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Ceftobiprolemedocaril, the prodrug of ceftobiprole, is an advanced-generation cephalosporin that is approved in
many European and non-European countries for the treatment of adults with hospital-acquired pneumonia (ex-
cluding ventilator-associated pneumonia) and community-acquired pneumonia and is currently being evaluated
in a global phase 3 clinical trial of patients with Staphylococcus aureus bacteremia. This study investigated the
in vitro activity of ceftobiprole and comparators against a total of 5466 gram-positive and -negative isolates
from bloodstream infections (BSIs) that were collected in the United States during 2016 and 2017 as part of
the SENTRY Antimicrobial Surveillance Program. Ceftobiprole was highly active (isolates were N99% susceptible)
against S. aureus (including methicillin-resistant S. aureus), coagulase-negative staphylococci, Enterococcus
faecalis, streptococci, and non–extended-spectrumβ-lactamase (non-ESBL) phenotype Enterobacteriaceae. As ex-
pected, lower activities were observed against Enterococcus faecium, ESBL-phenotype Enterobacteriaceae, Pseudo-
monas aeruginosa, and Acinetobacter baumannii. These results support further clinical evaluation of ceftobiprole
for the treatment of BSIs caused by susceptible organisms.
1-319-665-3371.
ncan).
© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Bloodstream infections (BSIs) are associatedwith considerablemor-
bidity, short-termmortality rates of 13–24% (Goto and Al-Hasan, 2013;
Laupland and Church, 2014; Nielsen et al., 2014; Weiner et al., 2016),
long-term excess mortality (Edmond et al., 1996; Goto and Al-Hasan,
2013; Leibovici, 2013; Martin et al., 1989), and increased healthcare
costs (Goto andAl-Hasan, 2013; Vrijens et al., 2010). A recent review es-
timated that 575,000–677,000 episodes of BSI occur annually in North
America (536,000–628,000 in the United States [USA] and
40,000–49,000 in Canada) and over 1.2 million episodes occur each
year in Europe (Goto and Al-Hasan, 2013). These estimates are likely
conservative given reports of increasing trends in the occurrence of
BSIs in both hospital and community settings (Goto and Al-Hasan,
2013; Laupland and Church, 2014; Timbrook et al., 2017; Uslan et al.,
2007; Weiner et al., 2016).

Early detection and appropriate antimicrobial therapy reduce mor-
tality associated with BSIs (Timbrook et al., 2017); however, rates of
BSI causedby antimicrobial-resistant bacteria are increasingworldwide,
further complicating patient management (Ammerlaan et al., 2013;
Friedman et al., 2016). The problem of antimicrobial resistance requires
a coordinated global response to safeguard human health against cur-
rent and emerging threats (Queenan et al., 2016). Antimicrobial resis-
tance surveillance is an essential component of this response because
it helps to define the scope of the resistance problem, guide the appro-
priate use of antibiotics, and inform the new drug development process
(Perez and Villegas, 2015; Queenan et al., 2016). Adopting molecular
rapid diagnostic testing to detect and identify resistant pathogens and
to enhance our understanding of the resistance mechanisms whereby
the bacteria avoid the effects of antibiotics is also important. This infor-
mation would be used to modify older agents or to develop new agents
such that potent activity is maintained against key target pathogens
(Brogan and Mossialos, 2013; Spellberg et al., 2008; Timbrook et al.,
2017).

Ceftobiprole is an attractive expanded-spectrumparenteral cephalo-
sporin that exhibits potent antimicrobial activity against many gram-
positive and gram-negative pathogens, including methicillin (oxacil-
lin)-resistant Staphylococcus aureus (MRSA), methicillin-resistant
coagulase-negative staphylococci (MRCoNS), Enterobacteriaceae, and
Pseudomonas aeruginosa (Davies et al., 2007; Farrell et al., 2014; Fritsche
et al., 2008; Walkty et al., 2011; Zhanel et al., 2008).

Currently, ceftobiprole is approved for the treatment of adults with
hospital-acquired pneumonia (excluding ventilator-associated
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pneumonia [VAP]) and community-acquired bacterial pneumonia in
Europe (17 countries), Argentina, Canada, Jordan, Peru, and Saudi
Arabia (Awad et al., 2014; Liapikou et al., 2015; Syed, 2014; Zevtera,
2013).

Ceftobiprole was designated a qualified infectious disease product
by the United States Food and Drug Administration (US FDA) and is
being evaluated in separate phase 3 clinical trials for 1) the treatment
of adult patients with acute bacterial skin and skin structure infections
and 2) the treatment of adult patients with S. aureus bacteremia (in-
cluding infective endocarditis). The purpose of these clinical trials is to
expand ceftobiprole's potential indications and support its registration
in the United States. This study concerns ceftobiprole's in vitro antimi-
crobial activity against BSI pathogens.

Since 1997, the SENTRY Antimicrobial Surveillance Programhas col-
lected and tested BSI pathogens from around the world (Biedenbach
et al., 2004). Data on pathogen prevalence and antimicrobial resistance
rates from this program have been reported, and these results can be
compared to the results from other studies that monitor BSI pathogens
(Ammerlaan et al., 2013; Biedenbach et al., 2004; Laupland and Church,
2014). In general, for example, S. aureus and Escherichia coli are themost
commonly isolated species associated with BSIs (Ammerlaan et al.,
2013; Biedenbach et al., 2004; Laupland and Church, 2014; Weiner
et al., 2016). The present study updates the prevalence and trends of
gram-positive and gram-negative organisms causing BSIs in the
United States and examines the activity of ceftobiprole and comparator
antimicrobial agents tested against 5466 BSI isolates collected from US
medical centers during 2016 and 2017 as part of the SENTRYAntimicro-
bial Surveillance Program.

2. Materials and methods

2.1. Bacterial strains tested

A total of 5466 nonduplicate, consecutive clinical isolates from the
ceftobiprole SENTRY Antimicrobial Surveillance Program in the United
States were submitted from 32 medical centers across all 9 US Census
Bureau divisions during 2016–2017 (Table 1). All organisms were iso-
lated from documented BSIs, and only 1 isolate per patient infection ep-
isode was included in the surveillance collection. Species identification
was performed at the participating medical centers and confirmed at
the monitoring laboratory (JMI Laboratories, North Liberty, IA) using
the Vitek 2 System (bioMérieux, Hazelwood, MO) and matrix-assisted
laser desorption ionization-time of flight mass spectrometry (Bruker,
Billerica, MA) when necessary.

2.2. Susceptibility testing methods

All isolates were tested by the Clinical and Laboratory Standards In-
stitute (CLSI) broth microdilution method (CLSI, 2018a) in cation-
adjusted Mueller–Hinton broth (with 5% lysed horse blood added for
Table 1
Top 10 bloodstream infection pathogen species/groups from the US SENTRY Program
(2016–2017).

Organism/organism group Number (% of all isolates)

Staphylococcus aureus 1371 (25.1)
Escherichia coli 1102 (20.2)
Klebsiella pneumoniae 527 (9.6)
Enterococcus spp. 481 (8.8)
Coagulase-negative staphylococci 374 (6.8)
Pseudomonas aeruginosa 258 (4.7)
β-hemolytic streptococci 254 (4.6)
Enterobacter spp. 225 (4.1)
Viridans group streptococci 146 (2.7)
Serratia marcescens 127 (2.3)

Additional isolates from less prevalent species or groups were also tested (data not
shown).
testing fastidious streptococci and Haemophilus test medium used for
testing Haemophilus influenzae). Minimal inhibitory concentration
(MIC) values were generated using frozen-form panels manufactured
by JMI Laboratories. All tested agents were provided by their respective
manufacturers as reagent-grade formulations of the active compounds.
Susceptibility interpretations were based upon the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints re-
cently established for ceftobiprole: S. aureus (susceptible ≤2 mg/L,
resistant N2mg/L), Streptococcus pneumoniae (susceptible ≤0.5mg/L, re-
sistant N0.5mg/L), Enterobacteriaceae (susceptible ≤0.25mg/L, resistant
N0.25 mg/L), and non–species-specific (susceptible ≤4 mg/L, resistant
N4 mg/L) (EUCAST, 2018; Zevtera, 2013). In cases where ceftobiprole
susceptibilities are reported based on the non–species-specific
breakpoint (e.g., Enterococcus faecalis), we note that further studies
are required to evaluate the full clinical utility of ceftobiprole against
such organisms. MIC results for tested comparators obtained against
clinical isolates were interpreted using CLSI M100 breakpoint criteria,
where published (CLSI, 2018b). US FDA product package insert criteria
(tigecycline) or EUCAST criteria (colistin and tigecycline) were used as
alternative breakpoint sources, as necessary (EUCAST, 2018). S. aureus
strains were classified as MRSA according to their oxacillin MIC values
(resistant MIC, ≥4 mg/L). The CLSI screening criterion for potential
extended-spectrumβ-lactamase (ESBL) production (ceftazidime, ceftri-
axone, and/or aztreonam MIC value ≥2 mg/L) was used to categorize
E. coli, Klebsiella pneumoniae, Klebsiella oxytoca, and Proteusmirabilis iso-
lates as exhibiting an ESBL phenotype (CLSI, 2018b). Multidrug-
resistant (MDR; nonsusceptible to at least 3 antimicrobial classes)
P. aeruginosa isolates were classified according to recently recom-
mended guidelines (Magiorakos et al., 2012) using the following anti-
microbial class representatives: cephalosporins (ceftazidime and
cefepime), penicillins plus β-lactamase inhibitors (piperacillin-tazobac-
tam), fluoroquinolones (levofloxacin), aminoglycosides (amikacin and
gentamicin), carbapenems (imipenem), and polymyxins (colistin). Re-
sults are reported as MIC distributions (ceftobiprole only), MIC50/90

values (MIC values encompassing 50% and 90% of isolates tested, re-
spectively), and percent of susceptible and resistant isolates according
to CLSI (as well as FDA and EUCAST, when necessary) interpretive
criteria.

Concurrently tested American Type Culture Collection (ATCC) qual-
ity control (QC) strains included S. aureus ATCC 29213, E. faecalis ATCC
29212, E. coli ATCC 25922 and ATCC 35218, P. aeruginosa ATCC 27853,
S. pneumoniae ATCC 49619, andH. influenzae ATCC 49247. All QC results
were within published limits (Anderegg et al., 2004; CLSI, 2018b).

3. Results

3.1. Rank order of BSI pathogens and distribution of resistant phenotypes by
census division

Overall, the top 10 pathogen species/groups encompassed 89.0%
(4865/5466) of all BSI isolates (Table 1). The most common 3 species
were S. aureus (25.1%), E. coli (20.2%), and K. pneumoniae (9.6%)
(Table 1). Among the remaining 7 pathogen species/groups listed, 4
were gram-positive cocci, 77.5% of which were classified as
community-acquired (where data were available; not shown).

The overall frequencies of key resistant phenotypes per species
among the 2016–2017 BSI isolates were: MRSA (40.7%), vancomycin-
resistant (MIC, N32 mg/L) Enterococcus faecium (VR-EFM) isolates
(65.1%), ESBL-phenotype E. coli isolates (18.1%), ESBL-phenotype
K. pneumoniae isolates (15.4%), and MDR P. aeruginosa isolates (13.6%)
(Table 2). The prevalence of BSIs caused by these resistant phenotypes
varied according to the respective US census division (Table 2). At
least 50% of BSI S. aureus isolates from the South Atlantic (division 5;
50.0%) and East South Central (division 6; 66.1%) divisions were MRSA
versus a low of 28.1%MRSA in the Pacific division (division 9). Likewise,
80% or greater of E. faecium BSI isolates from divisions 5 and 6 exhibited



Table 2
Select resistant phenotypes of bloodstream pathogens collected from the United States stratified by census division (% resistant phenotype in each census division).

US census divisions (% of isolates within tested species)a,b

Organism/organism group 1 2 3 4 5 6 7 8 9 All

MRSA 33.8 41.3 37.6 31.3 50.0 66.1 41.5 33.3 28.1 40.7
Vancomycin-resistant E. faecium 70.0 59.2 73.7 30.0 88.2 80.0 62.5 73.3 46.2 65.1
ESBL-phenotype E. coli 16.1 22.0 8.5 9.2 9.7 15.0 27.5 23.6 27.4 18.1
ESBL-phenotype K. pneumoniae 12.2 22.9 6.9 13.2 18.9 0.0 19.6 14.8 13.3 15.4
MDR P. aeruginosa 28.6 6.7 3.6 4.5 3.6 28.6 19.7 0.0 19.2 13.6

MRSA= methicillin-resistant S. aureus; ESBL = extended-spectrum β-lactamase; MDR = multidrug-resistant.
a US census divisions: 1, New England; 2, Middle Atlantic; 3, East North Central; 4, West North Central; 5, South Atlantic; 6, East South Central; 7, West South Central; 8, Mountain; 9,

Pacific.
b Highest value in bold.
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a vancomycin-resistant (VRE) phenotype (88.2% and 80.0%, respec-
tively), whereas less than 50% of E. faecium isolates from the West
North Central division (division 4) and division 9 expressed this pheno-
type (30.0% and 46.2%, respectively) (Table 2). BSI E. coli isolateswith an
ESBL phenotype were frequently observed (N20%) in the following cen-
sus divisions: Middle Atlantic (division 2; 22.0%), West South Central
(division 7; 27.5%), Mountain (division 8; 23.6%), and division 9
(27.4%) but comprised less than 10% in the East North Central (division
3; 8.5%), division 4 (9.2%), and division 5 (9.7%) (Table 2). Although the
ESBL-phenotype frequency among BSI K. pneumoniae isolates was quite
low in divisions 3 (6.9%) and 6 (0.0% [0/32 isolates]), high rates of ESBL-
phenotype K. pneumoniae isolates were detected in divisions 2 (22.9%),
5 (18.9%), and 7 (19.6%). The MDR phenotype was common among BSI
P. aeruginosa isolates from New England (division 1; 28.6%) and divi-
sions 6 (28.6%), 7 (19.7%), and 9 (19.2%) but accounted for less than
10% (range 0.0–6.7%) of isolates from the other divisions (Table 2).

3.2. Activity of ceftobiprole against US BSI pathogens from 2016 to 2017

MIC distributions for ceftobiprole against each tested species or or-
ganism group are shown in Table 3. Ceftobiprole was very potent
when tested against all 1371 S. aureus isolates (MIC50/90, 0.5/2 mg/L;
99.7% susceptible), methicillin-susceptible S. aureus (MSSA; MIC50/90,
0.5/0.5 mg/L; 100.0% susceptible), and MRSA (MIC50/90, 1/2 mg/L;
99.3% susceptible) (Table 3).

The 374 CoNS isolates were 100% susceptible to ceftobiprole at the
EUCAST non–species-related susceptibility breakpoint of ≤4 mg/L
(MIC50/90, 0.5/1mg/L), and this activitywas largely unaffected by oxacil-
lin resistance (MIC50/90, 1/1 mg/L against MRCoNS).

Ceftobiprole demonstrated potent activity against 299 E. faecalis iso-
lates (MIC50/90, 0.5/2 mg/L; 99.7% inhibited at the EUCAST non–species-
related susceptibility breakpoint of ≤4 mg/L) but was largely inactive
against E. faecium isolates (MIC50/90, N4/N4 mg/L; 19.8% inhibited at an
MIC value of ≤4 mg/L) (Table 3).

Ceftobiprole was very potent against the tested groups of strepto-
cocci: the MIC50/90 values against 116 S. pneumoniae isolates were
0.015/0.12mg/L (99.1% susceptible), and 96.6% of viridans group strep-
tococci (VGS; MIC50/90, 0.03/0.25 mg/L) and all (100.0%) β-hemolytic
streptococci (BHS; MIC50/90, 0.015/0.03 mg/L) were inhibited by
≤0.5 mg/L of ceftobiprole (Table 3).

The activity of ceftobiprole against the Enterobacteriaceae (2253 iso-
lates) exhibited a bimodal distribution, with 84.9% of isolates being
inhibited at an MIC value of ≤0.25 mg/L (the EUCAST susceptibility
breakpoint) and 12.0% having MIC values of ≥8 mg/L (Table 3). Against
E. coli, the ceftobiprole MIC50/90 values were 0.03/N16 mg/L (83.9% sus-
ceptible). Ceftobiprole exhibited excellent activity against non–ESBL-
phenotype E. coli (99.6% susceptible), but lower activity was observed
against isolates with an ESBL phenotype (13.5% susceptible) (Table 3).

Similar to E. coli, bimodal ceftobiprole activity was observed against
K. pneumoniae (Table 3;MIC50/90 values of 0.03/N16mg/L; 86.0% suscep-
tible). Ceftobiprole was highly active against non-ESBL K. pneumoniae
(446 isolates, 100.0% susceptible), but ESBL-phenotype isolates (81
isolates, 15.4%) displayed higher resistance rates for ceftobiprole
(91.4% resistant) (Table 3).

Compared to K. pneumoniae, ceftobiprole susceptibility was lower
among K. oxytoca isolates (80.5% susceptible) (Table 3). Notably,
K. oxytoca isolates that exhibited either an ESBL phenotype or non-ESBL
phenotypewere less susceptible to ceftobiprole (0.0% and 89.9% suscepti-
ble, respectively) than the corresponding subsets of K. pneumoniae iso-
lates (8.6% and 100.0% susceptible, respectively) (Table 3).

Ceftobiprole activity against isolates of other Enterobacteriaceae spe-
cies, including Enterobacter spp. (80.0% susceptible), Citrobacter spp.
(85.3% susceptible), P. mirabilis (94.4% susceptible), indole-positive
Proteeae (93.3% susceptible), and Serratia spp. (90.2% susceptible),
was similar to the activity that was observed against E. coli and
K. pneumoniae (Table 3).

The activity of ceftobiprole against 258 P. aeruginosa isolates (MIC50/90,
2/16 mg/L; 76.7% susceptible at ≤4 mg/L [EUCAST non–species-related
breakpoint]) was lower than that seen for the Enterobacteriaceae
(Table 3). As expected, ceftobiprole exhibited little activity against
Acinetobacter spp. (MIC90, N16 mg/L) and Stenotrophomonas maltophilia
(MIC50, N16 mg/L) (Table 3).

Ceftobiprolewas equally active againstβ-lactamase–negative (MIC50/90,
0.06/0.12mg/L) and β-lactamase–positive (MIC50, 0.06mg/L)H. influenzae
isolates (Table 3). Ceftobiprole also exhibited potent activity against
Moraxella catarrhalis, although only 2 isolates were tested (Table 3).

3.3. Activities of ceftobiprole and comparators against gram-positive cocci

Table 4 summarizes the activities of ceftobiprole and comparators
against S. aureus isolates. Ceftobiprole and ceftaroline exhibited potent
activity (MIC90, 0.5 mg/L and 0.25 mg/L, respectively) against the
MSSA isolate subset and were 16- to 32-fold more potent than ceftriax-
one (MIC90, 8 mg/L). All MSSA isolates were susceptible to ceftobiprole,
ceftaroline, ceftriaxone, daptomycin, linezolid, tigecycline, and vanco-
mycin at their respective breakpoints (Table 4).

The overall MRSA rate was 40.7% (Table 2). All tested β-lactams ex-
hibited higher MIC values against the MRSA subset compared to the
MSSA subset. The MIC90 values for ceftobiprole and ceftaroline were
2 mg/L and 1 mg/L, respectively (Table 4). Ceftobiprole was 2-fold less
potent than ceftaroline, linezolid, or vancomycin and 4-fold less potent
than daptomycin by MIC90 value. These MRSA isolates exhibited high
levels of resistance to levofloxacin (72.8% resistant). Greater
than 92.3% of MRSA isolates were susceptible to ceftobiprole,
ceftaroline, daptomycin, gentamicin, linezolid, tetracycline, tigecycline,
trimethoprim-sulfamethoxazole, and vancomycin at their respective
breakpoints (Table 4).

Susceptibility results for all CoNS, including MR isolates, are pre-
sented in Table 4. A total of 64.7% of the CoNS isolates testedwere resis-
tant to oxacillin (Table 4). Against the full CoNS isolate set, ceftaroline
(MIC90, 0.5 mg/L) was 2-fold more potent than ceftobiprole (MIC90,
1 mg/L), and ceftriaxone activity was poor (MIC90, N8 mg/L) (Table 4).
At the EUCAST non–species-related breakpoint of ≤4mg/L, all CoNS iso-
lates were susceptible to ceftobiprole (Table 3). The antibiogram results



Table 3
Antimicrobial activity of ceftobiprole tested against the main organisms and organism groups.

Organism/organism group
(number of isolates)

Number and cumulative % of isolates inhibited at MIC (mg/L) of: MIC50 MIC90

≤0.001 0.002 0.004 0.008 0.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 Na

Staphylococcus aureus (1371) 0
0.0

4
0.3

241
17.9

605
62.0

358
88.1

159
99.7

4
100.0

0.5 2

MSSA (813) 0
0.0

4
0.5

240
30.0

568
99.9

1
100.0

0.5 0.5

MRSA (558) 0
0.0

1
0.2

37
6.8

357
70.8

159
99.3

4
100.0

1 2

Coagulase-negative staphylococci
(374)

13
3.5

12
6.7

50
20.1

49
33.2

90
57.2

143
95.5

11
98.4

6
100.0

0.5 1

MSCoNS (132) 13
9.8

12
18.9

49
56.1

40
86.4

16
98.5

2
100.0

0.12 0.5

MRCoNS (242) 0
0.0

1
0.4

9
4.1

74
34.7

141
93.0

11
97.5

6
100.0

1 1

Enterococcus spp. (481) 5
1.0

4
1.9

18
5.6

46
15.2

131
42.4

65
55.9

59
68.2

14
71.1

139
100.0

1 N4

Enterococcus faecalis (299) 3
1.0

4
2.3

17
8.0

45
23.1

128
65.9

53
83.6

39
96.7

9
99.7

1
100.0

0.5 2

Vancomycin-susceptible
(≤4 mg/L) (286)

3
1.0

4
2.4

17
8.4

42
23.1

126
67.1

50
84.6

35
96.9

8
99.7

1
100.0

0.5 2

Vancomycin-nonsusceptible
(N4 mg/L) (13)

0
0.0

3
23.1

2
38.5

3
61.5

4
92.3

1
100.0

1 2

Enterococcus faecium (172) 0
0.0

3
1.7

8
6.4

18
16.9

5
19.8

138
100.0

N4 N4

Vancomycin-susceptible
(≤4 mg/L) (60)

0
0.0

2
3.3

8
16.7

18
46.7

4
53.3

28
100.0

4 N4

Vancomycin-nonsusceptible
(N4 mg/L) (112)

0
0.0

1
0.9

0
0.9

0
0.9

1
1.8

110
100.0

N4 N4

Streptococcus pneumoniae (116) 0
0.0

1
0.9

1
1.7

32
29.3

54
75.9

10
84.5

4
87.9

3
90.5

3
93.1

7
99.1

1
100.0

0.015 0.12

Penicillin-susceptible meningitis
(≤0.06 mg/L) (90)

0
0.0

1
1.1

1
2.2

31
36.7

50
92.2

4
96.7

3
100.0

0.015 0.015

Penicillin-resistant meningitis
(≥0.12 mg/L) (26)

0
0.0

1
3.8

4
19.2

6
42.3

1
46.2

3
57.7

3
69.2

7
96.2

1
100.0

0.12 0.5

Penicillin-susceptible
non-meningitis (≤2 mg/L) (114)

0
0.0

1
0.9

1
1.8

32
29.8

54
77.2

10
86.0

4
89.5

3
92.1

3
94.7

6
100.0

0.015 0.12

Penicillin-intermediate
nonmeningitis (=4 mg/L) (2)

0
0.0

1
50.0

1
100.0

0.5

Ceftriaxone-nonsusceptible
nonmeningitis (≥2 mg/L) (1)

0
0.0

1
100.0

Viridans group streptococci (146) 0
0.0

3
2.1

15
12.3

39
39.0

27
57.5

27
76.0

16
87.0

8
92.5

6
96.6

2
97.9

2
99.3

1
100.0

0.03 0.25

β-hemolytic streptococci (254) 0
0.0

1
0.4

5
2.4

73
31.1

77
61.4

97
99.6

1
100.0

0.015 0.03

Streptococcus pyogenes (80) 0
0.0

1
1.2

4
6.2

56
76.2

18
98.8

1
100.0

0.008 0.015

Streptococcus agalactiae (122) 0
0.0

2
1.6

24
21.3

95
99.2

1
100.0

0.03 0.03

Other (52) 0
0.0

1
1.9

15
30.8

35
98.1

1
100.0

0.015 0.015

Enterobacteriaceae (2253) 3
0.1

58
2.7

1248
58.1

451
78.1

107
82.9

46
84.9

23
85.9

20
86.8

14
87.4

12
88.0

10
88.4

6
88.7

255
100.0

0.03 N16

Escherichia coli (1102) 1
0.1

24
2.3

690
64.9

176
80.9

19
82.6

15
83.9

6
84.5

3
84.8

1
84.8

1
84.9

0
84.9

2
85.1

164
100.0

0.03 N16

ESBL phenotype (200) 0
0.0

8
4.0

5
6.5

6
9.5

8
13.5

3
15.0

2
16.0

1
16.5

1
17.0

0
17.0

2
18.0

164
100.0

N16 N16

Non-ESBL phenotype (902) 1
0.1

24
2.8

682
78.4

171
97.3

13
98.8

7
99.6

3
99.9

1
100.0

0.03 0.06

Klebsiella pneumoniae (527) 0
0.0

22
4.2

338
68.3

77
82.9

13
85.4

3
86.0

2
86.3

5
87.3

5
88.2

1
88.4

1
88.6

0
88.6

60
100.0

0.03 N16

ESBL phenotype (81) 0
0.0

4
4.9

0
4.9

2
7.4

1
8.6

2
11.1

5
17.3

5
23.5

1
24.7

1
25.9

0
25.9

60
100.0

N16 N16

Non-ESBL phenotype (446) 0
0.0

22
4.9

334
79.8

77
97.1

11
99.6

2
100.0

0.03 0.06

Klebsiella oxytoca (77) 0
0.0

8
10.4

11
24.7

24
55.8

19
80.5

5
87.0

2
89.6

1
90.9

0
90.9

1
92.2

0
92.2

6
100.0

0.12 2

ESBL phenotype (8) 0
0.0

1
12.5

0
12.5

0
12.5

1
25.0

0
25.0

6
100.0

N16

Non-ESBL phenotype (69) 0
0.0

8
11.6

11
27.5

24
62.3

19
89.9

5
97.1

1
98.6

1
100.0

0.12 0.5

Enterobacter spp. (225) 0
0.0

3
1.3

94
43.1

65
72.0

13
77.8

5
80.0

3
81.3

3
82.7

5
84.9

9
88.9

8
92.4

3
93.8

14
100.0

0.06 8

Citrobacter spp. (34) 0
0.0

21
61.8

7
82.4

0
82.4

1
85.3

1
88.2

2
94.1

0
94.1

1
97.1

0
97.1

0
97.1

1
100.0

0.03 1

Proteus mirabilis (90) 0 7 63 15 0 0 0 0 0 0 0 0 5 0.03 0.06

(continued on next page)
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Table 3 (continued)

Organism/organism group
(number of isolates)

Number and cumulative % of isolates inhibited at MIC (mg/L) of: MIC50 MIC90

≤0.001 0.002 0.004 0.008 0.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 Na

0.0 7.8 77.8 94.4 94.4 94.4 94.4 94.4 94.4 94.4 94.4 94.4 100.0
Indole-positive Proteeae (30) 2

6.7
2
13.3

18
73.3

5
90.0

1
93.3

0
93.3

0
93.3

0
93.3

0
93.3

0
93.3

0
93.3

0
93.3

2
100.0

0.03 0.06

Serratia spp. (133) 0
0.0

4
3.0

80
63.2

33
88.0

3
90.2

5
94.0

5
97.7

2
99.2

0
99.2

0
99.2

1
100.0

0.06 0.25

Pseudomonas aeruginosa (258) 0
0.0

4
1.6

55
22.9

101
62.0

38
76.7

24
86.0

30
97.7

6
100.0

2 16

Acinetobacter spp. (66) 2
3.0

4
9.1

6
18.2

5
25.8

6
34.8

5
42.4

14
63.6

8
75.8

2
78.8

1
80.3

2
83.3

0
83.3

11
100.0

0.5 N16

Stenotrophomonas maltophilia (59) 0
0.0

59
100.0

N16 N16

Haemophilus influenzae (31) 0
0.0

13
41.9

9
71.0

6
90.3

3
100.0

0.06 0.12

β-lactamase positive (7) 0
0.0

2
28.6

2
57.1

2
85.7

1
100.0

0.06

β-lactamase negative (24) 0
0.0

11
45.8

7
75.0

4
91.7

2
100.0

0.06 0.12

Haemophilus parainfluenzae (1) 0
0.0

1
100.0

Moraxella catarrhalis (2) 0
0.0

1
50.0

0
50.0

1
100.0

0.06

MSSA=methicillin-susceptible S. aureus; MRSA=methicillin-resistant S. aureus; MSCoNS=methicillin-susceptible coagulase-negative staphylococci; MRCoNS=methicillin-resistant
coagulase-negative staphylococci; ESBL = extended-spectrum β-lactamase.

a Greater than the highest concentration tested.
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for comparators against CoNS isolates showed high resistance rates for
all tested drugs except for daptomycin, linezolid, tigecycline, and vanco-
mycin (96.0% to 100.0% susceptible).

All E. faecalis isolates were susceptible to ampicillin, daptomycin, li-
nezolid, and tigecycline, and almost all isolates were susceptible to
ceftobiprole (99.7%; using the EUCAST non–species-related breakpoint;
see Materials and Methods) and vancomycin (95.7%) (Tables 3 and 4).

E. faecium isolate testing revealed 65.1% overall resistance to vanco-
mycin (Table 4). Like ampicillin, ceftobiprole displayed limited activity
against E. faecium isolates (MIC50, N4 mg/L), regardless of vancomycin
susceptibility patterns (Table 3). Daptomycin, linezolid, and tigecycline
(98.8%, 98.8%, and 99.4% susceptible, respectively) provided the best
coverage against E. faecium (Table 4).

Susceptibility testing results for S. pneumoniae isolates (n = 116;
1.7% penicillin-NS [MIC, ≥4 mg/L]) are shown in Tables 3 and 4.
Ceftobiprole and ceftaroline (99.1% and 100.0% susceptible, respec-
tively, by EUCAST criteria) were the most active β-lactam agents tested
against S. pneumoniae. All isolates were susceptible to levofloxacin and
linezolid. Resistance was higher for erythromycin (32.8%), tetracycline
(12.9%), and trimethoprim-sulfamethoxazole (6.0%) (Table 4).

ByMIC90 value, themost potentβ-lactam agents tested against the VGS
isolates were ceftaroline and ceftobiprole (MIC90, 0.06 mg/L for ceftaroline
and 0.25 mg/L for ceftobiprole), and 96.6% of VGS were susceptible to
ceftobiprole at the S. pneumoniae susceptible breakpoint of 0.5 mg/L
(Tables 3 and 4). Penicillin resistance was 3.4%, and levofloxacin resistance
was 12.3%. Clindamycin and erythromycin resistance rates were 13.0% and
49.3%, respectively. Daptomycin and linezolid (both 100.0% susceptible)
showed the greatest coverage against the VGS isolate group (Table 4).

Ceftobiprolewas very potent (MIC90, 0.03mg/L) against BHS (n=254),
and all MIC values were ≤ 0.06mg/L (Table 3). The BHS isolates were 100%
susceptible to ceftaroline, ceftriaxone, daptomycin, linezolid, penicillin, and
vancomycin. Levofloxacin resistance was 0.4%. Resistance to clindamycin
and erythromycin was 17.7% and 34.8%, respectively (Table 4).

3.4. Activities of ceftobiprole and comparators against Enterobacteriaceae

The activities of ceftobiprole and comparison agents tested against
Enterobacteriaceae isolates (n = 2253) are summarized in Table 5.
Against all Enterobacteriaceae, 84.9% of isolates were susceptible to
ceftobiprole (Tables 3 and 5). Susceptibility rates were 99.4% for
meropenem, 96.9% for tigecycline, 95.9% for imipenem, 93.3% for
piperacillin-tazobactam, 89.3% for gentamicin, 88.8% for cefepime,
87.4% for ceftazidime, 86.8% for aztreonam, and 83.7% for ceftriaxone.
Ceftaroline susceptibility was 77.6% (Table 5).

Against all 1102 E. coli isolates, tigecycline (99.9% susceptible),
meropenem (99.7% susceptible), imipenem (99.7% susceptible), colistin
(99.6% susceptible), and piperacillin-tazobactam (95.4% susceptible)
were the most active agents tested (Table 5). Like the expanded-
spectrum cephalosporins, ceftobiprole activity against E. coliwas bimodal
(Tables 3 and 5) with MIC50/90 values of 0.03/N16 mg/L (83.9% of isolates
susceptible at the EUCAST breakpoint of ≤0.25 mg/L). Resistance rates
against E. coli for ampicillin-sulbactam, levofloxacin, and trimethoprim-
sulfamethoxazole were 33.8%, 30.1%, and 37.9%, respectively (Table 5).
More than 11% (range 11.7% [ceftazidime] to 18.5% [ceftaroline]) of
E. coli isolates were resistant to each of the remaining agents (Table 5).

Among 902 non–ESBL-phenotype E. coli (81.9% of all isolates),
ceftobiprole (MIC50/90, 0.03/0.06 mg/L), cefepime (MIC50/90, ≤0.12/
≤0.12 mg/L), ceftriaxone (MIC50/90, ≤0.06/0.12 mg/L), imipenem
(MIC50/90, ≤0.12/≤0.12 mg/L), and meropenem (MIC50/90, ≤0.015/
0.03 mg/L) were the most potent (Table 5). Resistance was high for
ampicillin-sulbactam (24.5%), levofloxacin (19.5%), and trimethoprim-
sulfamethoxazole (32.9%) against non-ESBL E. coli (Tables 3 and 5).

Tables 3 and 5 display the activity of ceftobiprole against
K. pneumoniae isolates (n = 527). Colistin (99.2% susceptible), the car-
bapenems (99.1–99.4% susceptible), and tigecycline (97.9% susceptible)
provided the best overall susceptibility rates.

Non–ESBL-phenotype K. pneumoniae isolates (84.6%, 446 isolates)
were susceptible to most antimicrobial agents tested (range 92.8% [tri-
methoprim-sulfamethoxazole] to 100.0% [aztreonam, cefepime, ceftazi-
dime, ceftriaxone, imipenem, and meropenem]) (Table 5). Susceptibility
to ampicillin-sulbactam was lower at 85.4%. Ceftobiprole was very active
against the non–ESBL-phenotype subset of K. pneumoniae (100.0% sus-
ceptible) (Tables 3 and 5).

3.5. Activities of ceftobiprole and comparators against nonfermentative
gram-negative bacilli

Colistin (MIC90, 1 mg/L; 100.0% susceptible) was the most potent
agent tested against P. aeruginosa isolates (Table 5). Ceftobiprole
inhibited 76.7% of P. aeruginosa at ≤4 mg/L (Table 3), while amikacin,



Table 4
Activity of ceftobiprole and comparator agents when tested against selected gram-positive bacterial species from bloodstream infection isolates collected in the United States (2016–
2017).

Organism/organism group (number of isolates)
Antimicrobial agent

Antimicrobial activity (mg/L) CLSIa EUCASTa

MIC50 MIC90 Range %S %I %R %S %I %R

Methicillin-resistant Staphylococcus aureus (558)
Ceftobiprole 1 2 0.25 to 4 99.3 0.7
Ceftaroline 0.5 1 0.12 to 2 94.4 5.6 0.0 94.4 5.6 0.0b

Ceftriaxone N8 N8 8 to N8 0.0 100.0
Clindamycin ≤0.25 N2 ≤0.25 to N2 69.0 0.4 30.6 69.0 0.0 31.0
Daptomycin 0.25 0.5 ≤0.12 to 2 99.8 99.8 0.2
Erythromycin N8 N8 ≤0.06 to N8 11.3 4.5 84.2 11.8 1.4 86.7
Gentamicin ≤1 ≤1 ≤1 to N8 95.7 0.2 4.1 95.7 4.3
Levofloxacin 4 N4 0.12 to N4 25.4 1.8 72.8 25.4 74.6
Linezolid 1 1 0.25 to 4 100.0 0.0 100.0 0.0
Tetracycline ≤0.5 1 ≤0.5 to N8 95.5 0.9 3.6 92.3 2.7 5.0
Tigecycline 0.06 0.12 ≤0.015 to 0.5 100.0c 100.0 0.0
Trimethoprim-sulfamethoxazole ≤0.5 ≤0.5 ≤0.5 to N4 96.1 3.9 96.1 0.4 3.6
Vancomycin 1 1 0.25 to 2 100.0 0.0 0.0 100.0 0.0

Methicillin-susceptible Staphylococcus aureus (813)
Ceftobiprole 0.5 0.5 0.12 to 1 100.0 0.0
Ceftaroline 0.25 0.25 ≤0.06 to 0.5 100.0 0.0 0.0 100.0 0.0 0.0b

Ceftriaxone 4 8 1 to 8 100.0 0.0
Clindamycin ≤0.25 ≤0.25 ≤0.25 to N2 96.4 0.2 3.3 96.2 0.2 3.6
Daptomycin 0.25 0.5 ≤0.12 to 1 100.0 100.0 0.0
Erythromycin 0.25 N8 ≤0.06 to N8 66.8 8.2 25.0 68.3 3.4 28.3
Gentamicin ≤1 ≤1 ≤1 to N8 99.0 0.2 0.7 98.6 1.4
Levofloxacin 0.25 4 ≤0.03 to N4 87.1 0.2 12.7 87.1 12.9
Linezolid 1 2 0.25 to 4 100.0 0.0 100.0 0.0
Tetracycline ≤0.5 ≤0.5 ≤0.5 to N8 96.8 0.5 2.7 95.3 0.4 4.3
Tigecycline 0.06 0.12 ≤0.015 to 0.25 100.0c 100.0 0.0
Trimethoprim-sulfamethoxazole ≤0.5 ≤0.5 ≤0.5 to N4 98.8 1.2 98.8 0.2 1.0
Vancomycin 1 1 0.25 to 2 100.0 0.0 0.0 100.0 0.0

Coagulase-negative staphylococci (374)
Ceftobiprole 0.5 1 ≤0.03 to 4 100.0d 0.0
Ceftaroline 0.25 0.5 ≤0.06 to 2
Ceftriaxone 8 N8 ≤0.25 to N8 35.3 64.7
Clindamycin ≤0.25 N2 ≤0.25 to N2 67.6 1.6 30.7 67.4 0.3 32.4
Daptomycin 0.25 0.5 ≤0.12 to 1 100.0 100.0 0.0
Erythromycin N8 N8 ≤0.06 to N8 35.0 5.6 59.4 36.6 2.7 60.7
Gentamicin ≤1 N8 ≤1 to N8 69.8 2.7 27.5 67.6 32.4
Levofloxacin 0.25 N4 0.06 to N4 53.7 1.1 45.2 53.7 46.3
Linezolid 0.5 1 ≤0.12 to N8 96.0 4.0 96.0 4.0
Oxacillin N2 N2 ≤0.25 to N2 35.3 64.7 35.6 64.4
Tetracycline ≤0.5 N8 ≤0.5 to N8 84.5 0.0 15.5 74.8 9.4 15.8
Tigecycline 0.12 0.25 0.03 to 0.5 100.0 0.0
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 64.4 35.6 64.4 20.9 14.7
Vancomycin 1 2 0.25 to 4 100.0 0.0 0.0 100.0 0.0β hemolytic streptococci (254)
Ceftobiprole 0.015 0.03 0.002 to 0.06 100.0d 0.0
Ceftaroline ≤0.008 0.015 ≤0.008 to 0.03 100.0 100.0 0.0
Ceftriaxone 0.03 0.06 ≤0.015 to 0.12 100.0 100.0 0.0
Clindamycin ≤0.25 N2 ≤0.25 to N2 80.7 1.6 17.7 82.3 17.7
Daptomycin 0.12 0.25 ≤0.06 to 1 100.0 100.0 0.0
Erythromycin 0.06 N16 ≤0.015 to N16 64.4 0.8 34.8 64.4 0.8 34.8
Levofloxacin 0.5 1 0.25 to N4 99.2 0.4 0.4 99.2 0.8
Linezolid 1 2 0.5 to 2 100.0 100.0 0.0 0.0
Penicillin 0.015 0.06 ≤0.008 to 0.12 100.0 100.0 0.0
Tetracycline N4 N4 ≤0.25 to N4 47.2 2.4 50.4 46.1 1.2 52.8
Vancomycin 0.5 0.5 0.25 to 0.5 100.0 100.0 0.0

Enterococcus faecalis (299)
Ceftobiprole 0.5 2 ≤0.03 to N4 99.7d 0.3
Ampicillin 1 2 ≤0.5 to 4 100.0 0.0 100.0 0.0 0.0
Ceftaroline 2 8 ≤0.06 to N8
Daptomycin 0.5 1 ≤0.25 to 4 100.0
Levofloxacin 1 N4 0.06 to N4 76.6 0.0 23.4 76.6 23.4e

Linezolid 1 2 0.25 to 2 100.0 0.0 0.0 100.0 0.0
Teicoplanin ≤0.5 ≤0.5 ≤0.5 to N16 95.7 0.0 4.3 95.7 4.3
Tigecycline 0.06 0.12 ≤0.015 to 0.12 100.0c 100.0 0.0 0.0
Vancomycin 1 2 0.25 to N16 95.7 0.0 4.3 95.7 4.3

Enterococcus faecium (172)
Ceftobiprole N4 N4 0.5 to N4 19.8d 80.2
Ampicillin N16 N16 ≤0.5 to N16 19.8 80.2 18.6 1.2 80.2
Ceftaroline N8 N8 0.12 to N8
Daptomycin 1 2 ≤0.25 to N8 98.8
Levofloxacin N4 N4 0.25 to N4 12.2 7.0 80.8 19.2 80.8e

Linezolid 1 2 0.25 to 8 98.8 0.6 0.6 99.4 0.6

(continued on next page)
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Table 4 (continued)

Organism/organism group (number of isolates)
Antimicrobial agent

Antimicrobial activity (mg/L) CLSIa EUCASTa

MIC50 MIC90 Range %S %I %R %S %I %R

Teicoplanin N16 N16 ≤0.5 to N16 36.6 4.7 58.7 34.9 65.1
Tigecycline 0.06 0.12 ≤0.015 to 0.5 99.4 0.6 0.0
Vancomycin N16 N16 0.25 to N16 34.9 0.0 65.1 34.9 65.1

Viridans group streptococci (146)
Ceftobiprole 0.03 0.25 0.004 to N2
Ceftaroline 0.015 0.06 ≤0.008 to 0.5
Ceftriaxone 0.12 0.5 ≤0.015 to N2 94.5 2.1 3.4 90.4 9.6
Clindamycin ≤0.25 N2 ≤0.25 to N2 86.3 0.7 13.0 87.0 13.0
Daptomycin 0.25 0.5 ≤0.06 to 1 100.0
Erythromycin 0.5 N16 ≤0.015 to N16 48.6 2.1 49.3
Levofloxacin 1 N4 0.25 to N4 87.7 0.0 12.3
Linezolid 1 1 0.12 to 2 100.0
Penicillin 0.06 1 ≤0.008 to N4 69.9 26.7 3.4 79.5 17.1 3.4
Tetracycline 1 N4 ≤0.25 to N4 61.6 4.1 34.2

Streptococcus pneumoniae (116)
Ceftobiprole 0.015 0.12 0.002 to 1 99.1 0.9
Ceftaroline ≤0.008 0.06 ≤0.008 to 0.25 100.0f 100.0 0.0
Ceftriaxone 0.03 0.5 ≤0.015 to 2 93.1

99.1
6.0
0.9

0.9f

0.0g
93.1 6.9 0.0

Clindamycin ≤0.25 ≤0.25 ≤0.25 to N2 90.4 0.0 9.6 90.4 9.6
Erythromycin 0.03 N16 ≤0.015 to N16 64.7 2.6 32.8 64.7 2.6 32.8
Levofloxacin 1 1 0.5 to 2 100.0 0.0 0.0 100.0 0.0
Linezolid 1 2 0.5 to 2 100.0 100.0 0.0 0.0
Penicillin 0.015 0.5 ≤0.008 to 4 77.6

77.6
98.3

16.4

1.7

6.0h

22.4i

0.0j

77.6
77.6 20.7

22.4f

1.7g

Tetracycline ≤0.25 N4 ≤0.25 to N4 87.1 0.0 12.9 87.1 0.0 12.9
Trimethoprim-sulfamethoxazole 0.25 1 ≤0.12 to N4 83.6 10.3 6.0 91.4 2.6 6.0
Vancomycin 0.25 0.5 0.12 to 0.5 100.0 100.0 0.0

S = susceptible; I = intermediate; R = resistant.
a Criteria as published by CLSI (CLSI, 2018b) and EUCAST (EUCAST, 2018).
b Using other than pneumonia breakpoints.
c FDA breakpoints published 2017-DEC-13 (applied to all E. faecalis but approved for vancomycin-susceptible isolates only).
d Using the pharmacokinetic/pharmacodynamic (non–species-related) breakpoint based on the standard dose (EUCAST, 2018).
e Uncomplicated urinary tract infection only.
f Using meningitis breakpoints.
g Using nonmeningitis breakpoints.
h Using oral breakpoints.
i Using parenteral meningitis breakpoints.
j Using parenteral nonmeningitis breakpoints.
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cefepime, ceftazidime, gentamicin, and piperacillin-tazobactam
inhibited 98.1%, 86.0%, 88.4%, 87.6%, and 85.7% of the isolates at their re-
spective breakpoints (Table 5). For most isolates, ceftobiprole (MIC50,
2 mg/L) was 8-fold more potent than ceftaroline (MIC50, 16 mg/L).
The greatest resistance among comparators was observed for
levofloxacin (16.7%), aztreonam (15.9%), and imipenem (15.9%)
(Table 5).

Ceftobiprole inhibited 80.3% of the Acinetobacter spp. isolates
(Table 3) at ≤4 mg/L, and its activity was greater than that of
ampicillin-sulbactam (77.3% susceptible), cefepime (74.2% susceptible),
and ceftazidime (74.2% susceptible). Amongother agents tested, colistin
(MIC90, 2mg/L; 90.9% susceptible) and tigecycline (MIC90, 2mg/L)were
the most active, while amikacin, gentamicin, imipenem, and
levofloxacin exhibited susceptibility rates of 81.8 to 84.8% (Table 5).

4. Discussion

The SENTRY Antimicrobial Surveillance Program has collected and
tested clinical isolates from various infection types since 1997 (Pfaller
et al., 2001). Biedenbach et al. (2004) described the rank order and fre-
quencies of the top 10 bacterial BSI pathogen species/groups that were
isolated in North and Latin America and Europe during the first 6 years
(1997–2002) of the SENTRY Program. Overall, the top 10 pathogen spe-
cies/groups in North America for the years 1997–2002 accounted for
92.1% of all BSI isolates and were similar to the top 10 pathogen groups
shown in Table 1 for the 2016/2017 SENTRY Program in the United
States (89.0% of total; S. pneumoniae was 11th in prevalence in 2016–
2017). Whereas S. aureus (26.0% of total), E. coli (17.7%), and CoNS
(11.5%) were the 3 most frequently isolated pathogens in 1997–2002,
CoNS (6.8% of total) fell to fifth in rank order in 2016–2017 following
S. aureus (25.1%), E. coli (20.2%), K. pneumoniae (9.6%), and Enterococcus
spp. (8.8%) (Table 1). The decrease in CoNS as a cause of BSIs was likely
the result of greater diligence by microbiology laboratories in
preventing and identifying skin contaminants coupled with greater at-
tention to preventing catheter-associated BSIs and emerging
antimicrobial-resistant K. pneumoniae and enterococci in recent years
(Ammerlaan et al., 2013; Biedenbach et al., 2004; Weiner et al., 2016).
Among key resistant phenotypes causing BSIs in North America during
1997–2002, the frequency of MRSA (32.4% overall, range 22.4% [1997]
to 39.1% [2002]) and VRE (15.1% overall, range 13.0% [1997] to 17.7%
[2002]) increased over time, while ESBL Klebsiella spp. (5.8% overall,
range 7.9% [1998] to 4.9% [2002]) and MDR P. aeruginosa (2.2% overall,
range 1.6% [1998] to 3.0% [2002]) remained relatively stable
(Biedenbach et al., 2004). In comparison, the frequency of each of
these resistant phenotypes was higher for US BSI isolates during
2016–2017 (MRSA, 40.7%; VRE, 26.0% overall [4.3% and 65.1% for
E. faecalis and E. faecium, respectively]; ESBL K. pneumoniae, 15.4%; and
MDR P. aeruginosa, 13.6%), underscoring the increasing problem with
antimicrobial-resistant bacteria in the United States (Table 2).

The SENTRY Program results from 2016 to 2017 that are reported
here confirm that ceftobiprole is highly active against many gram-
positive and gram-negative pathogens that cause serious infections. Im-
portantly, ceftobiprole exhibited potent antimicrobial activity against
MRSA, MRCoNS, and penicillin-resistant S. pneumoniae and exhibited



Table 5
Activity of ceftobiprole and comparator agents when tested against selected gram-negative bacterial species from bloodstream infection isolates collected in the United States (2016 to
2017).

Organism/organism group (number of isolates)
Antimicrobial agent

Antimicrobial activity (mg/L) CLSIa EUCASTa

MIC50 MIC90 Range %S %I %R %S %I %R

Enterobacteriaceae (2253)
Ceftobiprole 0.03 N16 ≤0.008 to N16 84.9 15.1
Ampicillin-sulbactam 16 N32 ≤0.5 to N32 48.6 16.9 34.5 48.6 51.4
Aztreonam 0.12 16 ≤0.03 to N16 86.8 1.6 11.7 84.3 2.5 13.2
Cefepime ≤0.12 8 ≤0.12 to N16 88.8 1.8 9.4b 87.3 2.4 10.3
Ceftaroline 0.12 N32 ≤0.015 to N32 77.6 4.2 18.2 77.6 22.4
Ceftazidime 0.25 16 0.03 to N32 87.4 1.3 11.3 84.7 2.7 12.6
Ceftriaxone ≤0.06 N8 ≤0.06 to N8 83.7 0.8 15.5 83.7 0.8 15.5
Colistin 0.12 N8 ≤0.06 to N8 86.3 13.7
Gentamicin 0.5 N8 ≤0.12 to N8 89.3 0.6 10.1 88.9 0.4 10.7
Imipenem ≤0.12 0.5 ≤0.12 to N8 95.9 3.2 1.0 99.0 0.8 0.1
Levofloxacin 0.06 N4 ≤0.03 to N4 80.4 1.7 17.9 77.2 2.2 20.6
Meropenem 0.03 0.06 ≤0.015 to 16 99.4 0.1 0.5 99.5 0.4 0.1
Piperacillin-tazobactam 2 8 ≤0.5 to N64 93.3 3.3 3.4 90.1 3.2 6.7
Tigecycline 0.25 1 ≤0.06 to 8 96.9 2.8 0.2c 94.0 2.9 3.1
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 74.3 25.7 74.3 0.6 25.1

Escherichia coli (1102)
Ceftobiprole 0.03 N16 ≤0.008 to N16 83.9 16.1
Ampicillin-sulbactam 16 N32 ≤0.5 to N32 44.9 21.3 33.8 44.9 55.1
Aztreonam 0.12 N16 ≤0.03 to N16 84.9 2.4 12.7 82.2 2.7 15.1
Cefepime ≤0.12 N16 ≤0.12 to N16 85.5 1.7 12.8b 84.5 1.7 13.8
Ceftaroline 0.12 N32 ≤0.015 to N32 79.8 1.7 18.5 79.8 20.2
Ceftazidime 0.25 16 0.03 to N32 86.5 1.8 11.7 83.5 3.0 13.5
Ceftriaxone ≤0.06 N8 ≤0.06 to N8 82.9 0.2 16.9 82.9 0.2 16.9
Colistin 0.12 0.25 ≤0.06 to N8 99.6d 99.6 0.4
Gentamicin 1 N8 ≤0.12 to N8 85.1 0.1 14.8 84.7 0.5 14.9
Imipenem ≤0.12 ≤0.12 ≤0.12 to 4 99.7 0.1 0.2 99.8 0.2 0.0
Levofloxacin 0.06 N4 ≤0.03 to N4 67.8 2.1 30.1 66.2 1.0 32.8
Meropenem ≤0.015 0.03 ≤0.015 to 8 99.7 0.0 0.3 99.7 0.3 0.0
Piperacillin-tazobactam 2 8 ≤0.5 to N64 95.4 2.3 2.4 93.0 2.4 4.6
Tigecycline 0.12 0.25 ≤0.06 to 4 99.9 0.1 0.0c 99.8 0.1 0.1
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 62.1 37.9 62.1 0.8 37.1

Non–ESBL-phenotype Escherichia coli (902)
Ceftobiprole 0.03 0.06 ≤0.008 to 1 99.6 0.4
Ampicillin-sulbactam 8 N32 ≤0.5 to N32 52.3 23.2 24.5 52.3 47.7
Aztreonam 0.06 0.25 ≤0.03 to 1 100.0 0.0 0.0 100.0 0.0 0.0
Cefepime ≤0.12 ≤0.12 ≤0.12 to 2 100.0 0.0 0.0b 99.8 0.2 0.0
Ceftaroline 0.06 0.25 ≤0.015 to 16 96.2 2.0 1.8 96.2 3.8
Ceftazidime 0.12 0.5 0.03 to 1 100.0 0.0 0.0 100.0 0.0 0.0
Ceftriaxone ≤0.06 0.12 ≤0.06 to 1 100.0 0.0 0.0 100.0 0.0 0.0
Colistin 0.12 0.25 ≤0.06 to N8 99.8d 99.8 0.2
Gentamicin 0.5 4 ≤0.12 to N8 90.2 0.0 9.8 89.8 0.4 9.8
Imipenem ≤0.12 ≤0.12 ≤0.12 to 0.5 100.0 0.0 0.0 100.0 0.0 0.0
Levofloxacin ≤0.03 N4 ≤0.03 to N4 78.4 2.1 19.5 77.1 0.9 22.1
Meropenem ≤0.015 0.03 ≤0.015 to 0.12 100.0 0.0 0.0 100.0 0.0 0.0
Piperacillin-tazobactam 2 4 ≤0.5 to N64 98.2 0.8 1.0 97.5 0.8 1.8
Tigecycline 0.12 0.25 ≤0.06 to 1 100.0 0.0 0.0c 100.0 0.0 0.0
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 67.1 32.9 67.1 0.4 32.4

Klebsiella pneumoniae (527)
Ceftobiprole 0.03 N16 0.015 to N16 86.0 14.0
Ampicillin-sulbactam 8 N32 1 to N32 73.1 7.2 19.7 73.1 26.9
Aztreonam 0.06 16 ≤0.03 to N16 88.4 0.6 11.0 86.3 2.1 11.6
Cefepime ≤0.12 8 ≤0.12 to N16 88.8 1.3 9.9b 88.2 1.1 10.6
Ceftaroline 0.12 N32 ≤0.015 to N32 82.4 2.5 15.2 82.4 17.6
Ceftazidime 0.25 16 0.03 to N32 87.7 1.3 11.0 85.4 2.3 12.3
Ceftriaxone ≤0.06 N8 ≤0.06 to N8 86.5 0.6 12.9 86.5 0.6 12.9
Colistin 0.12 0.25 ≤0.06 to 8 99.2d 99.2 0.8
Gentamicin 0.25 1 ≤0.12 to N8 91.1 0.9 8.0 91.1 0.0 8.9
Imipenem ≤0.12 0.25 ≤0.12 to N8 99.4 0.2 0.4 99.6 0.2 0.2
Levofloxacin 0.06 1 ≤0.03 to N4 92.0 1.9 6.1 87.3 4.0 8.7
Meropenem 0.03 0.03 ≤0.015 to 16 99.1 0.2 0.8 99.2 0.4 0.4
Piperacillin-tazobactam 4 16 ≤0.5 to N64 93.2 2.8 4.0 87.1 6.1 6.8
Tigecycline 0.5 1 ≤0.06 to 4 97.9 2.1 0.0c 95.4 2.5 2.1
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 82.7 17.3 82.7 0.2 17.1

Non–ESBL-phenotype Klebsiella pneumoniae (446)
Ceftobiprole 0.03 0.06 0.015 to 0.25 100.0 0.0
Ampicillin-sulbactam 8 16 1 to N32 85.4 7.0 7.6 85.4 14.6
Aztreonam 0.06 0.12 ≤0.03 to 0.5 100.0 0.0 0.0 100.0 0.0 0.0
Cefepime ≤0.12 ≤0.12 ≤0.12 to 1 100.0 0.0 0.0b 100.0 0.0 0.0
Ceftaroline 0.12 0.25 ≤0.015 to 2 97.3 2.5 0.2 97.3 2.7
Ceftazidime 0.12 0.5 0.03 to 1 100.0 0.0 0.0 100.0 0.0 0.0
Ceftriaxone ≤0.06 0.12 ≤0.06 to 1 100.0 0.0 0.0 100.0 0.0 0.0

(continued on next page)
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Table 5 (continued)

Organism/organism group (number of isolates)
Antimicrobial agent

Antimicrobial activity (mg/L) CLSIa EUCASTa

MIC50 MIC90 Range %S %I %R %S %I %R

Colistin 0.12 0.25 ≤0.06 to 8 99.5d 99.5 0.5
Gentamicin 0.25 0.5 ≤0.12 to N8 98.9 0.0 1.1 98.9 0.0 1.1
Imipenem ≤0.12 0.25 ≤0.12 to 1 100.0 0.0 0.0 100.0 0.0 0.0
Levofloxacin 0.06 0.25 ≤0.03 to N4 98.0 0.4 1.6 95.5 1.8 2.7
Meropenem 0.03 0.03 ≤0.015 to 0.25 100.0 0.0 0.0 100.0 0.0 0.0
Piperacillin-tazobactam 2 8 ≤0.5 to N64 98.0 1.6 0.4 94.8 3.1 2.0
Tigecycline 0.25 0.5 ≤0.06 to 4 98.9 1.1 0.0c 98.0 0.9 1.1
Trimethoprim-sulfamethoxazole ≤0.5 1 ≤0.5 to N4 92.8 7.2 92.8 0.0 7.2

Pseudomonas aeruginosa (258)
Ceftobiprole 2 16 0.5 to N16 76.7e 23.3
Amikacin 4 8 0.5 to N32 98.1 0.4 1.6 92.6 5.4 1.9
Ampicillin-sulbactam N32 N32 32 to N32
Aztreonam 8 N16 0.5 to N16 77.1 7.0 15.9 3.1 81.0 15.9
Cefepime 2 16 0.5 to N16 86.0 10.5 3.5 86.0 14.0
Ceftaroline 16 N32 1 to N32
Ceftazidime 2 32 0.5 to N32 88.4 1.6 10.1 88.4 11.6
Colistin 1 1 0.12 to 2 100.0 0.0 100.0 0.0
Gentamicin 2 8 0.25 to N8 87.6 6.2 6.2 87.6 12.4
Imipenem 1 8 ≤0.12 to N8 79.5 4.7 15.9 84.1 10.1 5.8
Levofloxacin 0.5 N4 0.12 to N4 79.1 4.3 16.7 69.8 30.2
Piperacillin-tazobactam 4 64 0.5 to N64 85.7 4.7 9.7 85.7 14.3
Tigecycline 8 N8 1 to N8

Acinetobacter spp. (66)
Ceftobiprole 0.5 N16 ≤0.008 to N16 80.3e 19.7
Amikacin 2 N32 ≤0.25 to N32 84.8 0.0 15.2 84.8 0.0 15.2
Ampicillin-sulbactam 2 32 ≤0.5 to N32 77.3 6.1 16.7
Aztreonam N16 N16 4 to N16
Cefepime 4 N16 ≤0.12 to N16 74.2 4.5 21.2
Ceftaroline 2 N32 0.12 to N32
Ceftazidime 4 N32 0.5 to N32 74.2 4.5 21.2
Colistin 0.25 2 ≤0.06 to N8 90.9 9.1 90.9 9.1
Gentamicin 0.5 N8 ≤0.12 to N8 81.8 1.5 16.7 81.8 18.2
Imipenem 0.25 N8 ≤0.12 to N8 84.8 0.0 15.2 84.8 0.0 15.2
Levofloxacin 0.25 N4 ≤0.03 to N4 83.3 1.5 15.2 81.8 0.0 18.2
Piperacillin-tazobactam 2 N64 ≤0.5 to N64 70.8 4.6 24.6
Tigecycline 0.25 2 ≤0.06 to 8
Trimethoprim-sulfamethoxazole ≤0.5 N4 ≤0.5 to N4 78.8 21.2 78.8 3.0 18.2

ESBL = extended-spectrum β-lactamase; S = susceptible; I = intermediate; R = resistant.
a Criteria as published by CLSI (CLSI, 2018b) and EUCAST (EUCAST, 2018).
b Intermediate interpreted as susceptible-dose dependent.
c FDA breakpoints published 2017-DEC-13.
d Percentage of wild type based on epidemiological cutoff value. CLSI M100 (CLSI, 2018b).
e Using the pharmacokinetic/pharmacodynamic (non-species related) breakpoint based on the standard dose (EUCAST, 2018).
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activity similar to cefepime against gram-negative bacilli. Ceftobiprole
also exhibited good in vitro activity against the E. faecalis isolate set, al-
though its clinical utility as monotherapy against this species requires
additional investigation. When compared to earlier reports (Farrell
et al., 2014; Fritsche et al., 2008; Pfaller et al., 2018; Walkty et al.,
2011), the data reported here for 2016–2017 isolates do not reveal
any unexpected shifts in the MIC distributions for ceftobiprole with re-
spect to potential target pathogens and indicate that ceftobiprolemerits
further study in the treatment of serious infections like BSI with etiolo-
gies that involve gram-positive cocci (particularly MRSA), gram-
negative bacilli, or mixed infections.
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