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(i) To describe the first-order and mixed-order elimination pathways of
piperacillin, (ii) to determine the between occasion variability (BOV) of
pharmacokinetic parameters and (iii) to propose optimized dosage

We performed a five-period replicate dose study in four healthy
volunteers. Each subject received 4 g piperacillin as a single 5 min
intravenous infusion in each study period. Drug analysis was performed
by HPLC. We used NONMEM and S-ADAPT for population
pharmacokinetic analysis and Monte Carlo simulation to predict the
probability of target attainment (PTA) with a target time of non-protein
bound concentration above MIC >50% of the dosing interval.

A model with first-order nonrenal elimination and parallel first-order
and mixed-order renal elimination had the best predictive
performance. For a 70 kg subject we estimated 4.40 | h™' for nonrenal
clearance, 5.70 | h™ for first-order renal clearance, 170 mg h™" for Vinay,
and 49.7 mg |I" for K, for the mixed-order renal elimination. The BOV
was 39% for Viax, 117% for K, and 8.5% for total clearance. A 30 min
infusion of 4 g every 6 h achieved robust (=90%) PTAs for MICs

=12 mg | As an alternative mode of administration, a 5 h infusion of
6 g every 8 h achieved robust PTAs for MICs =48 mg |I-'.

Part of the renal elimination of piperacillin is saturable at clinically used
doses. The BOV of total clearance and volume of distribution were low.
Prolonged infusions achieved better PTAs compared with shorter
infusions at similar daily doses. This benefit was most pronounced for
MICs between 12 and 48 mg |,
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Introduction

Piperacillin-tazobactam shows good bactericidal activity
against Pseudomonas aeruginosa and gram-positive micro-
organisms [1]. Therefore, piperacillin-tazobactam is an
attractive choice for empirical therapy and is frequently
used in the treatment of hospital-acquired infections [2].
Piperacillin is usually administered in combination with
the beta-lactamase inhibitor tazobactam to prevent the
enzymatic degradation of piperacillin. There are still con-
tradictory reports on the pharmacokinetics (PK) of piper-
acillin despite its use for more than two decades. Two
recent papers [2, 3] studied the population PK of piperacil-
lin and found evidence for a possibly saturable clearance.

Bergan [4] reviewed the PK of acylureidopenicillins and
concluded that drug exposure (as measured by the area
under the curve, AUC) increases more than proportionally
with rising doses, although the extent of saturability in
piperacillin’s elimination was rather small. This is likely the
reason why some studies report a saturable clearance for
piperacillin [5-9], whereas others find first-order elimina-
tion [10-19].The protein binding of piperacillin is between
20 and 30% [20, 21]. Tjandramaga et al. [8] report that
about 70% of the renal excretion of piperacillin is by
tubular secretion and 30% by passive glomerular filtration.
Tubular secretion is the most likely mechanism to explain
mixed-order (capacity limited) renal elimination.

For beta-lactams the time that the non-protein bound
drug concentration exceeds the minimal inhibitory con-
centration (MIC) (ft-mc) has been found to predict best the
ability of a dosage regimen to kill organisms (=target drug
effect) [22-26]. The time course of the antibacterial con-
centration contributes to the clinical outcome which is of
predominant importance for the patient. The clinical
outcome is dependent on both (i) the time course of the
drug effect (=contribution of the drug-dependent
response) and (ii) the patient’s ability to eradicate bacteria
and recover from infectious damage. For penicillins animal
experiments showed that bacteriostasis is achieved, if the
ft.mic is at least 30% of the dosing interval. Near-maximal
bacterial killing is reached for ft.wc of approximately 50%
of the dosing interval [25-30].

Simulation can be used to predict how well target
effects can be achieved after accounting for both the dis-
tribution of PK parameters and the distribution of the MIC.
It can identify the dosage regimen with the highest prob-
ability to attain a target effect. This probability of target
attainment (PTA) is then used as a surrogate measure for
successful microbiological or clinical outcome.

As the outcome for beta-lactams is related to ftowc,
several authors proposed either continuous infusion [23,
31-33] or prolonged intermittent infusion [33] to be supe-
rior to short intermittent administration. A loading dose at
the initiation of therapy is often recommended to reach
bactericidal concentrations as soon as possible. Several
groups compared the clinical, microbiological, and eco-

nomic outcomes, bactericidal activity and time above MIC
between short intermittent and continuous infusions,
e.g. for meropenem [34-38], ceftazidime [39-44] and
piperacillin/tazobactam [45-49]. These trials concluded
that clinical outcomes with continuous infusion were at
least as safe and effective as intermittent treatment with
short intermittent infusions,and economic outcomes were
superior for continuous infusion. However, the short inter-
mittent mode of administration is still the clinical standard,
possibly due to the equipment and workload that is
required for a continuous infusion.

As our first objective, a population PK model was devel-
oped to fit the plasma and urine data simultaneously and
to account for first-order and mixed-order (saturable)
elimination of piperacillin. Secondly, we sought to deter-
mine the between occasion variability (BOV) of the PK
parameters. As our third objective, we compared the PTA
between various dosage regimens using simulation to
propose optimal dosage regimens for piperacillin.

Methods

Subjects
Four healthy Caucasian volunteers participated in the
study. Each volunteer gave his/her written informed
consent after a full explanation of the procedures involved
in this study. The study was approved by the Investiga-
tional Review Board of the Medical Faculty and University
Hospital of the University of Essen (Essen, Germany) and
performed according to the revised version of the Decla-
ration of Helsinki. Table 1 shows the demographic statistics
and data summary. All subjects were shown to be healthy
by physical examination, electrocardiography, and labora-
tory tests including urinalysis and screening for drugs of
abuse. The volunteers did not take any medication other
than the study drug from 2 weeks before the start until the
end of the study. Food and fluid intake was strictly stan-
dardized. Consumption of alcohol or methylxanthines in
any form was forbidden from 48 h before dosing until the
last sample in the respective study period.

The subjects were hospitalized from the evening
before administration until the last blood sample of the

Table 1

Data summary

Min Median  Max
Number of piperacillin plasma samples 73 (13) 76 (15) 78 (16)
per subject (per subject and occasion)
Number of piperacillin urine samples per 40 (7) 41 (8) 42 (10)
subject (per subject and occasion)
Age (years) 22 23 24
Weight (kg) 67 77.5 85
Height (cm) 164 176 178
Number of females/males 2/2
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respective study period. All subjects were closely observed
by physicians for the occurrence of adverse events during
the period of drug administration. They were asked to
report immediately any discomfort and to answer ques-
tionnaires on their health status on a daily basis.

Study design and drug administration

The study was conducted as a single-centre, open, five-
period replicate dose study. Piperacillin was dissolved in
50 ml sterile water for injection. Each of the four subjects
received the same formulation containing 4 g piperacillin
as a 5 min intravenous infusion in each of the five study
periods (occasions). Doses were given on days 1, 3, 10, 24,
and 52. All infusions were administered with motorized
syringes that were closely controlled during the study
period. The calibration of the motor syringes was checked
on a daily basis. The infusions were administered through
an indwelling venous catheter, which was placed in the
forearm.

Sampling schedule

All blood samples were drawn in 5ml NH,*-heparinate
tubes (Sarstedt, Nimbrecht, Germany) from a forearm vein
via an intravenous catheter contralateral to the one used
for drug administration. Blood samples were drawn imme-
diately before the start of infusion, at the end of the 5 min
infusion as well as at 5, 10, 15, 20, 30, 45 min,and 1, 1.5, 2,
2.5,3,3.5,4,5,6,8,10, 12 and 24 h after the end of each
infusion. All blood samples were immediately placed in an
ice-water bath for 10 to 15 min before centrifugation. The
plasma samples were then frozen on dry ice and stored at
—70°C until analysis.

Urine was collected before drug administration,
between the start of infusion and 1 h after the end of the
infusion, as well as at 1-2, 2-3, 3-4, 4-6, 6-8, 8-10, 10-12,
and 12-24 h after the end of each infusion. The urine
samples were stored at 4°C during the collection period.
The amount and pH of the urine were measured. Samples
were immediately frozen and stored at —70°C until analysis.

Determination of plasma and urine
concentrations

Piperacillin concentrations in plasma and urine were deter-
mined by HPLC. For drug determination in plasma, a
sample volume of 100 ul was deproteinized with 200 pl
acetonitrile containing mezlocillin as internal standard.
After mixing and centrifugation at 21 885 g, a volume of
40 ul was injected onto the HPLC-system. For determina-
tion of piperacillin in urine, 20 ul of the sample were
diluted with 180 ul water. After mixing 40 pl were injected
onto the HPLC-system. Drug concentrations were deter-
mined using a reversed phase column (C18, 5 um, 250 x
4.6 mm 1.D.), 0.01 M potassium dihydrogen phosphate (pH
6.2) : acetonitrile mobile phase (4:1; v:v) with a flow of
2 ml min~".Both piperacillin and the internal standard were
detected at 220 nm.
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The plasma samples were measured against a plasma
calibration row and urine samples against a urine calibra-
tion row. For control of inter-assay variation spiked quality
controls in plasma and urine were prepared. No interfer-
ence was observed in plasma and urine for piperacillin and
the internal standard. Calibration was performed by linear
regression and linearity of piperacillin calibration curves in
plasma and urine was shown from 1.0to 150 mg "' and 1.0
to 1000 mg I”". Quantification limits were identical to the
lowest calibration levels. The inter-day precision and the
analytical recovery of the spiked quality control standards
in human plasma ranged from 3.5 to 9.2% and 95.0 to
106.9% for piperacillin. The inter-day precision and the
analytical recovery of the spiked quality control standards
in human urine ranged from 3.0 to 5.5% and 92.0 to 97.9%.

Models

Disposition and drug elimination The plasma and urinary
excretion data allowed renal and nonrenal elimination
mechanisms to be distinguished. We considered one, two,
and three compartment disposition models and studied
the following pathways for piperacillin elimination: (i) first-
order nonrenal (CLyg) and first-order renal clearance (CLg),
(ii) first-order nonrenal clearance and mixed-order (Viax
and K.) renal elimination and (iii) first-order nonrenal
clearance and parallel first-order + mixed-order renal
elimination.

The formula for the population clearance (CLeop) of the
full model (model 3) as a function of the piperacillin con-
centration (C) in the central compartment is:

Vmax

Clpop(C)=ClLpyg +Clg +——
POP( ) NR R C+Km (1)

Size We applied the allometric weight model to scale the
PK parameters according to a standard weight of 70 kg
[50-53]. The Fwry; and Furc;i are the fractional changes in
volume and clearance in the i subject with weight WT;
compared with a standard weight WTsp of 70 kg.

L ()
T W
WT, 0.75
R WTCL,i = ( ) (3)
STD

Individual pharmacokinetic model Population parameter
variability (PPV) is the sum of between subject variability
(BSV) and within subject variability (WSV). WSV can be
further divided into between occasion variability (BOV)
and within occasion variability (WOV).WOV cannot be esti-
mated with conventional PK methods. We estimated BOV
from the average of WSV over an occasion. Each of the five
study periods was one occasion. For the analysis in
NONMEM, we treated the dataset as if there were 20
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separate individuals and estimated the PPV from these 20
profiles of plasma concentrations and amounts in urine.
Analysis of variance (ANOvVA) was performed on log trans-
formed quantities. ANOVA was used to estimate the BOV of
the individual PK parameters from population PK and from
non-compartmental analysis.

Parameter variability was estimated as variances but
we report the square root of the estimates in Table 3 and 4
and refer to these values as PPV and BOV, respectively. We
have expressed PPV and BOV in the text as a percentage
because these quantities are apparent coefficients of varia-
tion of a normal distribution on a logarithmic scale. In the
population PK model, nepv is assumed to be a normally
distributed random variable with mean zero and standard
deviation PPV.We used an exponential parameter variabil-
ity model for all PK parameters. The parameter variability
model for Vimay, Km, CL,and Vi was (see Table 3 for parameter
explanations):

Vinaxij = Vinax X €XP (T'IPPv,vmaxi,- )X Furew (4)

Kimij = K X€XP (Mepy ki ) (5)

Vmaxi'
CL(O); = (CLNR +Clg + —J) X exp (Mepv,ci ) X Fwrewi
ijk mij (6)

Vi =Vi+V, +V; (7)

Vssij = Vss X eXp(nPPV,VSSij )X FWTV,i (8)

Neevani is the value of Mepy for PK parameter NN for the i
subject at the j* occasion. The indices NNij denote the
individual value for parameter NN for the i" subject at the
j™ occasion and Ci is the individual plasma concentration
at the k™ time point.The parameters CLg, CLyg, Vinax, V1, V2, V3,
and Vi are the population estimates for a 70 kg subject.

Visual predictive checks We assessed the predictive per-
formance of our PK models by simulation of plasma and
urine profiles for 10 000 hypothetical subjects. The fidelity
by which the central tendency and the variability of the
observed data were described by the predicted median
and intervals was assessed by visual inspection and com-
pared between models. Further details of the visual predic-
tive check methodology as applied here have been
described by Bulitta et al. [54].

Normalized prediction distribution error (NPDE) The
NPDE [55] was used for model evaluation using the
package developed by Comets et al. [56].

Observation model We described the residual unidenti-
fied variability by a combined additive and proportional
error model. C denotes the predicted concentration
without residual error and Y¢ is the individual prediction
including a proportional (CV¢) and additive (SDc) residual

error component. The random variables eq, and esp. are
normally distributed with mean zero and standard devia-
tions CVc and SDc.

Yo =Cx(1+&qy ) +Esp, )

We estimated models with or without applying the Beal
M3 method [57] to use samples with measurements below
the limit of quantification (BQL) of 1 mg ™" in the analysis.
The Beal M3 method maximizes the probability that a con-
centration observed to be BQL is also predicted to be BQL.

A combined additive and proportional error model was
used for the amounts excreted in urine. AU denotes the
predicted amount excreted in urine without residual error
and Yy is the individual prediction including a propor-
tional (CVay) and additive (SDay) residual error component.
The random variables €cy,, and €cy,, are normally distrib-
uted with mean zero and standard deviations CVay and
SDau.

YAU =AUX(1+8CVAU)+85DAU (1 0)

Computation We built all models with NONMEM version V
release 1.1 (NONMEM Project Group, University of Califor-
nia, San Francisco, CA, USA) [58]. For model building, the
first order conditional estimation (FOCE in NONMEM V)
method with the interaction estimation option was used.
All runs finished with at least four significant digits. We
additionally estimated the final model in S-ADAPT (version
1.56) [59, 60] using the Monte Carlo Parametric Expecta-
tion Maximization algorithm (MC-PEM) and the Beal M3
method to account for BQL samples [61] as described pre-
viously [62]. S-ADAPT was also used to estimate both BSV
and BOV. Due to the large number of parameters, a diago-
nal variance covariance matrix was estimated in S-ADAPT.
WinNonlin™ Professional (version 4.0.1, Pharsight Corp.,
Mountain View, CA, USA) was used for non-compartmental
analysis and ANOVA statistics.

Assessment of PKPD profile The time above MIC is com-
monly used to predict the microbiological and clinical
outcome for beta-lactams. We used the PKPD targets ft.ui
= 50% of the dosing interval representing near-maximal
killing and ft.wc = 30% representing bacteriostasis for
penicillins [25, 26, 63]. Additionally, the targets ft.yic = 70%,
and ft.wic = 100% were evaluated to cover a wider range of
PKPD targets. We compared the PKPD profile of various
dosage regimens including short (30 min) infusion, pro-
longed (5 h) infusion, and continuous infusion at daily
doses between 9 and 18 g 70 kg™' total body weight.

The plasma concentration-time profiles for 10000
hypothetical subjects were simulated at steady-state for
each dosage regimen in the absence of residual error. To
mirror the larger variability in patients, additional Monte
Carlo simulations were run with increased variances in
total clearance and volume of distribution at steady-state
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(CV for total clearance increased from 9.6% to 45%, CV for
Vs increased from 13.5% to 45%; covariance was selected
to keep the coefficient of correlation at the final estimate in
healthy volunteers). PTA [64] was estimated from the fre-
quency of achieving the target in 10 000 simulated profiles
under different treatment schedules and parameter
assumptions. We derived the PTA within the MIC range
from 1 to 96 mg I"" and used a protein binding of 30% for
piperacillin [20, 21] using qualified Perl scripts [54]. The
PKPD breakpoint was defined as the highest MIC for which
the PTA was at least 90%.

Results

The PK parameters from non-compartmental analysis
(Table 2) were in concordance with results of other studies
[2-4].

Model building

We selected between competing models by predictive
checks, the objective function and standard diagnostic
plots and found that a three compartment disposition
model was superior to a one and two compartment dispo-
sition model. The three compartment model with first-
order nonrenal and first-order renal elimination (model 1)
over-predicted the amounts excreted in urine by 16% at
1h and by 13% at 2 h post end of infusion (comparison
based on the simulated and observed medians). Model 2
(first-order nonrenal and mixed-order renal elimination)
showed an under-prediction by 10% at 1 h and an over-
prediction by 14% at 2 h post end of infusion.

The model with first-order nonrenal and parallel first-
order + mixed-order renal elimination (model 3, Figure 1)
showed an under-prediction by 8% at 1h and an over-
prediction by 6% at 2 h post end of infusion. Model 3 had
an 11.9 (NONMEM) (22.8 (S-ADAPT)) points better objec-
tive function compared with model 2 and a 48.1 (36.6)

Table 2

PK parameters from non-compartmental analysis after a-5 min intrave-
nous infusion of 4 g piperacillin

Average *= SD Median (Min-Max)

Peak concentration (mg I-") 463 + 127 465 (279-775)

Time to peak (min) 6.8 =25 5(5-11)

Total clearance (I h™") 119 = 1.34 11.9 (9.87-14.4)

Renal clearance (I h™") 7.59 = 0.86 7.81 (5.31-8.78)

Nonrenal clearance (I h™") 433 + 1.07 4.57 (2.21-6.30)

Volume of distribution at 12.7 + 2.26 12.2 (9.47-16.9)
steady-state (I)

Fraction excreted unchanged 63.9 = 6.7 63.8 (52.8-79.8)
in urine (%)

Terminal half-life (h) 1.22 + 0.461 1.04 (0.693-2.23)

Mean residence time (h) 1.06 = 0.15 1.01 (0.92-1.45)
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points better objective function compared with model 1.
Model 3 had good predictive performance in plasma and
urine (Figure 1) and was selected as the final model. The
predictive performance for the final estimates from
NONMEM was slightly better than for S-ADAPT. Therefore,
the former estimates were used for simulation. The NPDE
plots (Figure 1) showed the same trend as the visual pre-
dictive check and favoured the model with parallel first-
order + mixed-order renal elimination (model 3).The NPDE
yielded a mean (variance) of 0.02 (0.98) for plasma concen-
trations and 0.049 (0.87) for amounts in urine (model 3).
The NPDE global statistic rejected the null hypothesis (P <
0.001) that all the observations arise from the same distri-
bution as the model predictions.However, we note that the
visual predictive check and NPDE plots show poor predic-
tions at 5 min when a sample was taken at the end of the
infusion. This was probably caused by the arterial-venous
equilibration of piperacillin which was not implemented
into the final model [65]. The NPDE global statistic
accepted the predictions from model 3 for plasma concen-
trations at and after 1 h (P=0.072) and foramounts in urine
at and after 3 h (P = 0.13). Because this model failure will
have no notable effect on the ft.wc we have chosen to
accept the model as being fit for purpose while recogniz-
ing the mispredictions during the first 50 min for plasma
concentrations and during the first 2 h for amounts in
urine (Figure 1).

All disposition parameters were scaled allometrically.
Since the number of subjects in our study was small (four
subjects studied on five occasions), we did not seek to
optimize the covariate model other than by including stan-
dard allometric models. The PK parameter estimates for
model 3 are shown in Table 3.The estimates for the mixed-
order renal elimination were 170 mg h™' (PPV 50.4% coef-
ficient of variation) for the maximum rate of elimination
(Vmax) and 49.7 mg 1™ (PPV 150% CV) for the Michaelis-
Menten constant (K.). Estimates from NONMEM and
S-ADAPT were comparable, with the exception of a smaller
Vinax and K, in S-ADAPT.

Figure 2 shows clearance as a function of concentra-
tion.Equation 1 predicts that the total clearance decreases
from 13.51h™" at a nominal concentration of 0 mg|™ to
10.81h™" at 200mg ™" piperacillin for a typical 70kg
subject. The ANOVA based on individual PK parameter esti-
mates yielded a low BOV for total clearance (8.5% CV) and
volume of distribution at steady-state (16% CV), whereas
Vinax (39%) and K:, (117%) had higher BOVs (Table 4).Similar
estimates were obtained, when BOV was estimated by a
population PK model in S-ADAPT (Table 4) or NONMEM
(results not shown) compared to the BOV estimates from
ANOVA.

PKPD profile

As shown in the PTA vs. MIC profiles (Figure 3), continuous
infusion of 9 g day™' and prolonged infusion of 3 g every
8 h achieved PTAs >90% for MICs =16 gl for the
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Figure 1

Visual predictive checks (VPC, top; insets show early VPC time profiles) and normalized prediction distribution errors (NPDE, bottom) for plasma concen-
trations and amounts excreted unchanged in urine: The VPC plots show the raw data (markers), the median and (10-90% percentile) of the observations
(broken lines) and the median (10-90% percentile) of the model predictions (continuous lines).Ideally, each continuous line should match its corresponding

broken line in the VPC plots

near-maximal killing target ft.mc = 50%. Those two regi-
mens were superior to the 30 min infusion regimens of 4 g
every 8 h and of 4 g every 6 h.

Table 5 shows the PKPD breakpoints for all studied
dosage regimens at various PKPD targets. A standard
30 min infusion regimen of 4 g every 8 h (daily dose 12 g)
achieved a PKPD breakpoint of 4mgl™ for the near-
maximal killing target in healthy volunteers. Giving 4 g
every 6 h (daily dose 16 g) increased the breakpoint to
12mg I and giving 3g every 4h (daily dose 189)
achieved a breakpoint of 24 mg I”". At a lower daily dose of
9 g, 5 h infusion of 3 g every 8 h achieved a breakpoint of
16-24 mg I”' (PTA = 86% at an MIC of 24 mg I"). High dose
5h infusion of 6 g every 8h achieved a near-maximal
killing breakpoint of 48 mg I"".The PKPD breakpoints were
similar between the studied regimens for the bacteriosta-
sis target ft.mc = 30%. As expected, continuous infusion
was superior to 30 min infusions for the PKPD targets ft-wic
= 70% and ft.wc = 100%.

The PKPD breakpoints for simulations with a larger vari-
ability (perhaps more representative of sick patients)
yielded approximately 1.5 to 3-fold lower PKPD break-
points (Table 5) compared with healthy volunteers. Higher
PKPD targets could be achieved if concentrations in

patients with high clearances and short half-lives were
titrated to the concentrations of the ‘median’ patient
(Table 5).

Discussion

Piperacillin is frequently used in the empirical treatment of
hospital-acquired infections. It is important to account for
variability in PK during optimization of treatment regi-
mens. For this task population PK modelling and Monte
Carlo simulation are suitable tools. They can combine the
variability in PK parameters with the expected distribution
of MICs in the patient population of interest to select
optimal dosage regimens [63, 66].

The data of some piperacillin studies that used popu-
lation PK analysis did not support estimation of a saturable
elimination component [19, 54], whereas Lodise et al. [2]
and Vinks et al.[3] found evidence for saturable elimination
of piperacillin.The latter two studies estimated a high vari-
ability for Vimax and K;, of the saturable elimination process.

It is important to qualify a population PK model for use
prior to using it for simulation to select optimal dosage
regimens. Visual predictive checks showed (Figure 1) that

Br | Clin Pharmacol / 70:5 / 687
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Table 3

Population parameter estimates (from NONMEM V and S-ADAPT) of the
three compartment model with first-order nonrenal elimination and par-
allel first-order and mixed-order renal elimination for piperacillin

NONMEM S-ADAPT
Parameter (PPV = BSV + BOV) (PPV)
CLnr (for 70 kg)* (1 h™") 4.40 4.61 (21.4%)
CLr (for 70 kg)* (1 h~") 5.70 (9.62%%.,9) 6.64 (11.1%)
Vimax (for 70 kg)* (mg h™") 170 (50.4%8) 67.9 (17.2%)
Km (mg I") 49.7 (150%8) 11.1 (134%)
Vss (for 70 kg)t (1) 12.7 (13.5%%) 13.3
Vi (for 70 kg)t (1) 7.00 7.15(13.9%)
V, (for 70 kg)t (1) 2.95 3.28 (2.2%)
V3 (for 70 kg)t (1) 2.71 2.92 (14.9%)
CLicshalow (for 70 kg)* (1 h™") 12.7 16.7 (3.5%)
CLicgeep (for 70 kg)* (1 h-") 1.28 1.65 (22.5%)
CVc 12.5% 12.8%
SDc (mg I") 0.447 0.415
CVau 24.6% 17.7%
SDau (m)g 3.89 418

PPV (population parameter variability), CVc¢ is the proportional and SDc is the
additive residual error component for the plasma concentrations. CVay is the
proportional and SDay is the additive residual error component for the amounts
excreted in urine (see methods section for details). *The allometric model with a
standard body weight of 70 kg and an exponent of 0.75 was used to scale the
clearance terms and Vimax. TThe allometric model with a standard body weight of
70 kg and an exponent of 1.0 was used to scale the volume of the central and
both peripheral compartments. #Correlation between pairs of random effects:
(Cliot,Ves) = 0.84. §M(Vimax,Km) = 0.99. PPV for Clyg and Clg combined (see
methods for details). CLng, nonrenal clearance describing the first-order nonrenal
elimination; CLg, renal clearance describing the first-order renal elimination; Vmax,
maximum rate of elimination for the mixed-order renal elimination; Ky, plasma
concentration that results in a rate of 50% of Vinax; Vss, Volume of distribution at
steady-state; V4, volume of central compartment; V3, volume of shallow peripheral
compartment; V3, volume of deep peripheral compartment; CLiCshaliow, intercom-
partmental clearance between the central and shallow peripheral compartment;
Clicdeep, intercompartmental clearance between the central and deep peripheral
compartment.

Clearance (L h™")

| | | | | J
0 100 200 300 400 500 600
Plasma concentration (mg I"")

Figure 2

Renal, nonrenal and total clearance of piperacillin as a function of plasma
concentration for a typical 70 kg subject. (The nonrenal clearance is con-
stant, whereas the renal clearance has a mixed-order (saturable) and a
first-order component and is therefore a function of the concentration).
Total body chlearance (—); First-order renal clearance (——); Non-renal
clearance (--); Mixed-order renal clearance (- -)
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our model adequately mirrored the central tendency and
variability of the whole time course of plasma concentra-
tions and amounts excreted in urine. The visual predictive
checks and NPDE plots also revealed that simultaneous
fitting of plasma concentrations and amounts excreted in
urine was helpful to distinguish between the different
elimination pathways.

In our study, elimination was best described by a first-
ordernonrenal and a parallel first-order+mixed-order renal
elimination. The population estimate for the Michaelis-
Menten constant of the mixed-order renal elimination (K.)
of 49.7 mg ™" (apparent coefficient of variation of 150%)
was comparable with the estimate from Vinks et al.[3], who
found an average (*SD) K, of 83.8 = 943 mg|" and a
median K, of 44.9 = 62.1 mg ™" in patients with cystic
fibrosis. Lodise etal. [2] reported a higher K, of 245
+ 126 mg I (average =+ SD) for their dataset of 128 hospi-
talized patients.The maximum rate of the mixed-order renal
elimination (Vinax) of 292 == 501 mg h™' (average = SD) with
a median of 142 mg h™' from Lodise et al. was comparable
with our estimate for Vinax of 170 mg h™' (50.4% CV) whereas
Vinks et al. found a median of 1401 mg h™'. These differ-
ences might arise, since Vinks et al.and Lodise et al. studied
the combination of piperacillin and tazobactam, whereas
we studied piperacillin alone. Although the PK of piperacil-
lin is not much affected by the presence of tazobactam at
dose ratios of 4:1 or 8:1 [20], this could contribute to the
observed differences in Vi and Ky, Another potential
reason for these differences is that Vinks et al. and Lodise
etal. used non-parametric population PK whereas we
applied parametric population PK methods.Our total clear-
ance and volume of distribution at steady-state were com-
parable to the estimates from Lodise et al. [2] in healthy
volunteers and Vinks et al.[3] in cystic fibrosis patients.One
limitation of our study is its small sample size with four
subjects each studied on five occasions.

Our estimated renal clearance of 5.70 | h™" for the first-
order component which corresponds to an unbound renal
clearance of about 7.1-8.11h™" (assuming a protein
binding of 20-30% for piperacillin [20,21]) is similar to the
expected glomerular filtration rate in healthy volunteers.
This suggests that the first order renal clearance is simply
glomerular filtration with no net re-absorption. The esti-
mate of 4.40 | h™' for nonrenal clearance (Table 3) agrees
well with the estimate of nonrenal clearance from non-
compartmental analysis.

Tjandramaga et al. [8] and Bergan etal. [7] found a
larger fraction of piperacillin excreted unchanged in urine
at higher doses and Soérgel et al. [67] report a higher frac-
tion of unchanged piperacillin excreted in urine at steady-
state than after a single dose. Tjandramaga etal. [8]
observed a decrease in renal and nonrenal clearance with
increasing doses. However, Bergan et al. [4, 7] reported a
decreased nonrenal clearance and no changes in renal
clearance with increasing doses. These findings suggest
the existence of a saturable nonrenal elimination of
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Table 4

Results from ANOVA and S-ADAPT for the between subject (BSV) and between occasion (BOV) variability of PK parameters

Coefficient of variation*

Parameter

Total clearance 8.5%
Nonrenal clearance 19%
Renal clearance 8.0%
Volume of distribution at steady-state 16%
Volume of distribution of central compartment

Mean residence time 14%
Terminal half-life 35%
Maximum rate of mixed-order elimination (Vimax) 39%
Michaelis-Menten constant (Kn) 117%
Ratio of Viax : Km 77%

ANOVA (BOV)

Parameters from non-compartmental analysis

Parameters from population PK analysis

S-ADAPT (BSV, BOV)t

20.3%, 6.8%
9.2%, 6.1%

11.6%, 7.6%

6.5%, 15.9%
59.8%, 120%

*Apparent coefficient of variation for the variability of the individual PK parameter estimates based on the five study periods (occasions) within subjects. TBSV (between subject
variability) and BOV (between occasion variability) are expressed as the apparent coefficient of variation of a log-normal distribution.

Table 5

PKPD breakpoints for piperacillin based on variability in healthy volunteers or based on variability in patientst

DETY Target: ft.mic at least
dose 30% 50% 70% 100%
PKPD breakpoint (mg I"") in healthy volunteers/patients (highest MIC for which the PKPD
target is achieved in at least 50% of patients¥)

30 min infusing of 4 g every 8 h 129 16/8t (24)% 4/2 (6) 1.5/0.5 (2) 0.375/0.19 (0.5)
30 min infusion of 4 g every 6 h 169 32/16 (32) 12/4 (12) 4/1.5 (4) 1/0.5 (1.5)
30 min infusion of 3 g every 4 h 1849 48/24 (48) 24/12 (24) 8/4 (12) 3/1.5 (4)
5 h infusion of 3 g every 8 h 9g 24/16 (32) 16*/12 (24) 8/6 (12) 1/0.5 (2)
5 h infusion of 6 g every 8 h 1849 48/32 (64) 48/24 (48) 24/12 (24) 3/1 (4)
Continuous infusion 9g 16/8 (16) 16/8 (16) 16/8 (16) 16/8 (16)
Continuous infusion 189 32/24 (32) 32/24 (32) 32/24 (32) 32/24 (32)

*PTA was 86% at an MIC of 24 mg |-, tVariability in total clearance and volume of distribution at steady-state was increased to 45% to mirror the larger variability in patients based
on estimates from Lodise et al. [2]. #Highest MIC for which the target can be attained by the ‘median’ patient. Simulations were run with the larger variability to mirror patients.

piperacillin. We tried to describe the nonrenal elimination
as a mixed-order process. However, our data at a single
dose level did not support estimation of an important con-
tribution of saturable nonrenal elimination.

Lodise et al. [2] and Vinks et al. [3] both found a high
variability for Vma and K. of the saturable elimination
process. Based on the data after replicate administrations,
BOV of PK parameters was estimable in this study. If demo-
graphic characteristics like body size, body composition,
age or genotype explained a major fraction of the variabil-
ity in Vimax and K, one would expect the BOV of Viax and Ki,
to be rather low (maybe <30% CV). However, we found
high BOVs with an apparent coefficient of variation of
117% for Kin, 39% for Vimax and 77% for the ratio of Vinax: K
(Table 4). Therefore, Vmax and Ky had a high variability
between the five study periods within subjects.

In contrast, BOV for total clearance (8.5%), renal clear-
ance (8.0%), nonrenal clearance (19%), and volume of dis-
tribution at steady-state (16%) was much smaller. These

estimates are comparable with the BOV of about 6% for
total clearance after intravenous dosing from Grahnen
et al.[68] who performed a six period crossover study with
four oral and two intravenous doses of furosemide.The low
BOV of total clearance and volume of distribution of pip-
eracillin indicated that the variability of these PK param-
eters between two dosing intervals was small. For patients
who do not have typical pharmacokinetics, e.g.with a large
clearance or short half-life, target concentration interven-
tion (TCl) [69] may allow one to successfully treat infec-
tions by pathogens with 1.5 to 4-fold higher MICs (Table 5)
by individualizing dosage regimens. Our study only
assessed the BOV in healthy volunteers and significantly
more data in various patient groups are required to show
that the effectiveness of piperacillin can be improved by
the application of TCI without impacting on the safety of
piperacillin.Roberts et al.[70] recently proposed therapeu-
tic drug monitoring for piperacillin in critically ill patients
with sepsis.
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Figure 3

Probabilities of target attainment vs. MIC in healthy volunteers for various
piperacillin (PIP) dosage regimens at steady-state for ft.uc targets of
=30% (A), =50% (B) or =70% (C). 30 min infusion of 4g every 8h 12 g
(—4); 30 min infusion of 4 g every 6 h 16 g (-¥); 30 min infusion of 3 g
every 4 h 18 g (-®-); 5 h infusion of 3 g every 8 h 9 g (<#); 5 h infusion of
6 g every 8 h 18 g (-8-); Continuous infusion 9 g (-A-); Continuous infu-
sion 18 g (&)

As an alternative option to reduce the daily dose of
piperacillin, various dosage regimens (Table5) were
explored via simulation based on our final population PK
model.The PTA was compared between those dosage regi-
mens for the PKPD target ft.mc = 30% representing bacte-
riostasis and ft.mc = 50% representing near-maximal
killing of penicillins [23, 24]. Higher PKPD targets may be
required to treat successfully infections by slow-growing
bacteria at infection sites that require bactericidal activity
such as osteomyelitis [26] or infections with a high initial
bacterial density [71-73] or with delayed initiation of
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therapy [74, 75]. Sometimes, higher targets of ft.mc = 70%
or ftemic = 100% are also discussed [76]. To illustrate the
influence of different PKPD targets on the PTAs, we studied
a range of targets from ft.mc = 30% to ftomc = 100%
(Table 5 and Figure 3).

For the near-maximal killing target ft.mc = 50%, 30 min
infusion of 4 g every 8 h (daily dose 12 g) achieved a PKPD
breakpoint of 4 mg I”". Administering 30 min infusions of
4 g every 6 h (daily dose 16 g) increased the PKPD break-
point to 12 mg I"' and giving 30 min infusions of 3 g every
4 h (daily dose 18 g) improved the PKPD breakpoint to
24 mg I”".We studied 5 h infusions as an alternative dosage
regimen which was specifically optimized for the PKPD
target ft.wic = 50% for piperacillin.A 5 hinfusion of 3 g every
8 h achieved a PKPD breakpoint of 16 to 24 mg I”' (PTA =
86% at an MIC of 24 mg |"). Therefore, 5 h prolonged infu-
sion allows one to reduce the daily dose by a factor of 2
compared with a 30 min infusion of 3 g every 4 h while
achieving almost similar PTAs and PKPD breakpoints
(Figure 3 and Table 5). High dose 5 h infusion of 6 g every
8 h achieved a PKPD breakpoint of 48 mg I”'.Consequently,
5 hiinfusion of 6 g every 8 h was predicted to have its great-
est benefit compared with a standard 30 mininfusionof4 g
every 6 h, if the MIC falls between 12 and 48 mg I".

Our PKPD breakpoints were comparable with the
breakpoints reported by Lodise et al.[2] and Kim et al.[77].
Lodise et al. predicted PTAs >95% for MICs =16 mg I for a
30 min piperacillin infusion of 3 g every 4 h (in presence of
tazobactam) for hospitalized patients and PTAs >95% for
MICs =8 mg I"' and a PTA of 72% at an MIC of 16 mg I" for
healthy volunteers. Our PKPD breakpoint of 24 mg " for
this regimen in healthy volunteers was higher, because our
estimated total body clearance was approximately 16%
lower and slightly less variable compared with the healthy
volunteer data from Lodise et al. Another possible reason
for this difference is that we used a model with saturable
clearance whereas Lodise et al. used a model with first-
order elimination. However, these differences are small and
simulation results for piperacillin from Lodise et al.[2] show
that predictions from healthy volunteers are a conserva-
tive prediction for hospitalized patients, primarily since
their patients were older and had a 38% lower total clear-
ance compared with their healthy volunteers.

In conclusion, this study presents a population PK
model with good predictive performance for plasma and
urine profiles. We proposed that the high BOVs for the
mixed order renal elimination had only a small influence
on the BOV for total clearance (determined via non-
compartmental analysis) of 8.5%. Future clinical trials are
warranted to show if prolonged infusion with TCl is clini-
cally superior to short-term infusion for piperacillin.
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