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Abstract

Objectives Our objective was to develop population pharmacokinetic (PK) models for ceftazidime and avibactam in the
plasma and epithelial lining fluid (ELF) of healthy volunteers and to compare ELF concentrations to plasma PK/pharma-
codynamic (PD) targets.

Methods Plasma and ELF population PK models were developed for ceftazidime and avibactam concentration data from
42 subjects (NCT01395420). Two- and three-compartment plasma PK models were fitted to ceftazidime and avibactam
plasma PK data, and different plasma—ELF linked models were evaluated. Using best-fitting models, plasma and ELF
concentration—time profiles were simulated for 1000 subjects. ELF concentration—time profiles for ceftazidime/avibactam
2000-500 mg every 8 h were compared with plasma PK/PD targets for ceftazidime (50% of time above [fT >] 8 mg/l) and
avibactam (50% fT > 1 mg/l).

Results Three-compartment PK models best fitted the plasma concentration data for ceftazidime and avibactam. ELF data for
both drugs were best described by a direct response (instantaneous equilibrium) model. Ceftazidime plasma—ELF relation-
ships were best described by a saturable Michaelis—Menten model. For avibactam, departure from plasma—ELF relationship
linearity was more modest than for ceftazidime. ELF:plasma penetration ratios of both ceftazidime (52%) and avibactam
(42%) at plasma concentrations relevant for efficacy (~8 mg/l for ceftazidime and ~ 1 mg/1 for avibactam) were greater than
previously calculated using non-compartmental area under the curve (AUC) methods, which average across the entire con-
centration range. Ceftazidime and avibactam ELF exposures exceeded their respective plasma PK/PD time-above-threshold
targets by the dosing interval mid-point in most subjects.

Conclusions This compartmental modelling analysis suggests ELF exposures of both ceftazidime and avibactam exceed
levels required for efficacy in plasma.
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Population pharmacokinetic (PK) models were devel-
oped to describe the relationship of ceftazidime and avi-
bactam concentrations in plasma with those in epithelial
lining fluid (ELF) in healthy volunteers and to compare
ELF concentrations with plasma PK/pharmacodynamic
(PD) targets.

The analysis used data from the phase I study which,
using non-compartmental calculations, showed that the
area under the curve (AUC) of each drug in the ELF

is approximately 31-35% of that in plasma. However,
non-compartmental AUC methods average across the
studied concentration range and therefore do not neces-
sarily calculate penetration at the most clinically relevant
concentrations.

In the current compartmental modelling analysis, ELF
penetration of both ceftazidime (52%) and avibactam
(42%) was greater than previously calculated at plasma
concentrations relevant for efficacy (~ 8 mg/1 for ceftazi-
dime and ~ 1 mg/1 for avibactam), and results suggest
ELF exposures of both drugs exceeded levels required
for efficacy in plasma.

1 Introduction

Antibiotic efficacy in pneumonia requires sufficient unbound
drug concentrations at the pulmonary site of infection, which
in turn depends on factors such as penetration into lung tis-
sue, the lack of antibiotic inactivation by pulmonary sur-
factant, the degree of plasma protein binding and the clear-
ance rate of the antibiotic [1-4]. Lack of consideration of
these factors is thought to have caused the failure of some
antibiotic phase III trials in nosocomial pneumonia (NP)/
ventilator-associated pneumonia (VAP) [5]. Determination
of the bronchopulmonary availability of antibiotics in epi-
thelial lining fluid (ELF) allows penetration into the lung
to be characterized [6]. Understanding the relationships
between plasma and pulmonary tissue antibiotic pharma-
cokinetics (PK) is therefore important to ensure that treat-
ments intended for patients with NP/VAP can achieve clini-
cally relevant exposures at the infection site.
Ceftazidime/avibactam has recently been approved
in Europe and the USA for the treatment of adults with
complicated intra-abdominal infections (in combination
with metronidazole) and urinary tract infections, includ-
ing acute pyelonephritis [7, 8]. Ceftazidime/avibactam has
also been granted approval in Europe for the treatment of
hospital-acquired pneumonia/VAP [7] and in the USA for
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hospital-acquired bacterial pneumonia and ventilator-asso-
ciated bacterial pneumonia [8].

For most bacterial infections, achievement of sufficient
plasma exposure according to defined PK/pharmacody-
namic (PD) parameters is considered to relate to clinical
efficacy [9], and this approach has been used to guide dos-
age selection and determination of susceptibility and resist-
ance breakpoints for antimicrobial therapies. Plasma PK/
PD targets for ceftazidime and avibactam were derived from
preclinical (mouse) data: (50% fT > 8 mg/l for ceftazidime
and 50% fT > 1 mg/l for avibactam) [10-12]. Ceftazidime
and avibactam demonstrate higher penetration in ELF in
human models than in mouse models, supporting the use
of plasma as a surrogate endpoint for ELF exposures [13].
The plasma targets were used in population PK modelling
analyses [14, 15] to guide selection of ceftazidime/avibac-
tam dosage regimens for the ceftazidime/avibactam phase
IITI clinical trials, including the REPROVE trial in patients
with NP/VAP. However, plasma-derived targets are likely to
overestimate exposures required for efficacy in the ELF [13],
as protein levels in ELF are lower than those in plasma [2]
and therefore the free fraction in ELF is likely to be higher
than in plasma.

The objective of this analysis was to develop population
PK models for ceftazidime and avibactam in the plasma and
ELF using subject PK data from a phase I study of ceftazi-
dime/avibactam penetration into ELF [16] to provide fur-
ther understanding of ELF penetration in humans. Previous
analyses of the study data have used non-compartmental
area under the curve (AUC) calculations to characterize
ceftazidime and avibactam plasma—ELF relationships. How-
ever, non-compartmental AUC methods average across the
studied concentration range and hence do not necessarily
calculate penetration at the most clinically relevant concen-
trations. An improved understanding of the non-linearity in
plasma—ELF relationships enabled by a compartmental mod-
elling approach may facilitate dose optimization for future
antibiotics and combinations.

2 Methods
2.1 Phase | Epithelial Lining Fluid (ELF) Study

A previously reported phase I open-label study in healthy
volunteers (NCT01395420) assessed ceftazidime and avi-
bactam steady-state concentrations in plasma and ELF based
on AUC values from non-compartmental analysis [16]. The
study enrolled 43 healthy male volunteers to receive ceftazi-
dime 2000 mg + avibactam 500 mg (cohort A; n=22) or cef-
tazidime 3000 mg + avibactam 1000 mg (cohort B; n=21)
by 2 h intravenous infusion, every 8 h (q8 h) for 3 days (total
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of nine doses per subject). PK data were available for a total
of 42 subjects (22 in cohort A and 20 in cohort B).

2.2 Model Development

Using data from these 42 subjects, population PK models for
plasma and ELF were developed separately for ceftazidime
and avibactam using the sequential iterative two-stage (ITS)
and importance sampling (IMP) expectation—-maximization
methods in NONMEM version 7.2.0. For each drug, a two-
compartment and a three-compartment PK model with first-
order elimination, parameterized by clearance and volume
parameters and coded as a series of differential equations,
were fitted to the plasma concentration—time data and com-
pared. The model that best described the data was selected,
and a population ELF PK model driven by the predicted
plasma concentration was subsequently developed. Post-
processing of the final models and subsequent simulations
were carried out in R version 2.15.0.

The joint plasma/ELF PK model was fitted simultane-
ously to the plasma and ELF concentration data, but only the
parameters of the ELF PK model were allowed to vary, the
fixed- and random-effect parameters of the plasma PK model
being held fixed at their values previously estimated from
fitting to the plasma concentration data. Several different
direct response and effect site equilibrium models were then
fitted to the ELF PK data to evaluate the presence of delayed
equilibration, and the model that offered the best fit to the
data was selected as the final model. Different plasma—ELF
link functions (proportional, power and saturable) were
investigated for both model types. Residual noise in plasma
concentration was modelled as proportional to the predicted
plasma concentration. With one ELF observation per indi-
vidual, residual noise in the ELF concentrations could not
be independently estimated from the data and was therefore
fixed to the median value for proportional noise from the
plasma population PK model. Between-subject variability in
parameters was modelled as being log-normally distributed.

2.2.1 Direct Response Model

A direct response model assumes that drug concentration
in ELF is in an instantaneous equilibrium with the plasma
concentration based on rapid drug exchange between plasma
and ELF. ELF concentration is therefore a function of
plasma concentration, i.e. Cg p(f) = f [Cp(t)].

2.2.1.1 Plasma-ELF Link Functions Three different forms
were considered for this function. The simplest was a pro-
portional model Cg(r) = EPR - C(7), where EPR is the
ELF/plasma penetration ratio. Second, a power model,
Corp(0) = EPR(%) - [C,(HIPO¥, where EPR (1 mg/l) is

the ELF/plasma penetration ratio at a plasma concentra-
tion of 1 mg/l, and the POW parameter allows the penetra-
tion ratio to change with plasma concentration. For
POW =1, the model is identical to the proportional model,
whereas for values < 1, the penetration ratio decreases as
concentration increases. Finally, a saturable E\;,x model

, Eyax Gt .
was considered Cgp(f) = —= 20 Where Eyax is the
K +Cy(0)

maximum ELF concentration achievable, and Ky, is the
plasma concentration at which half of Ey;,x is achieved.

2.2.2 Effect Site Equilibration Model

The possibility of a delay in ELF concentrations relative
to plasma concentrations was also evaluated using an
effect site equilibrium model, where ELF concentration,
Cgp(1), is represented by a model compartment, the rate
of transfer into the ELF compartment is defined as a func-
tion of plasma concentration, f[Cp(t)] i.e.
LGur® Kgip f [Cp(t)] — Kgp - Cgrp(®), and the rate con-

dr
stant Kg; p determines the ELF compartment half-life, i.e.
In2

KELF

2.3 Model Selection

Model selection was primarily based on the objective func-
tion value (OFV) provided by NONMEM (— 2 multiplied
by the logarithm of the likelihood) and visual inspection
of graphical diagnostics. For a more complicated model
to be selected, it had to provide a significant improvement
in fit over the contending model (p <0.05, A OFV at least
— 3.84 with 1 degree of freedom for nested models).

2.4 Model Evaluation

The adequacy of the models was evaluated using a simu-
lation-based visual predictive check (VPC) method. The
models were used to simulate 1000 replicates of the analy-
sis dataset with NONMEM. The simulated predictions at
the 5th, 50th and 95th percentiles were then superimposed
on the observed plasma and ELF concentrations. If the
observed 5th, 50th and 95th percentiles were in agree-
ment with the corresponding simulated percentiles, then
the range of concentrations over the population as pre-
dicted by the model was typical of the spread observed
in the data, and the model could be considered a reliable
representation of the population. Using the final models,
ELF penetration ratios were calculated for ceftazidime
and avibactam with respect to their total concentrations
in plasma and ELF.
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2.5 Model Simulations

Simulations of 1000 subjects receiving ceftazidime/avi-
bactam 2000-500 mg q8 h were performed in NONMEM
using the final avibactam and ceftazidime models. The
relationships between plasma and ELF (total) concen-
trations were characterized by comparing the 5th, 50th
and 95th simulated percentiles with the observed data
on plots of ELF versus plasma concentrations and ELF
concentrations versus time. Predicted and observed ELF
concentrations were compared with plasma PK/PD tar-
gets for ceftazidime (50% fT > 8 mg/l) and avibactam
(50% fT>1 mg/l), derived from preclinical experiments
[10-12]. For ceftazidime, 50%fT >minimum inhibitory
concentration (MIC) is well-established as the PK/PD
target that best correlates with efficacy [17-20]. The
50% fT > 8 mg/l target used here is supported by global
surveillance data showing that a ceftazidime—avibactam
MIC <8 mg/l includes > 90% of clinical isolates of Enter-
obacteriaceae and Pseudomonas aeruginosa [21-24],
and <8 mg/l has been determined as the “susceptible”
MIC breakpoint for ceftazidime—avibactam against these
bacteria [7, 8, 25]. The 50% fT > 8 mg/l ceftazidime tar-
get thus represents the upper end of exposure required
for clinical efficacy and was therefore considered appro-
priate to provide a conservative estimate of the clinical
relevance of ELF exposures.

3 Results
3.1 Plasma Pharmacokinetic (PK) Models

Between-subject variability was adequately characterized
using a full covariance matrix, and residual variability was
modelled using the proportional residual model. For both
ceftazidime and avibactam, the OFV drop was significant
(195 and 272 units, respectively) for the addition of two
extra parameters for the three-compartment model (V; and
0,3), indicating that ceftazidime and avibactam plasma PK
for this dataset were both best described by three-compart-
ment kinetics. The two-compartment model also produced a
reasonable fit to the data, but the more complex model was
selected to maximize the accuracy of the fit to the plasma
PK data, for use as an input to the ELF PK model. Ceftazi-
dime and avibactam final plasma PK model parameters are
shown in Table 1.

3.2 Ceftazidime ELF PK Model

Three different plasma—ELF link functions (proportional,
power and saturable) were evaluated in the direct-response
ELF PK model. A direct-response model with a saturable
plasma—ELF link function had a significantly lower OFV
than the other two plasma—ELF link functions and provided
the best fit to the data. The saturable plasma—ELF link func-
tion was 35 units lower than the proportional link function
and eight units lower than the power link function.

Table 1 Final plasma

. L Drug Parameter Median (%) Between-subject variability
population pharmacokinetic
model parameters for 5th percentile 95th percentile CV %
ceftazidime and avibactam
Ceftazidime 0] 10.32+8 7.73 13.78 18
V, (D) 5.82+9 4.37 7.75 18
Vi) 0.64+38 0.43 0.95 25
Q,, (/h) 6.87+24 2.54 18.55 66
Q.5 (I/h) 0.040+33 0.016 0.101 61
CL (I/h) 6.55+2 5.59 7.68 10
RESM, 0.101+9 0.044 0.233 54
Avibactam Vi) 15.10+10 13.08 17.44 9
V, (D 6.52+15 4.32 9.84 25
Vi) 1.58+5 1.15 2.17 20
Q,, (V/h) 5.43+42 2.19 13.45 60
0,5 (/h) 0.14+41 0.05 0.43 75
CL (I/h) 12.5+1 11.1 14.17 7
RESM, 0.117+7 0.058 0.239 45

CL clearance, CV coefficient of variation, A hour, [ litre, Q,, flow rate to compartment 2, Q,; flow rate to
compartment 3, RESMp residual noise (median) for plasma, V; volume of distribution compartment 1, V,
volume of distribution compartment 2, V; volume of distribution compartment 3
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The effect-site equilibrium model did not lower the OFV
relative to the equivalent direct-response model. Further-
more, the estimate of the ELF concentration rate constant
(Kgp) in the effect-site equilibrium model also indicated
that the ELF concentration half-life was short (13 min), and
so the equilibration between plasma and ELF was rapid.
The ceftazidime ELF data were therefore best described by
a direct-response model (i.e. instantaneous equilibrium),
and the three-compartment model coupled with the direct
saturable-response model was therefore selected to best
characterize the response and between-subject variability
in the ceftazidime ELF concentration—time course profiles.

Final ELF PK model parameters for ceftazidime are
shown in Table 2. The maximum possible ELF concentra-
tion (Eyax) Was predicted to be 45.4 mg/l; half this ELF
concentration (22.7 mg/l) would be realised for a plasma
concentration (Ky,) of 71.7 mg/l. The maximum plasma drug
concentration (C,,,,) for a standard dose of ceftazidime
2000 mg is approximately 70 mg/1 [26]. At 70 mg/l, ceftazi-

. . E -C (¢
dime ELF concentration (M
Ky+Cy(0)

) was 22.5 mg/l, corre-
sponding to a penetration ratio of 32.1%. As the plasma
concentration approached zero, the ratio of the ELF to
plasma concentration (Ey,x/Kyy) Was 63.3%. An ELF cef-
tazidime concentration relevant for efficacy of ~8 mg/l was
achieved at a plasma concentration of 15.3 mg/l, correspond-

ing to an ELF penetration ratio of 52%.

3.3 Avibactam ELF PK Model

The three-compartment avibactam plasma PK model was
coupled with the three types of plasma—ELF link functions
in a direct-response model, and—in the same way as for cef-
tazidime—fitted to the combined avibactam plasma and ELF
data. A power model plasma—ELF link function resulted in
the lowest OFV and provided the best fit to the data. The
power model plasma—ELF link function was 22 OFV units
lower than the proportional link function and six units lower
than the saturable link function.

As with ceftazidime, the effect-site equilibrium model did
not lower the OFV relative to the equivalent direct-response
model. The equilibration between plasma and ELF was also
estimated to be rapid for avibactam, as the estimated Ky . of
the effect-site equilibrium model indicated that the avibac-
tam ELF concentration half-life was short (8 min). As with
ceftazidime, the avibactam ELF data were therefore also
best described by a direct-response model. The three-com-
partment plasma PK model coupled with the direct-response
power model was therefore selected as the final model to
best characterize the response and between-subject variabil-
ity in the avibactam ELF concentration—time profiles.

Final ELF PK model parameters for avibactam are shown
in Table 2. At plasma avibactam concentrations relevant for
efficacy (~ 1 mg/l), penetration into ELF was 47%. An ELF
concentration relevant for efficacy of 1 mg/l avibactam was
achieved at a median plasma concentration of 2.4 mg/l, cor-
responding to 42% penetration. The C,,, for a standard avi-
bactam dose of 500 mg is approximately 12 mg/l [26]. At
12 mg/1, ELF concentration (EPR«Cp"POW) was 4.0 mg/l,
corresponding to a decreased ratio of ELF to plasma con-
centration of 33.2%.

3.4 Visual Predictive Checks

Prediction-corrected VPCs for the final joint models of cef-
tazidime and avibactam PK in plasma and ELF are shown
in Fig. 1. In all cases, there was good agreement between
the simulated (shaded regions) and observed (solid lines)
percentiles, indicating that the models are likely to be an
accurate and reliable representation of the study population.

3.5 Model Simulations

Simulated ceftazidime and avibactam ELF versus plasma
concentrations for each subject are shown in Fig. 2. Satura-
bility in the ELF ceftazidime concentrations was observed
at higher plasma ceftazidime concentrations (> 100 mg/l),
exceeding the median C,,, predicted in plasma. In contrast,
there was only a slight departure from linearity in ELF and

Table 2 Final epithelial

A X X Drug Parameter Median Sth percentile 95th percentile CV %
lining fluid population
pharmacokinetic model Ceftazidime Eniax> mg/l 454+12% 30.9 66.5 24
pa'rameters for ceftazidime and Ky, mg/l 717+22% 138 2733 97
avibactam
RESM,; ¢ 0.101 0 0 0
Avibactam EPR (1 mg/l) 0.472+11% 0.172 1.298 68
POW 0.860+5% 0.588 1.259 23
RESM, ¢ 0.117 0 0 0

CV coefficient of variation, ELF epithelial lining fluid, EPR (1 mg/l) ELF penetration ratio at plasma con-
centration of 1 mg/l, E,;, y maximal concentration, K, Michaelis-Menten constant, POW power term, RES-
M,  residual noise (median) for ELF, K, - rate constant for ELF
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Fig.1 Prediction-corrected visual predictive checks versus time
from start of infusion of the last dose for a final ceftazidime plasma
population pharmacokinetic model, b final ceftazidime epithelial lin-
ing fluid pharmacokinetic model, ¢ final avibactam plasma pharma-
cokinetic model, and d final avibactam epithelial lining fluid phar-

plasma avibactam concentrations, observed at plasma con-
centrations > 20 mg/l. In Fig. 3, simulated ELF concentra-
tion—time profiles are overlaid with ceftazidime and avi-
bactam plasma PK/PD targets (8 mg/l for ceftazidime and
1 mg/l for avibactam). At the midpoint of the 8-h dosing
interval (i.e. 4 h post dose), median (5th to 95th percentile)
simulated ELF ceftazidime and avibactam concentrations
were 14.7 (7.1-23.4) and 1.4 (0.75-2.85) mg/l, respectively.
Although the targets are derived for plasma and are therefore
likely to overestimate the concentrations required for efficacy
in target tissues, most subjects still achieved ceftazidime and
avibactam ELF exposures exceeding their respective plasma
PK/PD targets beyond the midpoint of the dosing interval.

4 Discussion

We developed population PK models to describe the rela-
tionship of ceftazidime and avibactam in plasma with
that in the ELF of healthy volunteers and to compare ELF
concentrations to plasma PK/PD targets. While studies to
determine the bronchopulmonary availability of antibiotics
in ELF are regularly performed, the measurement of drug
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Time since last dose (h)

macokinetic model. The solid lines represent median, 5th and 95th
percentiles of observations. Shaded dark, mid- and light grey regions
encompass 90% of simulated (n=1000) values of predicted medians,
5th, and 95th percentiles, respectively. Circles represent prediction-
corrected values of observed data

concentrations in ELF is technically challenging [2], involv-
ing repeated sampling, often in critically ill patients, and
results can be difficult to reproduce and interpret [2]. To
reach ELF, drugs need to cross the blood—alveolar barrier,
which is composed of alveolar epithelial cells that form two
membranes, the capillary wall and alveolar wall, separated
by interstitial fluid [2]. Molecular weight and lipophilicity
are considered to determine the extent of diffusion across
these membranes, and intracellular uptake is also a factor for
some antibiotics; however, whether active transport plays a
role for specific antibiotics is unknown [2, 27]. For p-lactams
such as ceftazidime, which are relatively lipophobic, vari-
able ELF concentrations have been reported. Avibactam is
anovel (non-f-lactam) agent for which limited data on ELF
penetration are currently available.

The present analyses used data from the phase I ELF
study, which has previously shown, using a non-compart-
mental approach, that the AUC of each drug in the ELF is
approximately 31-35% of that in plasma [16]. Non-compart-
mental methods to calculate AUC average across the con-
centration range sampled in the study and thus assume that
ELF penetration is constant across the concentration range
studied. However, it is important to accurately estimate the
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Fig.2 Simulated epithelial lining fluid (ELF) concentrations versus
plasma concentrations in 1000 subjects receiving ceftazidime/avibac-
tam 2000-500 mg every 8 h for a ceftazidime and b avibactam. The
solid line represents the population median percentile of 1000 simu-
lated individuals, and the broken lines are 5th and 95th percentiles.
Circles represent observed data points

degree of penetration at concentrations required for efficacy.
Therefore, the present analysis applied compartmental popu-
lation PK modelling to better characterize the PK of cef-
tazidime and avibactam in the plasma and ELF of healthy
volunteers. The observed non-linearity in the ELF—plasma
concentration relationships of ceftazidime and avibactam
suggest that saturable systems might play a role in the pen-
etration of these drugs across the blood—alveolar barrier.
As only a single ELF concentration was available for
each subject, it was not possible to distinguish residual and
between-subject variance for the ELF data. The residual var-
iability was therefore fixed at the same value as that inferred
from the plasma data, and between-subject variances in the
ELF concentrations were estimated on this basis. If a higher
residual noise estimate were used, the between-subject vari-
ance would decrease correspondingly. However, VPCs con-
firmed that the value assumed for residual noise produced
reasonable simulated profiles, consistent with the data.
Nonetheless, the estimates of between-subject variability
are conditional on the assumed value for residual noise.
The penetration of ceftazidime and avibactam from
plasma into ELF was very rapid and was accurately modelled
as an instantaneous equilibrium. The possibility of delayed
equilibration between ELF and plasma was investigated for

2000 mg ceftazidime

404

=

301

20

Ceftazidime ELF
concentration (mg/1)

Time since last dose (h)
500 mg avibactam
(B) #

Avibactam ELF
concentration (mg/1)

Time since last dose (h)

Fig.3 Simulated total epithelial lining fluid (ELF) concentration—
time profiles in 1000 subjects receiving ceftazidime/avibactam 2000—
500 mg every 8 h for a ceftazidime and b avibactam. The solid line
represents the median percentile of 1000 simulated individuals, and
the broken lines are Sth and 95th percentiles. The circles represent
the observed data points. The horizontal hashed line represents the
plasma pharmacokinetic/pharmacodynamic target for ceftazidime
(50% fT>minimum inhibitory concentration of 8§ mg/l) and avibac-
tam (50% fT>1 mg/l), and the vertical hashed line represents the
midpoint of the 8-h dosing interval

both drugs but did not improve the model fit in either case.
Nonetheless, short equilibration half-lives of 13 min for cef-
tazidime and 8 min for avibactam could be estimated with
reasonable standard errors. Although these models did not
improve on the instant equilibration in the final models, they
effectively exclude the possibility of a slow equilibration.
Hence, if there is any delay in equilibration, it is measured in
minutes. This is consistent with the physiology of the lung,
where ELF is separated from plasma by a single layer of
alveolar epithelial cells with a high transporter complement.

Ceftazidime plasma—-ELF relationships were best
described by a saturable Michaelis—Menten model, such
that ELF penetration was higher at low plasma concen-
trations but saturable at very high plasma concentrations,
estimated as >250 mg/l. The ceftazidime ELF concentra-
tion has an estimated maximum at 45.4 mg/l (population
median), with a half-maximal ELF concentration achieved
at a median plasma concentration of 71.7 mg/l, compara-
ble to the typical C,,,, after administration of the standard

max
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dose of ceftazidime/avibactam 2000-500 mg by 2-h intra-
venous infusion. The avibactam ELF concentration was also
somewhat nonlinear with respect to the plasma concentra-
tion, although to a lesser degree. This relationship was best
described by a power model rather than a saturable model.
As ceftazidime and avibactam ELF:plasma ratios were
higher at lower concentrations, ELF penetration was greater
than previously calculated using non-compartmental AUC
methods [16]. At ceftazidime plasma concentrations relevant
for efficacy (~ 8 mg/l), ELF penetration was 52%, compared
with an overall average across the time course of ~32%,
as measured by AUC ratio, in the phase I study. Similarly,
at plasma avibactam concentrations relevant for efficacy
(~ 1 mg/l), the corresponding penetration ratios were 47% in
the present analysis versus ~35% using non-compartmental
methods. Thus, because of the non-linearity in ELF pen-
etration of both drugs, simple AUC ratios can underesti-
mate total ELF exposure, particularly since, at the later time
points, which is around the efficacious concentration, ELF
penetration is higher than at lower plasma concentrations.
Moreover, the penetration ratios calculated here were rela-
tive to the total concentrations in plasma and ELF. Plasma
free fraction in humans is estimated at 85% for ceftazidime
and 92% for avibactam [28]. Protein levels in ELF are much
lower than those in plasma [2] and, as such, the free fraction
in ELF is likely to be higher than in plasma. Furthermore,
both drugs demonstrate higher penetration in ELF in human
models than in mouse models [13]. Therefore, calculation
of penetration ratios (either using AUC ratios or at specific
time points) using total plasma concentrations provides a
conservative estimate of drug exposure in ELF.
Limitations of the analysis include use of the urea-cor-
rection method for determination of ELF fluid volumes from
bronchoalveolar lavage samples, which may overestimate
solute concentrations, and the lack of measurement of intra-
cellular (alveolar macrophages) drug concentrations. While
cellular uptake is minimal for the pB-lactams [2], whether
avibactam might penetrate into alveolar macrophages and
thereby lead to overestimation of ELF concentrations (e.g.
by cell lysis) is unknown. Moreover, interindividual vari-
ability in ELF antibiotic exposures can be high in critically
ill patients [29], and the impact of pulmonary infection on
ELF PK could not be determined from these healthy volun-
teer data. Nevertheless, penetration into ELF was substantial
with both compounds. As no PK/PD targets based on ELF
data were available, ELF concentrations were compared with
mouse-derived plasma PK/PD targets [10-12]. Total ELF
concentrations for simulated patients receiving the approved
ceftazidime/avibactam dosage regimen (2000-500 mg g8 h
adjusted for renal function) were comparable to the plasma
PK/PD targets for ceftazidime and avibactam, which are
likely to be an overestimate of the ELF exposures required
for efficacy. These findings are supported by results from
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the phase III REPROVE trial, in which ceftazidime/avibac-
tam 2000-500 mg g8 h was shown to be non-inferior to
meropenem 1 g g8 h (doses adjusted for renal function) with
respect to clinical cure and all-cause mortality at day 28
[30, 31]. In REPROVE, clinical cure rates in patients with
ceftazidime-non-susceptible pathogens were similar to those
with ceftazidime-susceptible pathogens (29/36 [80.6%] vs.
63/84 [75.0%], respectively), highlighting the efficacy of avi-
bactam in this patient population [31]. It can therefore be
inferred that patients with NP, including VAP, treated with
ceftazidime/avibactam according to the approved dosage
regimens achieve sufficient ceftazidime/avibactam exposures
in the ELF for clinical efficacy.

In summary, the use of compartmental population PK
methods such as those described here has broad applicabil-
ity for the study of nonlinear drug penetration into the lung.
Compared with simple AUC-based approaches, these meth-
ods may contribute to improving dose optimization of new
antibiotics, and other drugs that target the lung.
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