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Abstract

Background: This study reports the global trends of antimicrobial susceptibility to ceftaroline and ceftazidime-avi-
bactam using data from the Antimicrobial Testing Leadership and Surveillance (ATLAS) program between 2012 and
2016.

Methods: For the 2012-2016 ATLAS program, 205 medical centers located in Africa-Middle East (n=12), Asia—Pacific
(n=132), Europe (n=94), Latin America (n=26), North America (n=31), and Oceania (n = 10) consecutively collected
the clinical isolates. The minimum inhibitory concentrations (MICs) and in vitro susceptibilities to ceftaroline and
ceftazidime—avibactam were assessed using the Clinical and Laboratory Standards Institute (CLSI) 2019and European
Committee on Antimicrobial Susceptibility Testing (EUCAST) 2019 guidelines.

Results: Between 2012 and 2016, 176,345 isolates were collected from around the globe and included in the
analysis. Regarding Gram-negative bacteria, ceftazidime-avibactam demonstrated high susceptibility (>90%) against
Enterobacteriaceae and Pseudomonas aeruginosa, with increased antimicrobial activity observed from the addition of
avibactam (4 mg/L) to ceftazidime. Regarding Gram-positive bacteria, ceftaroline showed >90% susceptibility against
Staphylococcus aureus, Streptococcus pneumoniae, a-and 3-hemolytic Streptococcus. The antimicrobial susceptibilities
to ceftaroline and ceftazidime—avibactam were mostly stable from 2012 to 2016, but the susceptibilities to ceftazi-
dime-avibactam to carbapenem-resistant (CR) Klebsiella pneumonia (88.4-81.6%) and to CR-P. aeruginosa (89.6-72.7%)
decreased over time. In terms of regional difference, the susceptibilities of methicillin-resistant S. aureus to ceftaroline
in Asia and of CR-K. pneumonia to ceftazidime—-avibactam in Asia/Africa-Middle East were lower compared with other
regions, while the susceptibility of CR-P. aeruginosa to ceftazidime—avibactam in North America was higher.

Conclusion: The addition of avibactam improves the activity of ceftazidime against Enterobacteriaceae and P. aerugi-
nosa. The global antimicrobial susceptibilities to ceftaroline and ceftazidime—-avibactam were, in general, stable from
2012 to 2016, but a marked reduction in the susceptibilities of specific species and CR-P. aeruginosa to ceftazidime-
avibactam was observed.
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Introduction

The rapidly increasing and global spreading of the resist-
ance of bacteria to antibiotics in recent years is a seri-
ous challenge for clinicians and a global health crisis
[1]. Multi-drug resistance in both Gram-negative and
-positive bacteria often leads to untreatable infections
using conventional antibiotics, and even last-resort anti-
biotics are losing their power [2]. The increases in the
occurrence of infections caused by third-generation
cephalosporin- and carbapenem-resistant (CR)-Enter-
obacteriaceae, CR-Pseudomonas aeruginosa, and CR-
Acinetobacter baumannii are of particular concern since
they are associated with tremendously increased mortal-
ity and morbidityrates [3, 4]. Recently, the World Health
Organization has rated CR-Enterobacteriaceae, CR-P.
aeruginosa, and CR-A. baumannii as top critical-prior-
ity resistant bacteria, outweighing methicillin-resistant
Staphylococcus aureus [5]. Consequently, updated epi-
demiological data on antibiotic resistance is needed
to adapt the treatment strategies to the reality, which
changes at an alarming rate [4, 6-8].

Ceftaroline is a fifth-generation broad-spectrum ceph-
alosporin. It is mainly active against methicillin-resistant
S. aureus and Gram-positive bacteria, but also against
Gram-negative bacteria [9]. Ceftarolineis indicated
for community-acquired pneumonia and complicated
skin infections [10-13]. Avibactam is a diazabicyclooc-
tane derivative antibiotic that can reversibly inhibit
B-lactamase enzymes, including Ambler class A (ESBL
and KPC), class C, and partial class D (including OXA-1,
OXA-10, and OXA-48-like) enzymes by covalent acyla-
tion of the active-site serine residue [14]. Ceftazidime—
avibactam is a novel B-lactam/B-lactamase inhibitor
combination that has shown potency against a wide vari-
ety of CR-Enterobacteriaceae. Ceftazidime—avibactam
has been approved for the management of complicated
urinary tract infections, complicated intra-abdominal
infections, hospital-acquired pneumonia, and infections
from aerobic Gram-negative bacteria with limited treat-
ment options [15].

Ceftaroline and ceftazidime—avibactam are relatively
novel antibiotics that show promises in the control of
antibiotic-resistant pathogens. They are readily available
around the globe. The patterns of resistance to ceftaro-
line and ceftazidime—avibactam around the globe remain
to be defined exactly and represent crucial data for moni-
toring global health threats. Therefore, this study aimed
to: (1) examine the in vitro activities of ceftaroline, cef-
tazidime—avibactam, and various comparative agents

from 2012 to 2016 using the data from a global antibiotic
surveillance program, the Antimicrobial Testing Leader-
ship And Surveillance (ATLAS) program; and (2) com-
pare the susceptibility profile of various pathogen species
over time and across different regions of the world, with
an emphasis on antibiotic-resistant pathogens.

Materials and methods

Bacterial isolates

For the 2012-2016 ATLAS program, 205 medical cent-
ers located in Africa-Middle East (n=12), Asia—Pacific
(n=32), Europe (n=94), Latin America (n=26), North
America (n=31), and Oceania (n=10) contributed to
the consecutive collection of clinical isolates. The speci-
mens were obtained from inpatients with specific types
of infections (skin and skin structure infection, intra-
abdominal infection, urinary tract infection, lower respir-
atory tract infection, and blood infection). The pathogens
were isolated and identified by each participating center,
stored in tryptic soy broth with glycerol at — 70 °C, and
shipped to International Health Management Associ-
ates, Inc. (IHMA; Schaumburg, IL, USA) for susceptibil-
ity testing. The present study only included the isolates
considered to be the potential pathogen of the patient’s
infection. If multiple samples were taken from the same
patient during an infectious event, only the first posi-
tive sample for this infectious event was included in the
ATLAS program. The pathogen identification was con-
firmed by MALDI-TOF at IHMA (Schaumburg, IL, USA)
prior to susceptibility testing. Methicillin-resistant S.
aureus is defined in this study as S. aureus resistant to
oxacillin.

Antimicrobial susceptibility testing

IHMA (Schaumburg, IL, USA) carried out all antimi-
crobial susceptibility tests using the broth microdilu-
tion method. The minimum inhibitory concentrations
(MICs) were interpreted using the Clinical and Labora-
tory Standards Institute (CLSI) 2019 and the European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) 2019 breakpoints [16, 17]. Tigecycline was
interpreted using the Food and Drug Administration and
EUCAST 2019 interpretative breakpoints. Ceftaroline,
ceftazidime—avibactam (avibactam at a fixed concentra-
tion of 4 mg/L), and the following comparator agents
were tested:ceftazidime, cefepime, penicillin, ampicillin,
piperacillin—tazobactam, doripenem, imipenem, mero-
penem, levofloxacin, moxifloxacin, clindamycin, eryth-
romycin, vancomycin, teicoplanin, linezolid, daptomycin,
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gentamicin, tigecycline, minocycline, trimethoprim-sul-
famethoxazole, amikacin, colistin, aztreonam, quinu-
pristin—dalfopristin, andoxacillin. In the present study,
the data were analyzed for Escherichia coli, Klebsiella
pneumoniae, Enterobactercloacae, Citrobacter freun-
dii, Proteus mirabilis, P. aeruginosa, A. baumannii, S.
aureus, Streptococcus pneumoniae, a- and p-hemolytic
Streptococcus, coagulase-negative Staphylococcus, Ente-
rococcus faecalis, and Enterococcus faecium, as well as
resistant species including CR-E. coli, CR-K. pneumo-
niae, CR-Enterobacter cloacae, CR-P. aeruginosa, CR-A.
baumannii, methicillin-resistant S. aureus, and penicil-
lin-resistant S. pneumoniae. All tests included quality
control strains from the American Type Culture Collec-
tion (ATCC; Manassas, VA, USA). Escherichia coli ATCC
25922, K. pneumoniae ATCC 700603, P aeruginosa
ATCC 27853, S. aureus ATCC 29213, and S. pneumoniae
ATCC 49619 were used for quality control according to
the CLSI 2019 guidelines. All quality control results were
within the published ranges.

Results

Sample retrieval

A total of 176,345 isolates were collected between 2012
and 2016. The numbers of isolates of each species group
tested are listed in Tables 1 and 2. The largest number of
isolates were collected from patients >60 years (82,518,
46.8%) and 31-60 years (59,428, 33.7%), followed by
patients <18 years (19,446, 11.0%) and 19-30 years
(13,350, 7.6%). Regarding the infection types, 64,032
(36.3%) isolates were collected from skin and skin struc-
ture infections, 52,077 (29.5%) from lower respiratory
tract infections, 26,868 (15.2%) from urinary tract infec-
tions, 12,847 (7.3%) from intra-abdominal infections,
and 11,930 (6.8%) from the blood. In regard to hospital
location, 74,554 (42.3%), 32,430 (18.4%), 17,024 (9.7%),
16,339(9.3%), 10,130(5.7%), and 8200 (4.6%) isolates were
from patients in the general medical wards, general sur-
gical wards, emergency rooms, medical intensive care
unit (ICUs), surgical ICUs, and general pediatric wards,
respectively.

In vitro activities of ceftaroline and ceftazidime-avibactam
against Gram-negative bacteria from 2012 to 2016

Table 1 (Gram-negative) and 2 (Gram-positive) show the
in vitro activities of ceftaroline, ceftazidime—avibactam,
and comparators against the selected bacteria. Ceftazi-
dime—avibactam demonstrated high activities against
all tested Gram-negative bacteria (CLSI/EUCAST 2019
susceptibility, 91.9-99.8%). The susceptibility of A. bau-
mannii was not calculated because of the absence of a
breakpoint, but the MICs of this antibiotic were higher
for A. baumannii than for the other bacteria (MICy,/
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MIC,, 32/128 mg/L). The addition of avibactam drasti-
cally increased the activity of ceftazidime against E. coli,
K. pneumoniae, E. cloacae, C. freundii, and P. aeruginosa
(CLSI 2019 susceptibilities to ceftazidime alone, 64.3—
79.2%) whereas a trend of decreased MIC was observed
for A. baumannii, as indicated by a twofold reduction
in MICy, (ceftazidime, MICy,/MICy, 64/256 mg/L).
Regarding the comparator agents, the susceptibility of
Enterobacteriaceae was, in general, high for carbapen-
ems and tigecycline (>90%). For A. baumannii, the most
potent antibiotics were colistin and tigecycline (MICy,/
MIC,,, 1/2 mg/L), with aMICy, of >8 and aMIC,, of
> 16 mg/L observed for all other tested agents.

Regarding resistant Gram-negative strains, the activi-
ties of ceftazidime—avibactam were moderate for CR-E.
coli (MIC5,/MICy,, 0.5/256 mg/L), CR-K. pneumo-
niae (MIC5,/MICyy, 1/256 mg/L), and CR-P. aeruginosa
(MIC;5(/MICy, 4/64 mg/L) and low for CR-E. cloacae
and CR-A. baumannii (MICy,/MICy, 64—128/256 mg/L)
(Table 3). Regarding the comparator agents, the suscepti-
bilities of CR-E. coli, CR-K. pneumoniae, CR-E. cloacae,
CR-P. aeruginosa, and CR-A. baumannii were low for the
vast majority of the tested antibiotics. Good potency was
observed for tigecycline against all tested Enterobacte-
riaceae (MIC5y/MICy, 0.25-1/1-4 mg/L), and for colis-
tin against CR-E. coli, CR-E. cloacae, CR-P. aeruginosa,
and CR-A. baumannii (MIC5,/MICy, 0.5-1/1-2 mg/L).

The susceptibilities to the various antibiotics against
Gram-negative bacteria (total, regardless of drug resist-
ance) were in general comparable using CLSI 2019 and
EUCAST 2019 breakpoints, except for imipenem and
tigecycline against P mirabilis (Table 1). Nevertheless,
the susceptibilities of many resistant species were lower
using the EUCAST 2019 breakpoints compared with the
CLSI 2019 breakpoints. For example, the susceptibilities
of CR-E. coli (72.3% vs. 40.5%) and CR-E. cloacae (42.3%
vs. 21.9%) to ceftazidime—avibactam, and the suscepti-
bilities of CR-E. coli, CR-K. pneumoniae, CR-E. cloacae,
and CR-P. aeruginosa to levofloxacin, tigecycline, and
amikacin (all with a >10% difference) were noticeably
lower when the EUCAST 2019 breakpoints were applied
(Table 3).

In vitro activities of ceftaroline and ceftazidime-avibactam
against Gram-positive bacteria from 2012 to 2016

In the Gram-positive strains, ceftaroline showed more
than 90% susceptibility rates of S. aureus, S. pneu-
moniae, o-hemolytic Streptococcus, and [-hemolytic
Streptococcus (CLSI 2019). TheMIC;)/MICy, of cef-
taroline for coagulase-negative Staphylococcus and
E. faecalis were 0.25/1 mg/L and 1/16 mg/L, respec-
tively. Ceftaroline demonstrated low activity against
E. faecium (MICgz,/MICy, 64/64 mg/L) (Table 2).
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Table 1 In vitro susceptibilities of Gram-negative strains obtained from the ATLAS program, 2012-2016
Organism/antibiotic No. of isolates MIC;, MICy, MIC range CLsi® EUCAST

S% 1% R% S% 1% R%
Escherichia coli
Ceftaroline 21903 0.12 256 0.015-256 66.5 26 309 66.5 0 335
Ceftazidime-avibactam 21903 0.12 0.25 0.015-256 99.8 0 0.2 99.8 0 0.2
Ceftazidime 21903 0.25 32 0.015-256 79.2 30 17.8 74.0 5.1 20.8
Cefepime 21903 0.12 32 0.12-32 76.2 4.7 19.1 74.6 3.6 218
Pip-taz 21903 2 16 0.25-256 90.3 46 5.1 84.8 54 9.8
Doripenem 21903 0.03 0.06 0.008-16 99.6 0.1 0.3 99.6 0.1 0.3
Imipenem 21903 0.25 0.25 0.03-16 99.1 04 0.5 99.5 04 0.2
Meropenem 21903 0.03 0.06 0.004-16 99.5 0.1 04 99.6 0.2 0.2
Levofloxacin 21903 0.25 16 0.004-16 623 1.7 36.0 588 2.8 384
Tigecycline 21903 0.25 0.5 0.015-16 99.8 0.2 0 99.0 08 0.2
Amikacin 21903 2 8 0.25-64 98.2 0.9 0.9 94.5 3.7 1.8
Colistin 13964 0.5 1 0.06-16 NA NA NA 99.5 0 0.5
Aztreonam 21903 0.12 64 0.015-256 76.0 3.1 209 723 37 24.0
Klebsiella pneumoniae
Ceftaroline 18114 0.25 256 0.015-256 57.5 20 40.5 575 0 42.5
Ceftazidime-avibactam 18114 012 1 0.015-256 98.8 0 12 98.8 0 12
Ceftazidime 18114 0.25 128 0.015-256 64.3 1.9 338 61.6 2.7 357
Cefepime 18114 0.12 32 0.12-32 65.1 6.0 289 63.7 32 33.1
Pip/taz 18114 4 256 0.25-256 73.0 7.8 19.2 64.4 8.6 27.0
Doripenem 18114 0.06 0.5 0.008-16 916 1.0 74 91.6 1.0 74
Imipenem 18114 0.25 1 0.03-16 90.3 19 7.8 922 24 55
Meropenem 18114 0.06 0.5 0.004-16 91.1 1.1 79 92.1 20 59
Levofloxacin 18114 0.12 8 0.004-16 73.2 3.1 23.7 61.8 9.1 29.1
Tigecycline 18114 0.5 2 0.015-16 96.4 3.1 0.5 88.2 82 36
Amikacin 18114 1 8 0.25-64 93.6 30 34 91.0 26 64
Colistin 12884 0.5 1 0.06-16 NA NA NA 96.3 0 3.7
Aztreonam 18114 0.12 256 0.015-256 64.2 1.0 348 624 1.8 358
Enterobacter cloacae
Ceftaroline 4330 0.5 256 0.015-256 60.0 3.1 37.0 60.0 0.0 40.1
Ceftazidime-avibactam 4330 0.25 1 0.015-256 97.8 0.0 2.2 97.8 0.0 2.2
Ceftazidime 4330 0.5 128 0.015-256 67.3 14 313 64.0 33 327
Cefepime 4330 0.12 32 0.12-32 785 8.8 12.7 733 10.8 159
Pip-taz 4330 4 256 0.25-256 753 8.0 16.7 69.9 54 24.7
Doripenem 4330 0.06 0.25 0.008-16 96.8 04 29 96.8 04 29
Imipenem 4330 0.5 1 0.03-16 93.1 35 34 96.6 20 1.5
Meropenem 4330 0.06 0.12 0.004-16 96.8 0.6 26 974 13 13
Levofloxacin 4330 0.06 4 0.004-16 88.8 28 84 80.8 57 135
Tigecycline 4330 0.5 1 0.015-16 96.3 32 0.5 90.1 6.2 37
Amikacin 4330 2 4 0.25-64 976 0.9 1.6 96.0 16 24
Colistin 2889 0.5 1 0.12-16 NA NA NA 93.7 0.0 6.3
Aztreonam 4330 0.12 64 0.015-256 68.2 14 304 65.8 24 318
Citrobacter freundii
Ceftaroline 2327 0.25 128 0.015-256 61.9 2.1 36.0 619 0 38.1
Ceftazidime-avibactam 2327 012 0.5 0.015-256 985 0 15 98.5 0 1.5
Ceftazidime 2327 0.5 128 0.015-256 68.0 19 30.1 64.3 38 320
Cefepime 2327 0.12 4 0.12-32 89.8 36 6.7 844 73 84
Pip-taz 2327 4 128 0.25-256 77.1 12.0 11.0 70.5 6.6 23.0
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Table 1 (continued)
Organism/antibiotic No. of isolates MIC;q MICy, MIC range cLsi? EUCAST

S% 1% R% S% 1% R%
Doripenem 2327 0.06 12 0.008-16 97.9 03 1.8 979 03 1.8
Imipenem 2327 0.5 0.03-16 88.9 85 26 974 2.1 0.5
Meropenem 2327 0.03 0.06 0.004-16 97.7 0.5 18 98.2 1.2 0.6
Levofloxacin 2327 0.12 4 0.008-16 87.0 4.0 9.0 76.5 6.2 17.3
Tigecycline 2327 0.5 1 0.015-8 989 1.1 0 949 40 1.1
Amikacin 2327 2 4 0.25-64 98.4 04 12 97.1 1.3 1.6
Colistin 1593 0.5 1 0.06-16 NA NA NA 99.6 04
Aztreonam 2327 0.25 64 0.015-256 69.2 24 284 66.2 3.1 30.8
Proteus mirabilis
Ceftaroline 3950 0.12 128 0.015-256 794 2.0 18.6 794 0 206
Ceftazidime—-avibactam 3950 0.03 0.06 0.015-256 99.7 0 03 99.7 0 03
Ceftazidime 3950 0.06 1 0.015-256 95.2 1.7 3.1 91.1 4.1 4.8
Cefepime 3950 0.12 8 0.12-32 88.2 34 85 86.9 29 10.3
Pip-taz 3950 0.5 1 0.25-256 98.5 09 06 97.7 0.8 1.5
Doripenem 3950 0.25 0.5 0.008-16 984 1.0 0.6 984 1.0 0.6
Imipenem 3950 2 4 0.03-16 25.8 459 283 717 27.7 06
Meropenem 3950 0.06 0.12 0.004-16 99.6 0.2 03 99.8 0.2 0.1
Levofloxacin 3950 0.12 8 0.015-16 76.6 55 17.9 64.9 45 306
Tigecycline 3950 2 8 0.03-16 522 373 10.5 209 313 47.8
Amikacin 3950 4 8 0.25-64 95.6 1.1 34 915 4.1 44
Colistin 2412 16 16 0.25-16 NA NA NA 05 0 99.5
Aztreonam 3950 0.015 05 0.015-256 959 0.8 33 93.1 29 4.1
Pseudomonas aeruginosa
Ceftaroline 16014 16 256 0.015-256 NA NA NA NA NA NA
Ceftazidime—avibactam 16014 8 0.015-256 919 0 8.1 919 0 8.1
Ceftazidime 16014 64 0.06-256 76.7 46 18.8 76.7 0 234
Cefepime 16014 32 0.12-32 784 1.2 10.5 784 0 216
Pip-taz 16014 256 0.25-256 68.9 13.8 17.3 68.9 0 312
Doripenem 16013 0.5 8 0.008-16 743 76 18.2 67 7.2 258
Imipenem 16014 16 0.03-16 634 8.2 284 716 45 239
Meropenem 16014 0.5 16 0.008-16 72.5 6.0 21.5 725 11.9 156
Levofloxacin 16014 1 8 0.004-16 704 6.8 229 61.7 0 383
Amikacin 16014 4 16 0.25-64 904 2.7 6.9 859 45 9.6
Colistin 12449 1 2 0.06-16 96.6 0 34 96.6 0 34
Aztreonam 16014 8 32 0.015-256 NA NA NA 39 734 228
Acinetobacter baumannii
Ceftaroline 3567 256 256 0.015-256 NA NA NA NA NA NA
Ceftazidime-avibactam 3567 32 128 0.03-256 NA NA NA NA NA NA
Ceftazidime 3567 64 256 0.015-256 30.1 24 67.5 NA NA NA
Cefepime 3567 32 32 0.12-32 299 104 59.7 NA NA NA
Pip-taz 3567 256 256 0.25-256 254 3.7 709 NA NA NA
Doripenem 3567 8 16 0.015-16 332 14 654 304 28 66.8
Imipenem 3567 16 16 0.03-16 338 12 65.0 338 2.7 63.5
Meropenem 3567 16 16 0.015-16 328 1.6 65.6 328 35 63.7
Levofloxacin 3567 8 16 0.03-16 29 9.6 614 26.1 1.0 73
Tigecycline 3567 1 2 0.015-16 NA NA NA NA NA NA
Amikacin 3567 64 64 0.25-64 42.5 58 517 40.2 23 57.5
Colistin 2404 1 2 0.06-16 943 0 5.7 94.3 0 57
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Table 1 (continued)
Organism/antibiotic No. of isolates MIC;, MICy, MIC range cLsi? EUCAST

S% 1% R% S% 1% R%
Aztreonam 3567 64 256 0.015-256 NA NA NA NA NA NA

CLSI Clinical Laboratory and Standards Institute, EUCAST European Committee on Antimicrobial Susceptibility Testing, NA not applicable
@ Cefepime CLSI susceptibility for Enterobacteriaceae adopted the susceptible, susceptible-dose-dependent, and resistant categories

Ceftazidime—avibactam showed low activity against
coagulase-negative Staphylococcus, S. aureus, E. fae-
calis, and E. faecium (MICgz,/MICy,: 16—64/64 mg/L),
moderate activity against S. pneumonia and a-hemolytic
Streptococcus (MIC5,/MICgyy, 0.25/16 mg/L), and high
activity against [-hemolytic Streptococcus (MICg,/
MIC,,, 0.025/0.5 mg/L). The addition of avibactam to
ceftazidime was not associated with improved activities
against the tested Gram-positive strains. For all tested
Staphylococcus, Streptococcus, and Enterococcus, high
susceptibility (>90%) to linezolid, tigecycline, dapto-
mycin, and vancomycin were observed (excepted for E.
faecium to vancomycin). High activities (susceptibility,
>90%) of levofloxacin and moxifloxacin were observed
for Streptococcus.

Regarding the resistant Gram-positive strains, ceftaro-
line demonstrated high activities against methicillin-
resistant S. aureus (CLSI 2019susceptibility, 89.0%) and
penicillin-resistant S. pneumoniae (CLSI 2019suscepti-
bility, 98.2%), whereas ceftazidime—avibactam demon-
strated limited activities (MIC5,/MICy,: 16—64/64 mg/L)
(Table 3). For comparator agents, potent activity (CLSI
2019 susceptibility, >95%) against methicillin-resistant
S. aureus was observed for linezolid, tigecycline, van-
comycin, teicoplanin, daptomycin, and trimethoprim
sulfa, whereas the susceptibility of penicillin-resistant S.
pneumonia (CLSI 2019 susceptibility, >95%) was high
to linezolid, tigecycline, vancomycin, levofloxacin, and
moxifloxacin (Table 3).

The susceptibilities of Gram-positive bacteria (regard-
less of drug resistance) were similar between the CLSI
2019 and EUCAST 2019 breakpoints, except for the
susceptibility of coagulase-negative Staphylococcus to
teicoplanin and gentamicin. In terms of resistant strains,
noticeably lower susceptibility of penicillin-resistant S.
pneumoniae to ceftaroline (98.2% vs. 86.8%) and merope-
nem (3.4% vs. 100%) was observed using ECUAST break-
points as compared with CLSI 2019 breakpoints.

Global trend of the susceptibilities of pathogens

against ceftaroline and ceftazidime-avibactam from 2012
to 2016

Figure 1 presents the trends of susceptibilities to ceftaro-
line against key bacterial species over time in different

regions using the CLSI 2019 breakpoints. For E. coli
(2012/2016:66.2%/66.5%), K. pneumoniae (2012/2016:
57.4%/60.4%), P mirabilis (2012/2016: 78.7%/81.2%),
S. aureus (2012/2016:92.5%/95.1%) and S. pneumonia
(2012/2016:99.9%/99.7%), the overall global susceptibil-
ity to ceftaroline remained relatively stable in all regions
from 2012 to 2016, but some decreases were observed in
specific areas of the world. For E. coli, the susceptibilities
were consistently higher in North America (77.1-82.0%)
and lower in Asia (45.1-53.0%). Higher susceptibilities
in North America were also observed for K. pneumoniae
and P. mirabilis, and lower susceptibilities in Asia were
observed for S. aureus. For E. cloacae, the global suscepti-
bility gradually increased from 56.2% in 2012 to 64.6% in
2016. For C. freundii, the global susceptibility peaked at
69.1% in 2014, decreased slightly in 2015, and rebounded
to 63.2% in 2016.

Figure 2 presents the trends of susceptibility to cef-
tazidime—avibactam against key bacterial species over
time in different regions using the CLSI 2019 breakpoint.
The susceptibility of E. coli, K. pneumoniae, and P. mira-
bilis to ceftazidime—avibactam remained high (>95%)
and relatively stable over time, but with some decreases
were observed in specific regions. The susceptibilities
of E. cloacae and C. freundii to ceftazidime—avibac-
tam remained relatively stable over time in all regions,
but the susceptibilities in Asia (2013/2016: 94.6%/94.6%
and 94.9%/94.7%) decreased in 2013 and were consist-
ently lower than the global rates there after (2013/2016:
98.3%/97.4% and 99.7%/97.6%). The global susceptibili-
ties of P aeruginosa to ceftazidime—avibactam globally
decreased from 2012 to 2016 (2012/2016: 97.1%/92.0%),
with lower rates observed in Latin America (2012/2016:
92.7%/86.6%), and higher rates observed in North Amer-
ica (2012/2016: 97.9%/96.6%).

Global trend of the susceptibilities to ceftaroline

and ceftazidime-avibactam against multi-drug-resistant
species

The proportion of methicillin-resistant S. aureus among
all S. aureus remained stable from 2012 to 2016 (59.8%
in 2012 and 2016), with higher prevalence observed in
North America (2012/2016: 66.5%/68.1%) and lower
prevalence observed in Latin America (2012/2016:
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Table 2 In vitro susceptibilities of Gram-positive strains obtained from the ATLAS program, 2012-2016.

Organism/antibiotic No. of isolates MIC;, MICyq MIC range CLSI EUCAST

S% 1% R% S% 1% R%

Staphylococcus aureus

Ceftaroline 50525 0.5 1 0.015-64 934 6.2 0.4 934 6.2 04
Ceftazidime—-avibactam 50525 32 64 0.015-64 NA NA NA NA NA NA
Ceftazidime 50525 32 64 0.015-64 NA NA NA NA NA NA
Pip-taz 50525 8 32 0.12-32 NA NA NA NA NA NA
Levofloxacin 50525 0.5 8 0.015-8 56.9 04 427 56.9 0 43.1
Moxifloxacin 50525 012 4 0.008-8 57.1 2.7 40.1 56.8 0 432
Tigecycline 50525 0.12 0.25 0.015-4 989 1.1 0 989 0 1.1
Minocycline 50525 0.12 1 0.12-16 93.2 34 34 894 14 9.2
Gentamicin 31019 05 64 0.06-64 85 0.7 143 56.1 0 439
Daptomycin 50525 0.5 1 0.06-4 99.8 0.2 0 99.8 0 0.2
Trimethoprim sulfa 31019 0.25 1 0.25-8 96.8 0 33 96.8 0.7 26
Teicoplanin 50525 0.5 1 0.12-32 100 0 0 98.1 0 1.9
Vancomycin 50525 1 2 0.25-4 100 0 0 100 0 0
Clindamycin 50525 0.12 4 0.03-8 74.8 03 24.9 74.2 0.6 252
Erythromycin 50525 1 16 0.12-16 48 34 486 506 0.3 49.1
Linezolid 50525 2 2 0.5-16 100 0 0 100 0 0
Oxacillin 50525 4 8 0.06-8 404 0 59.6 NA NA NA
Streptococcus pneumoniae

Ceftaroline 11005 0.008 0.12 0.004-32 99.7 0.3 0 98.7 0 13
Ceftazidime-avibactam 11005 0.25 16 0.015-128 NA NA NA NA NA NA
Ceftazidime 11005 0.25 16 0.015-128 NA NA NA NA NA NA
Doripenem 11005 0.015 1 0.015-8 98 2 0 98 0 2
Meropenem 11005 0.015 1 0.008-2 78 9.2 128 100 0 0
Levofloxacin 11005 1 1 0.12-16 985 0.2 13 98.5 0 15
Moxifloxacin 11005 0.12 0.25 0.03-8 98.5 0.5 1.1 98.4 0 1.6
Tigecycline 11005 0.03 0.03 0.008-2 99.9 0.1 0 NA NA NA
Minocycline 11005 0.12 4 0.015-4 713 5.1 236 69.6 1.7 287
Daptomycin 11005 0.25 0.5 0.03-8 NA NA NA NA NA NA
Vancomycin 11005 0.25 05 0.008-2 100 0 0 100 0 0
Clindamycin 11005 0.06 2 0.008-2 74.8 04 24.8 752 0 24.8
Erythromycin 11005 0.06 2 0.008-2 64.3 0.3 354 64.3 0.3 354
Linezolid 11005 1 2 0.06-4 100 0 0 100 0 0
Penicillin 11005 0.03 2 0.015-16 61.8 20.7 17.5 61.8 289 9.3
a-hemolytic Streptococcus

Ceftaroline 12138 0.008 0.12 0.004-32 99.7 0.3 0 98.7 0 13
Ceftazidime-avibactam 12138 0.25 16 0.015-128 NA NA NA NA NA NA
Ceftazidime 12138 0.25 16 0.015-128 NA NA NA NA NA NA
Penicillin 12138 0.03 2 0.015-16 NA NA NA NA NA NA
Doripenem 12138 0.015 1 0.015-8 NA NA NA 98 0 2
Meropenem 12138 0.015 1 0.008-2 NA NA NA 100 0 0
Levofloxacin 12138 1 2 0.12-16 98.3 03 14 98.5 0 1.5
Moxifloxacin 12138 012 0.25 0.03-8 98.5 0.5 1.1 98.4 0 1.6
Minocycline 12138 0.12 4 0.015-4 NA NA NA 69.6 17 287
Tigecycline 12138 0.03 0.03 0.008-2 NA NA NA 100 0 0
Clindamycin 12138 0.06 2 0.008-2 756 04 24.1 759 0 24.1
Erythromycin 12138 0.06 2 0.008-2 64.8 03 349 64.3 03 354
Vancomycin 12138 0.5 0.5 0.008-2 100 0 0 100 0 0
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Table 2 (continued)
Organism/antibiotic No. of isolates MIC, MICgyq MiCrange CLSI EUCAST

S% 1% R% S% 1% R%
Linezolid 12138 1 2 0.06-8 100 0 100 0
Daptomycin 12138 0.25 0.5 0.03-8 99.3 0.7 100 0
B-hemolytic Streptococcus
Ceftaroline 9019 0.004 0.015 0.004-1 100 0 0 NA NA NA
Ceftazidime-avibactam 9019 0.12 0.5 0.015-128 NA NA NA NA NA NA
Ceftazidime 9019 0.12 0.5 0.015-128 NA NA NA NA NA NA
Penicillin 9019 0.015 0.06 0.015-8 NA NA NA NA NA NA
Doripenem 9019 0.015 0.03 0.015-8 NA NA NA 100 0 0
Meropenem 9019 0.015 0.06 0.008-2 99.9 0.1 0 100 0 0
Levofloxacin 9019 0.5 1 0.12-16 98.3 0.2 1.5 98.2 0 19
Moxifloxacin 9019 0.12 0.25 0.03-8 NA NA NA 98.1 0 19
Minocycline 9019 0.12 4 0.015-4 69.9 30.1 65.6 0.9 334
Tigecycline 9019 0.03 0.06 0.008-2 100 0 100 0 0
Clindamycin 9019 0.06 0.12 0.008-2 90.6 03 91 0 9
Erythromycin 9019 0.06 2 0.008-2 834 0.7 15.8 84.4 0.6 15
Vancomycin 9019 0.5 0.5 0.008-1 100 0 100 0 0
Linezolid 9019 1 2 0.06-8 100 0 100 0 0
Daptomycin 9019 0.12 0.5 0.03-8 100 0 100 0 0
CoNS
Ceftaroline 8490 0.25 1 0.015-64 NA NA NA NA NA NA
Ceftazidime-avibactam 8490 16 64 0.015-64 NA NA NA NA NA NA
Ceftazidime 8490 16 64 0.015-64 NA NA NA NA NA NA
Pip-taz 8490 2 32 0.12-32 NA NA NA NA NA NA
Levofloxacin 8490 4 8 0.015-8 46.9 1.8 514 46.9 0 53.1
Moxifloxacin 8490 1 4 0.008-8 NA NA NA NA NA NA
Minocycline 8490 0.25 0.5 0.12-16 489 14.6 36.5 46.5 0 535
Tigecycline 8490 0.25 0.5 0.015-4 98.7 13 0 98.7 0 13
Clindamycin 8490 0.12 8 0.03-8 65.5 2.1 324 63.7 19 34.5
Erythromycin 8490 8 16 0.12-16 33.1 1.1 65.8 334 03 66.3
Vancomycin 8490 1 2 0.25-8 99.9 0.1 0 99.9 0 0.1
Teicoplanin 8490 2 8 0.12-64 98 1.7 0.3 85 0 15
Linezolid 8490 1 2 0.5-16 994 0 0.6 99.4 0 0.6
Daptomycin 8490 0.5 1 0.06-4 99.6 0.4 0 99.6 0 04
Gentamicin 5336 2 64 0.06-64 547 55 39.8 338 0 66.3
Trimethoprim sulfa 5336 1 0.25-8 61 0 39 61 10 289
Oxacillin 8490 4 0.06-8 257 0 74.3 NA NA NA
Enterococcus faecalis
Ceftaroline 3194 1 16 0.015-64 NA NA NA NA NA NA
Ceftazidime-avibactam 3194 64 64 1-64 NA NA NA NA NA NA
Ceftazidime 3194 64 64 1-64 NA NA NA NA NA NA
Levofloxacin 3194 1 16 0.06-16 68 1.1 30.8 NA NA NA
Tigecycline 3194 0.12 0.25 0.015-4 94.1 59 0 94.1 39 2
Minocycline 3194 16 16 0.06-16 258 137 60.5 NA NA NA
Daptomycin 3194 2 4 0.06-8 99.8 02 0 NA NA NA
Teicoplanin 3194 0.5 0.5 0.12-64 98.3 0.1 17 97.8 22
Vancomycin 3194 1 2 0.12-64 94.3 3.8 19 94.3 57
Erythromycin 3194 16 16 0.06-16 14.6 274 58 NA NA NA
Linezolid 3194 1 2 0.06-8 99.3 0.6 0.2 99.8 0 0.2
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Table 2 (continued)
Organism/antibiotic No. of isolates MIC, MICgy, MIC range CLSI EUCAST

S% 1% R% S% 1% R%
Quinupristin dalfopristin 2014 8 16 0.25-16 1 7.7 913 NA NA NA
Enterococcus faecium
Ceftaroline 2546 64 64 0.03-64 NA NA NA NA NA NA
Ceftazidime—-avibactam 2546 64 64 0.12-64 NA NA NA NA NA NA
Ceftazidime 2546 64 64 0.12-64 NA NA NA NA NA NA
Levofloxacin 2546 16 16 0.06-16 122 39 83.9 NA NA NA
Tigecycline 2546 012 0.25 0.015-8 955 4.5 0 955 3 1.5
Minocycline 2546 2 16 0.06-16 554 124 322 NA NA NA
Daptomycin 2546 4 4 0.06-16 98 2 0 NA NA NA
Teicoplanin 2546 1 64 0.12-64 76 1 23 75.2 0 24.8
Vancomycin 2546 1 64 0.12-64 69.2 5 258 69.2 0 30.8
Erythromycin 2546 16 16 0.06-16 3.6 1.2 85.2 NA NA NA
Linezolid 2546 1 2 0.06-16 974 25 0.2 99.8 0 0.2
Quinupristin dalfopristin 1577 1 4 0.06-16 73.2 139 129 NA NA NA

CLSI Clinical Laboratory and Standards Institute, EUCAST European Committee on Antimicrobial Susceptibility Testing, NA not applicable, CoNS coagulase-negative

staphylococci

55.9%/53.3%). The overall global susceptibility of methi-
cillin-resistant S. aureus to ceftaroline increased slightly
from 87.5% in 2012 to 91.7% in 2016, with a marked
increase observed in Africa-Middle East (2012/2016:
88.7%/97.8%), Europe (2012/2016: 89.8%/96.2%), and
Latin America (2012/2016: 78.2%/88.2%) (Fig. 3a). The
susceptibility of methicillin-resistant S. aureus to cef-
taroline in Asia was consistently lower than in all other
regions (2012/2016: 75.2%/75.5%).

The proportion of CR-K. pneumonia among all
K. pneumoniae lightly increased from 6.7% in 2012
to8.2% in 2016, with higher prevalence observed in
Latin America (2012/2016: 9.2%/11.2%) and Europe
(2012/2016: 9.3%/10.4%). Conversely, the overall global
susceptibility of CR-K. pneumoniae to ceftazidime—
avibactam decreased from 88.4% in 2012 to 81.6% in
2016, with a marked decrease observed in Africa-Mid-
dle East (2012/2016: 100%/63.6%), Asia (2012/2016:
76.9%/68.2%), and Latin America (2012/2016:
100%/90%) (Fig. 3b). The susceptibility rates in Asia and
Africa-Middle East were, in general, lower than in the
other regions during the study period.

The proportion of CR-P aeruginosa among all
P aeruginosa remained relatively stable over time
(2012/2016: 26.5%/26.7%), with higher prevalence
observed for Latin America (2012/2016: 36.3%/34.4%).
The overall global susceptibility of CR-P. aeruginosa to
ceftazidime—avibactam decreased from 89.6% in 2012
to 72.7% in 2016, with a marked decrease observed
for all regions (Fig. 3). The susceptibility rate in North

America (2012/2016: 93.2%/86.0%) was, in general,
higher than in other regions.

Discussion

Ceftaroline and ceftazidime—avibactam are relatively
recent antibiotics that are active against a variety of
bacterial species, including some with innate antibiotic
resistance [10-13, 15]. The exact resistance patterns
to those antibiotics still need to be defined exactly, and
there is a crucial need for global surveillance of anti-
biotic resistance. This study reveals the patterns of the
susceptibilities of different bacterial species to a variety
of antibiotics, with a focus on ceftaroline and ceftazi-
dime-avibactam, around the world, and over 5 years. The
results indicate that the global resistance of CR-P. aer-
uginosa to ceftazidime—avibactam greatly increased over
time, while the susceptibility profile of ceftaroline and
ceftazidime—avibactam against other species were rela-
tively stable.

The first objective of this study was to examine the
overall in vitro activities of ceftaroline and ceftazi-
dime—avibactam using data from the ATLAS pro-
gram. The results showed that ceftaroline was highly
potent (>90% susceptibility) against Gram-positive
strains, including S. aureus, S. pneumoniae, and Strep-
tococcus. On the other hand, ceftazidime—avibactam
showed susceptibility >90% against Gram-negative
bacteria, including Enterobacteriaceae, P. aeruginosa,
and P mirabilis, with overtly increased antimicrobial
activity observed with the addition of avibactam to
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Table 3 In vitro susceptibilities of multi-drug resistant strains obtained from the ATLAS program, 2012-2016.
Organism/antibiotic No. of isolates MIC;, MICy, MIC range CLsi® EUCAST

S% 1% R% S% 1% R%
CRECO
Ceftaroline 119 256 256 0.015-256 109 1.7 874 9.5 0 90.5
Ceftazidime-avibactam 119 05 256 0.03-256 72.3 0 277 40.5 0 59.5
Ceftazidime 119 64 256 0.12-256 22.7 42 73.1 1.9 24 85.7
Cefepime 119 32 32 0.12-32 84 16 756 0 24 97.6
Pip-taz 119 256 256 0.5-256 219 59 723 19.1 24 786
Doripenem 119 4 16 0.03-16 328 1.8 555 19.1 24 78.6
Imipenem 119 8 16 4-16 0 0 100 0 0 100
Meropenem 119 8 16 0.015-16 26.1 6.7 67.2 19.1 7.1 73.8
Levofloxacin 119 8 16 0.015-16 24.4 34 72.3 7.1 24 90.5
Tigecycline 119 0.25 1 0.03-4 98.3 1.7 0 88.1 7.1 4.8
Amikacin 119 8 64 1-64 78.2 5 16.8 59.5 7.1 333
Colistin 79 0.5 1 0.12-16 NA NA NA 96.3 0 37
Aztreonam 119 64 256 0.015-256 235 0.8 75.6 16.7 24 81
CRKPN
Ceftaroline 1418 256 256 0.06-256 06 0 994 0 0 100
Ceftazidime-avibactam 1418 1 256 0.015-256 85.6 0 144 83.6 0 164
Ceftazidime 1418 256 256 0.12-256 4 25 935 0.6 0.7 98.7
Cefepime 1418 32 32 0.12-32 35 8 88.6 04 06 99
Pip-taz 1418 256 256 2-256 15 1.1 974 0.3 0.1 99.6
Doripenem 1418 8 16 0.03-16 4.2 54 904 0.7 04 989
Imipenem 1418 16 16 4-16 0 0 100 0 0 100
Meropenem 1418 16 16 0.015-16 29 4 93.1 08 39 953
Levofloxacin 1418 8 16 0.03-16 12.7 35 839 3.1 1.6 95.2
Tigecycline 1418 1 2 0.06-16 926 6.3 1.1 74.7 17.1 82
Amikacin 1418 16 64 0.25-64 52.1 28.1 19.8 303 132 56.6
Colistin 1046 1 16 0.06-16 NA NA NA 74.2 0 258
Aztreonam 1418 256 256 0.03-256 44 04 95.1 2.7 0.2 97.1
CRECL
Ceftaroline 149 256 256 0.06-256 4.7 0.7 94.6 1.6 0 98.4
Ceftazidime-avibactam 149 128 256 0.06-256 423 0 577 219 0 78.1
Ceftazidime 149 256 256 0.12-256 8.7 13 89.9 1.6 1.6 96.9
Cefepime 149 32 32 0.12-32 14.8 10.7 74.5 4.7 0 953
Pip-taz 149 256 256 2-256 10.1 54 84.6 16 16 96.9
Doripenem 149 8 16 0.06-16 14.1 6.7 79.2 0 0 100
Imipenem 149 8 16 4-16 0 0 100 0 0 100
Meropenem 149 8 16 0.03-16 14.1 12.1 73.8 16 17.2 813
Levofloxacin 149 4 16 0.03-16 436 74 49 17.2 4.7 78.1
Tigecycline 149 1 4 0.12-8 83.9 14.1 2 594 156 25
Amikacin 149 4 64 0.5-64 80.5 54 14.1 60.9 7.8 31.3
Colistin 118 0.5 1 0.12-16 NA NA NA 93.8 0 6.3
Aztreonam 149 64 256 0.06-256 24.2 2 738 18.8 6.3 75
CRPAE
Ceftaroline 4546 128 256 0.015-256 NA NA NA NA NA NA
Ceftazidime-avibactam 4546 4 64 0.015-256 74.5 0 255 70.6 0 294
Ceftazidime 4546 16 128 0.12-256 46.6 8.2 453 414 0 586
Cefepime 4546 16 32 0.25-32 472 232 296 41.5 0 586
Pip-taz 4546 64 256 0.25-256 34.7 24.8 40.5 294 0 70.7
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Table 3 (continued)

Page 11 of 15

Organism/antibiotic No. of isolates MIC;q MICy, MIC range cLsi? EUCAST

S% 1% R% S% 1% R%
Doripenem 4545 8 16 0.03-16 15.1 22.8 62.1 18 59 923
Imipenem 4546 16 16 8-16 0 0 100 0 0 100
Meropenem 4546 16 16 0.06-16 1.7 154 729 49 335 61.7
Levofloxacin 4546 8 16 0.015-16 36 10 54 221 0 77.9
Tigecycline 4546 16 16 0.03-16 NA NA NA NA NA NA
Amikacin 4546 8 64 0.25-64 728 7.3 19.9 60.5 9.2 304
Colistin 3521 1 2 0.06-16 96.4 0 3.6 96.6 0 34
Aztreonam 4546 16 128 0.06-256 30.7 21 483 1.1 46.6 524
CRABA
Ceftaroline 2318 256 256 2-256 NA NA NA NA NA NA
Ceftazidime—-avibactam 2318 64 256 0.06-256 NA NA NA NA NA NA
Ceftazidime 2318 128 256 1-256 5.1 23 92.7 NA NA NA
Cefepime 2318 32 32 0.25-32 3.6 10.7 85.7 NA NA NA
Pip-taz 2318 256 256 4-256 04 0.7 99 NA NA NA
Doripenem 2318 8 16 0.5-16 0.2 04 99.4 0 100
Imipenem 2318 16 16 8-16 0 0 100 0 100
Meropenem 2318 16 16 1-16 0.1 0.5 99.4 19 98.1
Levofloxacin 2318 8 16 0.06-16 38 114 84.9 14 0.6 98
Tigecycline 2318 1 4 0.03-16 NA NA NA NA NA NA
Amikacin 2318 64 64 0.25-64 193 7.8 73 164 2.7 80.9
Colistin 1552 1 2 0.12-16 92.1 0 79 92 0 8
Aztreonam 2318 64 256 2-256 NA NA NA NA NA NA
MRSA
Ceftaroline 30100 0.5 2 0.03-64 89.0 10.3 0.7 NA NA NA
Ceftazidime-avibactam 30100 64 64 2-64 NA NA NA NA NA NA
Ceftazidime 30100 64 64 1-64 NA NA NA NA NA NA
Pip-taz 30100 32 32 0.12-32 NA NA NA NA NA NA
Doripenem 30100 2 8 0.008-8 NA NA NA NA NA NA
Meropenem 30100 4 16 0.015-16 NA NA NA NA NA NA
Levofloxacin 30100 4 8 0.015-8 324 0.5 67.1 NA NA NA
Moxifloxacin 30100 2 0.008-8 326 39 63.5 NA NA NA
Minocycline 30100 0.12 0.12-16 894 53 54 NA NA NA
Tigecycline 30100 0.12 0.5 0.015-4 98.5 1.5 0 NA NA NA
Clindamycin 30100 0.12 0.03-8 61 03 387 NA NA NA
Erythromycin 30100 8 16 0.12-16 29.7 25 67.8 NA NA NA
Vancomycin 30100 1 2 0.25-4 100 0 0 NA NA NA
Teicoplanin 30100 1 2 0.12-32 100 0 0 NA NA NA
Linezolid 30100 2 2 0.5-16 100 0 0 NA NA NA
Daptomycin 30100 0.5 1 0.06-4 99.7 0.3 0 NA NA NA
Gentamicin 18616 1 64 0.06-64 782 0.9 21 NA NA NA
Trimethoprim sulfa 18616 0.25 1 0.25-8 95.6 0 44 NA NA NA
Oxacillin 30100 4 8 4-8 0 0 100 NA NA NA
PRSP
Ceftaroline 1925 0.12 0.25 0.008-32 98.2 1.8 0 86.8 0 132
Ceftazidime-avibactam 1925 16 64 1-128 NA NA NA NA NA NA
Ceftazidime 1925 16 64 1-128 NA NA NA NA NA NA
Penicillin 1925 4 8 2-16 0 0 100 0 0 100
Doripenem 1925 1 2 0.015-8 894 10.6 0 81.1 0 189
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Table 3 (continued)

Organism/antibiotic No. of isolates MIC;q MICy, MIC range cLsi? EUCAST

S% 1% R% S% 1% R%
Meropenem 1925 1 2 0.008-2 34 323 64.3 100 0 0
Levofloxacin 1925 1 2 0.12-16 95.3 0.5 4.2 94.1 0 6
Moxifloxacin 1925 0.12 0.25 0.03-8 95.7 1.5 2.8 94.6 0 54
Minocycline 1925 4 4 0.03-4 285 132 583 188 3 782
Tigecycline 1925 0.03 0.03 0.008-2 99.8 0.2 0 NA NA NA
Clindamycin 1925 2 2 0.008-2 326 03 67.2 243 0 75.7
Erythromycin 1925 2 2 0.008-2 139 0.2 86 109 0.1 89
Vancomycin 1925 0.5 0.5 0.015-2 99.9 0.1 0 100 0 0
Linezolid 1925 1 1 0.06-2 100 0 0 100 0 0

CLSI Clinical Laboratory and Standards Institute, EUCAST European Committee on Antimicrobial Susceptibility Testing, CRECO Carbapenem-resistant Escherichia coli,
CRKPN Carbapenem-resistant Klebsiella pneumonia, CRECL Carbapenem-resistant Enterobacter cloacae, CRPAE Carbapenem-resistant Pseudomonas aeruginosa, CRABA
Carbapenem-resistant Acinetobacter baumannii, MRSA Methicillin-resistant Staphylococcus aureus, PRSP Penicillin-resistant Streptococcus pneumonia, NA not applicable

@ Cefepime CLSI susceptibility for Enterobacteriaceae adopted the susceptible, susceptible-dose-dependent, and resistant categories
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Fig. 1 Trends of in vitro susceptibility to ceftaroline against various bacterial species over time in different regions using the CLSI breakpoint. AM
Africa/Middle-East, EU Europe, LA Latin America, NA North America. Data are not presented for Oceania due to limited number of isolates

ceftazidime. Further analysis of the data from China to ceftazidime—avibactam were high (92.9-99.0%) in
showed that similar to the global pattern, the suscep- China. Those results are generally similar with those of
tibilities of E. coli, K. pneumoniae, and P. aeruginosa  surveillance studies in China [18], Asia [19], the United
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Escherichia coli Klebsiella pneumoniae Enterobacter cloacae
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carbapenem-resistant Klebsiella pneumonia, CRPAE carbapenem-resistant Pseudomonas aeruginosa. Data are not presented for Oceania due to the
limited number of isolates

States of America [20-22], and Europe [23], and with  difference could be the tested period since bacterial
the AWARE surveillance program [24-26], but with  susceptibility changes over time.

some minute differences that could be due to the speci- Indeed, as shown by the results to the second objec-
mens’ area of origin since the present study included tive of the present study, the patterns of resistance var-
specimens from all over the world. Another source of ied among species, among world regions, and over time.
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The main differences were that the susceptibility rates
of E. coli and S. aureus to ceftaroline in Asia were lower
than the global rates, while those in Europe and North
America were generally similar or higher than the global
rates. Asia also showed lower susceptibility rates to cef-
tazidime—avibactam against C. freundii, E. cloacae, and
P mirabilis. A study examined the resistance patterns
to ceftaroline, ceftazidime, and piperacillin—tazobactam
and revealed similar patterns between Europe and the
United States of America [20]. A study across different
areas of the United States of America also reported good
susceptibility profiles of ceftaroline against respiratory
pathogens [27]. A recent report from the World Health
Organization revealed high rates of antibiotic resistance
all over the world [28, 29]. Antibiotic resistance is a major
concern worldwide, and significant differences in the
resistance patterns can be observed. The World Health
Organization highlighted that even if antibiotic resistance
has increased all over the world, the increase was particu-
larly alarming in Asia because of poor health and envi-
ronment practices such as antibiotic over-prescription,
poor infection control, poor waste management, overuse
of antibiotics in farming, food security, and restricted
access to the newest antibiotics [30-32]. Furthermore, the
Asia—Pacific region is the most populous region in the
world. Many of its countries are among the poorest, and
poor health infrastructure is often encountered [33]. In
addition, specific resistance mechanisms (e.g., the New
Delhi metallo-p-lactamase-1) are also encountered in
Asia [34]. The TEST study showed that Africa and Asia
were the two regions of the world with the highest occur-
rence of S. aureus resistant to multiple antibiotics among
blood-borne infections [35].

There is a plea for worldwide, automated, and com-
prehensive surveillance of antimicrobial resistance pat-
terns [8, 36, 37]. Such surveillance could help optimize
the worldwide use of antibiotics to improve infection
control and minimize the occurrence of resistant strains
[38]. In fact, surveillance and proper actions are neces-
sary to avoid medical, social, and economic setbacks that
could threaten the very fabric of the global community
[38]. Even if the present study focused on ceftaroline
and ceftazidime—avibactam, the ATLAS program pro-
vides the comprehensive global susceptibility profiles of
many antibiotics against a large number of bacterial spe-
cies. ATLAS receives data from all regions of the world
and covers many years. Therefore, it helps provide certain
help for the global surveillance of bacterial resistance.

This study has limitations. First, this was a retrospec-
tive study, with the inevitable confounding biases, such as
the nature of the participating hospitals (mostly tertiary
university-affiliated centers), the exact patient popula-
tions consulting at those hospitals, and the lack of many
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variables at the patient level. Second, this study is purely
descriptive. Because of the large sample size, minute non-
clinically significant differences in susceptibility could be
statistically significant, which could be misleading [39,
40]; therefore, statistical tests were not performed.

Conclusion

In summary, the present study showed that the addition
of avibactam improved the activity of ceftazidime against
Enterobacteriaceae and P. aeruginosa. The global antimi-
crobial susceptibilitiestoceftaroline and ceftazidime—avi-
bactam were, in general, stable from 2012 to 2016, but a
marked reduction in the susceptibilities of specific spe-
cies and CR-P. aeruginosa for ceftazidime—avibactam was
observed in specific regions of the world.
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