA (year)”2
IPREDy,, (mgL™") = *ﬁ X fpps TAZ> (15) Foec taz = 1 = fyagean TDECyy 1y’ (19)
_ (1.17+0.203XIn(PMA (year)/100))

Fszp = 002, (16) SRy, = el sy ] (20)

Fyar = M’ 17 - _ J 173, jorthestudyby Simeetal.[7]
PMA(week)™ +MATs,"! 17 Ocr_sime 1, forotherincluded studies @b
0 _J 0.512,  for the study by Sime et al. [7] 9
V2_Sime 1, forotherincluded studies 22)

0.645, for Cyng observations of PIP which are not from
the Sukarnjanaset et al. [11] stud

Jung_pip = / ] study , (23)

1, forother observations
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Tal(alle 3 Rartal(;leti,r fstimates Parameter Estimate (95% CI)? [ or € shrinkage,%]

and associated relative

standard errors (RSEs) for the Piperacillin Tazobactam

final combined population-

pharmacokinetic model for 0y, (L70kg™) 10.4 (9.54,11.2) 10.5 (9.49, 11.6)

piperacillin/tazobactam.
Inter-individual variability
(ITV) associated with the
typical parameters is expressed
as coefficient of variation%.
Residual errors are expressed as
standard deviation

O Lh170keg™
By, (L70kg™)
0, Lh™' 70kg™)

10.6 (9.77,11.2)
11.6 (10.4, 12.8)
152 (12.8, 17.9)

9.58 (8.44, 10.6)
13.7 (12.4,15.3)
16.8 (14.1, 20.0)

MATs, (week) 54.2 (49.2, 140)
7 3.35 (2.90, 3.95)

DECy (year) 89.1 (77.5, 109) 61.6 (50.0, 72.0)

7 1.92 (1.27,2.68)

Oscg (AL mg™) 0.346 (0.321, 0.375)

Jung 0.645 (0.606, 0.689) -

fUNBfSukamjanaset 1 FIX _

Fors 0.368 (0.338, 0.398) 0.448 (0.419, 0.478)
Ocr,_sime 1.73 (1.41, 2.16) _

v sime 0.512 (0.299, 0.846) -

IV of V, (%) 42.6 (36.4, 48.9) [41.0]

IV of CL (%) 43.2 (40.0, 47.0) [7.0] 415 (37.6, 45.8) [37.1]
1V of V, (%) 85.4 (73.4,99.5) [21.0]
1V of 0, (%) 65.6 (52.7, 84.0) [44.6]

30.2 (29.2, 31.1) [8] 28.5(27.5, 29.5) [6]
0.147 (0.0827, 0.199) [8] 0 FIX [100]

36.5 (34.1, 38.6) [10] -

0.747 (0.361, 1.07) [10] -

ororanss (Proportional) (%)°
oroTanss (additive) (mg L71¢
oyng (proportional) (%)°
oyng (additive) (mg L71)°

CI confidence interval, CL elimination clearance, DECs, the postmenstrual age when elimination clear-
ance decreases to 50% of the maximum value, fjp¢ ratio of total drug concentration in dried blood spot
samples to those in plasma samples, f;;y; fraction unbound in studies except the one by Sukarnjanaset et al.
(111, funs_sukarnjanase: fraction unbound in the Sukarnjanaset et al. [11] study, IIV inter-individual variabil-
ity, MAT, the postmenstrual age when elimination clearance increases to 50% of the maximum value, Q,
inter-compartment clearance, V; central volume of distribution, V, peripheral volume of distribution, y,
shape factor for maturation of CL, y, shape factor for decline of CL, 6 ;. relative elimination clearance
for piperacillin in the study of Sime et al. [7] which in which subjects were patients with haematological
malignancies, 0. effect coefficient of serum creatinine on elimination clearance, 6y, g;,. relative volume
of distribution for peripheral compartment for piperacillin in the study of Sime et al. [7], 67o7epps Tesid-
ual error for total drug concentration in plasma samples and dried blood samples, oy residual error for
unbound plasma concentration

“Derived from results of sampling importance resampling [39]
®Calculated according to: y/e® — 1 x 100%

“Proportional residual errors were calculated according to: \/E X 100%, additive residual errors were calcu-
lated according to: \/E

0.368, for Cpgs observations of PIP and peripheral volume of distribution; CL and Q, denote

JoBs pip = 1, forother observations > (249)  the elimination and inter-compartment clearance. Size-
related changes, PMA-induced maturation, PMA-induced

0448, forC b ) FTAZ decline, and SCR-related changes in the PK of PIP/TAZ

— 446, Jor Cpgg observations o, are described by Foy n, Fram, F and Fqp, respectively.

fDBS—TAZ - { 1, forother observations ’ Y SIZE» MAT» ~DEC SCR P v

The O¢y, gime and Oy, giye represent the elevated CLppp and

(25 decreased V, prp in patients with haematological malig-

In above equations, the parameters with subscript
PIP are only used to describe the PK of piperacillin
while those with subscript TAZ are exclusively used to
describe the PK of tazobactam. V| and V, are the central

A\ Adis

nancies [7]. ; (i = 1-5), with variances of w;, represent
IIV of typical PK parameters. The fyyg and the fpgg
are the fraction unbound and the ratio of Cpgg to Cror-
IPRED represent individual predictions of all kinds of
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Fig.2 Goodness-of-fit plots for the final combined population phar-
macokinetic model for piperacillin concentrations. Scatterplots show
the distributions of observed piperacillin concentrations versus popu-
lation and individual predictions, conditionally weighted residuals
(CWRES) versus population predictions and time after the end of
the dose, as well as normalised prediction distribution errors (NPDE)
versus population predictions and time after the end of the dose.

observations. A denotes predicted amounts in the central
compartments.

Backwards elimination of Fgzp, Fyar Fpec OF Fscr
led to significant OFV increases and difficulties in con-
vergences. Goodness-of-fit and pvc VPC plots for the final
combined PK model for PIP/TAZ are shown in Figs. 2,

200 300 400

Population predictions (mg/L)

Circles, triangles and crosses denote total plasma concentrations,
unbound plasma concentrations, and concentrations in dried blood
spots, respectively. Solid black lines represent lines of unity or zero
lines. Red dashed lines are non-parametric smoothers of those distri-
butions. Negative time points mean that observations were collected
during the infusion, while positive time points denote observations
taken after the infusion is finished

3, 4. In addition, Figures S3—-S4 in the ESM1 show the
GOF and pvcVPC plots stratified by observation type and
patient subgroup. Our combined model shows accept-
able performance across these diagnostics, despite the
apparent underprediction of PIP in the first 1-2 hours
after stopping the infusion (Fig. 4). The underprediction

A\ Adis
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does not seem to be specific to any subgroup (Fig. S4).
We were unable to remove this underprediction in model
development. Model code of the final PIP/TAZ popula-
tion PK model is available in ESM3.

3.4 Evaluation of Current Dosing Recommendations

Simulated dosing regimens and characteristics of the vir-
tual patients were summarised in Table S3 of the ESM4.
The SmPC label does not provide specific dosing recom-
mendations for neonates and infants. In the simulations for
the SmPC dosing recommendations, the lowest weight-
based dose from the SmPC label (70/8.75 mg kg~! PIP/
TAZ every 8 h) was applied for both age groups. Simi-
larly, the lowest weight-based dose from the FDA label
(80/10 mg kg~! PIP/TAZ every 8 h) was used for neonates
in the simulations for the FDA dosing recommendations.

The simulated steady-state PTA versus MIC profiles
resulting from the dosing recommendations in the SmPC
label are shown in Fig. 5.

Simulations for both the SmPC (Fig. 5) and the FDA
dosing recommendations (Fig. S5) show that PTA versus
MIC profiles are considerably different across age groups,
suggesting that current dosing recommendations do not
result in consistent PTAs across age groups. The high-
est PTAs are found in neonates and the lowest in infants,
even though dosing recommendations for these groups are
weight adjusted. A similar but smaller difference is appar-
ent between elderly and adults, as well as adolescents and
children, with PTAs being higher in elderly compared to
adults and higher in adolescents compared to children.

The PTA versus MIC profiles of the SmPC dosing recom-
mendations (Fig. 5) and the FDA dosing recommendations
(Fig. S5) shift to the right for longer duration infusions indi-
cating higher PTAs are obtained. The PTAs are highest and
have lowest variability for continuous infusions, indicating
that most patients receive an effective treatment.

In addition, C,;, oz Was calculated across different age
groups to evaluate the steady-state TAZ exposure achieved
by the recommended dosing regimens. The median unbound
TAZ concentration (considering fyng_taz = 70% [49]) across
age groups and simulated scenarios was 3.69 mg L™! (rang-
ing from 1.64 to 6.77 mg L), with the lowest exposure
occurring in the infants.

4 Discussion

In this pooled population PK analysis, we described how
the PK of PIP/TAZ changes throughout life using a 4-com-
partment combined population PK model in which V| pp,
Vo pips Vi taze and V, 17 were estimated as 0.149 L kg™,
0.166 Lkg™!,0.150 Lkg™!, and 0.196 L kg~", respectively.

A\ Adis

Those results differ from the Hemmersbach-Miller et al.
[4] study in which the PK of PIP and TAZ in adults were
characterised by 1-compartment models with considerably
different V pp (0.357 Lkg™") and V; 1,5 (0.453 Lkg™).
According to our final combined model, typical CLppp
and CLy,, for a 30-year-old, 70-kg adult with a SCR of
0.773 mg dL ™" and a CL¢y of 131 mL min~' are 11.0 L h~!
and 10.3 L h™!, respectively. For a 70-year-old, 70-kg
patient with a SCR of 1.12 mg dL™" and a CLqy of
68.4 mL min~!, CLpp and the CLy,, are 7.33 L h™' and
5.37 L h™!, respectively. These estimates are close to those
predicted by the Hemmersbach-Miller et al. [4] model
(CLpp = 102 L h™!, CLy,, = 10.8 L h™! for a 30-year-
old patient; CLpp = 6.49 Lh™!, CLy,, = 6.13 L h™! for a
70-year-old patient). For a 44.3-week PMA (40 weeks ges-
tational age + 1 month PNA), a 4.5-kg infant with a SCR of
0.416 mg dL™", typical CLpp is estimated as 0.543 L h~! in
our model, which is relatively larger than the value reported
by Barker et al. [50] (0.424 L h™') but lower than the esti-
mate in the Li et al. [S1] model (1.15 L h™1). Also, the typi-
cal CLy,, for this child is predicted to be 1.41 L h™! based
on the model of the Li et al. [51] and is much higher than
our estimate (0.565 L h™!). Sime et al. [7] reported an ele-
vated volume of distribution in haematological malignancy
patients compared to other patient populations. In contrast,
we found a lower V, (— 48.8%) for haematological malig-
nancy patients using the same data as a part of a pooled
analysis. The benefit of a pooled model is that it allows to
identify the specific parameters that differ in this subgroup
of patients.

According to our final combined PK model, MATs5, pp
and DECys, ppp are 54.2 weeks and 89.1 years PMA, respec-
tively, which is in line with the estimates (MATs, pp = 71.6
weeks PMA (95% confidence interval [CI] 39.3-104),
DECs, pp = 75.6 years PMA (95% CI 36.0-115) in the
pooled analysis of Lonsdale et al. [6]. We found that CLy,,
has the same maturation process as CLpp; however, CLy,,
declines faster. Considering that the organic anion transport-
ers 1/3 (OAT1/3) are the common transporters for PIP and
TAZ in proximal tubular basolateral membranes with PIP
having a stronger affinity than tazobactam [52], asynchrony
of the two decline processes suggests that glomerular filtra-
tion declines faster than tubular secretion. As for matura-
tion of CL, it progresses so fast that the difference between
MATs5, prp and MATS5, 147 is negligible.

We found that CLppp and CLy,, are equally influenced
by SCR. This is not surprising because the elimination of
SCR reflects both glomerular filtration as well as tubular
secretion and SCR shares the common tubular transport-
ers with PIP and TAZ [53, 54]. Sime et al. [7] reported an
elevated CLpp in the haematological malignancy patients
and explained it by the augmented renal clearance. Never-
theless, we observed an extra rise of 73.2% in the CLpp in
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Fig.3 Goodness-of-fit plots for the final combined population phar-
macokinetic model for tazobactam concentrations. Scatterplots
show the distributions of observed tazobactam concentrations ver-
sus population and individual predictions, conditionally weighted
residuals (CWRES) versus population predictions and time after the
end of the dose, as well as normalised prediction distribution errors
(NPDE) versus population predictions and time after the end of the

those patients after we corrected the PK of PIP for SCR-
related changes, which indicates that there are additional
factors contributing to the CLp;p increase in haematological
malignancy patients.

Previous studies have shown that CLpp is saturable [3, 5,
32]. To test this hypothesis, we explored models assuming

Population predictions (mg/L)

dose. Circles and crosses denote total plasma concentrations and con-
centrations in dried blood spots, respectively. Solid black lines repre-
sent lines of unity or zero lines. Red dashed lines are non-parametric
smoothers of those distributions. Concentrations with negative times
were collected during the infusion, while positive times denote obser-
vations taken after the infusion was finished

(1) a single saturable elimination pathway and (2) a paral-
lel linear and non-linear elimination pathway. Neither led
to a significant improvement in GOF. Although the data of
Bulitta et al. [5] and Landersdorfer et al. [3] were not part
of this pooled analysis, and may present a unique subgroup
of patients, our analysis suggests that CLpp is not saturable
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«Fig.4 Prediction- and variability-corrected visual predictive check
plots for the final combined population pharmacokinetic model for
total plasma concentrations of piperacillin (A), unbound plasma con-
centrations of piperacillin (B), piperacillin concentrations in dried
blood spots (C), total plasma concentrations of tazobactam (D) and
tazobactam concentrations in dried blood spots (E), respectively.
Solid red lines are the 50th percentiles of observations corrected by
prediction and variance, while dashed red lines denote the 10th and
90th percentiles. Red dashed lines are non-parametric smoothers of
those distributions. Negative time points mean that observations were
collected during the infusion, while positive time points denote obser-
vations taken after the infusion is finished. Grey shaded rectangles
represent the 95% confidence intervals for the simulated 10th, 50th
and 90th percentiles of the prediction- and variance-corrected obser-
vations

within the range of clinically relevant PIP concentrations
that were included in this study. A single non-linear elimi-
nation pathway for TAZ did not improve overall model fit.
Therefore, we concluded that saturable clearance of TAZ is
not supported by our data.

In our final combined PK model, the fynp pip Was esti-
mated as 64.5%, relatively lower than the previous reported
values [21, 22]. Considering that only 20 patients had both
Cror and Cyyng observations of PIP, more data are needed
to quantify the population variability in fyng prp and its
dependence on patient/trial characteristics. Only two studies
provided both Cyyg of PIP and serum albumin concentra-
tions, which we considered too few to consider albumin con-
centrations in model development. We also tested non-linear
protein binding of PIP but found that it did not improve the
model. Other non-linear dynamics (e.g., non-linear distribu-
tion models) were not considered in our study.

In addition, the fppg pip and the fppg 147 for infants from
the Cohen-Wolkowiez et al. [8] study were estimated as
36.8% and 44.8% in this pooled analysis, respectively. These
estimates are in agreement with the values (fpgs_pp = 38%,
JoBs_taz = 48%) that Cohen-Wolkowiez et al. [8] obtained
in their compartmental models.

We found that using one parameter to simultaneously
characterise the ITV of O, pjp and Q, 147 led to better good-
ness of fit without disturbing the estimation of the fixed-
effect parameters in combined models. Such a correlation
was addressed in each pair of parallel II'V terms on volume
terms (Vy pp, Vi 1az> V2 pips Vo Taz)- This result is consistent
with the earlier work of Wallenburg et al. [49] and suggests
that if a patient has a relatively higher/lower volume of dis-
tribution of PIP, then his/her volume of distribution of TAZ
is equally higher/lower than the typical value. However, we
failed to identify the correlation between IIV of CLpp and
CL;,z. More data are needed to analyse this correlation,
whereas common IIV parameter and covariance both result
in significant OFV decrease.

The model’s underprediction of PIP concentrations in the
first 1-2 h after stopping the infusion (as seen in Fig. 4) is
unlikely to have a meaningful clinical impact. First, Fig. 4
suggests that the underprediction is transient. Second, dose
adjustments are typically recommended based on PIP sam-
ples taken at steady-state or close to trough concentration
time points where the influence of this underprediction will
likely have attenuated. Third, the influence of the under-
prediction on dosing recommendations will result in higher
doses being recommended (e.g., in MIPD tools) and con-
sequently an overshoot of the target concentration, which
in light of the safety profile of PIP is less of a concern
compared to under dosing. Nonetheless, a clinical valida-
tion study should be conducted before implementing our
model in clinical practice (e.g., in MIPD tools) to guarantee
adequate model performance.

Monte Carlo simulations using the final combined model
were performed to evaluate the PIP/TAZ dosing regimens
recommended by the SmPC and the FDA label. Consid-
erable PTA differences across different age groups were
observed. Some of those discrepancies seem to be a result of
not accounting for the maturation-decline function for CLpp.
For instance, neonates are predicted to have higher PTAs
than infants despite receiving the same dose per kg. This can
be explained by maturation of CLypp in early life, resulting
in a higher typical CLppp per kg for the infants compared to
neonates (0.235 L h™' kg™! vs 0.0648 L h~! kg™!). Similarly,
the lower typical CLpp per kg in elderly compared to adult
patients (0.102 L h™' kg™! vs 0.132 L h™! kg™!) results in a
higher PTA in elderly when the same dose per kg is applied.
Another cause of the PTA discrepancies across different age
groups is the mismatch between allometric theory and the
current dosing recommendations. According to the theory-
based allometric scaling [33], the CL per kg decreases
with increasing weight. With greater TBW, adolescents
are predicted to have a lower CLpp per kg than children
(0.203 L h™' kg~! vs 0.253 L h~! kg~!) while there is full
maturation and a negligible decline of CLp;p in both age
groups. This leads to higher predicted PTAs for adolescents
compared to children in the simulations for the FDA label
where both groups receive the same dosing regimen (Fig.
S5). It may be advantageous to adjust the current PIP/TAZ
dosing recommendations based on allometric theory and the
maturation-decline function for CLpp, to obtain more con-
sistent target attainment across age groups.

Moreover, our simulation results indicated that prolong-
ing the duration of infusion enhances attainment of fT ;¢
100% and fT. e 100% at steady state for all age groups
under the recommended dosing regimens. This is in line
with previous studies [4, 55]. This can be explained by
the fact that a longer infusion duration leads to a higher
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Fig.5 Simulated probability of target attainment (PTA) of piperacil-
lin (PIP) at steady state for different age groups of virtual patients
with the highest dose according to the summary of product charac-
teristics (SmPC) label. The PTAs of the target that unbound plasma
concentration of PIP remain above the minimum inhibitory con-
centration (MIC) for the whole dosing interval (PTA fT. ;e 100%)
and the PTAs of the target that the unbound plasma concentration

steady-state trough concentration when patients receive the
same dose. Our simulations also show that PTA differences
between age groups are attenuated when the infusion dura-
tions are extended from intermittent infusions to extended
and continuous infusions, which indicates that patients with
higher CLppp per kg benefit more from the extension of infu-
sion duration.

In addition to a high PTA of PIP, TAZ exposure should be
high enough to ensure adequate beta-lactamase inhibition.
As shown by Assefa et al. [56], at the moment it is diffi-
cult to draw inference on the optimum index and associated
target exposure for beta-lactamase inhibitors. At the same
time, beta-lactam MICs depend on high enough exposure of
the co-administered beta-lactamase inhibitor [57]. To place
our results in context with the work by Assefa et al. [56],
Bentley [57], and future work on this topic, we reported the
TAZ exposure across different age groups and simulated sce-
narios. We found that for infants the PTA of PIP was lower
compared to the other age groups and, consequently, also the
TAZ exposure was lower. Despite the uncertainty around the
optimal PK/PD targets and beta-lactamase inhibitor target
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of PIP remain above four times the MIC for the whole dosing inter-
val (PTA fT, y«\uc 100%) are shown in the top and the bottom rows,
respectively. PTAs under intermittent, extended, and continuous infu-
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tively. PTA for different age groups are shown in different colors. The
shadow areas represent the 95% confidence intervals of the PTA ver-
sus MIC curves. The dashed lines denote the PTA of 90%

concentrations, our results suggest that infants may benefit
from higher PIP/TAZ dosing regimens than those that are
currently recommended.

There are limitations to our work. First, patients receiving
renal replacement therapy or extra-corporeal membrane oxy-
genation were excluded from our study. Second, underweight
adults (aged > 18 years and body mass index < 18.5 kg m™2)
were sparsely populated in our pooled dataset and therefore
the performance of our model in these populations is less
certain. Third, there were only three studies contributing
Cyng Observations. One of these studies appeared to be an
outlier, with a fyxg prp higher than expected (100%) [11],
forcing us to handle that study differently in this analysis.
Fourth, the PTA of TAZ is not considered due to the current
uncertainty on optimum TAZ target exposures. Nevertheless,
our model could be used to guide optimum dosing based
on combined PTA of PIP and TAZ once such information
becomes available in the future. Finally, it was reported that
co-administration of PIP could increase the area under the
curve (AUC) of TAZ by reducing the renal excretion [22, 58,
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59]. Due to the lack of TAZ monotherapy data, we were not
able to confirm or negate this hypothesis.

5 Conclusion

In this study, we established a combined population PK
model which is generalisable for PK changes of PIP/TAZ
throughout human life. This model can be used as a robust a
priori model for Bayesian forecasting to achieve individual-
ised dosing based on TDM an lower the risk of a mismatch
between the patient population and the a priori PK model.
Through simulations, we showed that there are considerable
differences in the steady-state PTAs across age groups under
current recommended dosing regimens and adjustments
based on the allometric theory and the maturation-decline
function for CLppp may help to achieve more consistent tar-
get attainment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-024-01460-6.
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