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The frequency and antimicrobial susceptibility of organisms causing bloodstream infections in the United States
were evaluated by consecutively collecting (1/patient) 9210 bacterial isolates from 33 US medical centers in
2015–2017. Isolates were susceptibility tested by reference broth microdilution methods. Whole genome se-
quencing was performed on carbapenem-resistant Enterobacteriaceae (CRE). The most common organisms
were Staphylococcus aureus (24.3%), Escherichia coli (20.8%), and Klebsiella pneumoniae (9.1%). Overall, 50.0% of
isolates were gram-negative bacilli and 41.4% were Enterobacteriaceae. The most active agents against Entero-
bacteriaceae were ceftazidime–avibactam (99.9% susceptible), amikacin (99.7% susceptible), and the carbapen-
ems meropenem and doripenem (99.1% susceptible). Among 28 CRE isolates (0.7% of Enterobacteriaceae), 21
produced a KPC-like carbapenemase, 2 an NMD-like, and 1 a KPC-17 and an NDM-1. Colistin (100.0% suscepti-
ble), ceftolozane–tazobactam (98.7% susceptible), ceftazidime–avibactam (98.2% susceptible), amikacin (97.9%
susceptible), and tobramycin (95.6% susceptible) were very active against Pseudomonas aeruginosa. Among
S. aureus isolates, 57.8% were oxacillin-susceptible.
1-319-665-3371.
© 2019 Elsevier Inc. All rights reserved.
1. Introduction

The etiology of bloodstream infections (BSIs) has changed substan-
tially in the last 2 decades. Initially, we observed an increase of gram-
negative bacteria and fungal pathogens, especially Candida spp., over
gram-positive organisms. In the last few years, however, the most sig-
nificant changes in the etiology of BSIs have been the antimicrobial re-
sistance patterns, especially among gram-negative organisms (Lake
et al., 2018; Timsit et al., 2014;Weiner et al., 2016). Moreover, the etiol-
ogy of BSIs may vary significantly according to the type of patient and
source of infection, and studies evaluating large series of BSIs with non-
selected types of patients or specific pathogens are scarce.

The emergence and spreading of multidrug-resistant (MDR) gram-
negative bacilli, mainly carbapenem-resistant Enterobacteriaceae (CRE),
triggered the development of a series of drugs to address these problems.
A few of these drugs have been approved for clinical use in the last few
years, including 3 β-lactamase inhibitor combinations, e.g., ceftazidime–
avibactam, ceftolozane–tazobactam, and meropenem–vaborbactam, and
the novel aminoglycoside plazomicin (Carvalhaes et al., 2018; Castanheira
et al., 2017, 2018; Sader et al., 2018a, 2018b). In this investigation, we
evaluated the frequency and antimicrobial susceptibility of organisms iso-
lated frompatientswith BSIs in USmedical centers and assessed the activ-
ity and spectrum of 2 recently approved β-lactamase inhibitor
combinations, ceftazidime–avibactam and ceftolozane–tazobactam, and
many other antimicrobial agents currently used to treat BSIs.
2. Materials and methods

2.1. Bacterial isolates

A total of 9210 bacterial isolates were collected from patients with
BSIs in 33 US medical centers in 23 states from all 9 US census divisions
from January 2015 through December 2017. Most participating centers
were represented by tertiary medical centers. Each participating center
was asked to collect 100 consecutive isolates (1/patient) per year. Only
isolates determined to be significant by local criteria as the reported
probable cause of infection were included in the program. Species iden-
tification was confirmed at JMI Laboratories by standard biochemical
tests and using the matrix-assisted laser desorption ionization–time of
flight mass spectrometer Biotyper (Bruker Daltonics, Billerica, MA,
USA) according to the manufacturer instructions, when necessary.
Carbapenem-resistant Enterobacteriaceae (CRE) was defined as resis-
tant (MIC, ≥4 mg/L [CLSI]) to imipenem (imipenem was not applied to
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Proteus mirabilis or to indole-positive Proteeae), meropenem, or
doripenem (CLSI, 2018b).

2.2. Susceptibility testing

Antimicrobial susceptibility was evaluated by reference broth
microdilution methods conducted according to Clinical and Laboratory
Standard Institute (CLSI) procedures (CLSI, 2018a). Avibactamwas pro-
vided by Allergan (Irvine, CA, USA) and combined with ceftazidime
(avibactam at fixed concentration of 4 mg/L) for susceptibility testing.
Ceftolozane stock solution was obtained from ThermoFisher Scientific
(Cleveland, OH, USA) and combined with tazobactam (acquired from
United States Pharmacopeia [USP]) at fixed concentration of 4 mg/L
for susceptibility testing. Ceftolozane–tazobactam was only tested
against isolates collected in 2017, whereas all other compounds were
tested against isolates from 2015 to 2017. All other compounds were
obtained from USP or Sigma-Aldrich (St. Louis, MO, USA). Concurrent
quality control (QC) testingwas performed to ensure proper test condi-
tions and procedures. QC strains included Escherichia coli ATCC 25922
and NCTC 13353, Klebsiella pneumoniae ATCC 700603 and ATCC BAA
1705, and P. aeruginosa ATCC 27853. CLSI (CLSI, 2018b) and European
Committee on Antimicrobial Susceptibility Testing (EUCAST, 2018) sus-
ceptibility interpretive criteria were used to determine susceptibility/
resistance rates for comparator agents.

2.3. Screening for carbapenemase-encoding genes

Enterobacteriaceae isolates displaying MIC values ≥2 mg/L for at
least 2 β-lactams (i.e., ceftazidime, ceftriaxone, aztreonam, or cefepime)
and all CRE isolates were tested for carbapenemase-encoding genes
using next-generation sequencing (NGS). Total genomic DNA was ex-
tracted using the fully automated ThermoScientific™ KingFisher™
Flex Magnetic Particle Processor (Cleveland, OH, USA). To perform
Fig. 1. Frequency of organisms isolated from patients with bloodstream infections from US me
staphylococci; BHS = β-hemolytic streptococci; VGS = viridans group streptococci.
NGS, DNA extracts were quantified using the Qubit™ High Sensitivity
DS-DNA assay (Invitrogen, ThermoFisher Inc.) and normalized to
0.2 ng/μL. A total of 1 ng high-quality genomic DNA was used as input
material for library construction using the Nextera XT™ DNA library
preparation kit (Illumina, San Diego, CA, USA). Libraries were normal-
ized using the bead-based normalization procedure (Illumina) and se-
quenced on MiSeq. FASTQ files were assembled using SPAdes
Assembler and subjected to a proprietary software (JMI Laboratories)
for annotation of β-lactamase genes.

3. Results

The most common organisms isolated from patients with BSIs were
Staphylococcus aureus (24.3%), E. coli (20.8%), K. pneumoniae (9.1%),
coagulase-negative staphylococci (CoNS) (7.3%), Enterococcus faecalis
(5.5%), P. aeruginosa (4.7%), β-hemolytic streptococci (BHS) (4.6%), En-
terobacter cloacae (3.3%), and E. faecium (3.1%; Fig. 1). Overall, 50.0% of
isolates were gram-negative bacilli and 41.4% were Enterobacteriaceae
(Fig. 1). Overall, 80.0% of isolates were from adults (≥18 years old),
17.6% from children (≤17 years old), and 2.6% from patients whose
age was not provided.

The most active agent (highest susceptibility rate per CLSI) against
Enterobacteriaceae was ceftazidime–avibactam (MIC50/90, 0.12/
0.25 mg/L; 99.9% susceptible), followed by amikacin (MIC50/90, 2/
4 mg/L; 99.7%/98.8% susceptible per CLSI/EUCAST) and the carbapen-
ems meropenem (MIC50/90, 0.03/0.06 mg/L; 99.1%/99.3% susceptible
per CLSI/EUCAST) and doripenem (MIC50/90, ≤0.06/0.12 mg/L; 99.1%/
99.1% susceptible per CLSI/EUCAST; Table 1). Antimicrobial activity of
ceftazidime–avibactam tested against themain organisms and resistant
subsets is displayed in Supplemental Table S1. Overall 99.8% of Entero-
bacteriaceae, including 100.0% of extended-spectrum β-lactamase
(ESBL)–producing isolates, were inhibited at a ceftazidime–avibactam
MIC of ≤2 mg/L. Moreover, only 3 Enterobacteriaceae isolates (0.1%)
dical centers (INFORM program, 2015–2017). Abbreviations: CoNS = coagulase-negative



Table 1
Antimicrobial activity of ceftazidime–avibactam, ceftolozane–tazobactam, and compara-
tor agents tested against Enterobacteriaceae and P. aeruginosa isolated from patients with
bloodstream infections (INFORM program; 2015–2017).

Organism/antimicrobial agent MIC50 MIC90 CLSIa EUCAST

(mg/L) (mg/L) %S %R %S %R

Enterobacteriaceae (3746)
Ceftazidime–avibactam 0.12 0.25 99.9 0.1 99.9 0.1
Ceftolozane–tazobactamb 0.25 0.5 96.9 2.5 95.7 4.3
Ceftriaxone ≤0.06 ≫8 83.8 15.6 83.8 15.6
Ceftazidime 0.25 16 87.1 11.6 84.5 12.9
Cefepime ≤0.12 8 88.8 9.3 87.4 10.4
Piperacillin–tazobactam 2 8 93.4 3.3 90.3 6.6
Meropenem 0.03 0.06 99.1 0.7 99.3 0.4
Doripenem ≤0.06 0.12 99.1 0.7 99.1 0.7
Levofloxacin 0.06 ≫4 78.9 19.5 76.0 22.0
Gentamicin 0.5 8 89.6 9.8 89.2 10.4
Amikacin 2 4 99.7 0.1 98.8 0.3
Tigecycline 0.25 1 97.3 c 0.3 c 93.8 2.7
Colistin 0.12 ≫8 86.2 13.8

ESBL-producing
Enterobacteriaceae (391)d

Ceftazidime–avibactam 0.12 0.5 100.0 0.0 100.0 0.0
Ceftolozane–tazobactamb 0.5 4 88.8 9.1 83.2 16.8
Piperacillin–tazobactam 4 64 81.6 8.7 69.3 18.4
Meropenem 0.03 0.06 99.0 0.8 99.2 0.0
Doripenem ≤0.06 0.12 99.0 0.8 99.0 0.8
Levofloxacin ≫4 ≫4 22.8 73.1 14.6 79.3
Gentamicin 2 ≫8 51.9 45.8 50.9 48.1
Amikacin 4 8 98.7 0.3 93.9 1.3
Tigecycline 0.25 1 98.0 c 0.0 c 93.4 2.0
Colistin 0.12 0.25 96.9 3.1

Carbapenem-resistant
Enterobacteriaceae (28)e

Ceftazidime–avibactam 1 ≫32 89.3 10.7 89.3 10.7
Ceftolozane–tazobactamb ≫16 0.0 83.3 0.0 100.0
Piperacillin–tazobactam ≫64 ≫64 0.0 89.3 0.0 100.0
Meropenem 8 ≫32 0.0 92.9 7.1 50.0
Doripenem 8 ≫8 0.0 92.9 0.0 92.9
Levofloxacin ≫4 ≫4 14.3 82.1 3.6 89.3
Gentamicin 2 ≫8 53.6 39.3 50.0 46.4
Amikacin 8 ≫32 78.6 10.7 67.9 21.4
Tigecycline 0.5 2 96.4 c 0.0 c 75.0 3.6
Colistin 0.12 ≫8 85.2 14.8

Pseudomonas aeruginosa (433)
Ceftazidime–avibactam 2 4 98.2 1.8 98.2 1.8
Ceftolozane–tazobactamb 0.5 1 98.7 0.7 98.7 1.3
Ceftazidime 2 16 87.8 9.5 87.8 12.2
Cefepime 2 16 87.8 4.2 87.8 12.2
Piperacillin–tazobactam 4 64 85.5 7.2 85.5 14.5
Meropenem 0.5 8 80.1 12.9 80.1 8.1
Doripenem 0.5 8 84.0 10.2 76.5 16.0
Levofloxacin 0.5 ≫4 78.5 16.6 70.2 29.8
Gentamicin 2 8 88.7 5.8 88.7 11.3
Amikacin 4 8 97.9 1.4 93.3 2.1
Tobramycin 0.5 2 95.6 4.1 95.6 4.4
Colistin 1 1 100.0 0.0 100.0 0.0

a Criteria as published by CLSI (CLSI, 2018b).
b Tested only in 2017 against 1311 Enterobacteriaceae, including 131 ESBL-producing

and 6 carbapenemase-resistant isolates and 149 P. aeruginosa isolates.
c FDA breakpoints (US FDA, 2019).
d Organisms include Enterobacter aerogenes (1), E. cloacae species complex (15),

Escherichia coli (277), Klebsiella oxytoca (4), K. pneumoniae (90), and Proteus mirabilis (4).
e Organisms include Enterobacter cloacae species complex (3), Escherichia coli (5),

Klebsiella oxytoca (2), K. pneumoniae (16), and Serratia marcescens (2). See Table 2 for a list
of carbapenemases produced by these isolates.

Table 2
Carbapenemases produced by carbapenem-resistant Enterobacteriaceae isolates.

Organism/carbapenemase No. of isolates

K. pneumoniae 16
KPC-2 6
KPC-3 5
KPC-17 1
KPC-17 plus NDM-1 1
Negativea 3

E. coli 5
KPC-2 2
NDM-1 1
NDM-9 1
Negativea 1

E. cloacae 3
KPC-3 3

K. oxytoca 2
KPC-2 2

S. marcescens 2
KPC-2 1
KPC-3 1

Total 28

a No carbapenemase gene found.

3H.S. Sader et al. / Diagnostic Microbiology and Infectious Disease 95 (2019) 114850
were ceftazidime–avibactam resistant, 2 E. coli and 1 K. pneumoniae: all
3 were NDM-like producers (2 NDM-1 and 1 NDM-9) from a single hos-
pital in Texas (Table 2 and Supplemental Table S1).

Antimicrobial susceptibility of the 5 most common Enterobacteria-
ceae species is displayed in Supplemental Table S2. Ceftazidime–
avibactam demonstrated potent activity against ESBL producers (n =
391; MIC50/90, 0.12/0.5 mg/L; 100.0% susceptible). Meropenem (MIC50/
90, 0.03/0.06 mg/L; 99.0%/99.2% susceptible per CLSI/EUCAST),
doripenem (MIC50/90, ≤0.06/0.12 mg/L; 99.0% susceptible), amikacin
(MIC50/90, 4/8 mg/L; 98.7%/93.9% susceptible per CLSI/EUCAST), and
tigecycline (MIC50/90, 0.25/1 mg/L; 98.0%/93.4% susceptible per US
FDA/EUAST) were also very active against ESBL-producing isolates
(Table 1). Ceftolozane–tazobactam (tested in 2017 only) was active
against 96.9%/95.7% of Enterobacteriaceae overall and 88.8%/83.2% of
ESBL-producing (excluding carbapenemase) isolates per CLSI/EUCAST
criteria (Table 1).

CRE represented only 0.7% of Enterobacteriaceae isolates (n = 28)
and were observed in 12 of 33 (36.4%) medical centers surveyed.
Among 28 CRE, 21 produced a KPC, 1 an NDM-1, 1 an NDM-9, and 1 a
KPC-17 and anNDM-1 (Table 2). Themost active agents against CRE iso-
lates were ceftazidime–avibactam (MIC50/90, 1/≫32 mg/L; 89.3% sus-
ceptible) and tigecycline (MIC50/90, 0.5/2 mg/L; 96.4%/75.0%
susceptible per CLSI/EUCAST; Table 1).

Against P. aeruginosa, colistin (100.0% susceptible), ceftolozane–
tazobactam (98.7% susceptible), ceftazidime–avibactam (98.2% suscep-
tible), amikacin (97.9%/93.3% susceptible per CLSI/EUCAST), and
tobramycin (95.6% susceptible) were the most active agents (Table 1).
Furthermore, ceftazidime–avibactam and ceftolozane–tazobactam
retained good activity against P. aeruginosa isolates nonsusceptible to
meropenem (93.0% and 95.0% susceptible, respectively), piperacillin-
tazobactam (88.9% and 91.3% susceptible), and/or ceftazidime (86.8%
and 88.2% susceptible; data not shown).

All S. aureus isolates were susceptible to dalbavancin (MIC50 and
MIC90, 0.03 mg/L), linezolid (MIC50/90, 1/2 mg/L), teicoplanin (MIC50/
90, ≤0.5/≤0.5 mg/L), telavancin (MIC50/90, 0.03/0.06 mg/L), tigecycline
(MIC50/90, 0.06/0.12 mg/L), and vancomycin (MIC50/90, 0.5/1 mg/L).
Moreover, susceptibility rates for daptomycin (MIC50/90, 0.25/
0.5 mg/L), ceftaroline (MIC50/90, 0.25/1 mg/L), and oxacillin (MIC50/90,
0.5/≫2 mg/L) were ≫99.9%, 97.6%, and 57.8%, respectively (Table S3).
Although the overall oxacillin resistance rate was relatively high
among S. aureus (42.2%), it decreased significantly during the study pe-
riod from 45.4% in 2015 to 39.5% in 2017 (P ≪ 0.05). Among CoNS, all
isolates were susceptible to daptomycin (MIC50/90, 0.25/0.5 mg/L) and
vancomycin (MIC50/90, 1/2 mg/L), 33.1% were susceptible to oxacillin,
and the highest MIC values for dalbavancin and ceftaroline were
0.25 mg/L and 4 mg/L, respectively (Table S3).

All E. faecalis isolates were susceptible to ampicillin (MIC50 and
MIC90, 1 mg/L), daptomycin (MIC50/90, 0.5/1 mg/L [CLSI only]), and li-
nezolid (MIC50/90, 1/2 mg/L), and susceptibility rates per CLSI were
96.4% for dalbavancin, 99.8% for tigecycline, and 96.0% for vancomycin,
whereas only daptomycin (MIC50/90, 1/2 mg/L; 98.6% susceptible) and
linezolid (MIC50/90, 1/2mg/L; 99.0% susceptible) exhibited good activity
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against E. faecium (Table S3). All BHS were susceptible to ceftaroline
(MIC50/90, ≤0.008/0.015 mg/L), ceftriaxone (MIC50/90, ≤0.03/
0.06 mg/L), dalbavancin (MIC50/90, 0.015/0.03 mg/L), daptomycin
(MIC50/90, 0.12/0.25 mg/L), linezolid (MIC50/90, 1/1 mg/L), penicillin
(MIC50/90, ≤0.03/0.06 mg/L), tigecycline (MIC50 and MIC90, 0.06 mg/L),
and vancomycin (MIC50/90, 0.25/0.5 mg/L; Table S3).
4. Discussion

Nearly 2million episodes and 250,000 deaths fromBSI are estimated
to occur annually in the United States and Europe combined (Goto and
Al-Hasan, 2013). Early adequate treatment of BSI is critical and should
be based on knowledge, guidelines, rapidmicrobiological identification,
and administering proper antimicrobial treatment (Lopez-Cortes et al.,
2017; Retamar, et al., 2012; Timbrook et al., 2017). Clinicians selecting
appropriate antimicrobials should consider local microbial epidemiol-
ogy, patient risk factors for multidrug-resistant organisms, and
patient-specific characteristics that may influence treatment options.
Although microbial epidemiology and resistance rates may vary sub-
stantially from hospital to hospital, results from a large, well-
monitored surveillance program, such as those presented here, can pro-
vide useful information by detecting signs of emerging pathogen popu-
lations/resistance patterns, as well as trends of antimicrobial resistance
mechanisms.

The etiology of BSI is poorly studied and publications on the fre-
quency of occurrence and antimicrobial susceptibility of organisms iso-
lated from patients with BSIs are very scarce. We evaluated ≫9000
isolates consecutively collected from 33 medical centers over 3 years,
and we observed that approximately two-thirds of the cases (65.7%)
were caused by S. aureus (24.3%) or Enterobacteriaceae species
(41.4%). Several antimicrobial agents exhibited complete or almost
complete activity (≥99.9% susceptibility) against S. aureus, including
dalbavancin, daptomycin, linezolid, teicoplanin, and telavancin. Fur-
thermore, tigecycline, vancomycin, and ceftaroline were active against
97.6% of isolates, and MRSA rates decreased significantly during the
study period.

Enterobacteriaceae isolates represented an important proportion of
BSI isolates and exhibited ≫99% susceptibility to ceftazidime–
avibactam (99.9%), doripenem (99.1%), meropenem (99.1%), and
amikacin (99.7%). Furthermore, slight increases in susceptibility rates
were observed for a few antimicrobial agents, including the carbapen-
ems doripenem and meropenem (from 98.4–98.5% in 2015 to 99.5% in
2017), ceftriaxone (from 77.2% in 2015 to 84.1% in 2017), and
levofloxacin (from 77.2% in 2015 to 79.8% in 2017). P. aeruginosa also
showed improved susceptibility to some agents during the study period
(from 2015 to 2017), including ceftazidime–avibactam (from 95.7% to
99.3%), ceftazidime (from 84.9% to 88.0%), and meropenem (from
75.5% to 86.0%), but susceptibility to piperacillin-tazobactam decreased
slightly from 84.9% to 84.0%.

Ceftazidime–avibactam demonstrated potent activity against a large
US collection of contemporary Enterobacteriaceae and P. aeruginosa iso-
lates from patients with BSIs, including organisms resistant tomost cur-
rently available agents, such as CRE and meropenem-nonsusceptible
P. aeruginosa. Ceftolozane–tazobactam exhibited similar activity against
P. aeruginosa butmore limited activity against Enterobacteriaceae, espe-
ciallyMDR, ESBL-producing, and CRE isolates,when compared to ceftaz-
idime–avibactam. Ceftazidime–avibactam is approved by the United
States Food and Drug Administration (US FDA) and by the European
Medicines Agency to treat hospital-acquired bacterial pneumonia, in-
cluding ventilator-associated bacterial pneumonia; complicated intra-
abdominal infections in combination with metronidazole; and compli-
cated urinary tract infections, including pyelonephritis (AVYCAZ®,
2018). Ceftazidime–avibactam is not licensed for treating BSIs but is po-
tentially important in treating infections due to highly resistant Entero-
bacteriaceae and P. aeruginosa.
The main limitation of this investigation is that the criterion used to
categorize a bacterial isolate as “clinically significant”was not defined in
the study protocol and was based on local algorithms, which may vary
among participating medical centers. Another limitation of the study
was not differentiating primary from secondary BSI (CDC, 2019). How-
ever, these limitations are very unlikely to have introduced significant
bias to the study. In summary, this investigation provided a valuable as-
sessment of the frequency and antimicrobial susceptibility of organisms
causing BSIs in US medical centers and emphasized the importance of
comprehensive antimicrobial resistance surveillance programs.
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