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ABSTRACT

Introduction: A systematic literature review
was undertaken to evaluate real-world use of
ceftazidime-avibactam for infections due to
aerobic Gram-negative organisms in adults with
limited treatment options.

Methods: Literature searches retrieved peer-re-
viewed publications and abstracts from major
international infectious disease congresses from
January 2015 to February 2021. Results were
screened using pre-defined criteria to limit the
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dataset to relevant publications (notable exclu-
sions were paediatric data and outcomes data
for bacteria intrinsically resistant to cef-
tazidime-avibactam). Data for included publi-
cations were subjected to qualitative synthesis.
Results: Seventy-three relevant publications
(62 peer-reviewed articles; 10 abstracts) com-
prising 1926 patients treated with ceftazidime-
avibactam (either alone or combined with other
antimicrobials) and 1114 comparator/control
patients were identified. All patients were hos-
pitalised for serious illness and most had mul-
tiple comorbidities. The most common
infections were pneumonia, bacteraemia, and
skin/soft tissue, urinary tract, or abdominal
infections; smaller numbers of patients with
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meningitis, febrile neutropenia, osteomyelitis,
and cystic fibrosis were also included. Car-
bapenem-resistant or carbapenemase-producing
Enterobacterales (CRE; n=1718) and car-
bapenem-resistant, multidrug-resistant (MDR),
and extensively drug-resistant Pseudomonas
aeruginosa (n = 150) were the most common
pathogens. Most publications reported positive
outcomes for ceftazidime-avibactam treatment
(clinical success rates ranged from 45 to 100%
and reported 30-day mortality from 0 to 63%),
which were statistically superior versus com-
parators in some studies. ceftazidime-avibactam
resistance emergence occurred infrequently and
mostly in Klebsiella pneumoniae carbapenemase
(KPC)-producing K. pneumoniae strains.
Conclusion: This review provides qualitative
evidence of successful use of ceftazidime-av-
ibactam for the treatment of hospitalised
patients with CRE and MDR P. aeruginosa
infections with limited treatment options.

Keywords: Ceftazidime-avibactam; Gram-
negative bacteria; Limited treatment options;
Carbapenem-resistant Enterobacterales;
Carbapenem-producing Enterobacterales;
Pseudomonas aeruginosa

Why carry out this study?

Antimicrobial resistance among Gram-
negative bacteria, including Acinetobacter
species, Enterobacterales, and
Pseudomonas aeruginosa, represents a
significant problem for healthcare systems
worldwide. For regions with high local
prevalence of extended-spectrum f3-
lactamase (ESBL)- and carbapenemase-
producing organisms, treatment options
for infections caused by such pathogens
can be severely limited.

A systematic literature review was
undertaken to evaluate real-world use of
ceftazidime-avibactam for infections due
to aerobic Gram-negative organisms in
adults with limited treatment options.

What was learned from the study?

Literature searches identified 73
publications reporting data for 1926
patients treated with ceftazidime-
avibactam and 1114 comparator/control
patients, including 26 case reports, 17 case
series, 15 retrospective cohort/

chart review studies, 12 retrospective
comparative/case-control studies and 2
prospective observational studies.

This review provides important insights
into how ceftazidime-avibactam is being
used in practice for the treatment of
serious Gram-negative infections with
limited treatment options, in particular,
those caused by non-MBL-producing CRE
and P. aeruginosa.

INTRODUCTION

Antimicrobial resistance among Gram-negative
bacteria, including Acinetobacter species, Enter-
obacterales, and Pseudomonas aeruginosa, repre-
sents a significant problem for healthcare
systems worldwide, in particular for resistance
epicentres with high local prevalence of exten-
ded-spectrum fB-lactamase (ESBL)- and car-
bapenemase-producing  organisms,  where
treatment options for infections caused by such
pathogens can be severely limited [1]. The need
for antimicrobial development to address third-
generation cephalosporin-resistant and car-
bapenem-resistant Enterobacterales (CRE) and
P. aeruginosa has been designated a critical pri-
ority by the World Health Organization [2].
Ceftazidime-avibactam, a combination of
the anti-pseudomonal cephalosporin cef-
tazidime and the novel B-lactamase inhibitor
avibactam, has in vitro activity against a broad
range of Gram-negative bacteria, including
highly resistant strains, such as ESBL-, AmpC-,
and serine carbapenemase-producing Enter-
obacterales (CPE) and P. aeruginosa, but not
against metallo-B-lactamase (MBL) producers
[3, 4]. In an extensive phase 2 and 3 randomised
controlled trial (RCT) programme, ceftazidime-
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avibactam has demonstrated efficacy generally
comparable to carbapenem-based comparator
regimens in the primary indications of compli-
cated intra-abdominal infection (cIAI), compli-
cated urinary tract infection (cUTL including
pyelonephritis), and hospital-acquired pneu-
monia (HAP/HABP; including ventilator-associ-
ated pneumonia [VAP/VABP]) [5-11], including
against ceftazidime non-susceptible and mul-
tidrug-resistant (MDR) Enterobacterales and P.
aeruginosa [6, 12]. Ceftazidime-avibactam (s-
tandard dose 2.5 g by 2-h intravenous infusions
every 8 h [q8h], adjusted for patients with cre-
atinine clearance [CrCL] > 50 ml/min) is
approved in the US for the treatment of adults
with cIAI (co-administered with metronida-
zole), cUTI (including pyelonephritis) and
HABP (including VABP), and cIAI or cUTI (in-
cluding pyelonephritis) in children
aged > 3 months [13]. In Europe it is approved
for cUTI (including pyelonephritis), cIAI, and
HAP/VAP in adults, including for cases of bac-
teraemia associated with these infections, and
for the treatment of infections due to aerobic
Gram-negative organisms with limited treat-
ment options [14]. It is also approved for chil-
dren aged > 3 months with cUTI (including
pyelonephritis), cIAl, HAP/VAP, and infections
due to aerobic Gram-negative organisms with
limited treatment options [14]. Approval of
ceftazidime-avibactam for the ‘limited treat-
ment options’ indication in adults was based on
microbiological data, demonstration of clinical
efficacy in patients with cIAl and cUTI, and
population pharmacokinetic (PK) data demon-
strating adequate PK/pharmacodynamic (PD)
target attainment with approved dosages [15].
By definition, there is a lack of RCT data
describing outcomes of treatment for this
diverse patient population. However, there is a
growing body of published (predominantly
retrospective and observational) data on the use
of ceftazidime-avibactam in indications for
which there are limited treatment options. This
systematic literature review provides a qualita-
tive synthesis of the clinical and microbiologi-
cal outcomes of ceftazidime-avibactam
treatment of infections caused by aerobic Gram-
negative organisms in adult patients with lim-
ited treatment options. This article is based on

published literature and does not contain any
previously unreported studies with human par-
ticipants or animals.

METHODS

Definition of ‘Infections due to Aerobic
Gram-Negative Organisms with Limited
Treatment Options’

For the purposes of this review, a working defi-
nition of publications describing ‘aerobic Gram-
negative infections in adult patients with lim-
ited treatment options’ was formulated. Publi-
cations reporting outcomes for patients with
any of the approved ‘primary’ indications for
ceftazidime-avibactam (cIAI, cUTI, HAP/HABP,
or VAP/VABP) were only included if the infec-
tion(s) involved microbiological confirma-
tion/suspicion of ESBL- and/or carbapenemase-
producing Gram-negative organisms, excluding
MBL producers. Other acute infections included
in the working definition of ‘limited treatment
options’ were those with microbiological con-
firmation/suspicion of involvement of cef-
tazidime-avibactam-susceptible Gram-negative
bacteria (i.e., non-MBL-producing Enterobac-
terales or P. aeruginosa), such as primary or sec-
ondary bacteraemia/bloodstream infections
including sepsis/toxic shock, bacterial menin-
gitis, febrile neutropenia, device-related infec-
tions, transplant-related infections, bone and
joint infections, cystic fibrosis-related bron-
chopulmonary infections, and skin and soft
tissue infections (SSTI).

Literature Search

Methodology for conducting literature searches
followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA)
statement and guidance [16, 17]. A PubMed
search using the search terms ‘ceftazidime AND
avibactam’ (filters: none) was conducted in
February 2021 to include publications from
2015 onwards. Additional searches were con-
ducted to retrieve abstracts from major inter-
national infectious disease congresses

I\ Adis



1992

Infect Dis Ther (2021) 10:1989-2034

[European Congress of Clinical Microbiology
and Infectious Diseases, American Society for
Microbiology (ASM) Microbe/International
Conference on Antimicrobial Agents and Che-
motherapy, and Infectious Diseases Society of
America IDWeek] from 2015 to 2019.

All retrieved publication search results were
screened by two researchers by titles and
abstracts. The following publication types were
excluded, with reasons for exclusion docu-
mented in each case: RCT data for any of the
primary indications for ceftazidime-avibactam;
in vitro/animal study data, including microbi-
ological surveillance or population PK and PK/
PD modelling; review articles, guidelines, com-
mentaries/opinion pieces, and editorials not
reporting original outcomes data for patients
treated with ceftazidime-avibactam; publica-
tions primarily reporting outcomes of treatment
for infections caused by pathogens not suscep-
tible to ceftazidime-avibactam as defined in the
European Summary of Product Characteristics
[i.e., Staphylococcus aureus (methicillin-resistant
and methicillin-sensitive), anaerobes, Entero-
coccus spp., Stenotrophomonas maltophilia, and
Acinetobacter spp.] [14], or those describing
outcomes of MBL-producing Gram-negative
infections. Meta-analyses of published literature
were also excluded from the analysis to avoid
duplication of data; however, the source data/
references within such articles were reviewed to
ensure all relevant primary data were included.

Data Extraction

Included publications were tabulated in Micro-
soft Excel for data extraction. In addition to
author/citation details, the following data
(where reported) were extracted for each inclu-
ded publication: country/region; study design;
number of sites (single or multiple); number of
ceftazidime-avibactam and control/comparator
participants and their characteristics [age, sex,
type of infection, clinical isolate(s) and resis-
tance mechanism(s), renal status, and intensive
care unit (ICU) admittance]; primary/index
infection and proportion of patients with bac-
teraemia; duration of ceftazidime-avibactam
treatment and use of prior and concomitant

antibiotics; timing relative to index infection
and duration of ceftazidime-avibactam treat-
ment; clinical and microbiological outcomes
(for example, hospital, 30-day, or 90-day mor-
tality), and rates of eradication, recurrence, and
emergence of resistance.

RESULTS

Literature Search

The literature search identified a total of 1262
publications, from which initial screening and
further exclusion identified 73 relevant publi-
cations (Fig. 1). The included publications (63
journal articles and 10 congress abstracts)
reported data for a total of 1926 patients treated
with ceftazidime-avibactam and 1114 com-
parator/control patients and comprised 26 case
reports, 17 case series, 16 retrospective cohort/
chart review studies, 12 retrospective compara-
tive/case-control studies, and 2 prospective
observational studies (Table 1).

Most publications were from Europe (34;
47%) and North America (29; 40%), with five
from China (7%) and two each from Latin
America (3%) and the Middle East (3%). One
publication (1%) included patients from Europe
and Australia. Included publications involved
patients with a variety of infections, including
IAI, HAP/VAP, UTI, SSTI, primary and secondary
bacteraemia, meningitis, osteomyelitis, and
febrile neutropenia. Five publications (44
patients) included haematology/oncology
patients; seven (35 patients) involved solid
organ transplant (SOT) patients; six (14
patients) involved treatment of bronchopul-
monary infections in patients with cystic fibro-
sis. Ten case studies (10 patients) included
surgical and trauma patients. The most fre-
quently identified pathogens were Enterobac-
terales (1718 patients), including CPE and CRE
strains, and P. aeruginosa (150 patients),
including carbapenem-resistant, MDR, and
extensively drug-resistant (XDR) strains; 74
patients had other Gram-negative pathogens,

including  Burkholderia  cepacia  complex,
Burkholderia  multivorans, and  Raoultella
planticola.
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Fig. 1 Overview of the publications search results

Prospective Observational Studies

Data for 95 patients treated with ceftazidime-
avibactam from two prospective studies were
included [18, 19]. Both studies included
patients with CRE infections; no decreased sus-
ceptibility/ceftazidime-avibactam resistance
emergence was reported in either study.

Sousa et al. (2018) prospectively collected
data on outcomes of ceftazidime-avibactam
salvage therapy for 57 patients with OXA-48-
producing K. pneumoniae infections during an
outbreak caused by this pathogen at a Spanish
hospital [18]. The most common primary
infections were intra-abdominal [16 patients
(28%)] or respiratory tract [15 patients (26%)];
26 patients (57%) had bacteraemia and 51

(89%) had received prior antibiotics. All-cause
mortality rates were 14% at 14 days and 22% at
30 days.

In a US prospective, multicentre observa-
tional study in patients with CRE bacteraemia
(ceftazidime-avibactam, n=38; colistin,
n =99), Van Duin et al. (2018) reported that
inverse probability of treatment weighting
(IPTW)-adjusted all-cause 30-day hospital mor-
tality was significantly lower in the ceftazidime-
avibactam group (9%) compared with the col-
istin group [32%; difference 23%, 95% confi-
dence interval (CI) 9-35; P = 0.001]. Based on
desirability of outcome ranking (DOOR) analy-
sis, patients treated with ceftazidime-avibactam
had an IPTW-adjusted probability of a better
outcome of 64% (95% CI, 57-71) [19].
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Retrospective Comparative/Case-Control
Studies

Data for 481 patients treated with ceftazidime-
avibactam from 12 retrospective compara-
tive/case-control studies (Table 2) were retrieved
from the literature search [20-31]. Each of these
studies involved infections caused by CRE and
most of the patients were bacteraemic; some
included patients treated on a ‘compassionate
use’ basis before the commercial availability of
ceftazidime-avibactam (the drug was first
approved in the US in 2015). Comparator treat-
ments comprised best available therapy (BAT)
and included polymyxin B, colistin, aminogly-
cosides and tigecycline alone or in combination
with carbapenems and unspecified ‘salvage
agents’ (Table 2). Clinical outcomes included
clinical cure and 30- and 90-day mortality rates.
Across these studies, efficacy outcomes for cef-
tazidime-avibactam (where reported) were in
general numerically similar or superior to those
reported for comparator treatments (Table 2).
Emergence of resistance to ceftazidime-avibac-
tam in three of eight patients with recurrent
infections (38%) was reported in one congress
abstract involving 35 solid organ transplant
(SOT) patients with CRE infections (predomi-
nantly bacteraemia or pneumonia); however, the
duration of ceftazidime-avibactam treatment,
resistance mechanism(s), and timing of resis-
tance emergence were not reported [29]. Of note,
a non-comparative retrospective analysis by the
same investigators (see below) reported an over-
all rate of ceftazidime-avibactam resistance
emergence of 10% among 77 patients infected
with CRE, of whom 4 were SOT recipients [32]. A
separate study among 147 patients treated with
KPC- or OXA-48-producing K. pneumoniae infec-
tions treated with ceftazidime-avibactam repor-
ted a lower rate of resistance emergence of 1% (2/
147 patients); details of timings and mecha-
nism(s) were not reported [25].

Retrospective Cohort/Chart Review
Studies

Data for 1155 patients treated with ceftazidime-
avibactam from 16 retrospective non-

comparative cohort/chart review studies were
identified (Table 3) [32-46], the majority of
which involved CRE/CPE infections (981
patients); six publications included data for
P. aeruginosa infections (124 patients). Emer-
gence of resistance and/or reduced susceptibil-
ity to ceftazidime-avibactam was reported in
seven of these publications, including one
OXA-48-producing K. pneumoniae in a single
patient [35]; in the remaining cases, the resis-
tant strains were either K. pneumoniae car-
bapenemase (KPC)-producing K. pneumoniae or
carbapenem-resistant K. pneumoniae (CRKP)
with  unreported resistance mechanisms
[32-35, 46, 47]. Decreased sensitivity to cef-
tazidime-avibactam was reported in one patient
with KPC-producing K. pneumoniae [39].

The largest retrospective cohort study,
reported by Tumbarello et al. (2021), included
577 patients with KPC-producing K. pneumoniae
infections, including 391 patients with bacter-
aemia. In this analysis, there was no difference
in 30-day mortality for patients who received
ceftazidime-avibactam combination or
monotherapy regimens (26% vs. 25%, P = 0.79),
and rates of resistance development and adverse
events were low (both 3%) [47].

Another large retrospective cohort study,
reported by Jorgensen et al. (2019), included
203 patients who received ceftazidime-avibac-
tam for > 72 h at six US hospitals (2015-2019)
and included data for 117 patients with CRE
and 63 with P. aeruginosa as well as infections
with other Gram-negative and gram-positive
pathogens [34]. In the overall cohort, clinical
failure, 30-day mortality and 30-day recurrence
occurred in 59 (29%), 35 (17%) and 12 (6%)
patients, respectively, and outcomes were simi-
lar for patients infected with CRE or P. aerugi-
nosa. Of note, ceftazidime-avibactam dosage
adjustments for renal function were made for 92
patients but were considered inappropriate for
11 patients (effectively resulting in underdos-
ing); among these patients, five (46%) experi-
enced clinical failure and three (27%) died by
day 30. Moreover, only 50 of 74 CRKP isolates
underwent baseline testing for ceftazidime-av-
ibactam susceptibility, of which 48 were sus-
ceptible [two isolates were ceftazidime-
avibactam-resistant, one with New Delhi
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Reported outcomes

Concomitant
antibiotics,
n/N (%)

Ceftazidime-

Patients with  Baseline

Patient characteristics

Table 4 continued

Publication

avibactam dose and

pathogens
duration

bacteraemia,
n/N (%)

Adverse events/safety

90-day

30-day

Clinical and/or

(resistance

mortality

mortality

microbiological cure

mechanisms)

NR NR

2/2 (100%) NR

2/2 (100%)

25 g q8h

XDR P.

2 patients (69-year-old male and 1/2 (50%)

Xipell 2017

aeruginosa

(n=2)

BAL bronchoalveolar lavage, CF cystic fibrosis, CI confidence interval, CKD chronic kidney disease, CLABSI central line-associated bloodstream infection, CoNS coagulase-negative Staphylococci, CPE carbapenemase-

56-year-old female) with severe
XDR P. aeruginosa infections

(59]

Range 18-30 days

producing Enterobacterales, CR carbapenem resistant, CRE carbapenem-resistant Enterobacterales, CRKP carbapenem-resistant Klebsiella pneumoniae, CRP C-reactive protein, CRRT continuous renal replacement

therapy, CT' computed tomography, IQR interquartile range, KPC-KP K. pneumoniae carbapenemase-producing K. pneumoniae, LFT liver function test, MDR multidrug resistant, MIC minimum inhibitory

concentration, MRI magnetic resonance imaging, MRSA methicillin resistant Staphylococcus aureus, NR not reported, PDR pan-drug resistant, g6/ every 6 h, 485 every 8 h, SD standard deviation, U77 urinary tract

infection, VAP ventilator-associated pneumonia, XDR extensively drug-resistant

* Escherichia coli (n

1)

2); Achromobacter xylosoxidans (n
3); Enterobacter cloacae (n = 2); Enterobacter aerogenes (n = 1)

4 Burkholderia cenocepacia (n

1

); Enterobacter aerogenes (n

ophilia (n

1

b Stenotrophomonas mall
¢ Escherichia coli (n

1)

1); Acinetobacter spp. (n =

1)

2); Burkholderia multivorans (n = 1); Burkholderia vietnamiensis (n

metallo-B-lactamase (NDM) and OXA-48 and a
second with an unknown mechanism]. Simi-
larly, only 27 of 63 P. aeruginosa isolates
underwent baseline testing for ceftazidime-av-
ibactam susceptibility, of which 26 were sus-
ceptible and one was resistant with NDM and
OXA-type carbapenemases. Ceftazidime-av-
ibactam resistance development on treatment
was not detected in any of the 61 patients (30%)
with available follow-up cultures. In total, 17
patients (8%) experienced potential drug-re-
lated adverse effects [34].

Shields et al. (2018) reported an analysis of
77 consecutive patients with CRE infections
treated with ceftazidime-avibactam for > 3 days
in a US hospital [32]. Thirty- and 90-day survival
rates were 81% and 69%, respectively. Clinical
success was 55% overall but differed by infec-
tion site (pneumonia, 36%; bacteraemia, 75%;
UTI, 88%). Pneumonia (P = 0.045) and receipt
of renal replacement therapy [either intermit-
tent haemodialysis or continuous renal
replacement therapy (CRRT); P = 0.046] were
associated with clinical failure in multivariate
analysis. Microbiological failure occurred in
32% of patients and was more common among
patients with KPC-3-producing CRE versus KPC-
2-producing CRE infections (P = 0.002). Pneu-
monia was an independent predictor of micro-
biological failure (P =0.007). Ceftazidime-
avibactam resistance (all in K. pneumoniae har-
bouring variant KPC-3 enzymes) emerged in
eight (10%) patients. Renal replacement ther-
apy was an independent predictor of resistance
development (P =0.009). Importantly, the
authors noted that ‘optimal dosing of cef-
tazidime-avibactam in patients with renal
insufficiency, particularly those receiving CRRT,
is an ongoing challenge for clinicians’. Of note,
appropriate ceftazidime-avibactam dosage regi-
mens for patients receiving CRRT have not been
established, and there are currently no
approved dose recommendations for such
patients. Similar rates of resistance emergence
were reported in a Spanish study of 47 patients
with CRKP infections (Castén et al. 2020) and in
an Italian study (Iannacone et al. 2020) of 23
patients with CRE infections [46] (Table 3).

In a further US retrospective, multicentre
study in 60 severely ill patients with CRE
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infections treated with ceftazidime-avibactam,
King el al. (2017) reported that in-hospital
mortality, microbiological cure, and clinical
success occurred in 32%, 53%, and 65% of
patients, respectively; there were no docu-
mented cases of drug-related adverse events or
on-therapy resistance emergence [37].

Vena et al. (2020) reviewed outcomes for 41
patients treated with ceftazidime-avibactam for
infections [predominantly nosocomial pneu-
monia (NP) and primary bacteraemia] caused by
non-CRE MDR Gram-negative bacteria (38 iso-
lates of P. aeruginosa and 7 ESBL-positive
Enterobacterales, with > 50% of isolates classi-
fied as XDR), including 4 patients with
polymicrobial infections, in 13 Italian hospitals
[42]. Most patients received ceftazidime-av-
ibactam as part of a combination regimen fol-
lowing resistance emergence or failure of initial
antibiotic treatments; despite relatively severe
baseline disease status (median Charlson
Comorbidity Index score of 4; 24% of patients
admitted to ICU and 59% with sepsis/septic
shock), clinical success occurred in 37 patients
(90%). Three of the four patients who were
clinical failures were undergoing CRRT; all
received ceftazidime-avibactam 1.25 g q8h (as
noted above, there are no approved ceftazidime-
avibactam dosing recommendations for
patients on CRRT). No adverse events related to
ceftazidime-avibactam treatment occurred, and
resistance development was not documented in
any patient [42].

Temkin et al. (2017) analysed outcomes for
38 patients in Europe and Australia with infec-
tions caused by carbapeneme-resistant organisms
(36 with CRE and two with P. aeruginosa), 95%
of whom received ceftazidime-avibactam as
salvage therapy [41]. Clinical and/or microbio-
logical cure occurred in 28 patients (74%). Five
patients (21%) with documented microbiologi-
cal cure died versus ten patients (71%) with no
documented microbiological cure (P = 0.01).

Rahmati et al. (2017) and Krapp et al. (2017)
reported outcomes for 11 and 6 patients,
respectively, with KPC-producing K. pneumoniae
infections treated with ceftazidime-avibactam
in the US [38, 39]. In the cohort of 11 patients,
the clinical success rate was 73%, 30-day sur-
vival was 82%, 90-day survival was 73%, and in-

hospital mortality was 27% [39]. Mortality was
75% among four patients receiving CRRT or
haemodialysis (P = 0.02); however, as noted
above, approved ceftazidime-avibactam dosing
recommendations are not currently available
for patients on CRRT (moreover, ceftazidime-
avibactam dosages were not reported in this
congress abstract). Recurrence occurred in two
patients (18%). Decreased sensitivity to cef-
tazidime-avibactam was noted in one patient
(9%), and three patients (27%) had CRE isolated
after > 7 days of treatment [39]. In the cohort
of six patients, five achieved clinical cure;
however, two relapsed with the same KPC-3-
producing K. pneumoniae strain within 3 weeks
of completing ceftazidime-avibactam treatment
[38]. One patient with pneumonia experienced
clinical failure, despite having a documented
ceftazidime-avibactam-susceptible CRKP strain
[minimum inhibitory concentration
(MIC) = 2 mg/l]. Thus, the overall clinical suc-
cess rate in this small cohort was 50% [38].

In two retrospective cohort studies involving
MDR or XDR P. aeruginosa infections (in 8 and
10 patients in Spain and the US, respectively) in
various locations (including respiratory, blood,
bone/joint, skin/wound, and meningitis), clin-
ical success rates with ceftazidime-avibactam
treatment were 50-80% [36, 40]. In the Spanish
study, 30- and 90-day mortality rates were 13%
and 38%, respectively [40]. In-hospital mortal-
ity in the US study was 20% [36]. Kuang et al.
(2021) and Nwankwo et al. (2020) reported
outcomes for 21 and 28 patients with a variety
of MDR Gram-negative infections treated with
ceftazidime-avibactam in the UK and China,
respectively; Papadimitriou-Olivgeris et al.
(2021) included a single patient treated with
ceftazidime-avibactam in a wider analysis of 115
critically ill patients with K. pneumoniae blood-
stream infections (Table 3).

Finally, Katchanov et al. (2018) described a
prevalence study of patients infected or colo-
nised with MDR Gram-negative bacteria in a
German tertiary care hospital, in which cef-
tazidime-avibactam was administered to five
patients with severe HAP (and bacteraemia in
one case) during an outbreak of OXA-48- and
CTX-M-14-producing K. pneumoniae [35]. In-
hospital mortality occurred in all five patients
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(100%), and ceftazidime-avibactam resistance
emergence on therapy was documented in one
patient (three patients were not assessed for
resistance emergence), prompting the authors
to note that ‘novel B-lactam/B-lactamase inhi-
bitor combinations are of limited usefulness in
our setting because of the high prevalence of
Ambler class B carbapenemases (in Pseudomonas
spp- and Escherichia coli but not in Klebsiella
spp.) and the emergence of non-susceptibility
under therapy’. Of note, the five patients
received 2, 57, 86, 8, and 61 days, respectively,
of ceftazidime-avibactam therapy, implying a
30-day mortality rate of 2/5 (i.e., 40%) [35].

Case Series and Case Reports

Data for 169 patients treated with ceftazidime-
avibactam from 17 case series (Table 4) were
identified from the literature search [48-64].
One case series of three patients (Shields et al.
2017 [65]) was excluded from the literature
search results because clinical outcomes for
these patients are included in another larger
case series published by the same group (Shields
et al. 2016 [56]); data for the latter publication
are summarised in Table 4. Most of the included
case series involved CRE/CPE infections (141
patients); 10 publications included data for
P. aeruginosa infections (24 patients). Three case
series reported emergence of ceftazidime-av-
ibactam resistance on therapy in two of ten
patients (20%; one P. aeruginosa; one Citrobacter
freundii with KPC detected in initial isolate and
undetermined mechanism of ceftazidime-av-
ibactam resistance) [55]; 3 of 37 patients (8%; all
initial isolates were KPC-3-producing K. pneu-
moniae) [56] and one of two patients (50%) were
treated for XDR P. aeruginosa infections [61].
The literature search identified 26 case
reports with data for 26 patients (Table 5) trea-
ted with ceftazidime-avibactam [66-91]. As with
the other included publications, most of the
case reports involved CRE/CPE infections (16
patients, of which 1 was also infected with P.
aeruginosa). Emergence of ceftazidime-avibac-
tam resistance on treatment was reported in one
patient each in two case reports involving K.
pneumoniae bloodstream infections (one KPC-2;

one KPC-3) [85, 89], and an increase in cef-
tazidime-avibactam MIC was reported for a
paediatric patient with cystic fibrosis and acute
pulmonary exacerbation caused by B. cepacia
complex [81].

DISCUSSION

This systematic review provides important
insights into the real-world use of ceftazidime-
avibactam treatment for adults with serious
Gram-negative infections with limited treat-
ment options. Although limited by potential
publication bias (the tendency for positive
results to be more likely to be published than
negative results) and the qualitative approach
necessitated by the inclusion of heterogenous
data representing multiple patient populations,
infection types, and bacterial pathogens, the
included data are consistent with the broad
definition of ‘limited treatment options’ in the
European Summary of Product Characteristics
for ceftazidime-avibactam [14] and generally
reflect the expected usage of ceftazidime-av-
ibactam in this setting.

As expected, most of the included publica-
tions involved severely ill patients with signifi-
cant comorbidities; the main pathogens were
CRE/CPE and P. aeruginosa. A large proportion
of reported cases treated with ceftazidime-av-
ibactam included either primary or secondary
bacteraemia, and many involved combination
treatment with other antibiotics. The relatively
wide inclusion criteria for literature in the cur-
rent analysis [notable exclusions were paediatric
data and studies involving pathogens listed in
the European Summary of Product Characteris-
tics as non-susceptible to ceftazidime-avibactam
(e.g., Acinetobacter spp. or MBL-producing iso-
lates)] and the resulting large number of publi-
cations  encompassing multiple patient
populations, infection types, and various end-
points and definitions limit the possibility for
quantitative analysis and warrant caution in
generalising the findings. However, an advan-
tage of this broad scope is the inevitable inclu-
sion of several publications that have been
subject to more formal analysis. Onorato et al.
(2019) reported a meta-analysis of 11 studies
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including 396 patients with CRE or car-
bapenem-resistant P. aeruginosa infections trea-
ted with ceftazidime-avibactam [92]; these 11
studies were all included in the current review.
The meta-analysis by Onorato et al. was
designed to assess the impact of ceftazidime-
avibactam monotherapy versus combination
therapy with other antibiotics. Rates of mortal-
ity [38% for combination therapy and 31% for
monotherapy; risk ratio (RR) 1.18, 95% CI
0.88-1.58; P = 0.259] and microbiological cure
(65% vs. 63%, respectively; RR 1.04, 95% CI
0.85-1.28, P = 0.705) were comparable for cef-
tazidime-avibactam as monotherapy or as part
of a combination regimen [92]. A similar net-
work meta-analysis by Fiore et al. (2020) [93]
included six observational studies, all of which
are also included in the current review
[18, 20, 23, 28, 30, 37]. Similarly, Dietl et al.
(2020) reviewed 11 observational and compar-
ative studies of ceftazidime-avibactam in
patients with CPE infections (including 8 in
patients with KPC- and 3 in patients with OXA-
48-producing Enterobacterales) [94], all of
which were also included in the current review
[18, 19, 23, 28, 30, 31, 34, 38, 41, 49, 56].
Finally, a systematic review of severe infectious
complications among patients with haemato-
logical malignancies identified three studies of
ceftazidime-avibactam [95], of which two were
included in the current review (the third was
excluded as it involved treatment of an infec-
tion caused by an MBL-producing organism)
[23, 53].

The current qualitative analysis is an attempt
to complement, rather than replicate, the meta-
analyses and RCTs that were excluded from our
dataset [92-100]. Although lacking the statisti-
cal robustness of RCTs or meta-analyses,
advantages of our qualitative approach include
the broad inclusion criteria and focus on
observational data, in contrast to the relatively
selective inclusion criteria inherent in meta-
analyses and RCTs. Given these broad inclusion
criteria, our dataset inevitably included a varied
and heterogeneous patient population and a
mixture of different assessments and outcome
measures; as such, we are unable to provide
overall or aggregated efficacy data for cef-
tazidime-avibactam across the different

publications that we included. Nevertheless,
this review provides important insights into
how ceftazidime-avibactam is being used in
practice for the treatment of serious Gram-
negative infections with limited treatment
options, in particular, those caused by non-
MBL-producing CRE and P. aeruginosa. In some
cases, positive clinical outcomes were reported
with documented reductions in renal toxicity
compared with other possible treatment
options (e.g., aminoglycosides and/or colistin/
polymixins). The accumulating data from RCTs
and real-world clinical experience with cef-
tazidime-avibactam have prompted its inclu-
sion in various national and regional guidance
documents and management protocols
[101-107]. For example, guidance by the Infec-
tious Diseases Society of America for the man-
agement antimicrobial-resistant Gram-negative
infections recommends ceftazidime-avibactam
as a preferred treatment option for CRE and P.
aeruginosa infections both within and outside of
the urinary tract [107].

The review also highlights areas in which
further research may help elucidate optimal use
of ceftazidime-avibactam (for example, in
patients undergoing CRRT). In addition, and
not unexpectedly given the nature of the lim-
ited treatment options setting (including com-
plicated infections and extensive and complex
comorbidities), the analysis included several
publications reporting resistance emergence
and/or reduced susceptibility during therapy
with ceftazidime-avibactam [29, 32-35, 39, 47,
55, 56, 61, 85, 89]. A further study specifically
evaluated outcomes for five patients with doc-
umented resistance ceftazidime-avibactam
emergence [60]. Of note, information on the
timing of resistance emergence relative to ini-
tiation of ceftazidime-avibactam therapy was
reported inconsistently. As with all antimicro-
bial agents, use of ceftazidime-avibactam
should be guided, wherever possible, by patho-
gen culture/phenotypic susceptibility results
(ideally supported by genotypic detection and
characterisation of any carbapenemases identi-
fied) and local resistance patterns. In cases
where patients show signs of deterioration or
failure to improve, it is important that pur-
poseful microbiological sampling is undertaken
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to enable early detection of potential resistance
development on therapy.

An important point to highlight regarding
the inclusion criteria and data extraction is that
although we endeavoured to exclude publica-
tions reporting off-label use of ceftazidime-av-
ibactam, in some instances, we did include
publications reporting data on the use of cef-
tazidime-avibactam outside of the approved
European Summary of Product Characteristics.
For example, some reported studies included
patients undergoing CRRT [32, 42, 48, 50, 55],
although there are no approved ceftazidime-
avibactam dosing recommendations for such
patients; similarly, some studies reported the
use of doses of ceftazidime-avibactam (includ-
ing adjustments for renal function) outside of
the dosing recommendations in the European
Summary of Product Characteristics. One case
series reported on the use of ceftazidime-av-
ibactam in surgical prophylaxis in two patients
with cystic fibrosis undergoing lung transplan-
tation [52] (this publication was nonetheless
included because both patients also subse-
quently received ceftazidime-avibactam post-
operatively for infections consistent with the
‘limited treatment options’ definition). More-
over, a few studies reported on the use of cef-
tazidime-avibactam in combination with other
agents to treat infections caused by MBL-pro-
ducing bacteria or species listed in the European
Summary of Product Characteristics as inher-
ently resistant to ceftazidime-avibactam (for
example Acinetobacter species); we excluded
such publications, except in a few instances
where the data were reported alongside/within
a larger patient group in which the reported use
of ceftazidime-avibactam was otherwise consis-
tent with approved labelling. A case series of
three patients with XDR P. aeruginosa infections
reported use of an off-label dose of ceftazidime-
avibactam alongside aztreonam [61]; we never-
theless included these data since a second
patient in the series received standard-dose
ceftazidime-avibactam (plus colistin then
aztreonam) and was reported to have on-ther-
apy resistance emergence after 60 days of
treatment.

Although it has been anecdotally reported
that the standard ceftazidime-avibactam dosage

regimen for patients with CrCL > 50 ml/min
(i.e., 2.5g by 2-h intravenous infusions gq8h)
may be suitable for patients with pneumonia
undergoing continuous venovenous haemodi-
afiltration [108, 109], it is important to note
that appropriate ceftazidime-avibactam dosage
regimens for patients receiving CRRT have not
been established. In the retrospective study of
77 patients with CRE infections by Shields et al.
(2018), 3 patients required CRRT, including 2 of
the 5 patients with pneumonia [32]. Cef-
tazidime-avibactam doses for these three
patients ranged from 0.94 g every 12 h (q12h) to
2.5g q8h. The link between ceftazidime-av-
ibactam underdosing and clinical failure in
renal impairment was identified in the phase 3
RECLAIM trial [5] and has been further reviewed
by Li et al. (2020) [110]. Considering the small
sample size and variable ceftazidime-avibactam
dosing in the CRRT subset in the analysis by
Shields et al. [32], the reported statistical asso-
ciation between pneumonia and treatment
failure should be interpreted with caution.

In conclusion, the data reviewed here
demonstrate qualitative evidence of successful
use of ceftazidime-avibactam for treatment of
hospitalised patients with Gram-negative
infections with limited treatment options,
based on clinical and microbiological cure out-
comes and mortality, including evidence of
effectiveness against CRE and MDR P. aerugi-
nosa. The review also highlights areas where
further data are needed, for example, on the use
of ceftazidime-avibactam in patients undergo-
ing CRRT.
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