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Abstract

Background and Objectives Piperacillin/tazobactam is extensively used off-label to treat late-onset neonatal sepsis, but safety
and pharmacokinetic data in this population are limited. Additionally, the organic immaturity of the newborns contributes to
a high piperacillin pharmacokinetic variability. This affects the clinical efficacy of the antibiotic treatment and increases the
probability of developing drug resistance. This study aimed to evaluate the predictive performance of reported piperacillin
population pharmacokinetic models for their application in a model-informed precision dosing strategy in preterm and term
Mexican neonatal intensive care patients.

Methods Published population pharmacokinetic models for piperacillin which included neonates in their study population
were identified. From the reference models, structured models, population pharmacokinetic parameters, and interindividual
and residual variability data were extracted to be replicated in pharmacokinetic software (NONMEM® version 7.4). For
the clinical study, a sampling schedule was designed, and 2-3 blood samples of 250 puL were taken from neonates who met
the inclusion criteria. Piperacillin plasma concentrations were determined by liquid chromatography/tandem mass spec-
trometry. The clinical treatment data were collected, and piperacillin plasma concentrations were estimated using reference
pharmacokinetic models for an a priori or Bayesian approach. Statistical methods were used in terms of bias and precision
to evaluate the differences between observed and estimated neonatal piperacillin plasma concentrations with the different
approaches and to identify the pharmacokinetic model that best fits the neonatal data.

Results A total of 70 plasma samples were collected from 25 neonatal patients, of which 15 were preterm neonates. The
overall median value (range) postnatal age, gestational age, body weight, and serum creatinine at the sampling collecting
day were 12 (3-26) days, 34.2 (26—41.1) weeks, 1.78 (0.08-3.90) Kg, 0.47 (0.20-0.90) mg/dL, respectively. Three popula-
tion pharmacokinetic models for piperacillin in infants up to 2 months were identified, and their predictive performance in
neonatal data was evaluated. No pharmacokinetic model was suitable for our population using an a priori approach.

The model published by Cohen-Wolkowiez et al. in 2014 with a Bayesian approach showed the best performance of the
pharmacokinetic models evaluated in our neonatal data. The procedure requires two blood samples (predose and postdose),
and, when applied, it predicted 66.6% of the observations with a relative median absolute predicted error of less than 30%.
Conclusions The population pharmacokinetic model developed by Cohen-Wolkowiez et al. in 2014 demonstrated superior
performance in predicting the plasma concentration of piperacillin in preterm and term Mexican neonatal intensive care
patients. The Bayesian approach, including two different piperacillin plasma concentrations, was clinically acceptable regard-
ing bias and precision. Its application for model-informed precision dosing can be an option to optimize the piperacillin
dosage in our population.

1 Introduction health challenge [1]. Antibiotic management in newborns
is challenging because it can be difficult to accurately diag-
Neonatal sepsis is a major contributor to neonatal morbid- ~ nose the infection and isolate the specific bacteria causing

ity and mortality worldwide and poses a significant public ~ it. Additionally, determining the appropriate dosage of anti-
biotics to treat the infection effectively can be complicated.

Furthermore, some antibiotics used in this population may
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Piperacillin-tazobactam, an extended-spectrum antibiotic
lacking FDA approval for neonatal use, is extensively
employed in Neonatal Intensive Care Units (NICU)

The current study demonstrated the process of evaluating
a population pharmacokinetic model and pharmacoki-
netic approaches (a priori and Bayesian) to assess their
potential for use in model-informed precision dosing for
tailoring treatment in the neonatal population

The population pharmacokinetic model published by
Cohen-Wolkowiez et al. 2014 shows the best prediction
capacity with a Bayesian forecasting approach in our
study population and offers an option that could be used
for model-informed precision dosing

not be officially approved for this use[2, 3]. Unfortunately,
the number of multidrug-resistant microorganisms has been
increasing in NICU, making clear the necessity to require
appropriate treatment regimens for this population [4-7].

Piperacillin-tazobactam is a commonly prescribed
extended-spectrum antibiotic with U.S. Food and Drug
Administration (FDA)-approved indications for compli-
cated appendicitis, peritonitis, and nosocomial pneumonia
treatments in children 2 months or older [8]. An injectable
combination of piperacillin-tazobactam is extensively and
empirically used for severe intra-abdominal infection and
late-onset sepsis treatment in neonates [9—11]. The phar-
macokinetic—pharmacodynamic objective for evaluating
antimicrobial therapy was defined in terms of piperacillin
plasma concentrations, which exhibit time-dependent bac-
tericidal activity. Therefore, dosing recommendations are
made in terms of piperacillin dosage, considering that the
antibiotic was used concurrently with tazobactam. The most
common proportion used in commercial presentations is an
8:1 ratio of piperacillin-tazobactam [12, 13]. Both pipera-
cillin and tazobactam have a low plasma protein binding,
approximately 20-30%, and are primarily eliminated by the
kidneys through glomerular filtration, and tubular secretion
[14, 15]. Evidence in infants of age < 2 months indicates
an association between piperacillin-tazobactam plasma con-
centrations and body weight, postmenstrual age, postnatal
age, and serum creatinine levels [16—18]. The recommended
dosage regimens of piperacillin-tazobactam for neonatal
patients in fast-track clinical decision support bases and
guidelines like Neofax and The Pediatric & Neonatal Dosage
Handbook are based on limited population pharmacokinetic
and clinical studies conducted in infants [19, 20].

A few studies regarding the use of piperacillin-tazobac-
tam in neonates have been published [10, 21-25], and the
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results have indicated that piperacillin-tazobactam was safe
and well-tolerated in the neonatal population. However,
only three studies analyzed the efficacy of the antimicro-
bial therapy of the monotherapy of piperacillin-tazobactam
[10, 24, 25]. Berger et al. [10] reported that 37% (10/27
patients) of the patients had an unfavorable clinical response,
which was partly due to the very low birth weight of the
patients and the characteristics of severe infection, in con-
trast to Tewari et al. [24] and Wu et al. [25] who reported
treatment failure in only 2.1% (2/94 patients) and 16% (8/49
patients), respectively. Additionally, a recent study utilized
physiological-based pharmacokinetic modeling to examine
the pharmacokinetics of piperacillin-tazobactam in preterm
and term neonates, and concluded that more information was
needed in terms of the plasma protein binding and solubility
of piperacillin-tazobactam into tissues in neonates, particu-
larly preterm neonates [26]. These studies suggested that
further research is necessary to understand how a disease
can modify the pharmacokinetic parameters of piperacillin-
tazobactam in neonates.

Model-informed precision dosing (MIPD) offers per-
sonalized antimicrobial treatment based on clinical and
demographic variables associated with pharmacokinetic
parameters in previous studies. For this purpose, an
external evaluation of population pharmacokinetic mod-
els before their use for individualization of drug therapy
is especially important. The external evaluation of the
population pharmacokinetic models allows us to select
the most adapted model for our population [27-29]. This
study aimed to evaluate the predictive performance of
reported population pharmacokinetic models for pipera-
cillin in neonates using clinical data collected for preterm
and term Mexican NICU patients to identify a suitable
population pharmacokinetic model that could be used for
MIPD of piperacillin-tazobactam in these patients.

2 Patients and Methods

2.1 Population Pharmacokinetic Models Literature
Review

A literature review was conducted to identify piperacillin
population pharmacokinetic models which include neonates
in the study population using the search terms “piperacillin”,
“tazobactam”, “neonates”, “pharmacokinetics”, in PubMed
to retrieve articles published from January 2000 to June
2023. Studies were included if they described (1) a popula-
tion pharmacokinetic model of piperacillin, (2) from neona-
tal data, and (3) provided sufficient information of the popu-

lation pharmacokinetic model structure and typical values
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of pharmacokinetic parameters to reproduce the population
pharmacokinetic model.

2.2 Patients and Data Collection

A prospective observational study was conducted at the
NICU, Department of Pediatrics, Hospital Central “Dr.
Ignacio Morones Prieto” in San Luis Potosi, Mexico. It was
approved by the Research Ethics Committee at the Hospi-
tal (Register number 36-20) and carried out in concordance
with the principles of the Declaration of Helsinki. Data
were collected in the period from January 2021 to Novem-
ber 2023. Written informed consent was obtained from
each patient's parents or legal guardians before collecting
and analyzing blood samples. Patients with the following
characteristics were included: postnatal age < 29 days, body
weight > 850 g, and hematocrit > 30%. Preterm and term
neonates admitted to the NICU and treated with piperacillin-
tazobactam were included in the study. Clinical and labora-
tory information was collected from medical records, and
the serum creatinine level of the sampling day was used
to calculate the creatinine clearance (CLCR) based on the
Schwartz formula [30]:

k X length (cm)

Creatinine clearance = —
serum creatinine (mg/dL)

where k was set to 0.45 for term neonates and 0.33 for pre-
term neonates.

Intravenous doses of piperacillin-tazobactam of 100 mg/
Kg were administered to each neonate by intermittent infu-
sion for 0.5 or 1 h every 8 or 12 h depending on the post-
menstrual and postnatal age by Neofax® recommendations.
Blood samples (2 or 3 samples depending on the clinical
status of the neonate) were collected into EDTA (ethylen-
ediaminetetraacetic acid) BD Microtainer® blood collec-
tion tubes, taking a sample volume of 250 pL of venous
blood. Samples were collected and processed according to
standardized procedures to ensure sample stability. Trans-
port of the samples was meticulously controlled to prevent
any deviations in temperature or other environmental fac-
tors that could affect sample integrity. After centrifuging
at 11,000 rpm for 15 min, the plasma was separated and
stored at — 80 °C until processing for quantification by ultra-
high performance liquid chromatography with tandem mass
spectrometry (UPLC-MS/MS). Notably, to ensure sample
stability, no more than 30 days elapsed between the collec-
tion and analysis days.

2.2.1 Bioanalytical Assay

The piperacillin in plasma quantification was conducted
using a validated UPLC-MS/MS spectrometry method

reported by Rodriguez-Baez et al [31]. Chromatographic
separation was obtained in a Waters Acquity HSS T3 column
(100 A, 1.8 um, 2.1 X 100 mm) kept at 35 °C. The sample
manager cooling unit was set at 10 °C. The mobile phase
consisting of 0.1% formic acid solution and acetonitrile,
with an elution gradient starting at a flow rate of 0.2 mL/
min. The gradient program was as follows: 0-2 min: 72% A;
2-3.6 min: linear decrease to reach 30% A; 3.6—4 min: 30%
A; 4-4.3 min: linear reduction to 15% A; 4.3—4.75 min: 15%
A; 4.75-5 min: linear return to initial conditions; finally, 1.5
min for column re-equilibration.

The piperacillin working range was 0.65—-100 ug/mL, and
quality control levels were 4 ug/mL, 20 ug/mL, and 80 g/
mL. The sample volume was 5 uL and the internal standard
was dicloxacillin. For the sample preparation, a volume of
100 pL of dicloxacillin-acetonitrile 10 pg/mL solution was
added to 50 pL of plasma, and the obtained mixture was cen-
trifuged at 14,000 rpm for 20 min at 4 °C. Later, 100 uL of
the supernatant were centrifugated for 10 min. Finally, 50 uL
of the supernatant were diluted with water (1:1 proportion)
and injected into the UPLC-MS/MS system for the analyses.

The analytical method was validated according to appli-
cable U.S. FDA guidance for bioanalysis, and presented
appropriate values of measures of linearity, accuracy, pre-
cision, and recovery over the whole range of quantifica-
tion. Samples with piperacillin plasma concentrations that
exceeded the upper limit of quantification (ULOQ) were
diluted to bring the concentrations within the quantifiable
range. For this purpose, a dilution with a 1:2 proportion was
performed by mixing 50 uL of the processed sample with
100 pL of blank plasma. The mixture was vortexed for 30 s
to ensure homogeneity. The dilution was conducted at room
temperature, after which the samples were subjected to the
processing procedures. To validate the integrity of the dilu-
tion quality control samples above the ULOQ were diluted
following the same procedure.

2.2.2 Antibiotic Treatment Evaluation

Clinical data concerning the evaluation of antibiotic treat-
ment were collected during and after piperacillin-tazobac-
tam therapy. The data collected included previous antibiotic
treatment schemes, blood culture results, indication for start-
ing the antibiotic treatment, duration of antibiotic treatment,
concomitant medication, length of hospitalization, obvious
adverse events, necessity to change antibiotic therapy, and
recurrence of the infection. The obvious adverse events were
focused on what was feasible to detect in the routine medical
evaluation: diarrhea, vomiting, hypersensitivity reactions,
and rash, based on the piperacillin-tazobactam U.S. FDA
product label [15]. The definition of recurrent infection is
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a relapse occurring within 72 h of completing piperacil-
lin-tazobactam treatment, necessitating further antibiotic
therapy.

2.2.3 Sampling Strategy

A blood sampling schedule using a limited sampling strategy
was developed. First, potential sampling times used in previ-
ous pharmacokinetic studies involving neonates were selected
to design various sampling schedules based on practical con-
siderations and were evaluated. The practical considerations
were the need for up to 3 blood samples and recommended
large sample windows. For the latter, a virtual population of
100 neonates was simulated using the population pharmacoki-
netic model and the characteristics distribution derived from
the study by Li et al. [17]. The simulations were developed
using the non-linear mixed-effects modeling software pack-
age, NONMEM?® (version 7.4). Plasma piperacillin concen-
trations at different times after dose were simulated for each
of the 100 subjects, along the dosing interval (t) up to 12 h.
The interindividual variabilities for piperacillin clearance and
volume of distribution were 0.0320 and 0.0432, respectively,
these values being calculated from the square of the variability
coefficient reported for each pharmacokinetic parameter in the
reference study. The value of sigma in the simulation corre-
sponds to squaring the decimal value of the variability coef-
ficient reported for the residual error in the reference popula-
tion pharmacokinetic model. The designed sampling windows
include times that estimate the pharmacokinetic parameters
reported in the reference model with a 95% confidence inter-
val. Two sampling schedules for a 0.5-h infusion with at least
3 blood samples were designed:

Dosing interval of 8 h: the first blood sample (A) between
0.5 and 3 h, the second blood sample (B) between 4 and 6 h,
and the last blood sample (C) between 6 and 8 h after the
last dose.

Dosing interval of 12 h: the first blood sample (A) between
0.5 and 3 h, the second blood sample (B) between 4 and 8 h,
and the last blood sample (C) between 8 and 12 h after the
last dose.

2.3 Model Evaluation for a priori Dosing

The a priori prediction performance of the population phar-
macokinetic models identified during the literature review
was evaluated in the neonatal population. In this approach, the
piperacillin plasma concentrations were estimated using only
the patient's characteristics. All the simulations were carried
out using NONMEMZ®. Control files were created considering
the model structure and parameter values from the literature
population pharmacokinetic models. Demographic, clinical,
and dosing information were used from the NICU patients
included in the current study. This information was used to
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predict the piperacillin plasma concentrations at the same time
as the observed piperacillin concentrations for each patient.
The predicted piperacillin plasma concentrations with each
literature population pharmacokinetic model were compared
with the observed concentrations in the neonatal population.
The bias and precision of the model predictions were evaluated
based on the relative prediction error percentage (rPE), rela-
tive mean prediction error percentage (rMPE), relative median
absolute prediction error percentage (tMAPE), and relative
root mean squared error (rRMSE):

PRED — OBS

VPE(%)=< OBS

)xloo

1 < ([ PRED — OBS
(" om

rMPE (%) = ~ ) x 100
n OBS

i=1

rMAPE (%) = median of (M

OBS

)x 100‘

n

1 PRED — OBS\?
RMSE = | - <—)
rRMS nz OBS

i=1
where PRED and OBS represent the predicted and observed
piperacillin plasma concentrations, respectively. In these
equations, 'n' represents the total number of observations,
and 'i' represents the index of each observation in the data-
set. The model prediction performance was clinically accept-
able when their rMPE value was + 20% and their ’MAPE
value was less than 30% [28].

2.4 Model Evaluation for Bayesian Dosing

Bayesian dosing by including different number of piperacil-
lin plasma concentrations measured was performed to eval-
uate their applicability in piperacillin MIPD for neonates.
In this case, the individual pharmacokinetic parameters,
which were estimated using 1, 2, or 3 piperacillin plasma
concentrations observed in the patient at different time win-
dows (A, B, C), were used to predict the piperacillin plasma
concentrations. The Bayesian forecasting of the literature
models was evaluated by comparing the individual predicted
(iPRED) to the observed piperacillin plasma concentrations.
The relative individual prediction error percentage (riPE)
was calculated. The parameters used to evaluate the Bayes-
ian forecasting were relative mean individual prediction
error percentage (rMiPE), and relative median absolute
individual prediction error percentage (rMAiPE):

iPRED — OBS

riPE (%) = ( e

)xloo



Evaluation of Piperacillin Pharmacokinetic Models in Neonates

599

n

"MiPE (%) = 1 Z (M) x 100
n & OBS
FMAIPE (%) = median of (%) x 100‘

Values of rtMiPE between — 20% and 20% and of rMAiIiPE
less than 30% were considered clinically acceptable. The
proportion of observations with a rMAIPE less than 30%
(f30) was calculated to compare the Bayesian performance
of the different literature population pharmacokinetic mod-
els evaluated [28].

3 Results
3.1 Study Population

A total of 70 samples were collected from 25 neonates
enrolled in the study. Of these neonates, 15 were preterm,
of whom one was extremely preterm with a gestational age
of less than 28 weeks. The median (range) body weight,
postnatal age, postmenstrual age, and serum creatinine lev-
els at the sampling collection day were 1.81 (0.89-3.57)
Kg, 14.0 (6.0-27.0) days, 35.3 (28.1-43.3) weeks, and 0.47
(0.20-0.90) mg/dL, respectively. A median of three (2-3)
blood samples were collected from each patient. Necrotizing
enterocolitis was the most common clinical indication for the
use of piperacillin-tazobactam treatment in the study popu-
lation (13/25). According to the modified Bell's criteria for
necrotizing enterocolitis diagnosing, we found that 47% (6
neonates) of the cases in the study population were classified
as stage 1A, 23% (3 neonates) were stage IB, 15% (2 neo-
nates) were stage IIA, and 15% (2 neonates) were stage I1IB
[32]. On average, the patients received at least one course of
antibiotics before starting the piperacillin-tazobactam regi-
men. Only six patients had positive blood cultures, three of
whom required a change in antibiotic therapy due to the
presence of a blood culture isolate that was either not sus-
ceptible to piperacillin or showed resistance to -lactam anti-
biotics. The mean duration of the antibiotic treatment was
6.4 days. The piperacillin infusion rates used in our popula-
tion varied between 0.5 and 1.5 mL/h. Among 25 patients,
10 (40%) had an infusion rate of 0.5 mL/h, 14 (56%) had an
infusion rate of 1 mL/h, and just 1 neonate had an infusion
rate of 1.5 mL/h. No obvious adverse events related to the
use of piperacillin-tazobactam were found in the neonates.
After finishing treatment with piperacillin-tazobactam, the
infection recurred in one newborn within 72 h and presented
an extended-spectrum fB-lactamase positive bacteria blood
culture isolate. The clinical and demographic characteristics
of the neonates are shown in Table 1.

Using the sampling strategy adopted, which includes
three sampling occasions (A/B/C) at different times: A
(0.5-3 h after last dose), B (4-6 h after last dose for T =
8, and 4-8 h after last dose for T = 12 h), and C (6-8 h
after last dose for T = 8, and 8—12 h after last dose for T =
12 h), piperacillin plasma concentrations ranged from 5.7
to 302.6 ug/mL. The piperacillin concentrations versus
time after last dose observed in the neonates are presented
in Fig. 1.

3.2 Literature Review on Population
Pharmacokinetic Models

The PubMed search resulted in 19 articles, of which 16 were
excluded due to the predefined criteria. Three population
pharmacokinetic models were included, and no additional
relevant publications were found in the references of the
selected articles [16—18]. All the population pharmacoki-
netic models selected provided sufficient information to
enable replication for dose individualization using MIPD
techniques. The covariates included in the published final
piperacillin population pharmacokinetic models were body
weight, serum creatinine levels, postnatal age, and post-
menstrual age for the clearance, and body weight for the
volume of distribution. The population pharmacokinetic
model’s structures and their median covariable values are
described in Table 2. All the identified population pharma-
cokinetic models included preterm and term neonates, and
their median postnatal age was less than 29 days. The dos-
ing strategies used in the identified pharmacokinetic studies
differ from those applied in the present study. HPLC-MS/
MS was used to quantify the piperacillin plasma levels in
the three studies. The characteristics of the pharmacokinetic
population studies compared with the current study are pro-
vided in Supplementary Table S1.

3.3 External Evaluation of Population
Pharmacokinetic Models

The published population pharmacokinetic models were
evaluated for bias and precision using rtMPE, rMAPE, and
rRMSE, also using a population-level pharmacokinetic
parameters (a priori) approach for their possible application
in MIPD. The distribution of the rPE for each piperacillin
plasma concentration predicted by the different population
pharmacokinetic models is presented in Fig. 2. Based on
these evaluation metrics, the models by Cohen-Wolkowiez
et al. [16, 18] showed a better predictive performance than
the model reported by Li et al. [17]. None of the tested
models meet the acceptance criteria for ’MPE + 20%, and
rMAPE < 30%. The predictive performance of the three
population pharmacokinetic models is presented in Table 3.
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Table 1 Demographic and clinical details of neonates enrolled in the study

Characteristics Mean + SD Median (range) Percentile range® n
Male/female 11/14
PNA at the time to start piperacillin-tazobactam therapy (days) 122 + 6.0 12.0 (3.0-26.0) 4.6-23.4
PNA at the sampling collection day (days) 147 +5.6 14.0 (6.0-27.0) 8.0-25.2
Postmenstrual age (weeks) 36.5+4.4 35.3 (28.1-43.3) 30.5-42.4
Gestational age (weeks) 344 +4.5 34.2 (26.0-41.1) 28.0-40.1
Birth weight (Kg) 1.89 +0.78 1.78 (0.80-3.90) 0.89-3.03
Current Weight (Kg) 1.99 +0.78 1.81 (0.89-3.57) 1.07-3.48
Height (cm) 43 +5 44 (33-55) 36-50
SC at the sampling collection day (mg/dL) 0.46 + 0.14 0.47 (0.20-0.90) 0.30-0.61
CLCR (mL/min/1.73 m?) 403 +£21.5 32.0 (15.0-103.0) 18.6-73.0
Hospitalization length (days) 45.7+222 43.0 (13.0-88.0) 21.6-82.2
Length of antibiotic treatment (days) 64+23 7.0 (1.0-14.0) 3.6-8.2
Previous antibiotic treatment schemes 1+0.5 1(0-2) 0-2
Clinical indication for starting antibiotic treatment
Late-onset sepsis 7
Necrotizing enterocolitis 13
Healthcare-associated pneumonia 4
Mediastinitis 1
Antibiotic treatment evaluation
Need changing antibiotic therapy 3
Positive blood culture
Recurrence of infection within 72 h of ending piperacillin-tazobactam 1
antibiotic treatment and presence of -lactam-resistant blood culture
isolate
Obvious adverse events 0

SD standard deviation, PNA postnatal age, SC serum creatinine, CLCR creatinine clearance

410th—90th percentile range
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Table2 A summary of the identified population pharmacokinetic models for piperacillin which included neonates in their study population

Model
(Country)

n/obs

Model structure PNA (days) PMA (weeks) BW SC (mg/dL)

(Kg)

Cohen-Wolkowiez et al. 2012 [16]

(USA)

Lietal. 2013 [17] (China)

Cohen-Wolkowiez et al. 2014 [18]

(USA)

56/211 CL(L/h) = 0.479 x (BW)*7X 0.5/ 17 (1-77) 29 (23-40)  0.86 (0.40-2.58) 0.8 (0.2-2.4)

717207

32/128

SC)

V(L) = 2.91 x (BW)

CL(L/h) = 0.369 x (BW/2.76)"*% 6 (1-56) 39 (26-45)  2.78 (0.93-4.72) 0.4 (0.1-2.0)

(PNA/6)04271
V,(L) = 0.742 x (BW/2.76)
Q/h) = 111
V,(L) = 0.269

CL(L/h) = 0.08 X BW x 8(1-60)  32(25-48)  1.43(0.47-3.99) 0.8 (0.3-2.0)

(PMA/33)!76
V(L) = 0.42 x BW

Values are presented as counts for patients/ total piperacillin plasma concentrations and median (range) for the demographic and clinical charac-

teristics on the sampling day

obs number of total piperacillin plasma concentrations included in the population pharmacokinetic model, PNA postnatal age, PMA postmen-
strual age, BW body weight, SC serum creatinine, CL clearance, V volume of distribution, V; central volume of distribution, Q inter-compart-
ment clearance, V, peripheral volume of distribution, CV coefficient of variation

Fig.2 Evaluation of a priori 2000+
predictive performance of o
piperacillin population phar-
macokinetic models applied in
neonates using relative predic-
tion error (RPE); black circles
represent the RPE in percentage 1500 o
units for each observation of
piperacillin plasma concentra-
tion in this study; horizontal © e}
line the relative mean prediction 5
error o 1000 o
5 ° ° °
= o P
S 5
K
[a W
2 5004
=]
©
K7
o«
0—
-500 T T T
Cohen-Wolkowiezetal, 2012  Lietal,2013  Cohen-Wolkowiez et al, 2014
Bayesian forecasting was performed for all the popu-  C) throughout the dosing interval. Quantitative measures
lation pharmacokinetic models using different times and  of bias and precision are shown in Table 4. The predictive
numbers of samples to predict the piperacillin plasma con-  performance of all the population pharmacokinetic models
centrations in the neonatal data with individualized dosing  in terms of riPE and rAiPE is shown in Fig. 3. The observed
purposes. The sampling schemes were shaped for one, two, versus predicted piperacillin plasma concentrations for the

or three blood samples at different time windows (A, B, evaluated models using the neonatal data are presented in

A\ Adis



602

F. S. Boer-Pérez et al.

Supplementary Figs. S1-S3. In addition to the rMiPE and
rMAIPE, the proportion f30 was used to evaluate the indi-
vidual predictive performance of the population pharma-
cokinetic models, and nthe values obtained are presented
in Fig. 4.

The results of the bias and precision evaluation demon-
strated that the inclusion of one or two piperacillin plasma
concentrations can improve the predictive capacity of almost
all the population pharmacokinetic models. The population
pharmacokinetic model developed by Li et al. [17] did not
exhibit a better fit with the neonatal data, regardless of the
number of piperacillin plasma concentrations provided for
the prediction. The population pharmacokinetic models of
Cohen-Wolkowiez et al. [16, 18] presented an improvement
in their bias and precision evaluation parameters includ-
ing one piperacillin plasma concentration at time B or two
piperacillin plasma concentrations at times B and C. The
rMiPE and rMAIiPE obtained by the Cohen-Wolkowiez
et al. [16] population pharmacokinetic model were accept-
able in some cases with the use of one or two piperacillin
plasma concentrations, but their f30 proportion was less than
50%. Moreover, the individual predictability of the Cohen-
Wolkowiez et al. [18] population pharmacokinetic model
with two samples at times A and C presented an acceptable
threshold of tMiPE, rMAIPE, and 30 values of 20.55%,
21.61%, and 66.6%, respectively. Although the rMiPE value
was marginal, the graphical evaluation of observed versus
predicted piperacillin plasma concentrations was considered
acceptable.

The most accurate predictive results were obtained using
the Cohen-Wolkowiez et al., [18] population pharmacoki-
netic model and the three piperacillin plasma concentrations,
which presented the smallest value of rMAIPE with a 30
proportion of 98%.

4 Discussion

Piperacillin-tazobactam has been used extensively in the
NICU to treat late-onset sepsis, nosocomial infections, and
intra-abdominal complicated infections like necrotizing

Table3 A priori predictive performance for published piperacillin
population pharmacokinetic models applied to neonate population.

Model rMPE (%) rMAPE (%) rRMSE

Cohen-Wolkowiez et al. 48.72 55.83 2.22
2012 [16]

Lietal. 2013 [17] 226.80 109.03 4.24

Cohen-Wolkowiez et al. 79.16 68.92 1.78

2014 [18]

rMPE% relative mean prediction error, IMAPE% relative median
absolute prediction error, rRMSE relative median absolute prediction
error percentage
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enterocolitis, although safety and pharmacokinetic data in
this population are limited to a few studies. Recently, the
piperacillin-tazobactam effectivity and safety in neonatal
and infant populations has started to be evaluated by the
application of previously published pharmacokinetic infor-
mation [25, 33, 34]. It is important to mention that tazobac-
tam plasma concentrations are not measured to make dosage
adjustments in clinical practice because piperacillin-tazo-
bactam dosing recommendations and antimicrobial therapy
evaluations are made in terms of piperacillin. Additionally,
tazobactam is not available for individual acquisition for
individual administration in case dose adjustment is needed.

In this study, one preterm newborn with a very low birth
weight experienced a reoccurrence of infection caused by
a p-lactam-resistant bacteria within 72 h of stopping the
piperacillin-tazobactam treatment. This patient had a pipera-
cillin plasma concentration of 218 pug/mL 2 h after starting
the intravenous infusion, which is higher than the median
value reported in previous studies for infants with a postnatal
age of less than 2 months. [16-18]. A relationship between
piperacillin exposure and induced bacterial resistance has
not been reported in neonates.

An association between total piperacillin exposure and
the development of acute kidney injury in critically ill chil-
dren and young adults has been reported [35]. The nephro-
toxicity induced by piperacillin principally results from the
competitive inhibition of organic anion transporters (OAT) 1
and 3, which are responsible for tubular creatinine secretion
[36]. The toxicity threshold for piperacillin plasma concen-
trations is undefined, and only a few studies have been con-
ducted to evaluate the safety of piperacillin-tazobactam in
neonates [10, 22, 33, 34]. In the present study, 60% (15/25)
of the neonates who received piperacillin-tazobactam treat-
ment were premature, and no obvious adverse events were
reported. In addition, none of the patients developed kidney
failure. These results are consistent with the previous studies
mentioned, where no adverse effects or clinically relevant
changes in laboratory parameters have been found [10, 22,
33, 34].

All the piperacillin population pharmacokinetic models
identified included preterm and full-term neonates. Two
population pharmacokinetic models used a 1-compartment
population pharmacokinetic model, while one model, by Li
et al. [17], used a 2-compartment model. Our population
showed a better fit with the 1-compartment models, which
could be attributed to the number of samples obtained from
each patient.

The study evaluated the performance of population
pharmacokinetic models for individualizing piperacil-
lin dosing based on patients' clinical and demographic
characteristics. However, none of the population pharma-
cokinetic models were found appropriate for this a priori
approach in the population studied. This may be because
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Table4 Bayesian predictive Model Number of Sampling times ~ tMiPE ~ RMAI{PE 30
pefformance evalua.tlon blood samples (%) (%) (%)
of reported population
Phafma%?_kiﬂetif. Héodels for | Cohen-Wolkowiez et al. 2012 1 A -61.98 73.98 42
g;;:zram in applied to neonatal [16] | B 19.99 35.04 471
1 C —37.94 39.59 433
2 AB 96.02 35.80 27.1
2 AC 109.98 37.82 31.6
2 BC - 6.09 30.81 46.6
3 ABC 59.29 43.70 30.0
Lietal. 2013 [17] 1 A 223.60 105.89 20.0
1 B 217.92 103.08 17.1
1 C 205.16 81.78 21.6
2 AB 21433 100.17 17.1
2 AC 201.74 77.97 21.6
2 BC 196.22 73.07 20.0
3 ABC 192.42 71.01 21.6
Cohen-Wolkowiez et al. 2014 1 A 61.47 53.64 314
(18] 1 B 25.76 17.31 64.2
1 C 35.86 32.06 46.6
2 AB 11.20 23.07 62.8
2 AC 20.55 21.61 66.6
2 BC 22.46 12.59 71.6
3 ABC 9.74 8.64 98.3

Sampling times: A (0.5-3 h after last dose),\B (4-6 h after last dose for T = 8, and 4-8 h after last dose for
T =12 h), and C (6-8 h after last dose for tI= 8, and 8—12 h after last dose for T = 12 h), where T = dosing

interval

rMiPE relative mean individual prediction error, rMAIPE relative median absolute individual prediction
error, f30 percentage of predicted piperacillin plasma concentration with a relative absolute individual pre-

diction error less than 30%

the a priori approach assumes that the population used to
develop the population pharmacokinetic model and their
drug administration characteristics are exactly the same as
the one used for estimations. The study population differed
in demographic and clinical characteristics, piperacillin-
tazobactam administration schemes, and posology from
populations in published pharmacokinetics studies. The
studies by Li et al.[17] and Cohen—Wolkowiez et al.[18]
report similar mean gestational and postmenstrual ages
to our study, whereas the study conducted by Cohen-
Wolkowiez et al.[16] included only premature neonates
and infants. Additionally, the articles by Cohen-Wolkow-
iez et al.[18] and Li et al.[17] do not provide the propor-
tion of term and preterm neonates included in the studies.
The postnatal age and serum creatinine values observed
in the three studies (0.2-2.4 mg/dL) are wider than those
in our study population (0.2-0.9 mg/dL). Other variables,
such as birth weight and APGAR score, which could give
more information about the maturation of the neonates,
were not mentioned in the studies evaluated.

The population pharmacokinetic model that performs
best for our population was from Cohen-Wolkowiez et al.

[18], because it presented the lowest rMiPE and rMAIiPE,
and consequently the higher proportion f30, indicating that
the bias and precision of the model were clinically accept-
able for predicting piperacillin plasma concentrations, tak-
ing into account the body weight and postmenstrual age of
the newborn and using three piperacillin plasma concentra-
tions. However, this method was not suitable for MIPD due
to the impracticality of drawing three blood samples from
a neonate during a dosing interval in clinical practice. The
alternative to taking two blood samples at the windows times
A and C for the Bayesian estimation could be an option for
precision dosing in the neonate population. If only one blood
sample can be obtained for the piperacillin dosing individ-
ualization, for the clinical status of the neonate, the same
population pharmacokinetic model with one sample at the
window time B can be an option for the MIPD. However,
this approach should be used with caution since the rMiPE
bias observed was 5% higher than the clinically acceptable
threshold.

Only one of the three identified population pharmacoki-
netic models, published by Cohen-Wolkowiez et al. [16] in
2012, includes serum creatinine levels as a covariate. The
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elimination of piperacillin-tazobactam is mainly renal and
depends on tubular secretion and glomerular filtration, and
these mechanisms are very variable in the neonatal popula-
tion [37—40]. Therefore, including a covariate in the popula-
tion pharmacokinetic model to describe this variability can
improve its performance. Maturation covariates such as ges-
tational and postmenstrual age can reflect renal maturation
in the neonatal population. The model published by Cohen-
Wolkowiez et al.[18] in 2014, was the only one that included
postmenstrual age as a covariate and exhibited the best fit
with the neonatal data obtained in this study. This model
does not include between-subject variability in the volume
of distribution of piperacillin and instead presents the best
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fit with our data. This could be explained by the significant
influence that piperacillin clearance has on its plasma levels
compared to its volume of distribution in our population.
This behavior is expected because piperacillin is primarily
eliminated by the kidney. It has been reported that the matu-
rational physiological changes are most prominent in early
infancy, which is reflected in the large variability reported
in serum creatinine in neonates in their first days of life [41].

The high variability of piperacillin plasma concentra-
tion in neonatal patients highlighted the need for indi-
vidualized piperacillin-tazobactam treatment, aligning
with previous studies.[16—18, 25]. MIPD can be a useful
tool to improve the pharmacotherapy of neonates using
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Fig.4 Percentage of piperacillin
plasma concentrations predicted
with clinically acceptable values
of relative absolute individual
prediction error (rAIPE). The
colors and patrons at the
columns represent a different
population pharmacokinetic
model applied to estimate the
piperacillin concentrations.

The letters indicate the differ-
ent sampling times applied:

A (0.5-3 h after last dose), B
(4-6 h after last dose for T = 8,
and 4-8 h after last dose for T =
12 h), and C (6-8 h after last
dose for T = 8, and 8—12 h after
last dose for T = 12 h), where

T = dosing interval

1004

% of predicted piperacillin plasma concentration
with rAiPE <30%
(93]
<

9 C®

piperacillin-tazobactam. Although monitoring piperacillin
plasma levels is not considered mandatory, the probabil-
ity of causing neurotoxicity or nephrotoxicity when serum
concentrations are too high, the off-label use and the large
interindividual variability observed in critically ill neonates
make the drug monitoring for individualized antibiotic
therapy important [42]. Micro-sampling procedures, and
high-performance bioanalytical techniques, and population
pharmacokinetic approaches, can enable individualized dos-
ing in this vulnerable population. Despite limited sampling
volumes in neonates, the methods mentioned in this study
can help optimize drug therapy in the neonatal population.
The present study can aid in evaluating and selecting a pop-
ulation pharmacokinetic model appropriate for a neonatal
intensive care population and explore its potential to be used
for MIPD. It is important to make an external evaluation of
the published models before using them for individualiza-
tion of therapeutic treatment [26]. Future studies should be
made to evaluate the feasibility and measure the impact of
applying MIPD in a NICU.

The study had a few limitations. Differences were found
between the time the antibiotic was scheduled and the time
it was administered, but, in these cases, the exact time of
the monitored dose was used for the pharmacokinetic eval-
uation. The body weight measurements for neonates were

Cohen-Wolkowiez et
al., 2012
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Sampling schemes

filled using the most recent body weight value (no more than
2 days before) of the same subject if a body weight value
was not available on the day of piperacillin level sampling.
On the other hand, we observed variability among health-
care personnel in determining the infusion rate to administer
piperacillin-tazobactam. The results obtained in this evalu-
ation are specific to the population studied in this particular
center.

5 Conclusions

The population pharmacokinetic model by Cohen-Wolkow-
iez et al. [18], which includes body weight and postmen-
strual age as covariates to describe piperacillin clearance,
and body weight to describe the volume of distribution of
piperacillin, shows the best performance in predicting the
plasma concentration of piperacillin in preterm and term
Mexican NICU patients. This population pharmacokinetic
model does not satisfy the acceptability criteria for the a
priori approach, but it demonstrates good performance for
the Bayesian approximation in terms of bias and precision
for our study data. The Bayesian strategy includes two dif-
ferent piperacillin plasma concentrations measured at the
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window times A (0.5-3 h after last dose) and C (6-8 h after
last dose for T = 8, and 8-12 h after last dose for T = 12 h).
MIPD can be a usable tool for individualized pharmaco-
therapy in vulnerable populations like neonates, combining
a micro-sampling strategy, high-performance bioanalytical
techniques, and population pharmacokinetic approaches.
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