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Background: MBL-producing strains of Enterobacteriaceae are a major public health concern. We sought to de-
fine optimal combination regimens of ceftazidime/avibactam with aztreonam in a hollow-fibre infection model
(HFIM) of MBL-producing strains of Escherichia coli and Klebsiella pneumoniae.

Methods: E. coli ARLG-1013 (blaNDM-1, blaCTX-M, blaCMY, blaTEM) and K. pneumoniae ARLG-1002 (blaNDM-1,
blaCTXM-15, blaDHA, blaSHV, blaTEM) were studied in the HFIM using simulated human dosing regimens of
ceftazidime/avibactam and aztreonam. Experiments were designed to evaluate the effect of staggered versus
simultaneous administration, infusion duration and aztreonam daily dose (6 g/day versus 8 g/day) on bacterial
killing and resistance suppression. Prospective validation experiments for the most active combination regimens
were performed in triplicate to ensure reproducibility.

Results: Staggered administration of the combination (ceftazidime/avibactam followed by aztreonam) was
found to be inferior to simultaneous administration. Longer infusion durations (2 h and continuous infusion) also
resulted in enhanced bacterial killing relative to 30 min infusions. The rate of killing was more pronounced with
8 g/day versus 6 g/day aztreonam combination regimens for both tested strains. In the prospective validation
experiments, ceftazidime/avibactam with aztreonam dosed every 8 and 6 h, respectively (ceftazidime/avibac-
tam 2/0.5 g every 8 h!aztreonam 2 g every 6 h), or ceftazidime/avibactam with aztreonam as continuous infu-
sions resulted in maximal bacterial killing and resistance suppression over 7 days.

Conclusions: Simultaneous administration of aztreonam 8 g/day given as a continuous or 2 h infusion with cef-
tazidime/avibactam resulted in complete bacterial eradication and resistance suppression. Further study of this
combination is needed with additional MBL-producing Gram-negative pathogens. The safety of this double b-
lactam strategy also warrants further study in Phase 1 clinical trials.

Introduction

While several new antibiotics with efficacy against ESBL- and KPC-
producing Gram-negative infections have been approved, few
have in vitro activity against MBL-producing strains of
Enterobacteriaceae.1,2 Polymyxins are often active against

MBL-producing Enterobacteriaceae but toxicity and emergence of
resistance concerns limit their use.3,4 One strategy that may serve
as a ‘bridge’ treatment for MBL-producing Gram-negative infec-
tions is the combination of two currently available antibiotics: cef-
tazidime/avibactam and aztreonam.5–8 Although aztreonam is
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not hydrolysed by MBLs, most MBL-producing Gram-negative bac-
teria also harbour ESBL or KPC serine b-lactamases that inactivate
aztreonam.5,6,9–12 Avibactam, which inhibits serine b-lactamases,
protects aztreonam from degradation, preserving its activity
against MBL-producing Gram-negative bacteria. The aztreonam/
avibactam combination is being tested in clinical trials. However, it
will be several years before this new treatment option will be con-
sidered for approval by the FDA for treating patients infected with
MBL-producing Gram-negative bacteria.13

Although the combination of ceftazidime/avibactam with az-
treonam has been shown to be efficacious against MBL-producing
Enterobacteriaceae in pre-clinical studies and clinical case reports,
the optimal dose and schedule remain unknown.6–9 Given this crit-
ical gap in the literature, hollow-fibre infection model (HFIM) stud-
ies were conducted using clinical isolates of Escherichia coli and
Klebsiella pneumoniae that co-produced NDM and ESBL (CTX-M-
15) to identify optimal combination regimens that result in
maximal bacterial killing and resistance suppression. We opted to
conduct HFIM studies as they are an integral part of the drug de-
velopment process and are used to inform dose and schedule se-
lection for Phase III clinical trials.14–16 They are particularly useful
in situations when there are limited clinical data available to define
optimal therapy, especially when there is interest in studying
humanized drug exposure profiles, treatment durations and start-
ing bacterial burdens that mirror clinical practice.17,18

When designing the study, we sought to answer several im-
portant clinical questions. Firstly, we were interested in determin-
ing whether administration of ceftazidime/avibactam and
aztreonam should be simultaneous or staggered, as it has been
postulated that avibactam is needed to be present first to
protect aztreonam from enzymatic degradation. Secondly, we
sought to determine the optimal dosing of aztreonam in
the presence of standard and continuous infusion (CI) ceftazi-
dime/avibactam.19–22

Methods

Bacterial strains and antimicrobial agents and
susceptibility testing

Two NDM-constitutive clinical isolates of Enterobacteriaceae, E. coli ARLG-
1013 (blaNDM-1, blaCTX-M, blaCMY, blaTEM) and K. pneumoniae ARLG-1002
(blaNDM-1, blaCTXM-15, blaDHA, blaSHV, blaTEM), were selected for the HFIM stud-
ies. ARLG-1013 and ARLG 1002 were obtained from PRIMERS I and II
(Platforms for Rapid Identification of MDR Gram-negative bacteria and
Evaluation of Resistance Studies), with details of these strains found else-
where.23 Aztreonam and ceftazidime analytic powders were obtained from
Sigma Chemical Company (St Louis, MO, USA). Avibactam analytical pow-
der was obtained from Allergan. MICs of ceftazidime/avibactam and az-
treonam were determined by broth microdilution in accordance with CLSI
standards.24 For combinations, MICs of aztreonam were determined in the
presence of 8/4 mg/L of ceftazidime/avibactam. The 8/4 ceftazidime/avi-
bactam concentration was selected from the current breakpoint and
derived from three-drug chequerboard studies involving fixed concentra-
tions of ceftazidime/avibactam and varying aztreonam concentrations.

HFIM
The HFIM studies were conducted over 7 days using a two-compartment
model system with cellulosic cartridges (cartridge C3008; FiberCell
Systems, Inc., Frederick, MD, USA) for bacterial growth and containment of

all bacterial populations, as described previously.25 Simulated drug expo-
sures for ceftazidime, avibactam and aztreonam were based on human
population pharmacokinetic data and a half-life of 2 h.26–29

An initial bacterial inoculum of 7.5 log10 cfu/mL was selected based on
quantitative bronchoalveolar lavage results observed in patients with
ventilator-associated bacterial pneumonia (VABP).30,31 Samples were with-
drawn from the cartridge before the first dose (0 h sample) and 1, 2, 4, 8,
24, 26, 28, 30, 48, 50, 52, 54, 72, 120 and 168 h after the initial dose for de-
termination of total bacterial counts. Total bacterial counts were quantified
by plating 50lL aliquots onto Mueller–Hinton Agar (MHA) plates (BD Co.,
Franklin Lakes, NJ, USA) without drug, with a limit of detection of
2.0 log10 cfu/mL. Resistant subpopulations were quantified at 0, 24, 48, 72,
120 and 168 h by plating 50 lL aliquots onto MHA plates, each containing
the following antimicrobial(s): aztreonam alone (2, 8 and 32 mg/L); ceftazi-
dime/avibactam alone (2/4, 8/4 and 32/4 mg/L); and aztreonam/ceftazi-
dime/avibactam (2/2/4, 8/8/4 and 32/32/4 mg/L). All cultures were
incubated at 37�C for 24 h prior to quantification. Additional details for prep-
aration of antibiotic-containing MHA plates can be found in the
Supplementary data (available at JAC Online). Bactericidal activity was
defined as >3 log10 cfu/mL reduction in bacterial burden from baseline.

Simulated regimens
Concentration–time profiles were simulated for a number of aztreonam
regimens in combination with ceftazidime/avibactam (Table 1).26–29 We
purposely limited the HFIM to ceftazidime/avibactam and aztreonam doses
listed in the package insert to provide pragmatic solutions that could be
quickly translated to the clinical setting to combat NDM-producing
Enterobacteriaceae.28,29 The regimens studied were designed to simulate
an array of aztreonam dosing regimens used in combination with standard
and CI ceftazidime/avibactam. As part of the experiments, infusion times
(0.5 and 2 h infusions and CIs), total daily dose (6 g/day versus 8 g/day) and
timing of administration (simultaneous versus staggered) were varied.
Model fits for all three drugs were satisfactory (see Figures S1–S3).

Dose selection for aztreonam was performed in an iterative fashion,
starting with 6 g total daily dose regimens. Mild to moderate asymptomatic
serum aminotransferase elevations are common with aztreonam and ap-
pear to be dose dependent in nature.32–34 Therefore, there was interest in
identifying the lowest daily dose of aztreonam that resulted in maximal
bacterial killing and resistance suppression. To provide some context of the
outcomes observed with the ceftazidime/avibactam with aztreonam regi-
mens, we simulated the Phase III aztreonam/avibactam regimen currently
being studied in clinical trials (aztreonam 1.5 g over 3 h, every 6 h, with avi-
bactam 0.5 g over 3 h, every 6 h).13 Lastly, to ensure scientific rigour and re-
producibility, selected regimens were completed in triplicate (n = 3
independent HFIM experimental arms) to prospectively validate the per-
formance of leading standard and CI combination regimens against E. coli
ARLG-1013.

Antibiotic assay methods
Antibiotic concentrations in the HFIM were validated. Ceftazidime concen-
trations were analysed via LC-MS/MS (Agilent 6460 coupled with an Agilent
series 1260 UHPLC system; Agilent Technologies, Santa Clara, CA, USA).
Aztreonam concentrations were quantified using LC-MS/MS with a
Shimadzu LC system and a triple quadrupole tandem mass spectrometer
API 4000 (Applied Biosystems/MDS Sciex, Ontario, Canada) by Keystone
Bioanalytical (North Wales, PA, USA). Avibactam concentrations were quan-
tified using LC-MS/MS with a Shimadzu LC system and a triple quadrupole
tandem mass spectrometer API 5500 QTrap (Applied Biosystems/MDS
Sciex by Keystone Bioanalytical), as previously described.35 Additional
methods and pharmacokinetic validation are provided in the
Supplementary Methods (Table S1).

CAZ/AVI!ATM against MBL-producing Enterobacteriaceae JAC

2623

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/75/9/2622/5848380 by U

niversity of Florida user on 12 O
ctober 2020

https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa197#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa197#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa197#supplementary-data
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaa197#supplementary-data


Results

Isolate susceptibility

Against E. coli ARLG-1013, the following MIC values were observed:
>64 mg/L for aztreonam; >64 mg/L for ceftazidime/avibactam;
and 4 mg/L for aztreonam in the presence of ceftazidime/avibac-
tam at 8/4 mg/L. Against K. pneumoniae ARLG-1002, the following
MIC values were observed: >64 mg/L for aztreonam; >64 mg/L for
ceftazidime/avibactam; and 2 mg/L for aztreonam in the presence
of ceftazidime/avibactam at 8/4 mg/L.

HFIM experiments

Timing of combination administration: simultaneous
versus staggered

Against E. coli ARLG-1013 (Figure 1a), there was no bacterial killing
with staggered administration of standard dosing of ceftazidime/
avibactam followed by aztreonam; bacterial counts were similar
to those observed with the monotherapy regimens and growth
control. With simultaneous administration of aztreonam with
standard dosing of ceftazidime/avibactam, there was initial bac-
tericidal activity (4.23 log10 cfu/mL reduction by 54 h) followed by
steady regrowth over the course of the experiment. Initial bacterial
killing was observed with both simultaneous and staggered ad-
ministration of aztreonam in the presence of CI ceftazidime/avi-
bactam. However, there were�4 log10 cfu/mL of bacteria present
at 168 h with staggered administration of aztreonam with CI cef-
tazidime/avibactam. In contrast, bacterial counts were lower than
the limit of detection at 168 h with simultaneous infusion of az-
treonam and CI ceftazidime/avibactam.

Against K. pneumoniae ARLG-1002 (Figure 1b), both staggered
and simultaneous administration of aztreonam with ceftazidime/
avibactam resulted in a rapid initial bacterial killing of #5.04 and
#4.44 log10 cfu/mL reduction, respectively, and with no detectable

bacterial counts below the limit of detection by 168 h. Time to the
limit of detection was longer with staggered versus simultaneous
administration of aztreonam with ceftazidime/avibactam, at 50 h
versus 30 h.

Duration of infusion with simultaneous dosing

The 30 min infusion time of the aztreonam and ceftazidime/avi-
bactam combination, the shortest infusion time studied, resulted
in no bacterial killing of E. coli ARLG-1013 (Figure 2). Additionally,
the 30 min infusion time had a similar rate of growth within the
first 24 h compared with the growth control [0.105 (log10 cfu/mL)/
h for 30 min infusion versus 0.0864 (log10 cfu/mL)/h for growth
control as determined by simple linear regression, P = 0.368]. Initial
bacterial killing was observed with both 2 h infusion and CI of az-
treonam and ceftazidime/avibactam. However, for both bacteria,
the rate and extent of bacterial killing was more pronounced with
CIs of aztreonam and ceftazidime/avibactam compared with the
2 h infusion regimen, with bacterial counts reaching the limit of
quantification by 26 h for both species. Both the 2 h infusion and CI
failed to achieve eradication; however, bacterial counts were con-
sistently lower and at the limit of detection for the CI regimen.

Daily aztreonam dose (6 g versus 8 g daily) with
ceftazidime/avibactam and aztreonam/avibactam

Against E. coli ARLG-1013, initial bactericidal activity was observed
with both aztreonam 6 g/day and 8 g/day in combination with cef-
tazidime/avibactam (Figure 3a) but the rate and extent of killing
was more pronounced with 8 g/day aztreonam combination regi-
mens (Figure 3b). Only three of the six experiments with aztreo-
nam 6 g/day achieved bacterial counts below the lower limits of
detection by the end of the experiment (i.e. 168 h), whereas all
experiments using 8 g/day achieved complete eradication by 72 h.
For the three aztreonam 6 g/day combination regimens that

Table 1. Simulated regimens in the HFIM

Regimen Description Ceftazidime/avibactam regimen Infusion Aztreonam regimen Infusion Timing of administration

1 control

2 monotherapy 2/0.5 g q8h 2 h — — —

3 monotherapy — — 2 g q8h 2 h —

4 q8h!q8h 2/0.5 g q8h 2 h 2 g q8h 2 h simultaneous

5 q8h!q8h 2/0.5 g q8h 2 h 2 g q8h 2 h staggered

6 CI!q8h 6/1.5 g per day CI 2 g q8h 2 h simultaneous

7 CI!q8h 6/1.5 g per day CI 2 g q8h 2 h staggered

8 CI!CI 6/1.5 g per day CI 6 g per day CI simultaneous

9 q8h!q6h 2/0.5 g q8h 2 h 1.5 g q6h 2 h simultaneous

10 CI!q6h 6/1.5 g per day CI 1.5 g q6h 2 h simultaneous

11 q6h!q6h 1.5/0.375 g q6h 2 h 1.5 g q6h 2 h simultaneous

12 q8h!q6h 2/0.5 g q8h 2 h 2 g q6h 2 h simultaneous

13 CI!q6h 6/1.5 g per day CI 2 g q6h 2 h simultaneous

14 CI ! CI 6/1.5 g per day CI 8 g per day CI simultaneous

15 q6h!q6h 1.5/0.375 g q6h 2 h 2 g q6h 2 h simultaneous

16 q8h!q8h 2/0.5 g q8h 30 min 2 g q8h 30 min simultaneous

Combination administration strategies were either staggered (ceftazidime/avibactam was given first, followed by aztreonam 2 g given later) or simul-
taneous (ceftazidime/avibactam and aztreonam given together). Loading doses were included in the CI regimens.
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achieved bacterial counts below the lower limits of detection by
168 h, two were combined with CI ceftazidime/avibactam and one
was aztreonam 1.5 g IV every 6 h with standard dosing of ceftazi-
dime/avibactam. Compared with aztreonam 2 g IV every 6 h with
standard dosing of ceftazidime/avibactam, aztreonam 1.5 g IV
every 6 h with standard dosing of ceftazidime/avibactam had a
longer time to complete bacterial eradication and exhibited a saw-
tooth bacterial killing effect.

Rapid initial bacterial killing and complete bacterial eradication
with resistance suppression was observed across all aztreonam
6 g/day and 8 g/day regimens against K. pneumoniae ARLG-1002
(Figure 3c and d). Most notably, the initial rate of bacterial killing
was similar between aztreonam 1.5 g IV every 6 h with standard
dosing ceftazidime/avibactam and aztreonam 2 g IV every 6 h
with standard dosing ceftazidime/avibactam, with rates of
#0.222 (log10 cfu/mL)/h and#0.217 (log10 cfu/mL)/h, respectively.
However, the time to complete bacterial eradication was longer

with aztreonam 6 g/day, including the aztreonam 1.5 g IV every
6 h with standard dosing ceftazidime/avibactam, relative to the
8 g/day aztreonam combination regimen.

Results from the HFIM runs simulating the aztreonam/avibac-
tam dosing regimen currently being studied in clinical trials (i.e. az-
treonam 1.5 g with avibactam 0.5 g every 6 h) are also shown in
Figure 3. Against K. pneumoniae ARLG-1002, rapid bacterial killing
was noted with avibactam/aztreonam, followed by bacterial re-
growth. For E. coli ARLG 1013, bacterial growth was still detected
at 120 h but suppression of bacterial counts was observed by
168 h.

Validation of HFIM studies with E. coli ARLG-1013. The follow-
ing regimens were completed in triplicate: growth control; ceftazi-
dime/avibactam 2/0.5 g every 8 h (2 h infusion) and aztreonam 2 g
every 8 h (2 h infusion); ceftazidime/avibactam 2/0.5 g every 8 h
(2 h infusion) and aztreonam 2 g every 6 h (2 h infusion);
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1. Growth Control
2. CAZ/AVI 2 g/0.5 g q8 h monotherapy
3. ATM 2 g q8 h monotherapy
4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h simultaneous

6. CAZ/AVI 6 g/1.5 g per day CI + ATM 2 g q8 h simultaneous
5. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h staggered

7. CAZ/AVI 6 g/1.5 g per day CI + ATM 2 g q8 h staggered

 E. coli

 K. pneumoniae

Legend:

1. Growth Control
3. ATM 2 g q8 h Monotherapy
2. CAZ/AVI 2 g/0.5 g Monotherapy
5. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h staggered
4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h simultaneous

7. CAZ/AVI 6 g/1.5 g CI + ATM 2 g q8 h staggered

6. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h simultaneous

1. Growth Control
3. ATM Monotherapy

2. CAZ/AVI Monotherapy

7. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h staggered
5. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h staggered
4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h simultaneous
6. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h simultaneous

(a)

(b)

Figure 1. Staggered versus simultaneous dosing regimens for ceftazidime/avibactam (CAZ/AVI) in combination with aztreonam (ATM) against E. coli
and K. pneumoniae. Combination administration strategies were either staggered (ceftazidime/avibactam was given first, followed by aztreonam 2 g
given later) or simultaneous (ceftazidime/avibactam and aztreonam given together). This figure appears in colour in the online version of JAC and in
black and white in the print version of JAC.
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ceftazidime/avibactam 6/1.5 g per day CI and aztreonam 8 g/day
CI; and ceftazidime/avibactam 1.5/0.375 g every 6 h (2 h infusion)
and aztreonam 2 g every 6 h (2 h infusion). We selected the higher
intensity 8 g/day of aztreonam regimens because they exhibited
more rapid and sustained killing and less of a sawtooth killing pat-
tern. We included ceftazidime/avibactam 2/0.5 g every 8 h (2 h in-
fusion) and aztreonam 2 g every 8 h (2 h infusion) as a positive
control since it included the most commonly used standalone regi-
mens in clinical practice. The results of the triplicate prospective
validation HFIM experiments with E. coli ARLG-1013 are shown in
Figure 4. When aztreonam 8 g/day was administered with CI cef-
tazidime/avibactam, rapid initial bacterial killing was observed by
24 h and suppression of the resistant subpopulation over 168 h.
Comparing all aztreonam 8 g/day combination regimens, bacterial
reductions in the first 24 h were: >5.75 log10 cfu/mL for ceftazi-
dime/avibactam CI and aztreonam CI, >5.84 log10 cfu/mL for cef-
tazidime/avibactam every 6 h and aztreonam every 6 h; and
>5.82 log10 cfu/mL for ceftazidime/avibactam every 8 h and az-
treonam 2 g every 6 h. These reductions were sustained at 168 h,
with bacterial counts below the limit of detection. Given the logis-
tical challenges associated with dosing aztreonam every 6 h and
ceftazidime/avibactam every 8 h, we also tested aztreonam 2 g
every 6 h with ceftazidime/avibactam 1.875 g every 6 h. Overall,
complete bacterial eradication was achieved by 48 h with this regi-
men, but the rate and extent of bacterial killing was less pro-
nounced relative to the other two aztreonam 8 g/day with
ceftazidime/avibactam regimens.

Population analysis profiles (PAPs)

PAPs showed that in all cases the resistant subpopulations capable
of growing on agar containing aztreonam or ceftazidime/avibac-
tam were largely represented by the total counts. There was little
heterogeneity in bacterial resistance with either aztreonam or

ceftazidime/avibactam. The triple-drug PAPs showed complete
suppression compared with the growth control, indicating that
there was no proliferation of resistance due to the treatment, even
in the least successful regimen of ceftazidime/avibactam 2/0.5 g
every 8 h (2 h infusion) and aztreonam 2 g every 8 h (2 h infusion)
(Figure 5).

Discussion

The most compelling findings in this HFIM study are the rate and
extent of bactericidal activity and resistance suppression observed
with aztreonam in combination with ceftazidime/avibactam.
Across most tested combination regimens, a bactericidal effect
was observed within the first 8 h, complete bacterial eradication
was achieved within 48 h, and there was no bacterial regrowth or
resistance emergence over the 7 day study duration. This level of
rapid bactericidal activity has only been reported with high-dose
polymyxin-based triple combination regimens.25 However, re-
growth and resistance development are commonplace with
polymyxin-based combination regimens, especially those employ-
ing physiological concentrations of polymyxins.25 The combination
of aztreonam 8 g/day with ceftazidime/avibactam also outper-
formed the aztreonam/avibactam regimen currently in clinical de-
velopment (1.5/0.5 g every 6 h) in the HFIM experiments.13 While
the mechanism of rapid and sustained bacterial killing with az-
treonam and ceftazidime/avibactam has not been established, it
is likely attributable to maximal saturation of the diverse PBPs pre-
sent in Gram-negative bacteria, flooding of the periplasm with b-
lactams and inhibition of available b-lactamases.9,36

Another clinically relevant finding from the HFIM experiments
was the daily dose of aztreonam required for maximal effect with
ceftazidime/avibactam. Aztreonam 6 g/day regimens are most
commonly used in clinical practice. However, most of the combin-
ation regimens that included aztreonam 6 g/day did not perform

E. coli

Legend:

1. Growth Control
3. ATM Monotherapy
16. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h (30 min + 30 min)
2. CAZ/AVI Monotherapy

4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h (2 h + 2 h)

8. CAZ/AVI 6 g/1.5 g per day CI + ATM 6 g per day CI (CI + CI)
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1. Growth Control
2. CAZ/AVI 2 g/0.5 g q8 h monotherapy
3. ATM 2 g q8 h monotherapy
4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h (2 h + 2 h)
8. CAZ/AVI 6 g/1.5 g per day CI + ATM 6 g per day CI (CI + CI)
16. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h (30min + 30min)

Figure 2. Effect of infusion duration on bacterial killing and regrowth against E. coli (ARLG 1013). This figure appears in colour in the online version of
JAC and in black and white in the print version of JAC.
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as well as those using total daily doses of 8 g. The enhanced activ-
ity of aztreonam 8 g/day versus 6 g/day was largely consistent
across both ceftazidime/avibactam dosing strategies (standard
and CI) and tested isolates. While this was observed with both
strains, the benefits of aztreonam 8 g/day versus 6 g/day in com-
bination with ceftazidime/avibactam were most pronounced with
E. coli. Of note, there were only subtle differences in bacterial killing
and complete bacterial eradication between aztreonam 1.5 g IV
every 6 h with standard dosing ceftazidime/avibactam and aztreo-
nam 2 g IV every 6 h with standard dosing ceftazidime/avibactam.
Furthermore, both regimens outperformed standard dosing (az-
treonam 2 g IV every 8 h) in combination with standard dosing

ceftazidime/avibactam. Future dose-ranging and fractionation
HFIM studies are needed to determine whether there are any ap-
preciable differences in these two regimens. For now, the decision
to use aztreonam 1.5 or 2 g IV every 6 h in combination with stand-
ard dosing ceftazidime/avibactam in clinical practice requires a
detailed risk versus benefit analysis on a case-by-case basis.

Despite the notion that avibactam must be present prior to the
administration of aztreonam to effectively inhibit b-lactamases,
we did not find this to be the case. For both E. coli and K. pneumo-
niae, staggered administration of ceftazidime/avibactam followed
by aztreonam resulted in less bacterial killing and greater regrowth
than simultaneous administration of the two together. Against K.

 Aztreonam 6 g/day vs. E. coli

Legend:

 Aztreonam 8 g/day vs. E. coli

 Aztreonam 6 g/day vs. K. pneumoniae  Aztreonam 8 g/day vs. K. pneumoniae
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Legend:
1. Growth Control
2. CAZ/AVI 2 g/0.5 g q8 h monotherapy
3. ATM 2 g q8 h monotherapy
12. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q6 h 
13. CAZ/AVI 6 g/1.5 g per day CI + ATM 2 g q6 h 
14. CAZ/AVI 6 g/1.5 g per day CI + ATM 8 g per per day
17. AVI 0.5 g q6 h + ATM 1.5 g q6 h 

1. Growth Control
2. CAZ/AVI 2 g/0.5 g q8 h monotherapy
3. ATM 2 g q8 h monotherapy
4. CAZ/AVI 2 g/0.5 g q8 h + ATM 2 g q8 h
6. CAZ/AVI 6 g/1.5 g per day CI + ATM 2 g q8 h
8. CAZ/AVI 6 g/1.5 g per day CI + ATM 6 g per day CI
9. CAZ/AVI 2 g/0.5 g q8 h + ATM 1.5 g q6 h
10. CAZ/AVI 6 g/1.5 g per day CI + ATM 1.5 g q6 h

17. AVI 0.5 g q6 h + ATM 1.5 g q6 h
11. CAZ/AVI 1.5 g/0.375 g q6 h + ATM 1.5 g q6 h

(a) (b)

(c) (d)

Figure 3. Effects of altering aztreonam dose from 6 g/day to 8 g/day in combination with standard and CI ceftazidime/avibactam. Other regimens
included a growth control, aztreonam monotherapy, ceftazidime/avibactam monotherapy and the aztreonam/avibactam regimen [aztreonam/avi-
bactam 1.5/0.5 g IV q6h (2 h infusion)], which is currently being evaluated in a Phase III clinical trial. This figure appears in colour in the online version
of JAC and in black and white in the print version of JAC.

CAZ/AVI!ATM against MBL-producing Enterobacteriaceae JAC

2627

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/75/9/2622/5848380 by U

niversity of Florida user on 12 O
ctober 2020



pneumoniae, these effects were less pronounced than for E. coli.
However, bacterial killing was not as rapid, nor was bacterial killing
as extensive as was observed with the simultaneously adminis-
tered combination regimens. These findings suggest that both
agents must be administered simultaneously to maximize protec-
tion against circulating b-lactamases and achieve maximal killing.

Although we postulated that the CI combination would outper-
form the standard dosing combination regimen, we did not find
this to be the case with aztreonam 8 g/day combination regimens.

Given the similar bactericidal activity of high-dose aztreonam
paired with either standard-dose or CI ceftazidime/avibactam,
practical concerns should drive combination regimen selection.
The principal advantages of CI are fewer daily administrations and
reduced costs for labour, supplies and administration. The major
disadvantages of CI are the need for a dedicated line for infusion
(which often leads to drug compatibility and administration
issues), issues of drug stability and waste, and lack of ambulation
for the patient. CI often requires insertion of a central line, which
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Regimen 15. q6h + q6h.
CAZ/AVI 1.5 g/0.375 g q6h and ATM 2g q6h
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Figure 4. Prospective validation of optimal regimens identified in HFIM studies. This figure appears in colour in the online version of JAC and in black
and white in the print version of JAC.
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places patients at unnecessary risk of secondary catheter-related
infection.19 Additionally, safety of CIs of aztreonam and ceftazi-
dime/avibactam have not been formally established in a regula-
tory study. However, there are considerable published data on the
safety of b-lactams when given as CIs.20–22

Several factors should be considered when interpreting these
findings. Firstly, these HFIM experiments represent a conservative
estimate of bactericidal activity, as the model does not account for
the effect of the native immune system.17 Despite this limitation,
multiple studies have demonstrated parity between results of
HFIM studies and animal studies.17,37 We acknowledge the use of
two bacterial isolates (one each of E. coli and K. pneumoniae).
However, we have observed similar findings demonstrating the
bactericidal activity of the ceftazidime/avibactam and aztreonam
combination over 48 h against other strains of K. pneumoniae pro-
ducing NDM and CTX-M-15 (data not shown). Total daily doses
were limited to those approved by the FDA as the goal was to iden-
tify optimal regimens for immediate uptake into clinical practice,
given the dearth of available agents with activity against MBL-
producing Enterobacteriaceae.28,29 We did not believe it prudent
to alter the daily ceftazidime/avibactam dose as data suggest that
the amount of avibactam in the current FDA-approved dosing is
minimally sufficient for effect and a lesser amount may lead to
suboptimal outcomes.11,38 Therefore, we chose to alter the aztreo-
nam dose and interval in the presence of standard FDA-approved
and CI dosing of ceftazidime/avibactam when defining optimal
ceftazidime/avibactam with aztreonam combination regimens.

This study was not designed as a pharmacodynamics target-
defining study. It is possible that optimal dosing of ceftazidime/avi-
bactam with aztreonam could be further improved with a more
quantitative understanding of the pharmacokinetic/pharmacody-
namic drivers for effect when they are used in combination. Our

results, however, are consistent with other studies that have
shown time-over-threshold pharmacodynamic targets for b-lac-
tam/b-lactamase inhibitor combinations, given the benefit
observed with prolonged infusions.11,39,40 Quantification of bacter-
ial inoculum was stopped at 7 days, designed to mimic a typical
treatment course for VABP.30 In more severe infections, a longer
treatment course may be necessary. Most combination regimens,
especially those containing 8 g of aztreonam per day, resulted in
bacterial counts below the limit of detection by 48 h. This effect
was sustained throughout the remainder of the experiment, mak-
ing it unlikely that a longer study duration would have altered the
results.

Like all studies of this nature, the results need to be interpreted
with extreme caution and additional work is still needed to proper-
ly characterize the effectiveness of ceftazidime/avibactam with
aztreonam against MBL-producing Gram-negative pathogens.
Although this study had good validity (42 HFIM arms, including
prospective validation experiments), only two NDM-1-producing K.
pneumoniae and E. coli isolates were tested and further work with
other NDM-producing Enterobacteriaceae, especially those that
co-harbour an OXA-48-like b-lactamase, are needed to under-
stand the external validity of the findings. Furthermore, it is well
established that there is large variability in the hydrolytic capabil-
ities of the various MBLs and it is unclear whether the findings are
applicable to K. pneumoniae and E. coli isolates that harbour other
commonly observed MBLs such as VIM or IMP. It is also unknown
whether the results can be applied to other MBL-producing patho-
gens such as Pseudomonas aeruginosa and Acinetobacter bau-
mannii that possess a more diverse set of intrinsic, acquired and
adaptive resistance mechanisms than K. pneumoniae and E. coli.

Lastly, clinical efficacy and safety of these combination regi-
mens still need to be established in humans. While both
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Figure 5. PAPs of E. coli ARLG-1013 from prospective validation studies. This figure appears in colour in the online version of JAC and in black and
white in the print version of JAC.
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ceftazidime/avibactam and aztreonam are generally safe and well
tolerated, asymptomatic serum aminotransferase elevations are
common during high-dose IV aztreonam therapy (10% to 38%).34

Aztreonam-induced liver injury appears to be transient, mild and
asymptomatic, being marked by serum enzyme elevations only.
Data indicate that aztreonam is unlikely to be a cause of clinically
apparent liver injury and no individual cases of frank liver injury
and jaundice attributable to aztreonam have been reported.
However, there are no available data on safety when these antibi-
otics are used in combination. It is unclear whether ceftazidime/
avibactam combined with aztreonam will further exacerbate liver
enzyme elevations or lead to other adverse events due to the po-
tential for cumulative toxicity from dual-b-lactam treatment.36

From a clinical perspective, the next logical sequential steps are to
conduct a Phase 1 study in healthy participants and, if successful,
a Phase 1b study in the targeted-use patient population. This rep-
resents a novel post-approval pre-clinical to clinical trial design for
evaluating combination therapy. Given the similar bactericidal ac-
tivity of the optimal regimens identified in the validation studies
[ceftazidime/avibactam 2/0.5 g every 8 h (2 h infusion) with aztreo-
nam 2 g every 6 h (2 h infusion)] and CI (ceftazidime/avibactam 6/
1.5 g per day CI with aztreonam 8 g/day CI), we would recommend
studying both regimens in the proposed Phase 1 studies to deter-
mine whether there are any differential safety concerns.
Furthermore, the two regimens have different practical con-
cerns and it will be advantageous for clinicians to have safety
data on both regimens. If both are found to be safe, we would
advocate testing the optimal standard dosing combination in a
pathogen-focused comparator clinical trial, given that both
standalone regimens in the combination are already approved
by the FDA and EU.

In summary, against NDM-1-producing K. pneumoniae and E.
coli isolates, nearly all combination regimens of ceftazidime/avi-
bactam 6/1.5 g per day with aztreonam 6–8 g per day resulted in
rapid and sustained bactericidal activity across 7 day HFIM experi-
ments. Combination regimens that included 8 g/day of aztreonam
largely outperformed those utilizing 6 g/day with few exceptions.
Additionally, prolonged (i.e. �2 h) and simultaneous infusions ap-
pear to be necessary for optimal dosing of this combination
against the tested NDM-producing pathogens. Similar to all studies
of this nature, definitive conclusions regarding the effectiveness of
this combination regimen cannot be made until additional experi-
ments are performed against an array of Gram-negative patho-
gens that harbour different MBLs with varying hydrolytic
capabilities and other resistance mechanisms. Lastly, the clinical
efficacy and safety of the optimal combination regimens identified
in this study need to be established in humans and use at this time
should be based on an assessment of risk versus benefit.
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