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ABSTRACT Carbapenem-resistant Enterobacterales (CRE) and Pseudomonas aeruginosa
(CR-PA) producing metallo-b-lactamases (MBLs) cause severe nosocomial infections with
no defined treatment. The combination of aztreonam (ATM) with ceftazidime-avibactam
(CZA) is a potential therapeutic option, but there is no approved, feasible testing method
for use in clinical laboratories to assess the activity of two antimicrobials in combination.
Here, we evaluate the performance of four ATM-CZA combination testing methods, as fol-
lows: broth disk elution (DE), disk stacking (DS), strip stacking (SS), and strip crossing (SX).
We used 10 clinical, representative Enterobacterales and 6 P. aeruginosa isolates harboring
MBL, Guiana extended-spectrum beta-lactamase (GES), or non-MBL enzymes. Four of these
isolates were from clinical cases treated by ATM-CZA. All CRE producing NDM and CR-PA
producing GES that were resistant to ATM and CZA alone were susceptible to the ATM-
CZA combination. P. aeruginosa generating NDM or VIM remained resistant to ATM-CZA,
likely due to non-b-lactamase mechanisms, and all other isolates were susceptible to ATM
or CZA alone. The most accurate, precise, and reproducible methods of low complexity
were disc elution and both strip methods (SX and SS) using MIC test strips (MTS) , all
with 100% sensitivity and specificity, followed by Etest with SX (95.83% sensitivity, 100%
specificity) and SS (87.5% sensitivity, 100% specificity). DS had the lowest performance. DE
is particularly valuable in low-resource settings that routinely use disks. MTS yielded higher
categorical agreements by SX (94%) and SS (84%), relative to Etest by SX (90%) and SS
(82%). P. aeruginosa results yielded the majority of the errors. These methods may allow
laboratories to inform clinical decision making like combination therapy for severe infec-
tions caused by extensively drug-resistant Enterobacterales.
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Antimicrobial resistance (AMR) is recognized as a major global health threat by the
World Health Organization and the Centers for Disease Control and Prevention,

causing over 35,000 annual deaths in the United States alone (1, 2). Carbapenem-resist-
ant Enterobacterales (CRE) and Pseudomonas aeruginosa (CR-PA) have become serious
causes of recalcitrant health care-associated infections that are often resistant to common
therapeutic options (3). Bloodstream infections due to CRE and CR-PA are associated with
a .30% mortality rate (4). Rapid global dissemination of CRE and CR-PA is often due to
organisms acquiring and sharing AMR determinants. Organisms that are carbapenem re-
sistant due to the production of metallo-beta-lactamases (MBLs), like the New Delhi MBL
(NDM), Verona integron-encoded MBL (VIM), and imipenem-hydrolyzing MBL (IMP) are par-
ticularly problematic. These enzymes can inactivate the majority of beta-lactams in clinical

Citation Khan A, Erickson SG, Pettaway C, Arias
CA, Miller WR, Bhatti MM. 2021. Evaluation of
susceptibility testing methods for aztreonam
and ceftazidime-avibactam combination
therapy on extensively drug-resistant Gram-
negative organisms. Antimicrob Agents
Chemother 65:e00846-21. https://doi.org/10
.1128/AAC.00846-21.

Copyright © 2021 Khan et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Micah M. Bhatti,
MMBhatti@mdanderson.org.

Received 22 April 2021
Returned for modification 26 May 2021
Accepted 18 August 2021

Accepted manuscript posted online
23 August 2021
Published

November 2021 Volume 65 Issue 11 e00846-21 Antimicrobial Agents and Chemotherapy aac.asm.org 1

SUSCEPTIBILITY

18 October 2021

https://orcid.org/0000-0002-0489-0712
https://orcid.org/0000-0002-1518-2973
https://orcid.org/0000-0001-5857-5825
https://doi.org/10.1128/AAC.00846-21
https://doi.org/10.1128/AAC.00846-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00846-21&domain=pdf&date_stamp=2021-8-23


use, except for monobactams like aztreonam (ATM). Cefiderocol, one of the latest antimi-
crobials introduced to clinical settings, also has decreased activity in strains producing NDM
compared with other MBL enzymes (5). Carbapenem resistance in P. aeruginosa is most
commonly mediated by noncarbapenemase mechanisms that include the overproduction
of AmpC, porin loss, and drug efflux, although some isolates also produce carbapenemases
(6). Indeed, P. aeruginosa harboring MBLs and variants of the Guiana extended-spectrum
beta-lactamases (GESs), which have a hydrolysis profile similar to MBLs, are an emerging
threat (7, 8).

There is no defined optimal treatment regimen for MBL-producing organisms. While
agents like colistin and polymyxin B are utilized based on in vitro susceptibility, their clinical
utility is questionable due to a narrow therapeutic window leading to toxicity and emer-
gence of resistance during therapy (9). Aztreonam is stable in the presence of MBL enzymes,
but its frequent cocarriage of extended-spectrum b-lactamases limits its utility as a
monotherapy. Case reports have shown that addition of the novel b-lactamase inhibitor
avibactam, via administration of ceftazidime-avibactam (CZA), in combination with ATM
(ATM-CZA), may have clinical utility in treating infections caused by MBL-producing CRE
and GES-producing CR-PA (7, 10–12). These findings were bolstered by a recent prospec-
tive observational study of patients with bloodstream infections due to MBL-producing
Enterobacterales that showed that ATM-CZA may have a therapeutic advantage, with a
60% reduction in risk of mortality compared with other active antibiotics (hazard ratio,
0.37 [95% confidence interval, 0.13 to 0.74]; P = 0.01), lower clinical failure at day 14, and a
shorter length of hospital stay (13). Avibactam is a novel, potent inhibitor of class A and C
beta-lactamase enzymes paired with ceftazidime. ATM, the monobactam, is stable in the
presence of MBL enzymes. Thus, the combination is likely efficacious because avibactam
inhibits class A and C enzymes from hydrolyzing ATM, and ATM is intrinsically able to
evade class B enzymes and retain antimicrobial killing activity.

Currently, there is no practical and widely accepted antimicrobial susceptibility test-
ing (AST) method available for use in clinical laboratories for assessing the efficacy of
the ATM-CZA combination. Established testing methods to evaluate combinations like
the checkerboard assay or time-kill assays are complex, labor intensive, and difficult to
interpret. Simpler methods like the crossing of gradient strips are highly subjective,
prone to human error, and do not correlate well with better-established methods (7, 10–12).
Clinical case studies demonstrating the utility of the CZA and ATM combination against
MBL-producing Enterobacterales and Stenotrophomonas maltophilia or GES-producing P. aer-
uginosa used various susceptibility testing methods to inform treatment decisions. These
studies included the use of disk stacking (DS), gradient strip stacking (SS), and ATM gradient
strips placed on Mueller-Hinton agar supplemented with CZA to assess the efficacy of the
ATM-CZA combination. A newer method for MIC determination, designated disk elution
(DE), combines the ease of disk diffusion with the reliability of broth dilution methods. Disk
elution was recently endorsed by CLSI as an acceptable method for determining the suscep-
tibility of Gram-negative bacilli to colistin (14, 15). To date, there are no published studies
using the disk elution methodology for combination testing.

In this study, the in vitro performance of ATM-CZA susceptibility testing was assessed
using two disk-based methods, namely, disk stacking (DS) and broth disk elution (DE),
and two MIC-based methods, namely, gradient strip stacking (SS) and gradient strip
crossing (SX). The rationale for evaluating these procedures was to find an accurate
method of low complexity that can be routinely implemented in clinical laboratories, as
well as one that is affordable for use in resource-limited settings.

RESULTS
Establishing a gold standard and characterization of strains. In order to evaluate

the performance of four combination testing methods, a cohort of representative
strains were selected with predictable responses to the ATM-CZA combination based
on their genotypes. The cohort included eight Enterobacterales and eight P. aeruginosa
strains harboring MBL (NDM, VIM, and IMP) and non-MBL enzymes (GES, OXA-48, and
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KPC) (Table 1). Three of these isolates, namely, Escherichia coli, Klebsiella pneumoniae
harboring NDM-5, and a P. aeruginosa harboring GES-19 and GES-26, were isolated from
patients treated successfully with ATM-CZA combination therapy and characterized in pre-
vious studies (7, 10). A modified broth microdilution (mBMD) method was selected as our

TABLE 1 Characteristics of strains used in this studya

Strain name (reference) b-Lactamase(s) Agent
mBMDMIC
(mg/ml) S/I/Rb

Synergy
category

CDC MIC
(mg/ml)

Escherichia coli ATCC 25922 None, quality-control strain ATM ,0.25 S Negative
CZA ,0.25 S
ATM1 CZA ,0.25 S

E. coli 2769 (10) NDM-5 ATM .64 R Positive
CZA .64 R
ATM1 CZA 2 S

Klebsiella pneumoniae 2770 (10) NDM-5 ATM .64 R Positive
CZA .64 R
ATM1 CZA 0.5 S

Pseudomonas aeruginosa HTX_1 (7) GES-19 and GES-26 ATM .64 R Positive
CZA .64 R
ATM1 CZA 4 S

P. aeruginosa HTX_70 VIM-2 ATM 16 I Negative
CZA .64 R
ATM1 CZA 16 I

P. aeruginosa HTX_133 GES-19 and GES-26 ATM .64 R Positive
CZA 32 R
ATM1 CZA 4 S

K. pneumoniae 622 VIM ATM ,0.25 S Negative
CZA 32 R
ATM1 CZA ,0.25 S

Enterobacter cloacae 1042 (CDC AR bank mero/vab panel) NDM ATM .64 R Positive .64
CZA .64 R .16
ATM1 CZA 1 S

P. aeruginosa 0241 (CDC AR bank PA panel) IMP-1 ATM 8 S Negative 32
CZA .64 R .16
ATM1 CZA 8 S

E. coli 1055 (CDC AR bank mero/vab panel) NDM ATM .64 R Positive .64
CZA .64 R .16
ATM1 CZA 8 S

E. coli 1057 (CDC AR bank mero/vab panel) NDM ATM .64 R Positive 32
CZA .64 R .16
ATM1 CZA 4 S

K. pneumoniae 1063 (CDC AR bank mero/vab panel) NDM, OXA-48 ATM .64 R Positive .64
CZA .64 R .16
ATM1 CZA 0.5 S

P. aeruginosa 0246 (CDC AR bank PA panel) NDM-1 ATM .64 R Negative .64
CZA .64 R .16
ATM1 CZA 64 R

P. aeruginosa 0250 (CDC AR bank PA panel) NDM-1 ATM .64 R Negative .64
CZA .64 R .16
ATM1 CZA .64 R

P. aeruginosa 0239 (CDC AR bank PA panel) VIM-11 ATM 8 S Negative 32
CZA .64 R .16
ATM1 CZA 4 S

P. aeruginosa 0249 (CDC AR bank PA panel) VIM-2 ATM 16 I Negative 32
CZA .64 R .16
ATM1 CZA 16 I

K. pneumoniae 1041 (CDC AR bank mero/vab panel) OXA-48 ATM 64 R Negative 64
CZA 2 S 1
ATM1 CZA 1 S

aSusceptibility to the ATM and CZA combination was assessed by modified broth microdilution (mBMD) using CLSI M100 breakpoint MICs to determine if susceptibility to
ATM is restored in the presence of a stable concentration of CZA (4mg/ml of the avibactam component). Mode of the mBMD biological triplicates is indicated. MICs
established by the CDC are reported for isolates obtained from the CDC antimicrobial resistance (AR) meropenem-vaborbactam (mero/vab) or PA panel. ATM resistant
(ATM-R) and CZA-resistant (CZA-R) strains where susceptibility to ATM is restored in the presence of CZA are called “synergy positive” and are underlined. Strains in bold are
synergy negative and are either ATM-R and CZA-R strains that remained resistant to the combination or strains that are susceptible to ATM or CZA alone.

bS, susceptible; I, intermediate; R, resistant.
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reference method for MIC determination, as this technique is preferred for evaluating the
performance of antimicrobial susceptibility testing and is endorsed by laboratory guide-
lines (16). The MIC of ATM was determined in the presence or absence of a constant concen-
tration of CZA (4 mg/ml of the avibactam component), which was chosen to be consistent
with the concentration of avibactam in gradient test strips. This concentration is also close
to the serum nadir of avibactam (2.2 mg/ml) from human pharmacokinetic data (17–19). All
mBMD testing for each strain was performed in triplicate on different days. The interpreta-
tion of the ATM MICs (i.e., resistant, intermediate, and susceptible) was based on current
CLSI M100 breakpoints (20) (Table 2). If an isolate, resistant to both ATM alone and CZA
alone, yielded a susceptible ATM MIC in the presence of CZA, it was categorized as “synergy
positive” (Table 1). If an isolate was nonsusceptible to both ATM alone and CZA alone and
the ATM MIC remained in the resistant range in the presence CZA, it was categorized as
“synergy negative” (Table 1). If an isolate was susceptible to ATM alone and/or CZA alone, it
was automatically categorized as synergy negative. Additionally, we calculated the fractional
inhibitory concentration (FIC) for ATM in the presence of CZA (Table 3). An FIC of#0.5 corre-
lated with the isolates which were synergy positive, while an FIC of .0.5 correlated with a
lack of synergy (14). The mBMD testing, supported by the FIC, determined the susceptibility
of each isolate to the ATM-CZA combination and established a reference for use in assessing
the performance of the test methods.

All six CRE harboring NDM and two CR-PA with GES variants were resistant to ATM and
CZA alone but susceptible or intermediate to the ATM-CZA combination (Table 1; see Table
S1 in the supplemental material). The average FIC of the strains was #0.5 with a range of
0.001 to 0.292, which confirmed the efficacy of the ATM-CZA combination (Table 3). Thus,

TABLE 2 Breakpoints used in this study from CLSI M100

Organism Antimicrobial

MIC breakpoints (mg/ml) Disk breakpointsa (mm)

S Ib R S Ib R
Enterobacterales ATM #4 8^ $16 $21 18–20^ #17

CZA #8 $16 $21 #20

P. aeruginosa ATM #8 16^ $32 $22 16–21 #15
CZA #8 $16 $21 #20

aATM and CZA CLSI disk breakpoints are based on disks with 30mg and 20–30mg of antibiotics, respectively.
bIntermediate ranges denoted with a ^ for aztreonam are based on the known ability of the agent to
concentrate in the urine and may also have the potential to concentrate at other anatomical sites.

TABLE 3 Average FIC calculated with individual FIC values from the mBMD, SX, and SS triplicates

Strain

Results by assay

mBMD Strip crossing Strip stacking

Synergya FIC Etest synergya Etest FIC MTS synergya MTS FIC Etest synergya Etest FIC MTS synergya MTS FIC
E. coli 2769 Y 0.026 Y 0.010 Y 0.009 Y 0.006 Y 0.005
K. pneumoniae 2770 Y 0.021 Y 0.007 Y 0.014 Y 0.001 Y 0.002
P. aeruginosa HTX_1 Y 0.188 Y 0.052 Y 0.057 Y 0.052 Y 0.052
P. aeruginosa HTX_70 N 1.25 N 0.806 N 0.708 N 0.847 N 1.151
P. aeruginosa HTX_133 Y 0.292 Y 0.063 Y 0.057 Y 0.063 Y 0.042
K. pneumoniae 622 N 1.010 N 0.902 N 0.091 N 0.902 N 1.003
Enterobacter cloacae 1042 Y 0.026 Y 0.010 Y 0.010 Y 0.007 Y 0.005
P. aeruginosa 0241 N 1.125 N 0.814 N 1.031 N 0.814 N 1.547
E. coli 1055 Y 0.25 Y 0.073 Y 0.052 Y 0.135 Y 0.052
E. coli 1057 Y 0.104 Y 0.029 Y 0.150 Y 0.023 Y 0.124
K. pneumoniae 1063 Y 0.021 Y 0.010 Y 0.013 Y 0.007 Y 0.004
P. aeruginosa 0246 N 2 N 2 N 2 N 2 N 2
P. aeruginosa 0250 N 2 N 2 N 2 N 2 N 2
P. aeruginosa 0239 N 0.75 N 0.722 N 0.531 N 0.75 N 1.240
P. aeruginosa 0249 N 1.042 N 0.658 N 0.708 N 0.904 N 1.073
K. pneumoniae 1041 N 0.516 N 1.035 N 1.375 N 0.648 Y 0.458
aAn FIC average of#0.5 indicates synergy (Y) between ATM and CZA, while an FIC average of.0.5 indicates the absence of synergy (N) between ATM and CZA.
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these isolates were considered synergy positive, with 7 isolates categorized susceptible and
1 E. coli strain (number 1055) as intermediate to ATM in the presence of CZA (Table 1). The
remaining 8 isolates were considered synergy negative (Table 1). Four CR-PA strains, namely,
two with NDM-1 (0246 and 0250) and two with VIM-2 (0249 and HTX_70), were nonsuscep-
tible to ATM and CZA alone, and the ATM-CZA combination had no effect on the ATM MIC
(Table 1; Table S1). The average FIC values of these strains ranged between 0.708 and 2,
which confirmed the lack of efficacy of ATM in combination with CZA (Table 3). Three iso-
lates were susceptible or intermediate to ATM alone, and the MIC to ATM did not change in
the presence of CZA. One isolate (KP 1041) was resistant to ATM alone (MIC, 64mg/ml), and
the MIC significantly decreased in the presence of CZA to an MIC of 1mg/ml, but the isolate
was also susceptible to CZA alone (MIC, 2 mg/ml). Thus, this isolate was still categorized as
synergy negative with a FIC of 0.516.

Performance of the gradient strip methods. The gradient strip stacking (SS) and
gradient strip crossing (SX) methods assessed the MIC to ATM alone, CZA alone, and
ATM in the presence of CZA, in triplicate, using two different commercially available
test strips (MIC test strips [MTS], Liofilchem, Inc., Waltham, MA; and Etest, bioMérieux,
Inc., Durham, NC) (Fig. 1). The performance of these methods was evaluated qualita-
tively by determining the categorical agreement (CA) (i.e., synergy positive or synergy
negative) between these methods and the reference mBMD method. Each strain’s av-
erage FIC with each method was also calculated for comparison (Table 3). The MTS had
complete categorical agreement by both SX and SS methods with a sensitivity and
specificity of 100% (Table 4). The Etest also had a high categorical agreement by SX
with a 95.83% sensitivity and 100% specificity (Table 4). There was one false negative
from a replicate of an isolate (EC 1055), resistant to both ATM and CZA, that yielded a

FIG 1 Representative images of combination testing methods. All methods were compared with a
modified broth microdilution reference that defines whether or not the ATM-CZA combination is
synergistic against a strain. (A) Strip stacking and strip cross methods demonstrated with K.
pneumoniae 2770, harboring NDM-5, and resistant to ATM and CZA alone (left; R, red). ATM
susceptibility (right; S, green) was restored with the CZA strip present indicating that the ATM-CZA
combination is synergistic against the strain via both methods. (B) Disk stacking method
demonstrated with P. aeruginosa HTX_1, harboring GES-19, GES-26, resistant to ATM (A) and CZA (C)
alone (red arrow). An ATCC E. coli strain was used as a negative control. Efficacy of the ATM-CZA
combination (A1C, green arrow) is indicated by the zone diameter categorizing the strain as
susceptible to ATM only if the CZA disk is stacked on top. (C) Disk elution method shows that K.
pneumoniae 2770 has turbid growth (1) in the tubes with an ATM (A) or CZA (C) disk suspended in
2 ml of Mueller-Hinton broth. Efficacy of the ATM-CZA combination against 2770 was observed by a
clearing or absence of any growth (2) in the tube with both an ATM and CZA disk (A1C) suspended
in broth. ATM-CZA shows no synergistic activity against two example P. aeruginosa strains indicated
by the high density growth (0246) or more faint, low density growth (0249) observed under all three
conditions (A, C, and A1C). An ATCC E. coli strain was used as a negative control. An assessment of
growth or no growth was made after incubation by visually comparing turbidity to a tube with sterile
broth alone.
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lower but still resistant ATM MIC of 16 mg/ml in the presence of CZA (Table S1). Despite
the strain having an FIC of 0.073, a clinical laboratory’s reliance on standard breakpoint inter-
pretations led us to categorize this replicate as synergy negative (Table 3).The other two repli-
cates yielded a susceptible (4mg/ml) and an intermediate (8mg/ml) ATM MIC in the presence
of CZA which were categorized as synergy positive. Etest by SS had a sensitivity of 87.5% and
a specificity of 100% (Table 4). The lower sensitivity was due to one isolate (EC 1055) that
yielded three false negatives (Table S1). All three replicates yielded an ATM MIC that remained
resistant in the presence of CZA according to the CLSI clinical breakpoint for ATM, despite the
strain’s FIC of 0.135 (Table S1 and S3 in the supplemental material).

To assess differences in MIC values between SX or SS and mBMD more closely, we
performed a quantitative assessment. The SX method by MTS and Etest both had a 93%
essential agreement (EA) and a categorical agreement (CA) of 94% and 90%, respectively
(Fig. 2, Table 4). The SS method by MTS and Etest both had a 84% EA and a CA of 82% and
84%, respectively (Fig. 3, Table 4). SX by Etest yielded MICs of the ATM-CZA combination
(ATM MIC in the presence of CZA) that were 1 log2 dilution higher than mBMD MICs for

TABLE 4 Evaluation of overall qualitative and quantitative performance of combination testing methods
compared to mBMDa

Parameter

Results by assay

Disk elution Disk stacking

Strip stacking Strip crossing

E-test MTS E-test MTS
Sensitivity 100 42.67 87.5 100 95.83 100
Specificity 100 100 100 100 100 100
EA 38/45 (84) 38/45 (84) 42/45 (93) 42/45 (93)
CA 51/51 (100) 22/51 (43) 42/51 (82) 43/51 (84) 46/51 (90) 48/51 (94)
VME 0/7 0/7 0/7 0/7 0/7
ME 16/37 (43) 2/37 (5) 1/37 (3) 2/37 (5) 0/37
MI 13/51 (25) 7/51 (14) 7/51 (14) 3/51 (6) 3/51 (6)
aSensitivity and specificity were calculated with a 95% confidence interval (CI); values are %. All other values are n (%): EA,
evaluable essential agreement; CA, categorical agreement; VME, very major error; ME, major error; MI, minor error.

FIG 2 Modified broth microdilution (mBMD) and strip cross (Etest and MTS) distributions of MIC of
ATM in the presence of CZA, measured to assess the efficacy of the ATM-CZA combination. Errors
based on categorical disagreement are indicated by colors (minor error, blue; major error, green; and
very major, red). *, number of P. aeruginosa isolates/number of Enterobacterales isolates listed in that
order, separated by a back slash; this is to distinguish isolates with errors since ATM breakpoints for
are different for Pseudomonas sp. and Enterobacterales spp.
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39% (20/51) of isolates, 1 log2 dilution lower for 4% (2/51) of isolates, and 2 log2 dilutions or
higher (i.e., out of EA) for 6% (3/51) of isolates (Fig. 2). SX by MTS yielded ATM-CZA MICs that
were 1 log2 dilution higher than the mBMD MICs for 27% (14/51) of isolates, 1 log2 dilution
lower for 10% (5/51) of isolates, and 2 log2 dilutions higher (i.e., out of EA) for 6% (3/51) of iso-
lates (Fig. 2). The SX by Etest yielded 0 very major errors (VMEs), 2 major errors (MEs), and 3
minor errors (MIs), while MTS had 0 VMEs or MEs and 3 MIs (Table 4).

Strip stacking by Etest produced ATM-CZA MICs that were 1 log2 dilution higher than the
mBMD for 33% (17/51) of isolates, 1 log2 dilution lower for 6% (3/51) of isolates, and$2 log2
dilutions higher or lower (i.e., out of EA) for 12% (6/51) of isolates (Fig. 3). SS by MTS gener-
ated ATM-CZA MICs that were 1 log2 dilution higher than the mBMD MICs for 20% (10/51)
of isolates, 1 log2 dilution lower for 14% (7/51) of isolates, and 2 log2 dilutions higher for 6%
(3/51) of isolates (Fig. 3).The SS by Etest had a 82% CA with 0 VMEs, 2 MEs, and 7 MIs; and
by MTS had a 84% CA, 0 VMEs, 1 MEs, and 7 MIs (Table 4).

Performance of the disk-based methods. To optimize the DE method, we first
determined the approximate concentration of antibiotic that can be eluted out of one Kirby
Bauer disk, containing 30mg of ATM or 20 to 30mg of CZA, by incubating it in 2 ml of cation-
adjusted Mueller-Hinton broth (MHB) for 30 min. This incubation time was chosen based on
the CLSI multicenter evaluation study of colistin DE (21). A broth microdilution assay was per-
formed with the quality-control (QC) E. coli ATCC strain that has CLSI-established MIC ranges
for ATM and CZA (20). Serial dilutions of the eluted disk broth were used for the mBMD assay.
The MIC of ATM and CZA were within the expected range for the ATCC strain (0.125 mg/ml
and 0.25 mg/ml, respectively). Thus, the antimicrobial activity in the MHB for DE was roughly
equivalent to prepared powder stocks for mBMD. We estimated that the elution of one disk in
2 ml of MHB yields approximately 15 mg of ATM or 15/10 mg of CZA, respectively. This value
rounded up yields an ATM concentration at the resistant breakpoint for Enterobacterales and
intermediate for P. aeruginosa (16mg/ml). The DE setup involved the following five conditions
with 2 ml of MHB in borosilicate tubes: sterile broth, inoculated control, 1 ATM disk, 1 CZA
disk, and a combination of 1 ATM plus 1 CZA disk. The inoculum, at a final concentration of

FIG 3 Modified broth microdilution (mBMD) and strip stacking (Etest and MTS) distributions of MIC of
ATM in the presence of CZA, measured to assess the efficacy of the ATM-CZA combination. Errors
based on categorical disagreement are indicated by colors (minor error, blue; major error, green; very
major error, red). *, number of P. aeruginosa isolates/number of Enterobacterales isolates listed in that
order, separated by a back slash; this is to distinguish isolates with errors since ATM breakpoints for
are different for Pseudomonas sp. and Enterobacterales spp.
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1.5� 105 CFU/ml of bacteria, was added after the 30-minute elution of the antimicrobial disks,
with subsequent incubation at 37°C for 16 to 20 hours, followed by visual inspection for turbid
growth (Fig. 1).

The DE method had excellent performance with a 100% sensitivity and specificity
(Table 4; Table S1). To verify if one disk was optimal, we performed DE with two disks
of ATM and CZA each (final concentration of 30mg ATM or 20 to 30mg CZA), in triplicate
over 3 days. We used the 5 synergy-positive and 5 synergy-negative isolates (see Table
S2 in the supplemental material). The results were in 100% agreement between the DE
assay performed with 1 or 2 ATM and CZA disk(s) each.

The DS method had the lowest performance relative to all disk and gradient strip-
based methods with 42.67% sensitivity and 100% specificity (Table 4). The 14 false neg-
atives were from the disks incorrectly classifying synergy positive isolates, namely, 1 P.
aeruginosa and 5 Enterobacterales strains, as resistant to the ATM-CZA combination. By
quantitative analysis, DS had a 43% CA, 0 VMEs, 16 MEs, and 13 MIs (Table 4; see Fig.
S1 in the supplemental material).

Reproducibility analysis. A reproducibility study was performed for the reference
mBMD and the highest performing combination testing methods, namely, DE, SX, and SS,
over 3 days of testing (Tables 5; Table S1). The mBMD MIC readings for susceptibility to
ATM, CZA, and ATM in the presence of CZA all had an EA of 98% to 100%. The DE and SX
with MTS had the highest precision of all the methods, with a 100% EA of the ATM-CZA
MICs between testing days (Table 5). Overall, all the readings from DE, SX, and SS had an
EA between 94% and 100%.

DISCUSSION

This is the first study assessing five different methods to determine the in vitro efficacy of
the aztreonam and ceftazidime-avibactam combination. In the past, it has been difficult to
demonstrate that two or more methods testing susceptibility to a combination of antimicro-
bials can yield comparable and reproducible results (14). However, our results indicate that
combination testing is feasible by utilizing methods accessible to most clinical laboratories,
including those in resource-limited settings. We effectively established mBMD as a reference
method for this study (Table 1; Table S1). As expected, it indicated that all of the MBL-produc-
ing CRE and the GES-producing CR-PA included in our study exhibited a synergy-positive phe-
notype (Table 1). The remainder of the CRE Enterobacterales isolates were susceptible to ATM
or CZA alone. The MBL-harboring CR-PA strains were likely resistant to the ATM-CZA combina-
tion due to non-carbapenemase-mediated mechanisms of resistance. Isolates categorized as
synergy positive by mBMD had corresponding FIC scores of #0.5, while those categorized as
synergy negative had FIC scores of.0.5 (Table 3). Despite the accuracy, precision, and repro-
ducibility of mBMD, the method is too laborious for clinical laboratories.

Of the four test methods assessed, DE and SX with MTS were the two most accurate
and precise methods for performing ATM-CZA combination testing (Table 4). This study
demonstrated successfully the promising potential of DE for antimicrobial combination

TABLE 5 Reproducibility study performed to assess variability of mBMD, DE, SX, and SS methodsa

Method

Total agreement (n = 51) Enterobacterales agreement (n = 27) P. aeruginosa agreement (n = 24)

ATM CZA A+ C ATM CZA A+ C ATM CZA A+ C
mBMD 98 (50) 100 98 (50) 100 100 98 (50) 96 (23) 100 100
Disk elution 96 (49) 94 (48) 100 96 (26) 89 (24) 100 96 (23) 100 100

Strip stacking
Etest 98 (50) 98 (50) 96 (49) 100 100 96 (26) 96 (23) 96 (23) 96 (23)
MTS 98 (50) 100 94 (48) 100 100 93 (25/27) 96 (23) 100 96 (23)

Strip crossing
Etest 94 (48) 93 (25/27) 96 (23)
MTS 100 100 100

aIsolates were categorized as synergy positive or negative using the mBMD as a reference method. Note that all other combination testing methods required only the
reading of susceptibility to the ATM and CZA combination (A1C). All values are % (n).
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testing. The DS method had the worst performance of all methods tested due to the
disks overcalling nonsusceptibility to ATM-CZA for isolates that were characterized as
synergy positive by mBMD (Table 4). Disk diffusion is commonly reported to overcall re-
sistance to other antimicrobial agents as well due to the variable diffusion of the agents
through the agar and human errors with measuring zone diameters. SX had a better per-
formance than SS, and the FIC scores calculated with the MIC values generated from
both SX and SS matched well with the FIC scores based on the mBMD reference (Table
3). The SX likely performs better due to the complexity of the SS method. SS involves
placing the ATM strip on the inoculated MH plate for 10 minutes, removing it, placing
the CZA in the same location, and followed by laying the ATM strip on top of the CZA
strip. SX is a comparatively simpler process of laying the ATM strip down followed by the
CZA perpendicular to the ATM strip at the intermediate breakpoint (Fig. 1). Our study
also demonstrated that the MTS gradient strips (Liofilchem) had higher concordance
with the reference mBMD than Etest strips (Table 4; Table S1). One possible explanation
for the difference in performance is the design of the strips. The MTSs are made from pa-
per, whereas Etest is a plastic-based strip. While either design works appropriately when
used as an individual test, the paper of the MTS strips may allow for more efficient diffu-
sion when laid across another strip as opposed to the plastic Etest strips (see Fig. S2 in
the supplemental material). This explanation is supported by the observation of individ-
ual colonies within the inner zone of clearance on several of the SX and SS agar plates
using Etest strips, while the MTS plates consistently had a clear inner zone as shown in
Fig. S2. While this result is intriguing for clinical labs in general, additional testing with a
larger sample size is needed to confirm this finding.

The primary goal of the study was to assess methods for testing the efficacy of two
agents in combination that would be accessible to clinical microbiology laboratories.
While adding to the susceptibility testing toolbox is important, it is equally important to
know when these tools will be the most useful. As part of the ATM-CZA combination, ATM
is not susceptible to hydrolysis by MBLs and is protected from ESBLs by avibactam. There is
a high global prevalence of CRE coharboring MBLs and ESBLs on mobile genetic elements
(22–24). The ATM-CZA combination was shown to have clinical utility for the treatment of
bacteremia due to MBL-producing CRE (13). Thus, CRE should be the primary organisms to
consider testing for susceptibility to the ATM-CZA combination. In addition, CRE isolates that
are susceptible to ATM or CZA alone should not be considered for ATM-CZA combination
testing. Depending on the tests available, clinical laboratories can use conventional or direct
from specimen phenotypic, genotypic, and/or rapid molecular assays for organism detection
(Enterobacterales species), susceptibility testing (ATM and CZA resistant), and detection of
carbapenemase production to limit the use of combination testing to MBL-positive, CRE iso-
lates (25, 26).

The limited in vitro activity of the ATM-CZA combination against MBL-producing P.
aeruginosa is likely due to additional noncarbapenemase resistance mechanisms like
mutations in porins or efflux pumps (27–30). P. aeruginosa was the most important
source of errors in our study, accounting for all ME and a majority of MI from SX and SS
(Table 4; Table S1). The VIM-harboring P. aeruginosa isolate (0239), which is susceptible
to ATM alone, was the source of all ME for SX and SS (Table S1). While the testing methods
displayed utility for GES-producing P. aeruginosa, it should be noted that these two strains
are closely related sequence type 309 (ST309) clones and results may not be generalizable
to other GES-positive P. aeruginosa isolates. In addition, there are currently no widely avail-
able methods for the clinical laboratory to detect the presence of GES enzymes. Thus, our
results suggest that the ATM-CZA combination testing methods we evaluated should not
be employed routinely for carbapenem-resistant P. aeruginosa isolates.

While most of the synergy-positive isolates included in the study had a clear change
from very high ATM MICs to low MICs in the presence of CZA, one isolate did not. The
ATM MIC of the E. coli strain 1055 dropped from.64mg/ml to the intermediate breakpoint
MIC (8 mg/ml) in the presence of CZA, while the rest of the synergy-positive strains showed
a drop to low susceptible MICs (mode, 0.5 mg/ml) based on the CLSI M100 breakpoints for
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Enterobacterales and P. aeruginosa (31) (Table 1; Table S1). However, based solely on the FIC
value of 0.125, the isolate 1055 would be synergy positive. This isolate demonstrates an
interesting nuance in our combination testing. While an isolate may have a significant reduc-
tion in MIC, it may not meet the threshold for clinical effectiveness. However, defining clinical
effectiveness on the basis of an in vitro test can be very difficult, especially given the limited
treatment options for infection due to CRE and the paucity of clinical studies assessing effi-
cacy of the ATM-CZA combination. The optimal pharmacodynamic/pharmacokinetic (PK/PD)
target for the ATM-CZA combination is unknown. Based on a recent prospective observatio-
nal study and clinical cases, coadministration of a standard dosage of CZA (2.5 g every 8 h)
and ATM (2 g every 8 h) was adequate to obtain favorable clinical responses (10, 13). Thus,
we used CLSI M100 clinical breakpoints for ATM and CZA, which are based on a.90% prob-
ability of PK/PD target attainment with the standard dosage (31). Further studies optimizing
the dosing regimen of ATM and CZA may be able to provide information on the clinical ben-
efit of treating an infection due to an isolate with an intermediate ATM MIC of 8 mg/ml in
the presence of CZA. This observation demonstrates the potential advantage of methodolo-
gies that determine an MIC, which might provide valuable information to guide clinical treat-
ment decisions.

There is a dire need for clinical microbiology diagnostics that emphasize accessibility and
affordability in addition to performance and automation since barriers encountered in low-
resource settings are often neglected in diagnostic development. The DE method, with
100% sensitivity and specificity, is particularly valuable in low-resource settings that routinely
use disk diffusion for susceptibility testing due to affordability and availability of supplies. It
is also a low complexity test with an easy visual interpretation of results (growth/no growth)
(Fig. 1) and short hands-on time (5 to 10 min). The SX and SS methods, although more ex-
pensive, could be the test(s) of choice for a clinical lab that already has established work-
flows for susceptibility testing using gradient strips. As mentioned earlier, SS and SX can be
error prone due to technical aspects of overlaying the gradient strips.

These methods need to be further evaluated in a large multicenter validation study with
more isolates harboring diverse b-lactamases and different manufacturer brands of disks,
MH broth, and agar to confirm the accuracy, precision, and reproducibility of the DE, SX, and
SS methods. It also remains to be determined if these methods are valuable for other organ-
isms, such as nonfermenting Gram-negative bacilli like Stenotrophomonas maltophilia and
Acinetobacter spp. Clinical outcome studies are also needed to determine the correlation of
these methods with microbiological and clinical outcomes of the ATM-CZA combination.
Lastly, the precise concentration of antibiotics eluted from the disk into the MH broth was
not confirmed with a biochemical assay, but the bioassay indicated that the QC MIC values
were in concordance with those from the mBMD.

In summary, we show that three of the four methods assessed in our study, namely,
disk elution, strip crossing, and strip stacking, are each capable of producing accurate
results and are practical methods for clinical labs to use for performing ATM-CZA com-
bination testing. These methods may allow the microbiology laboratory to inform clini-
cal decision making for the treatment of severe infections caused by extensively drug-
resistant Enterobacterales.

MATERIALS ANDMETHODS
Bacterial isolates. A total of 16 representative isolates were evaluated consisting of 8 Enterobacterales and

8 P. aeruginosa strains harboring NDM, VIM, IMP, OXA-48, KPC, or GES (Table 1). Of these isolates, NDM-harboring
E. coli (2769) and K. pneumoniae (number 2770) and GES-harboring P. aeruginosa (PA_HTX1) were clinical strains
characterized by whole-genome sequencing in previous case studies where a microbiological cure was achieved
with the ATM-CZA combination in the setting of bacteremia (7, 10). The remainder of the isolates were obtained
from the CDC-FDA Antimicrobial Resistance Isolate Bank (AR Bank) or were patient isolates in our collection that
had a defined resistance phenotype and were whole-genome sequenced with the presence of an enzyme con-
firmed by PCR. E. coli strain ATCC 25922 was included in the study for quality-control purposes. All retrospective
isolates were stored at –80°C and subcultured twice on sheep’s blood agar prior to testing.

Study design. SX, SS, DE, and DS were the four combination testing methods evaluated against ref-
erence mBMD using the combination of ATM with CZA. Testing of all the methods was performed in parallel in
a single laboratory using the same 0.5 McFarland inoculum. Testing for each strain was performed in biological
triplicate for each method, over three separate days. Single-manufacturer disks (BD, BBL, Sensi-disc), MH broth
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(Difco, BD), and MH agar (BD, BBL) along with two gradient strip manufacturers (Etest, bioMérieux; MTS,
Liofilchem) were used in the study. All three triplicate results were included in the qualitative and quantitative
performance analysis. If an isolate yielded a replicate result for the SX, SS, and DE methods that was out of CA
with the first replicate, it was repeated. If repeat testing confirmed the initial observations, the result was
included in the analysis as a CA error.

The breakpoints used to interpret the MICs were from the CLSI M100 (20) (Table 2). All isolates were
categorized as either synergy positive or synergy negative for the performance study based on the mBMD
results (Table 1). Synergy positive isolates were those that were ATM and CZA resistant but susceptible to the
ATM-CZA combination. Synergy negative isolates were those that were resistant to ATM, CZA, and the ATM-
CZA combination or strains susceptible to ATM and/or CZA alone and so by default were susceptible to ATM-
CZA. For analysis, MICs between the typical log2 dilution MICs determined by Etest or MTS were rounded up to
the nearest log2 dilution that corresponded with a dilution in the mBMD range.

Reference modified broth microdilution. mBMD was used as a reference method for the perform-
ance assessment and was performed following CLSI recommendations on in-house-prepared 96-well
plates using MH broth (Difco, BD, Sparks, MD). MICs of ATM, CZA, and ATM in the presence of a stable
concentration of CZA (at 4mg/ml of avibactam to match concentration of gradient test strips) were determined
from concentrations spanning a doubling dilution range of 0.25mg/ml to 64mg/ml. All antimicrobial powders
were obtained from Sigma-Aldrich. Quality control (QC) for each run was performed using the E. coli strain
ATCC 25922. The CZA and ATM combination was considered effective by mBMD if a strain was resistant to
both CZA and ATM alone but categorized as ATM susceptible or intermediate in the presence of a stable con-
centration of CZA (4mg/ml avibactam) with an MIC reduction of greater than one doubling dilution.

Gradient strip cross and strip stacking methods. Susceptibility testing with Etest (bioMérieux) and
MTS (Liofilchem) strips was performed on MH agar (BBL, BD, Sparks, MD) according to the manufac-
turer’s instructions. For the SX method, plates were inoculated, the ATM strip was placed directly on the
agar surface, and the CZA strip was crossed perpendicular to the ATM strip at the intermediate break-
point (8 mg/ml for Enterobacterales and 16 mg/ml for P. aeruginosa) to allow for clear visualization of the sus-
ceptible breakpoint (Fig. 1A). For the SS method, plates were inoculated and the ATM strip was placed on the
MH agar for 10 min to allow for diffusion of the antimicrobial and removed prior to placing the CZA strip in the
same location. The ATM strip was then placed on top of the CZA strip to allow determination of the ATM MIC
(Fig. 1A). A strain was considered synergy positive by the SX and SS methods if it was both ATM and CZA resist-
ant and the ATM MIC was interpreted as susceptible or intermediate in the presence of the CZA strip. We set
up the individual ATM and CZA gradient strips alongside the combination testing condition to confirm the
results of the mBMD, but this was not essential for interpretation of the combination testing.

Disk elution method. The DE method was performed with 2 ml of MH broth added to a sterile cul-
ture tube, followed by addition of 1 disk of ATM (BD, BBL, Sensi-Disc) and 1 disk of CZA (BD, BBL, Sensi-
Disc). The tube was incubated at room temperature for 30 min to allow the antimicrobials to elute from
the disk. A 0.5 McFarland standard inoculum was prepared by suspending fresh colonies from an over-
night sheep’s blood agar plate in normal saline. Then, 12 ml of this suspension was added to the tube
with the eluted disks and vortexed to reach a final inoculum of around 1.5 � 105 CFU per ml. The results were
read visually in comparison to a clear broth control after a 16- to 20-hour incubation at 35°C (Fig. 1C). We com-
pared single-disk and double-disk elution in 2 ml of MH broth with representative isolates tested over a 3-day
period and found no difference in results. Thus, single-disk testing was used (Table S3). A strain was considered
synergy positive if it was ATM and CZA resistant, as determined by mBMD, with no growth observed in the
tube with the combination of ATM and CZA disks (Fig. 1C). The tubes with an ATM or a CZA disk alone were
observed for informational purposes but were not needed to be set up for interpretation of the results.

Disk stacking method. The DS method was performed following CLSI recommendations by placing
the CZA disk directly on top of an ATM disk placed on an inoculated MH agar plate with the zone diame-
ter read and interpreted according to ATM breakpoints. A strain was considered synergy positive if it
was ATM and CZA resistant, as determined by mBMD, with the ATM zone diameter interpreted as sus-
ceptible or intermediate in the presence of the CZA disk on top (Fig. 1B). We placed an ATM disk alone
and CZA disk alone on the same plate for informational purposes, although only the ATM-CZA disk stack
zone diameter was read to determine if the ATM-CZA combination was synergistic.

Reproducibility study. A reproducibility analysis was performed to evaluate variation within the
same laboratory site (CARMiG, UTHealth) on all the triplicate results for each isolate, which was performed on
three separate testing days. Essential agreement was calculated by determining if each replicate result of a
strain per method was within one doubling dilution of the mode of the three replicate results (Table 5). If there
was no obvious mode with 3 different numerical results, the median was used instead.

Fractional inhibitory concentration (FIC) score calculation. The FIC score was determined using
MIC values generated by mBMD, SX, and SS. The FIC scores indicated in Table 3 for each strain are an av-
erage of the calculated score of each triplicate. When the ATM-CZA combination yielded a FIC score of ,0.5,
then it was considered synergistic, while a score$0.5 indicated that the combination was additive or indifferent
relative to ATM or CZA alone.

Qualitative performance analysis. The result of each test was interpreted as synergy positive or
synergy negative, as defined above in the study design section, and compared with the reference
mBMDmethod. For example, a result was considered a “true positive” if both the test and mBMD called an iso-
late synergy positive. The precise MIC value or zone diameter reading for SX, SS, and DS did not have any bear-
ing on this analysis. The sensitivity, specificity, and 95% confidence interval were calculated for each test.

Quantitative error-rate bound analysis. This assessment was performed only on SX, SS, and DS
methods. The categorical agreement (CA) and essential agreement (EA; MIC 6 one doubling dilution)
were evaluated with very major errors (VMEs), major errors (MEs), and minor errors (MIs) calculated (20).
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The evaluable EA included only isolates with a defined MIC value and discarded isolates below or above
the lowest and highest drug concentration on mBMD panels. CA was defined using the CLSI breakpoints
as the agreement of interpretative results between the method under evaluation and mBMD.
Discrepancies between the method under evaluation and mBMD were categorized as follows: VME,
false-susceptible result under the test method and resistant by mBMD; ME, false-resistant resistant by
test method and susceptible by mBMD; and MI, a discrepancy between the test and reference methods
involving an intermediate or nonsusceptible result.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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