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ABSTRACT Avibactam is a non-�-lactam �-lactamase inhibitor that has been ap-
proved in combination with ceftazidime for the treatment of complicated intra-
abdominal infections, complicated urinary tract infections, and nosocomial pneumo-
nia, including ventilator-associated pneumonia. In Europe, ceftazidime-avibactam is
also approved for the treatment of Gram-negative infections with limited treatment
options. Selection and validation of the ceftazidime-avibactam dosage regimen was
guided by an iterative process of population pharmacokinetic (PK) modelling,
whereby population PK models for ceftazidime and avibactam were developed using
PK data from clinical trials and updated periodically. These models were used in
probability of target attainment (PTA) simulations using joint pharmacodynamic
(PD) targets for ceftazidime and avibactam derived from preclinical data. Joint
PTA was calculated based on the simultaneous achievement of the individual
PK/PD targets (50% free time above the ceftazidime-avibactam MIC for ceftazi-
dime and free time above a critical avibactam threshold concentration of 1 mg/
liter for avibactam). The joint PTA analyses supported a ceftazidime-avibactam dos-
age regimen of 2,000 � 500 mg every 8 h by 2-h intravenous infusion for patients
with creatinine clearance (CLCR) �50 ml/min across all approved indications and
modified dosage regimens for patients with CLCR �50 ml/min. Subgroup simulations
for individual phase 3 patients showed that the dosage regimen was robust, with
high target attainment (�95%) against MICs �8 mg/liter achieved regardless of
older age, obesity, augmented renal clearance, or severity of infection. This review
summarizes how the approved ceftazidime-avibactam dosage regimens were devel-
oped and validated using PK/PD targets, population PK modeling, and PTA analyses.

KEYWORDS PK/PD, breakpoints, ceftazidime-avibactam, dose selection, probability
of target attainment

Infections caused by multidrug-resistant (MDR) Gram-negative bacteria affect increas-
ing numbers of patients worldwide and are associated with high rates of morbidity

and mortality (1). Of particular concern is the continued and growing resistance to
�-lactam antibiotics, which in Gram-negative bacteria is primarily mediated by the
production of �-lactamases. Avibactam is a novel non-�-lactam �-lactamase inhibitor
that restores the in vitro activity of ceftazidime against Ambler class A, class C, and some
class D �-lactamase-producing pathogens (2–5), including those producing Klebsiella
pneumoniae carbapenemase (KPC) and OXA-48 carbapenemases (6–9). The addition of
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avibactam thus expands the spectrum of activity of ceftazidime to encompass a broad
range of Gram-negative bacteria, including non-metallo-�-lactamase (MBL)-producing
carbapenemase-resistant Enterobacteriaceae and some MDR Pseudomonas aeruginosa
(7, 10, 11).

Dosage regimen selection and validation for ceftazidime-avibactam was guided by
an iterative population pharmacokinetic (PK) modeling process in which models for
ceftazidime and avibactam were built from the ground up using patient PK data from
early phase 1 and 2 trials (12, 13) and updated periodically with new PK data as phase
3 studies for each indication were completed (14–16). Using ceftazidime and avibactam
PK/pharmacodynamic (PD) targets derived from preclinical studies, these models were
used to calculate probability of target attainment (PTA) for simulated patients receiving
the proposed ceftazidime-avibactam dosage regimen, including dosage adjustments
for renal impairment (15–19). Such analyses are commonly used to optimize dosage
regimens for new antibiotics and to support determination of MIC interpretative criteria
(clinical susceptibility breakpoints) (20–22). The ceftazidime-avibactam dosage regimen
evaluated in the phase 3 trial program was 2,000 � 500 mg given as a 2-h intravenous
(i.v.) infusion, every 8 h (q8h), with adjustments for renal function in patients with a
creatinine clearance (CLCR) of �50 ml/min. Five randomized, active-comparator phase
3 studies have demonstrated the clinical efficacy and safety of this ceftazidime-
avibactam dosage regimen in patients with complicated intra-abdominal infections
(cIAI), complicated urinary tract infections (cUTI), and nosocomial pneumonia (NP),
including ventilator-associated pneumonia (VAP) (23–27).

Ceftazidime avibactam has been approved in the United States and in Europe for
the treatment of adults with cIAI (in combination with metronidazole), cUTI, and
hospital-acquired pneumonia (HAP), including VAP (28, 29). In Europe, ceftazidime-
avibactam is also approved for the treatment of infections due to aerobic Gram-
negative organisms in patients with limited treatment options (29). PK/PD analyses
were of particular importance in supporting these regulatory approvals. The original
U.S. Food and Drug Administration (FDA) approval in 2015 for cIAI and cUTI was based
on phase 2 data (30, 31) and population PK/PD analyses as part of the Qualified
Infectious Disease Product program (32). Results from the phase 3 trials in cIAI and cUTI
confirmed the efficacy of the selected dosage regimens, expanded the available safety
data, and provided key data on patient subgroups (e.g., based on disease severity and
renal function). PK/PD analyses also supported modifications to the dosage adjust-
ments used in phase 3 studies for patients with CLCR values of �50 ml/min. In 2018, the
FDA approved ceftazidime-avibactam for the treatment of HAP and VAP following
results from the phase 3 trial in NP (28). In Europe, initial approval of ceftazidime-
avibactam for cIAI and cUTI followed the completion of the pivotal phase 3 trials in
these indications. Population PK analyses and data from the phase 3 cIAI and cUTI
studies also supported the European approval of the same ceftazidime-avibactam
dosage regimen for HAP (including VAP), before full results were available from the
phase 3 trial in NP/VAP (29, 33). This dosage regimen was also approved for the fourth
European indication (infections due to aerobic Gram-negative organisms in adults with
limited treatment options), based on experience with ceftazidime alone and on anal-
yses of the ceftazidime-avibactam PK/PD relationship (29). Of note, the ceftazidime
component of the ceftazidime-avibactam dose is comparable (i.e., up to 2,000 mg q8h)
to the approved ceftazidime labeling (34, 35) and for which there is a well-established
safety profile (36). Avibactam has low potential for drug-drug interactions (37), and its
safety and tolerability have been established in multiple clinical studies in the devel-
opment of ceftazidime-avibactam, including in subjects with renal impairment, and in
healthy volunteers with exposures up to 1,000 mg q8h (38, 39).

In this review, we summarize how the approved ceftazidime-avibactam dosage
regimens were selected, modified, and validated and briefly discuss their application in
breakpoint determination.
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Using PK/PD analyses to guide antibiotic dosage selection. While the MIC is a
standard measure of the in vitro activity of antimicrobial agents, the antibacterial
efficacy of antibiotics in vivo is not only dependent on MIC but also on the exposure at
the site of infection (i.e., PK) and the effect of the drug on the bacteria (i.e., PD). The
relationships between antimicrobial exposures and antibacterial effects are usually
described by PK/PD indices. These are typically either time dependent (i.e., related to
the duration of time that the free drug concentration remains above the MIC [fT�MIC]),
concentration dependent (related to the ratio of the free maximal drug concentration
to the MIC [fCmax/MIC]), or related to the ratio of the area under the free drug
concentration-time curve to the MIC (fAUC/MIC) (40). In vitro and in vivo models of
infection are commonly used to establish antibiotic exposure-response relationships
and to determine the target PK/PD index required for antimicrobial efficacy (21).
Confirming these PK/PD index targets in clinical trials is challenging because there are
often not enough response failures to perform exposure-response analyses (21). The
other challenge is that there are typically few clinical trial isolates with MICs toward the
upper end of the wild-type MIC distribution (41). Thus, the PK/PD index values are not
well distributed, and most patients in the trial will have a fT�MIC close to 100%. For
antibiotics, as the effect of the drug is directly on the bacteria (rather than, for example,
a host receptor), antimicrobial effects observed in preclinical models are generally
predictive of effects in infected patients, and there is good concordance between
PK/PD indices derived from animal models and those derived clinically (40, 42, 43).

Due to the variability of PK characteristics between patients, a population PK
modeling approach using Monte Carlo simulation is required to predict whether a
particular antibiotic dosage regimen will result in a high probability of achievement of
the PK/PD target (PTA). The requirements for using Monte Carlo simulation to guide
dose selection are (i) a robust population PK model with defined distribution and
covariance of PK parameters, ideally using human PK data from patients with the target
infection; (ii) a covariate model describing how patient characteristics influence the PK
parameters; and (iii) PK/PD targets associated with antimicrobial efficacy (44). Monte
Carlo simulation can then be used to simulate PK for a large patient population and to
calculate the percentage of patients predicted to achieve the PK/PD target, i.e., the PTA.
As ceftazidime and avibactam are separate drugs that are coadministered in a fixed
dose ratio, it was necessary to define separate PK/PD targets for each agent and to
conduct PTA analyses based on the joint attainment of both targets simultaneously,
referred to as the “joint PTA.” The following sections describe the PK/PD targets for
ceftazidime and avibactam and the use of population PK modeling and PTA analyses to
guide dose selection and breakpoint setting.

Ceftazidime PK/PD target. The achievement of 50% fT�MIC is well established as
the PK/PD target associated with efficacy for ceftazidime and other cephalosporins (42,
43, 45, 46) and has been used to determine ceftazidime breakpoints (22, 47, 48). The
ceftazidime-avibactam MIC for the PK/PD target was determined from global surveil-
lance studies of commonly causative pathogens (Enterobacteriaceae and P. aeruginosa)
isolated from patients with the intended indications. The Clinical and Laboratory
Standards Institute (CLSI)-and European Committee on Antimicrobial Susceptibility
Testing (EUCAST)-approved methods of measuring the ceftazidime-avibactam MIC
employ a fixed concentration of avibactam (4 mg/liter), while the concentration of
ceftazidime is varied in 2-fold increments (49, 50). This concentration of avibactam
inhibits the �-lactamases against which avibactam is active (i.e., not metallo-�-
lactamases) such that the underlying antibacterial activity of ceftazidime can be
assessed (51). Of note, the in vitro activity of ceftazidime-avibactam was assessed
specifically against isolates from patients with pneumonia, since reduced susceptibility
to some antibiotics has been reported for such isolates compared to those from other
infection sources (52, 53).

At the time of dosage selection, ceftazidime-avibactam MIC90 values for samples of
clinical isolates of P. aeruginosa not preselected for particular resistance phenotypes or
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genetic markers, ranged from 4 to 8 mg/liter across several surveillance studies (11,
54–58). Depending on the region, 89 to 96% of unselected clinical isolates of P.
aeruginosa tested had ceftazidime-avibactam MIC values of �8 mg/liter. For Enterobac-
teriaceae, ceftazidime-avibactam MIC90 values in global surveillance studies were gen-
erally between 0.5 and 1 mg/liter for phenotypically and genotypically unselected
Enterobacteriaceae (54, 55, 59), and �99% of unselected clinical isolates of Enterobac-
teriaceae tested yielded ceftazidime-avibactam MIC values of �8 mg/liter. In certain
highly resistant subgroups, such as carbapenem-nonsusceptible and MDR Enterobac-
teriaceae isolates, the ceftazidime-avibactam MIC distribution was shifted to the right
toward higher MICs than those for unselected isolates (7). For example, in 816
meropenem-nonsusceptible MBL-negative isolates, the 90th percentile ceftazidime-
avibactam MIC was 4 mg/liter (7), and in 2,821 MDR Klebsiella spp. isolates, 90% tested
with a ceftazidime-avibactam MIC of �2 mg/liter (60). Among the few isolates against
which MICs of ceftazidime-avibactam were �8 mg/liter, most were MBL producers, for
which avibactam is not expected to have any effect on the ceftazidime MIC (7, 60). In
a surveillance study of isolates from hospitalized patients with pneumonia, the
ceftazidime-avibactam MICs were �8 mg/liter against 92 to 96% of P. aeruginosa
isolated from nonventilated patients and 79.2 to 95.4% of P. aeruginosa from ventilated
patients (61). A ceftazidime-avibactam PK/PD target MIC of 8 mg/liter was therefore
considered suitable for both Enterobacteriaceae and P. aeruginosa and was selected for
the ceftazidime component of the joint PK/PD target (50% fT � 8 mg/liter) for dose
selection and breakpoint setting.

Avibactam PK/PD target. Using in vitro hollow fiber and in vivo mouse models of
infection, the PK/PD index for avibactam in combination with ceftazidime was shown
to be best described by the %fT that avibactam exceeded a required critical concen-
tration threshold (CT) (i.e., %fT�CT) (62). In the first set of studies, Coleman and
colleagues used a hollow-fiber infection model with ceftazidime-resistant Enterobacte-
riaceae that tested with a range of ceftazidime-avibactam MICs (�0.125 to 4 mg/liter)
and expressing different �-lactamase types. Isolates used in these studies included K.
pneumoniae producing SHV-5, CTX-M-15, or KPC-2; an Enterobacter cloacae isolate
producing derepressed AmpC; and a Citrobacter freundii isolate producing stably
derepressed AmpC (63). From these studies, a minimum CT of 0.5 mg/liter avibactam
was shown to be appropriate for the avibactam Enterobacteriaceae PK/PD target (63). In
a second set of studies, Berkhout et al. used neutropenic murine thigh and lung
infection models to determine the avibactam PK/PD target for P. aeruginosa (64). Seven
well-characterized ceftazidime-resistant P. aeruginosa strains producing stably dere-
pressed AmpC and/or TEM-24 �-lactamases were used in dose fractionation experi-
ments. The results from these studies suggested that the contribution of the inhibitory
effect of avibactam to the antibacterial effect of the combination was related primarily
to %fT�CT, rather than Cmax or AUC, and that a CT of 1 mg/liter avibactam was the best
predictor of efficacy. The %fT�CT (1 mg/liter) associated with efficacy ranged from 20%
to 50% across the thigh and lung infection models, consistent with the 50% fT�MIC
required for efficacy of ceftazidime alone. Based on these studies, and taking a
conservative approach to ensure that the CT was appropriate for both Enterobacteria-
ceae and P. aeruginosa, 50% fT�CT of 1 mg/liter was considered a robust avibactam
target for use in dose selection (62–64). In combination with the previously established
ceftazidime target, the joint PK/PD target for dosage selection was defined as ceftazi-
dime 50% fT � 8 mg/liter and avibactam 50% fT � 1 mg/liter (65).

Patient population PK modeling of ceftazidime and avibactam and PTA anal-
yses to guide dosage selection. Population PK models were developed for ceftazi-
dime and avibactam using patient PK data from clinical trials in an iterative process
throughout the clinical development program. Early population PK models developed
using phase 1 and phase 2 study data were used to support the dose selection for the
phase 3 studies (12, 19). These population PK models were updated to include
additional data from the ceftazidime-avibactam clinical trial program and used to
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confirm that the phase 3 clinical dose selection provided sufficient exposure in more
than 90% of patients across different patient subgroups (13, 15–18). The ceftazidime-
avibactam phase 2 and 3 studies and dosage regimens evaluated are summarized in
Table 1, and the model iterations and patient data sets used to develop the population
PK models are summarized in Table 2.

Overall, the population PK models described the PK of ceftazidime and avibactam
well; prediction-corrected visual predictive checks confirmed that the models reflected
the observed data, and were suitable to use in Monte Carlo simulations for PTA analyses
(13–16). The PK data for both ceftazidime and avibactam were well described by a
two-compartment PK model with first-order elimination from the central compartment.
A wide range of patient covariates were evaluated for their impact on ceftazidime and
avibactam PK, including CLCR, age, sex, body weight, race, geographical region,
APACHE II score �10, and infection source. All population PK iterations to date have
consistently demonstrated that CLCR is the key covariate that impacts the clearance of
both ceftazidime and avibactam (13–16). Several other covariate effects on clearance
and volume of the central compartment were included in the ceftazidime and avibac-
tam population PK models. Noteworthy covariate effects included infection site and
racial origin on ceftazidime clearance, and APACHE II score �10 and Asian race
(non-Japanese or Chinese) on avibactam clearance (16). However, only CLCR had
sufficiently large effects on drug exposures to warrant dosage adjustments and only for
patients with a CLCR of �50 ml/min (16). Through their various iterations, these
population PK models supported key decisions in the development of ceftazidime-
avibactam, including phase 3 dose selection and validation, dose adjustments for renal
impairment, and breakpoint determination. These models have also been adapted to
support ceftazidime-avibactam dose selection for phase 2 trials in pediatric patients
(66).

Clinical exposure-response PK/PD targets for ceftazidime and avibactam could not
be identified using the phase 2 or phase 3 clinical data, since clinical and microbio-
logical failure rates were low in these studies (16, 23–27, 30, 31). The PK/PD targets for
ceftazidime and avibactam determined from the nonclinical studies described above
(50% fT�MIC 8 mg/liter and avibactam 50% fT�CT of 1 mg/liter) were therefore
deemed appropriate for the PTA analyses to select ceftazidime-avibactam dosage
regimens. In all of the PTA analyses described below, a target MIC of 8 mg/liter was
used. The PTA was determined as the percentage of simulated patients (5,000 patients
per simulation) who met the PK/PD targets for both ceftazidime and avibactam
simultaneously (referred to as the “joint PTA”). The joint PTA considers the concentra-
tions of both the �-lactam and the �-lactamase inhibitor simultaneously, which is a
more explicitly inclusive approach than estimating PTA based on �-lactam concentra-
tions alone, as has been done for other �-lactam/�-lactamase inhibitor combinations
(67–69). Covariate values for simulations in the different indications were obtained by
sampling with replacement from the corresponding set of phase 2 or phase 3 study
patients for each indication. The covariates used in the simulations were matched so
that any given value of the patient identification variable had exactly the same
covariates (and random effects) in the simulation data sets for both compounds,
thereby preserving any underlying correlations. For patients with renal impairment, a
uniform distribution for CLCR in the designated range for each category of renal
impairment was used. Dosage selection and validation was based on the achievement
of a high (�90%) joint PTA.

(i) Phase 3 dose selection for cIAI and cUTI. In the phase 2 trial in patients with
cIAI and normal renal function (31), ceftazidime-avibactam 2,000 � 500 mg was given
as a 30-min i.v. infusion q8h, based on the manufacturer’s recommendations for
ceftazidime alone. Using early population PK models of ceftazidime and avibactam
developed from phase 1 and 2 study data (13, 70), PTA simulations predicted that this
regimen would provide inadequate joint PTA (i.e., �90%) at the ceftazidime-avibactam
MIC of 8 mg/liter. Given that both ceftazidime and avibactam exhibit time-dependent
PD, extending the infusion duration would be expected to increase the fT�MIC and
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fT�CT and hence the joint PTA; accordingly, the infusion duration was increased from
30 min to 2 h for phase 3 studies.

For patients with cUTI, a lower dose was used in the phase 2 trial (500 mg
ceftazidime � 125 mg avibactam given as a 30-min i.v. infusion q8h) since, at the time,
500 mg q8h was the approved dose of ceftazidime alone for the treatment of cUTI, and
avibactam was given in a fixed dose ratio to ceftazidime. This lower dose was also
based on an assumption of high concentrations of ceftazidime and avibactam in the
urine due to their predominantly renal excretion (39, 71). For the phase 3 studies in
patients with cUTI, the same dosage regimen was selected as for the phase 3 studies
in patients with cIAI (2,000 � 500 mg by 2-h i.v. infusion q8h). There were two key
reasons for this decision. First, the dose was intended to provide sufficient exposures
for the treatment of cUTI involving upper urinary tract infections, pyelonephritis and
bacteremia; thus, a dose that would be adequate based on plasma concentrations and
not just urinary concentrations of ceftazidime and avibactam was deemed important.
Second, it was necessary to select a dosage regimen suitable to treat patients infected
by P. aeruginosa, against which a ceftazidime-avibactam MIC90 of 8 mg/liter had already
been observed among clinical isolates (54, 56, 57). The high PTAs of �90% (70)
predicted following the administration of 2,000 � 500 mg 2-h i.v. infusion q8h for MICs
up to 8 mg/liter supported the use of this dosage regimen in the phase 3 cIAI and cUTI
trials.

(ii) Phase 3 dose selection for NP, including VAP. A phase 2 study evaluating
ceftazidime-avibactam in patients with NP was not conducted; however, for the phase
3 dose selection, certain factors specific to lung infection were considered. Adequate
availability of ceftazidime and avibactam at the site of infection was assessed by
measuring penetration into epithelial lining fluid (ELF) in mice and humans (72, 73).
Plasma exposures were shown to be related to efficacy in mouse pneumonia models for
both ceftazidime and avibactam (64) and clinically for ceftazidime (42, 43), which
demonstrated that plasma is a suitable surrogate for ELF. Moreover, in a phase 1 study,
ceftazidime and avibactam penetration into ELF was shown to be at sufficient levels,
with slightly higher penetration in humans compared to mice (72–74). These experi-
ments indicated that ceftazidime and avibactam PD targets based on plasma levels that
were associated with efficacy in mice with lung infections could also be used to predict
efficacy in humans with lung infections.

The PK of many drugs, including antibiotics, are known to be affected by the
presence of critical illness (75–78). Since NP is associated with a higher severity of
disease compared to cIAI or cUTI, any impact on PK needs to be taken into consider-
ation in the PTA analyses for dosage selection. The PK of ceftazidime in patients with
NP has previously been reported (79–81), and comparison of those data to the data
from the ceftazidime-avibactam population modeling in patients with cIAI (13) dem-
onstrated that ceftazidime PK and exposure are similar between patients with cIAI and

TABLE 2 Summary of the population pharmacokinetic models used to guide ceftazidime-avibactam dosage regimen selection and
validation in adultsa

Population PK model
(reference) Clinical trials included

No. of subjects in population PK
model dataset

Early population PK
model (12)

Five phase 1 studies, one phase 2 study (cIAI) Ceftazidime, 103; avibactam, 288

Iteration 1b (13) Ten phase 1 studies, two phase 2 studies (cIAI and cUTI) Ceftazidime, 227; avibactam. 486
Iteration 2 (14) Studies included in iteration 1, and the following added studies:

one phase 1 study, two phase 3 studies (RECLAIM, REPRISE first data-cutoff)c

Ceftazidime, 780; avibactam, 1,057

Iteration 3 (15) Studies included in iteration 2, final data from REPRISE and the following
added studies: two phase 3 studies (RECAPTURE and RECLAIM 3)

Ceftazidime, 1,563; avibactam, 1,836

Iteration 4 (16) Studies included in iteration 3 and the REPROVE phase 3 study Ceftazidime, 1,975; avibactam, 2,249
acIAI, complicated intra-abdominal infection; cUTI, complicated urinary tract infection; PK, pharmacokinetic.
bThe ceftazidime and avibactam population PK models in iteration 1 were built from the ground up using available clinical data and did not use the prior early
population PK model as a basis for development.

cThe first data cutoff for REPRISE comprised 126 patients of the 333 patients eventually randomized.
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NP. The impact of covariates on the PK of avibactam is comparable to ceftazidime, and
the disposition is largely the same; thus, an assumption was made that avibactam
exposure in patients with NP would, as with ceftazidime, be similar to that of patients
with cIAI. It has been reported that there is a larger proportion of patients with NP who
have augmented renal clearance (ARC) compared with patients with other infections
(82). This can impact patients who are ventilated to a greater extent than those who are
nonventilated. Since both ceftazidime and avibactam are cleared almost exclusively
renally (39, 71) and the relationship between exposure and CLCR is well understood, this
was taken into account in the simulation settings for the PTA analyses to ensure that
dose selection took account of any potential higher renal clearance in patients with NP
(33). CLCR distributions from patients with NP and VAP reported in the literature were
used in the simulations (52), along with a CLCR distribution from patients in phase 3
trials of ceftaroline fosamil (83, 84), which was truncated to include only patients with
high CLCR.

Greater than 90% joint PTA at an MIC of 8 mg/liter was predicted for patients with
NP, including VAP, receiving ceftazidime-avibactam 2,000 � 500 mg 2-h i.v. infusions
q8h (33). These analyses “bridged the gap” in the available exposure and PK/PD data
and supported the decision to use the same ceftazidime-avibactam dosage regimen
that had been evaluated in the cIAI and cUTI trials in the phase 3 NP/VAP study,
REPROVE (27). On the basis of this approach, and supported by the patient-rich
population PK models, ceftazidime-avibactam was approved in Europe for the treat-
ment of adults with HAP, including VAP, prior to the completion of the REPROVE study
(29). Given the complexity of the analyses, a more detailed discussion of the studies
supporting ceftazidime-avibactam dose selection in NP is to be presented elsewhere.

Ceftazidime-avibactam for patients with limited treatment options. Ceftazidime-
avibactam 2,000 � 500 mg by 2-h i.v. infusion q8h is also approved in Europe for the
treatment of patients with other aerobic Gram-negative infections and limited treat-
ment options (i.e., patients with infections at sites other than the approved indications)
(29). The efficacy of ceftazidime-avibactam 2,000 � 500 mg as a 2-h i.v. infusion q8h
was extrapolated to these patients based on experience with ceftazidime alone and on
analyses of ceftazidime and avibactam PK/PD. Of particular note, the disposition of
avibactam is similar to that of ceftazidime; both drugs have a similar volume of
distribution, and their respective rates and extent of penetration into ELF are similar
(72–74). Penetration of these drugs into other sites of infection is likely to be compa-
rable, and in some cases the presence of infection and inflammation may increase the
extent of tissue penetration. For example, penetration of ceftazidime across the blood-
brain barrier is increased in patients with meningitis (85); that of avibactam has not
been studied clinically, but it penetrated the meninges to a similar extent as ceftazi-
dime in a rabbit model of meningitis (86). The ceftazidime and avibactam PK/PD targets
are well validated in nonclinical models; since the activity of ceftazidime-avibactam
occurs directly on the infecting pathogens, the PK/PD targets should be the same
regardless of the infection site. The clinical efficacy demonstrated across patients with
cIAI, cUTI, and NP validates the selected dosage regimen and the resulting plasma
exposures required to achieve efficacy (23–27). Taken together with the comparable
plasma exposures across the three indications, it is expected that ceftazidime-
avibactam would achieve sufficient exposure and target attainment in patients with
other infections due to aerobic Gram-negative organisms, for which ceftazidime is
already used. Based on this rationale, ceftazidime-avibactam 2,000 � 500 mg as a 2-h
i.v. infusion q8h was approved in Europe for the treatment of patients with aerobic
Gram-negative infections and limited treatment options (29).

Dosage selection for patients with renal impairment. Due to the predominantly
renal excretion of both ceftazidime and avibactam, the exposures of both drugs
increase with increasing severity of renal impairment (39, 71). Ceftazidime-avibactam
dosage adjustments are therefore required to minimize the risk of overexposure in
patients with a CLCR of �50 ml/min. At the time of dose selection for the phase 3 study
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program, the labeled ceftazidime dose adjustments for patients with a CLCR of �50 ml/
min were used as a guide, with avibactam maintained at a quarter of the ceftazidime
dose (Table 3) (19). Dosage adjustments were selected based on achieving �90% PTA
and on the assumption that renal function would remain stable (19).

Following completion of the RECLAIM 1&2 phase 3 cIAI studies, it was found that
despite an overall noninferiority result in the primary analysis, patients with moderate
renal impairment at baseline (CLCR, 31 to 50 ml/min) in the ceftazidime-avibactam
treatment arm had a lower clinical cure rate than the comparator, meropenem (23). A
period of underdosing in a proportion of renally impaired cIAI patients who had rapidly
improving renal function (due to volume repletion, fluid shifts, etc.) during the early
treatment period was thought to have contributed to this finding (23). Although there
was no evidence of reduced efficacy in patients with moderate renal impairment in any
of the other phase 3 clinical trials, revised ceftazidime-avibactam dosage adjustments
for patients with a CLCR of �50 ml/min were proposed to address the potential risk of
underdosing in patients with rapidly improving renal function (Table 3) (17). Selection
of these dosage adjustments was based on achievement of �90% PTA with the dosage
regimen for the intended renal function group and maintaining comparable exposures
to patients with normal renal function or mild renal impairment receiving the standard
dosage regimen. Joint PTAs for simulated patients with cIAI for each renal function
category receiving the modified dosages are shown in Table 3. Compared with the
original dosages, the modified regimens provide higher PTA in the event of a shift in
renal function into a higher renal function group without concomitant increase in dose
(17). These modified dosage regimens are now included in U.S. and Europe product
labels, which advise close monitoring of CLCR in patients with renal impairment (28, 29).

Validation of the phase 3 dosage regimens. (i) Clinical efficacy of the selected
ceftazidime-avibactam dose. The ceftazidime-avibactam adult phase 3 clinical trial
program consisted of five trials which evaluated the selected ceftazidime-avibactam
dosage regimen in patients with cIAI (RECLAIM 1&2, RECLAIM 3, and REPRISE), cUTI
(REPRISE and RECAPTURE), and NP, including VAP (REPROVE) (Table 1). These trials have
all demonstrated the efficacy and safety of ceftazidime-avibactam with respect to
currently standard or best-available treatments (23–27), confirming that the selected
dosage regimen for patients with a CLCR of �50 ml/min provides adequate exposure at
the site of infection for clinical efficacy. Of note, in RECLAIM 1&2, the clinical cure rates
in the subgroup of patients with moderate renal impairment (CLCR, 31 to 50 ml/min) at
baseline were reduced in patients treated with ceftazidime-avibactam compared to
those treated with meropenem, and this was thought to have resulted from a period

TABLE 3 Ceftazidime-avibactam dosage adjustments for renal impairment employed in the phase 3 trials and approved modifications to
original dosage adjustments by renal function categorya

Renal function category

Original ceftazidime-avibactam
dosage regimen included in
protocol for phase 3 trialsb

Modified dosage
regimenc

Joint PTA for a target MIC of 8 mg/liter
in patients with cIAI receiving approved
modified dosage adjustments (%)d

Normal CLCR �80 ml/min 2,000 � 500 mg q8h NA 94.9
Mild renal impairment CLCR 51–80 ml/min 2,000 � 500 mg q8h NA 99.0
Moderate renal impairment CLCR

31–50 ml/min
1,000 � 250 mg q12h 1,000 � 250 mg q8h 99.3

Severe renal impairment (upper range
of CLCR) CLCR 16–30 ml/min

1,000 � 250 mg q24h 750 � 187.5 mg q12h 99.0

Severe renal impairment (lower range
of CLCR) CLCR 6–15 ml/min

500 � 125 mg q24h 750 � 187.5 mg q24h 99.3

End-stage renal disease CLCR �6 ml/min 500 � 125 mg q48h 750 � 187.5 mg q48h 99.6
aAll ceftazidime-avibactam dosages were administered by 2-h i.v. infusions. cIAI, complicated intra-abdominal infection; CLCR, creatinine clearance; i.v., intravenous; PK,
pharmacokinetic; PTA, probability of target attainment; q8h, every 8 h; q12 h, every 12 h; q48h, every 48 h.

bNot all trials allowed all degrees of renal impairment; in REPROVE, the protocol was amended to reflect the modified dosage regimens following results from
RECLAIM.

cApproved in the United States and Europe.
dPTA calculated for the joint PK/PD target of 50% fT�MIC of 8 mg/liter for ceftazidime and 50% fT�CT of 1 mg/liter for avibactam for 5,000 simulated cIAI patients in
each renal function category using the final population PK models (see Table 2) (16).
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of potential underdosing of some patients with rapidly improving renal function (23).
Although this finding was not replicated across the other phase 3 studies, including a
cIAI study in patients in Asia and the NP study (24–27), it did prompt the reevaluation
of ceftazidime-avibactam dosage adjustments for renal impairment, which have been
incorporated in U.S. and European product labeling (28, 29). The efficacy observed in
the REPRISE study of ceftazidime-avibactam in patients with cIAI or cUTI caused by
ceftazidime-nonsusceptible Gram-negative bacteria supports the hypothesis that the
avibactam plasma exposure achieved with this dose is adequate to protect ceftazidime
from hydrolysis by �-lactamases in a clinical setting (25). This is also supported by
results from the other phase 3 studies, which reported similar efficacy of ceftazidime-
avibactam versus carbapenems against ceftazidime-nonsusceptible pathogens (23, 24,
26, 27).

These results highlight the value of the population PK modeling and Monto Carlo
simulation used for ceftazidime-avibactam development, which guided selection of
dosage regimens that have now demonstrated clinical efficacy across cIAI, cUTI, and NP
indications. The clinical validation of the PK/PD modeling used for ceftazidime-
avibactam dosage selection has important regulatory implications. Specifically,
ceftazidime-avibactam was first approved in the United States and in Europe based on
preclinical data, PK/PD analyses, and limited clinical data. The clinical efficacy demon-
strated in the ceftazidime-avibactam phase 3 program validates the initial benefit/risk
assessment based on the streamlined drug development programs in the United States
and Europe. Thus, the ceftazidime-avibactam program is an important prototype for
the process of streamlining drug development programs which address unmet needs
for serious bacterial infections, as outlined in the 2017 FDA guidance (87).

(ii) Assessment of the suitability of ceftazidime-avibactam dosage regimens
following inclusion of phase 3 data in the population PK models. The ceftazidime
and avibactam population PK models used to guide phase 3 dose selection were
updated periodically with additional patient PK data from the phase 3 trials (Table 2).
The final ceftazidime and avibactam population PK models (iteration 4 in Table 2)
included PK data from all phase 3 trials and were used to confirm the suitability of the
selected ceftazidime-avibactam dosage regimens. The inclusion of PK sampling in all
the phase 3 studies resulted in final population PK models which comprised data from
over 1,900 subjects (16). Since patient and disease characteristics such as older age,
obesity, ARC and disease severity can impact the exposures of some antibiotics, further
analyses were undertaken to ensure the selected dose provided robust exposure and
joint PK/PD target attainment in these patient subgroups. The final models were used
to calculate individual exposures for phase 3 patients and determine the percentage of
patients achieving the joint PK/PD target (i.e., the rate of joint target attainment at a
MIC of 8 mg/liter) for different patient subgroup categories of interest (16) (Table 4).
From the large patient database included in the final population PK models, there was
a very wide spread of the above-mentioned patient and disease characteristics which
allowed these extra analyses.

There was a modest increase in exposure in patients �65 years, which corresponded
to decreased CLCR (16). For both patients with ARC (CLCR, �150 ml/min) and morbidly
obese patients (body mass index [BMI], �39.9 kg/m2), modest decreases in the expo-
sures of ceftazidime and avibactam were observed relative to those with normal renal
function and nonobese patients, respectively (16). Critically, in these patients the joint
target attainment achieved was �95%. Although exposure is lower in obese patients,
joint target attainment is higher compared to nonobese patients (16). The primary
effect of obesity is to increase the volume of distribution, which leads to longer plasma
half-lives and tends to increase the time above a given threshold and hence target
attainment.

Disease severity, as measured by the presence of bacteremia, APACHE II score �10,
systemic inflammatory response syndrome (SIRS), fever, or high white blood cell count
(�12,000/mm3) at baseline, did not adversely affect exposures of ceftazidime or
avibactam, and high joint target attainment (�95%) was achieved (16). An assessment
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of the impact of disease severity was made on an earlier population PK model at the
end of the cIAI and cUTI phase 3 studies, prior to the inclusion of NP data (15). The same
conclusion from that analysis was supportive of extrapolation of dose and efficacy to
patients with NP. Overall, the high joint target attainment, which was maintained across

TABLE 4 Individual ceftazidime and avibactam steady-state exposures (geometric mean [CV%]) and joint PK/PD target attainment at an
MIC of 8 mg/liter for ceftazidime and avibactam for subgroups of actual phase 3 patientsa

Parameter n

Ceftazidime Avibactam

Joint PK/PD target attainment
rate, % (95% CI)b

Cmax,ss

(mg/liter)
AUCss,0–24

(mg · h/liter)
Cmax,ss

(mg/liter)
AUCss,0–24

(mg · h/liter)

Indication
cIAI 703 66.9 (105.0) 749 (114.0) 12.8 (155.3) 132 (152.0) 98.6 (97.7–99.5)
cUTI 648 77.9 (114.2) 979 (119.7) 12.1 (161.9) 138 (164.1) 98.5 (97.5–99.4)
NP 413 72.9 (125.2) 950 (131.0) 14.2 (166.1) 169 (168.5) 99.0 (98.1–100.0)

Non-VAP 275 79.0 (120.0) 1,016 (122.0) 15.5 (166.9) 183 (168.7) 99.6 (98.9–100.0)
VAP 138 61.9 (127.0) 830 (142.7) 12 (157.6) 146 (163.0) 97.8 (95.4–100.0)

Age (yr)
18–65 1,192 70.0 (113.5) 800 (122.7) 12.5 (167.1) 131 (166.8) 98.4 (97.7–99.1)
�65–75 284 77.1 (109.4) 997 (107.6) 13.2 (119.0) 156 (118.4) 99.6 (99.0–100.0)
�75–89 288 76.8 (120.5) 1,102 (120.6) 14.0 (169.6) 180 (164.7) 98.6 (97.3–100.0)

BMI (kg/m2)
�29.9 1,441 73.0 (115.5) 878 (124.2) 13.0 (160.2) 144 (161.4) 98.7 (98.1–99.3)
�29.9–�34.9 208 67.9 (111.8) 841 (125.2) 12.0 (178.4) 136 (179.1) 97.6 (95.5–99.7)
�34.9–�39.9 74 73.7 (109.6) 894 (115.2) 13.2 (139.7) 141 (140.0) 100.0 (NA)
�39.9 32 64.2 (93.6) 806 (119.4) 9.7 (116.9) 115 (128.5) 100.0 (NA)
Missing 9 70.9 (87.0) 959 (106.5) 14.2 (83.4) 172 (112.8) 100.0 (NA)

Day 3 CLCR (ml/min)d

8–15 4 34.3 (173.3) 551 (121.9) 6.3 (305.6) 86.3 (220.6) 75.0 (32.6–100.0)
�15–30 20 50.4 (139.5) 789 (116.5) 10.9 (174.1) 155 (143.6) 100.0 (NA)
�30–50 128 58.8 (120.5) 938 (122.9) 10.2 (147.6) 148 (153.3) 98.4 (96.3–100.0)
�50–80 418 90.0 (108.0) 1,213 (110.4) 15.3 (142.9) 186 (144.5) 99.0 (98.1–100.0)
�80–150 955 72.9 (105.9) 828 (112.4) 13.2 (165.5) 138 (163.4) 99.0 (98.3–99.6)
�150–180 123 58.5 (93.0) 652 (112.8) 9.9 (124.5) 103 (137.5) 98.4 (96.1–100.0)
�180–610 116 51.2 (109.6) 542 (108.1) 9.9 (171.6) 96 (155.9) 95.7 (92.0–99.4)

Bacteraemia at baseline
No 1,465 71.9 (116.1) 881 (125.5) 12.6 (157.3) 141 (161.2) 98.6 (98.0–99.2)
Yes 88 73.6 (102.8) 919 (120.1) 14.2 (164.1) 161 (161.3) 100.0 (NA)

Baseline APACHE II score
�10 677 67.0 (105.0) 748 (113.8) 12.7 (154.3) 131 (150.6) 98.5 (97.6–99.4)
�10 438 72.3 (124.3) 938 (130.9) 14.3 (167.0) 170 (168.7) 99.1 (98.2–100.0)
Missingc 649 77.9 (114.1) 979 (119.7) 12.1 (161.8) 138 (164.0) 98.5 (97.5–99.4)

SIRS at baseline
No 770 72.3 (108.9) 895 (120.5) 12.8 (159.2) 143 (162.0) 99.1 (98.4–99.8)
Yes 773 71.5 (121.3) 869 (129.7) 12.6 (157.1) 142 (161.3) 98.3 (97.4–99.2)
Missing 10 83.5 (130.2) 977 (123.7) 12.1 (115.1) 129 (116.4) 100.0 (NA)

Baseline WBC count (cells/�l)
�12,000 876 74.6 (110.9) 923 (118.9) 12.8 (159.1) 145 (161.7) 98.9 (98.2–99.6)
�12,000 486 67.6 (119.4) 801 (128.4) 12.5 (160.4) 136 (161.5) 98.6 (97.5–99.6)
Missing 191 72.0 (121.4) 924 (136.8) 12.3 (145.3) 147 (158.6) 98.4 (96.7–100.0)

Fever at baseline
No 1,166 71.9 (113.4) 888 (123.9) 12.9 (154.5) 146 (159.2) 99.1 (98.5–99.6)
Yes 343 72.1 (121.8) 859 (130.3) 12.2 (165.7) 134 (167.4) 98.3 (96.9–99.6)
Missing 44 75.1 (117.3) 929 (118.4) 11.8 (180.9) 132 (164.7) 93.2 (85.7–100.0)

aTable adapted from Li et al. (16). APACHE, Acute Physiology and Chronic Health Evaluation; AUCss,0 –24; area under the curve over 24 h at steady state; BMI, body
mass index; CI, confidence interval; cIAI, complicated intra-abdominal infection; Cmax,ss, maximum concentration at steady state; CLCR, creatinine clearance; cUTI,
complicated urinary tract infection; NP, nosocomial pneumonia; q8h, every 8 h; q24 h, every 24 h; PD, pharmacodynamic; PK, pharmacokinetic; SIRS, systemic
inflammatory response syndrome; WBC, white blood cell; NA, not applicable.

bThe joint PK/PD target was defined as 50% fT�MIC of 8 mg/liter for ceftazidime and 50% fT�CT of 1 mg/liter for avibactam.
cAPACHE II scores were collected for cIAI and NP patients only, hence these data were not available for the 648 cUTI patients. Data were missing for one cIAI patient.
dPatients with CLCR �50 ml/min were assumed to receive the labeled dosage regimen appropriate to their level of renal insufficiency.
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all subgroup categories despite the observed effects on exposure, confirmed that
ceftazidime-avibactam dosage adjustments are not required for patients with older
age, obesity, or markers of more severe infection.

The final models were also used to simulate exposures and joint PTA for patient
populations representative of different indications (5,000 patients in each indication
and renal function category). More than 90% joint PTA at an MIC of 8 mg/liter was
predicted in each indication for patients with normal renal function (CLCR, �80 ml/min)
receiving the standard dosage regimen (Table 5) and for patients with a CLCR of
�50 ml/min receiving dosage adjustments for renal impairment (see Table 3 for cIAI
patients, data not shown for other indications) (16). This validation step confirmed the
suitability of the ceftazidime-avibactam dosage regimen selected for patients with a
CLCR of � 50 ml/min in the phase 3 study program, and the approved dosage adjust-
ments for patients with a CLCR of �50 ml/min across all approved indications (16).

To further explore the performance of the ceftazidime-avibactam dosage regimens,
additional PTA simulations were conducted for more conservative ceftazidime and
avibactam PK/PD targets with longer required durations above the threshold concen-
trations (65). When the required duration during which ceftazidime and avibactam
concentrations were above target thresholds was extended from 50 to 60% of the
interdose interval, the joint PTA rates remained �90% for all indications. These results
suggest that the approved ceftazidime-avibactam dosage regimens should support
treatment of infections that may require longer durations of threshold achievement,
such as severe infections or patients who are critically ill.

Ceftazidime-avibactam clinical MIC breakpoints. Determination of clinical MIC
breakpoints for new antimicrobial therapies typically involves: evaluation of PK/PD
targets derived from preclinical experiments; population PK modeling and PTA analy-
ses; clinical and microbiological efficacy data; and MIC distributions from global sur-
veillance studies of target pathogens (20–22). As discussed above, global surveillance
studies have consistently reported that clinical isolates of Enterobacteriaceae and P.
aeruginosa (including many MDR phenotypes) have yielded ceftazidime-avibactam
MIC90 values of �8 mg/liter (11, 60, 88), and high PTA values (�90%) were reported for
Enterobacteriaceae and P. aeruginosa with ceftazidime-avibactam MICs �8 mg/liter
using the joint PK/PD target. The joint PTA for patients with cIAI receiving ceftazidime-
avibactam 2,000 � 500 mg q8h plotted as a function of ceftazidime-avibactam MIC and
overlaid with the MIC distributions for Enterobacteriaceae and P. aeruginosa from the
INFORM global surveillance study (2012 to 2014) are shown in Fig. 1 (89). These data,
along with molecular characterization of isolates with specific resistance mechanisms
from microbiological surveillance studies and per-pathogen clinical and microbiological

TABLE 5 Geometric mean (%CV) steady-state exposures for ceftazidime and avibactam
and joint PTA at an MIC of 8 mg/liter summarized by indication (n � 5,000 simulated
patients per cohort)a

Cohort

Ceftazidime Avibactam

Joint
PTA, %

Cmax,ss

(mg/liter)
AUCss,0–24

(mg · h/liter)
Cmax,ss

(mg/liter)
AUCss,0–24

(mg · h/liter)

cIAI 61.1 (44) 683 (45) 11.5 (83) 121 (72) 94.9
cUTI 73.0 (47) 880 (49) 11.2 (87) 126 (82) 95.2
NP 65.4 (53) 805 (55) 12.8 (94) 147 (89) 98.3

VAP 55.1 (59) 719 (64) 10.7 (85) 129 (79) 96.1
Non-VAP 75.7 (43) 894 (48) 14.7 (92) 164 (93) 100

aThis table adapted from Li et al. (16). The final population PK models included PK data from 1,975 subjects
for ceftazidime and 2,249 subjects for avibactam. Simulations were conducted for 5,000 patients with
normal renal function (CLCR �80 ml/min) for each indication, receiving ceftazidime-avibactam
2,000 � 500 mg, q8h, as a 2-h infusion (16). AUC and Cmax values are based on total plasma concentrations
for ceftazidime and avibactam. AUCss,0 –24, area under the curve over 24 h at steady state; cIAI, complicated
intra-abdominal infection; Cmax,ss, maximum concentration at steady state; CLCR, creatinine clearance; cUTI,
complicated urinary tract infection; CV, coefficient of variation; NP, nosocomial pneumonia; PK,
pharmacokinetic; PTA; probability of target attainment; q8h, every 8 h; VAP, ventilator-associated
pneumonia.
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response by MIC data from the phase 3 studies (89), supported the FDA, EUCAST, and
CLSI decisions to establish clinical MIC breakpoints for the approved ceftazidime-
avibactam dosage regimens against Enterobacteriaceae and P. aeruginosa of susceptible
�8 mg/liter and resistant �8 mg/liter (28, 29, 49, 70).

Potential for resistance to ceftazidime-avibactam. In preclinical studies, the
frequency of spontaneous resistance to ceftazidime-avibactam varied depending on
the genetic constitution of the bacterial isolate tested. In Enterobacteriaceae carrying
blaKPC-3, the frequency of mutation to �16-fold MIC in vitro was ca. 10�9 (90). Similar
rates were found for ceftazidime-resistant ESBL producers and ceftazidime-susceptible
Enterobacteriaceae (91). The frequency of selection of single-step mutants that tested
with �8-fold increased MIC of ceftazidime-avibactam among three ceftazidime-
resistant, ceftazidime-avibactam-susceptible, isolates of P. aeruginosa in vitro ranged
between �6 � 10�10 and 4 � 10�9 (92). All of these frequencies are low and actually
lower than frequencies that have been observed for ceftazidime alone in ceftazidime-
susceptible isolates (93–96).

There have been isolated reports that the same shift from susceptible to resistant
has also been observed as a result of mutation in blaKPC-3 in carbapenem-resistant
ST258-clone K. pneumoniae in high-risk patients (97, 98), despite the fact that devel-

FIG 1 Joint PTA for patients with cIAI receiving ceftazidime-avibactam 2,000 � 500 mg q8h plotted as a function
of ceftazidime-avibactam MIC overlaying the ceftazidime-avibactam MIC distributions against Enterobacteriaceae
(n � 34,062) (A) and Pseudomonas aeruginosa (n � 7,062) (B) from the INFORM global surveillance study (2012 to
2014). The figure is from Nichols et al. (89). Joint PTA is defined as simultaneous attainment of 50% fT�MIC of
ceftazidime-avibactam for ceftazidime and 50% fT�CT of 1 mg/liter for avibactam, with both targets having to be
achieved for a simulated patient to be categorized as achieving the joint target. The joint PTA was calculated using
iteration 4 of the population PK models (see Table 2). Ceftazidime-avibactam MIC distributions were obtained from
the INFORM 2012–2014 global surveillance study (7, 11, 60, 88). Values above the bars are the numbers of isolates
tested at each MIC. The arrows show the position of the approved ceftazidime-avibactam susceptible clinical
breakpoint of MIC �8 mg/liter.
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opment of resistance was not observed during the ceftazidime-avibactam clinical trials
(23–27, 30, 31). It should be noted that the MIC of ceftazidime-avibactam against the
resistant isolates recovered in vitro or from patients in the above clinical reports varied
up to �512 and �256 mg/liter, respectively (90, 97). The high values of these MICs
make it unlikely that a higher dose of ceftazidime-avibactam could have prevented
resistance selection or, alternatively, that altered PK in the patients concerned had
predisposed them to resistance selection, particularly noting that in two of the three
patients from whom ceftazidime-avibactam-resistant K. pneumoniae were isolated
during therapy the initial isolations were made from colonization sites (97).

In summary, in patients infected with carbapenem-resistant bacteria that carry
blaKPC-3, there is the possibility that a spontaneous ceftazidime-avibactam-resistant
variant could arise against which the MIC of ceftazidime-avibactam is so high that it
would be resistant to ceftazidime-avibactam therapy. The frequency of this mutation
appears to be low, but one can calculate that the risk of a resistant isolate arising in a
particular medical unit will increase if multiple patients are colonized and infected by
the same carbapenem-resistant isolate, and then treated with ceftazidime-avibactam,
because of the high numbers of bacteria being exposed to drug.

Conclusions. In common with ceftazidime, avibactam PD is primarily time depen-
dent. In vitro and in vivo data support a joint PK/PD target of ceftazidime 50% fT�MIC
8 mg/liter and avibactam 50% fT�CT 1 mg/liter for use in PTA analyses for ceftazidime-
avibactam dose selection, validation, and breakpoint determination. PTA analyses using
these targets enabled selection of a ceftazidime-avibactam dosage regimen for the
phase 3 trial program which corresponded with clinical efficacy and supported deter-
mination of susceptible MIC breakpoints against key target pathogens (�8 mg/liter for
Enterobacteriaceae and P. aeruginosa). The final population PK models, including data
from all phase 3 trials, confirmed that high PTAs were predicted with this dosage
regimen across all indications and that dosage adjustments are only required for
patients with a CLCR of �50 ml/min. Considered together, these data support
ceftazidime-avibactam 2,000 � 500 mg given as a 2-h i.v. infusion q8h for the approved
indications, with modified dosage adjustments for patients with a CLCR of �50 ml/min.
The clinical validation of the initial approvals of ceftazidime-avibactam in the United
States and Europe based primarily on PK/PD analyses is an important prototype for the
process of streamlining drug development programs which address unmet needs for
serious bacterial infections.
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