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Abstract
Antimicrobial resistance among Enterobacteriaceae has been increasing globally especially due to extended-spectrum-β-
lactamases (ESBLs), which typically necessitate the use of carbapenems for treatment of serious infections. Emerging
carbapenem-resistant Enterobacteriaceae further complicate therapy. As part of the Study for Monitoring Antimicrobial
Resistance Trends (SMART), this analysis examined the recent activity of a key carbapenem (ertapenem) and other important
therapeutic options against Enterobacteriaceae. From 2012 to 2016, 224 hospitals in 57 countries collected up to 100 consecutive
gram-negative bacilli from intra-abdominal (IAI) and 50 from urinary tract infections (UTI) per year, totaling 106,300
Enterobacteriaceae isolates. Susceptibility was determined using CLSI broth microdilution and breakpoints. Although statistically
significant decreasing trends in ertapenem activity against Enterobacteriaceae were found in all regions except Middle East, the
actual size of the decreases was < 3 percentage points, and susceptibility in 2015–2016 remained ca. 90% or higher, ranging from
89.5% in Asia to 97.3% in US/Canada. Of the comparators, only amikacin exceeded these results. Ertapenem was active against >
90% of isolates with ESBL phenotype fromLatin America,Middle East, South Pacific, andUS/Canada, and against > 80% ofMDR
isolates in all regions except Africa (72.9%), Asia (75.1%), and Europe (78.0%). Only imipenem, amikacin, and colistin exceeded
these rates. Ertapenem, which is popular among clinicians due to its convenient once-daily dosing schedule and favorable safety and
tolerability profile, remains highly active against Enterobacteriaceae from IAI and UTI, even as ESBLs and other resistance
mechanisms limit therapeutic options, but continued susceptibility testing for surveillance and individual patients is important.
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Introduction

The emergence and spread of extended-spectrum β-lactamases
(ESBL) and carbapenemases, as well as a multitude of other
evolving antibiotic resistance mechanisms, such as drug efflux
and changes in membrane permeability, have led to an increase
in antimicrobial resistance, which theWorld Health Organization

(WHO) has identified as a problem so serious that it Bthreatens
the achievements of modern medicine^ [1]. Correspondingly,
multi-drug resistance (MDR) has been increasing, drastically
limiting treatment options for these strains. This is a critical prob-
lem for empirical therapy, as multi-drug resistance greatly in-
creases the risk that the antibiotic used will be ineffective,
resulting in increased mortality, length of hospital stay, and cost
in patients with serious infections [2]. For these reasons, knowl-
edge of current resistance patterns including MDR rates is im-
portant in order to reduce the risk of using ineffective antibiotics
as well as avoid the over-use of newer last-resort agents.

Ertapenem is a group 1 carbapenem that was launched in
2002 and was described in two reviews from 2005 as having
excellent efficacy for the treatment of a variety of community-
acquired infections in hospitalized patients as well as for outpa-
tient parenteral antimicrobial therapy, especially for those infec-
tions with ESBL-positive Enterobacteriaceae [3, 4]. The global
Study for Monitoring Antimicrobial Resistance Trends
(SMART) has monitored the in vitro susceptibility to ertapenem
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and comparators of gram-negative organisms from intra-
abdominal infections (IAI) since 2002 and from urinary tract
infections (UTI) since 2009 [5]. In this report, we use
Enterobacteriaceae isolates collected as part of the SMART
surveillance program to examine trends in the susceptibility to
ertapenem and comparators over the past 5 years and to assess
whether its activity has been maintained against a large, global
collection of recent isolates, including ESBL-positive andMDR
strains. Because antimicrobial activity varies greatly across glob-
al regions and is higher in certain patient settings, we examine
the susceptibility patterns for each of seven global regions, as
well as for subsets of isolates from hospital-associated infections
and from ICU patients.

Materials and methods

For the SMART program, participating hospital laboratories
each collected up to 100 consecutive aerobic or facultatively
anaerobic gram-negative isolates from intra-abdominal infec-
tions (IAI) and up to 50 isolates from urinary tract infections
(UTI) per year. Only one isolate per patient per species was
accepted. After species identification using local site procedures,
all isolates except those from China and India were sent to one
of two central laboratories (International Health Management
Associates, Inc. [IHMA], Schaumburg, IL, USA, and IHMA
Europe Sàrl, Epalinges, Switzerland), where their identities were
confirmed using MALDI-TOF spectrometry (Bruker Daltonics,
Billerica, MA, USA). From 2012 to 2016, 224 hospital labora-
tories from 57 countries collected 121,892 isolates of gram-
negative bacilli from IAI (n = 76,474) and UTI (n = 45,418).
Enterobacteriaceae accounted for 106,300 isolates (85.2% of
all IAI isolates [65,163/76,474] and 90.6% of all UTI isolates
[41,137/45,418]). Online Resource 1 shows the number of
Enterobacteriaceae isolates collected from the participating
countries in each region.

Antimicrobial susceptibility testing was performed at the
IHMA labs using the Clinical and Laboratory Standards
Institute (CLSI) broth microdilution method [6, 7] with custom
dehydrated panels manufactured by MicroScan (Beckman
Coulter, Inc., West Sacramento, CA) in 2012 to 2014 and by
Trek Diagnostic Systems (Thermo Scientific, Independence,
OH) in 2015 and 2016. Because of export restrictions, isolates
from China and India were tested in a central laboratory in the
respective countries using the identical protocol for susceptibil-
ity testing. MICs were interpreted as susceptible, intermediate,
or resistant using CLSI breakpoints, except colistin, for which
EUCAST breakpoints were used [7, 8]. Escherichia coli,
Klebsiella pneumoniae, K. oxytoca, and Proteus mirabiliswere
screened for an ESBL phenotype (ceftazidime or cefotaxime
MIC of > 1 μg/ml) and confirmed as ESBL producers using
combination clavulanic acid based testing according to the
CLSImethod (brothmicrodilution until 2015 and disk diffusion

in 2016) [7]. ESBL phenotype determination was not available
for 26% of isolates from China (888/3371) and for 41% of
isolates from India (386/950); consequently, all isolates from
these two countries were excluded from ESBL rate calculations
and from the analysis of susceptibility of ESBL-positive iso-
lates (but were included in all other analyses). Multidrug-
resistance was defined as non-susceptibility (intermediate or
resistant) to any three or more agents of eight sentinel drugs
(amikacin, aztreonam, cefepime, ceftazidime, ciprofloxacin, co-
listin, imipenem, piperacillin-tazobactam). Infections were de-
fined as hospital- and community-associated if cultured ≥ 48-
and < 48-h post-admission, respectively.

Susceptibility trends between 2012 and 2016 were ana-
lyzed using only isolates from hospital sites that participated
in all 5 years. A total of 21,299 isolates from 82 hospital sites
were excluded. The Cochran-Armitage test was used to assess
linear trends in percent susceptible if 10 or more isolates were
available in each year. A two-tailed p value < 0.05 was con-
sidered statistically significant.

Data availability The data generated and/or analyzed during
the current study are available from the corresponding author
on reasonable request.

Results

To assess changes in activity of ertapenem over the past
5 years, trend analyses were performed using only the 142
sites that participated every year of the study. A total of
85,001 Enterobacteriaceae isolates were included in the anal-
ysis. The distribution of species changed over this time period
with a statistically significant decrease in the proportion of E.
coli (from 58.4% in 2012 to 54.4% in 2016, p < 0.0001) and a
corresponding increase in proportion of K. pneumoniae (from
18.0 to 19.9%, p < 0.0001),K. oxytoca (from 2.5 to 3.0%, p =
0.006), and Morganella morganii (from 1.6 to 2.0%, p =
0.009) (Fig. 1). To avoid confounding due to these changes
in composition of Enterobacteriaceae, trend analyses were
performed for the two most common species (E. coli and K.
pneumoniae) individually, in addition to the analysis of all
Enterobacteriaceae combined (Table 1). Small but statistical-
ly significant decreases in susceptibility to ertapenem were
found for Enterobacteriaceae overall in all regions except
the Middle East. Susceptibility remained ≥ 94% in 2016 in
all regions except Asia (88.2% susceptible). Similarly, the
susceptibility of E. coli showed a significantly decreasing
trend in all regions except Africa, but remained ≥ 92% in all
regions and ≥ 98% in five of the seven regions. Among K.
pneumoniae, susceptibility to ertapenem decreased signifi-
cantly in Africa (by 6 percentage points), Europe (by 8%),
and US/Canada (by 2.5%). In 2016, susceptibility of K.
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pneumoniae was still > 90% in US/Canada and in the South
Pacific region and was ≥ 80% in the other five regions.

For clinicians, knowledge of the current activity of
ertapenem and comparator antibiotics is especially important.

Therefore, we wanted to examine in more detail the most recent
isolates, including analysis of the fivemost commonly collected
species individually, as well as of subsets of isolates, such as
those from hospital- and community-associated infections. To

Fig. 1 Global distribution of
collected Enterobacteriaceae
species by year, using only
isolates from hospital sites that
participated in all 5 years.
*Significant decrease in
proportion (p < 0.0001),
**significant increase in
proportion (p < 0.01)

Table 1 Trends in susceptibility
to ertapenem of
Enterobacteriaceae overall and
the two most common
Enterobacteriaceae species,
using only isolates from hospital
sites that participated in all 5 years
of the study

% Susceptible (total n)

2012 2013 2014 2015 2016

All Enterobacteriaceae

Africa 97.3 (848) 95.9 (918) 97.5 (956) 96.8 (924) 96.0 (970)*

Asia 90.7 (3634) 89.7 (3792) 91.2 (3654) 90.4 (3649) 88.2 (3756)*

Europe 97.2 (5144) 96.7 (5273) 96.7 (5393) 95.7 (5363) 95.3 (5426)*

Latin America 95.5 (2809) 95.0 (2894) 93.7 (2817) 93.6 (2842) 94.1 (2981)*

Middle East 95.4 (655) 95.8 (664) 94.0 (705) 94.4 (680) 94.5 (653)

US/Canada 98.1 (2315) 97.3 (2320) 97.4 (2408) 97.6 (2289) 96.3 (2327)*

South Pacific 98.2 (1187) 97.6 (1214) 97.8 (1165) 96.9 (1173) 95.8 (1203)*

E. coli

Africa 99.6 (494) 99.8 (508) 100 (542) 99.6 (528) 99.4 (529)

Asia 93.9 (2130) 94.5 (2146) 94.8 (2116) 93.8 (2017) 92.1 (2089)*

Europe 99.7 (2976) 99.8 (3120) 99.8 (3074) 99.5 (3113) 99.4 (2899)*

Latin America 99.6 (1776) 99.2 (1693) 99.5 (1640) 98.6 (1607) 98.7 (1813)*

Middle East 99.2 (379) 98.4 (374) 97.3 (402) 98.1 (412) 96.1 (360)*

US/Canada 99.8 (1216) 99.7 (1205) 99.4 (1258) 99.5 (1116) 99.0 (1114)*

South Pacific 99.7 (724) 99.7 (658) 99.6 (691) 99.2 (654) 98.9 (608)*

K. pneumoniae

Africa 90.6 (181) 90.2 (193) 92.2 (180) 87.3 (181) 84.8 (191)*

Asia 85.8 (784) 82.6 (860) 85.5 (781) 85.0 (871) 82.9 (892)

Europe 89.6 (805) 85.5 (822) 85.7 (850) 82.1 (849) 81.7 (963)*

Latin America 83.5 (467) 81.8 (527) 78.1 (580) 79.7 (571) 80.0 (559)

Middle East 92.2 (141) 91.2 (159) 83.2 (167) 83.0 (153) 89.7 (155)

US/Canada 97.2 (430) 96.6 (406) 98.4 (433) 94.8 (426) 94.7 (449)*

South Pacific 99.4 (177) 94.7 (244) 96.3 (218) 95.2 (207) 94.8 (229)

*Statistically significant decreasing trend in susceptibility (p < 0.05)
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make these detailed analyses possible at a regional level, we
maximized sample sizes by using isolates from all participating
sites and by combining isolates from 2015 and 2016.

Figure 2 shows the regional species distribution among this
collection of recent Enterobacteriaceae isolates. E. coli was
the most common species in all regions, with the proportion
ranging from 49.1% in US/Canada to 59.2% in Middle East,
and K. pneumoniae was the second most common species in
all regions, ranging from 16.7% in Europe to 23.6% in Asia.
Table 2 shows the susceptibility to ertapenem and comparators
of all Enterobacteriaceae combined and of the five most com-
mon species. Overall, susceptibility rates for ertapenem were
> 90% in all regions except Asia, where it was only slightly
lower (89.5%). Of the comparator agents, only amikacin
exceeded these results. The cephalosporins and aztreonam
showed values < 85% in most regions, ciprofloxacin values
< 80% in most regions, and piperacillin-tazobactam values <
90% in all regions except US/Canada. Against E. coli, the
carbapenems, amikacin, and colistin showed susceptibility
rates > 95% in all regions (except ertapenem in Asia,
92.5%), whereas it was < 90% in each region for all other
comparators except piperacillin-tazobactam (> 90% in four
regions). Susceptibility of K. pneumoniae was < 90% in the
majority of regions for all agents except amikacin and colistin.
Ertapenem activity was high in US/Canada and South Pacific
(≥ 95%) and ranged from 76.3% in Africa to 88.5% in the
Middle East for the remaining regions. Susceptibility of P.
mirabilis to ertapenem was ≥ 97% or higher in each region;
of the comparators, only piperacillin-tazobactam and
amikacin exceeded 90% susceptibility in each region.
Activity of ertapenem was lower against E. cloacae (ranging
from 75.5% susceptibility in Asia to 94.7% in the Middle
East) with imipenem, amikacin, and colistin showing activity
> 90% in most or all regions. Susceptibility of K. oxytoca was

> 90% in all or most regions to the carbapenems, cefepime,
ceftazidime, ciprofloxacin, amikacin, and colistin.

MIC50 values for ertapenem against Enterobacteriaceae
were ≤ 0.06 μg/ml in all regions. MIC90 values were ≤
0.06 μg/ml in US/Canada; 0.12 μg/ml in Europe, Middle
East, and South Pacific; 0.25 μg/ml in Latin America;
0.5 μg/ml in Africa; and 1 μg/ml in Asia. Results for the
comparator agents can be seen in Online Resource 2.
Typically, MIC90 values for ertapenem were between 2 and
8 dilutions lower than for the comparators.

Using the collection of recent isolates, susceptibility rates
were also assessed for subsets of isolates from community- and
hospital-associated infections as well as ESBL-positive and
MDR strains (Table 3). Ertapenem showed strong activity >
90% in all regions against Enterobacteriaceae from
community-associated infections. Of the comparators, only
amikacin exceeded these rates. Against Enterobacteriaceae
from hospital-associated infection, susceptibility to ertapenem
was > 90% in five regions, with activity ≥ 88% in the remain-
ing two regions. Again, only amikacin exceeded these rates.
Susceptibility was also analyzed among E. coli, K. oxytoca, K.
pneumoniae, and P. mirabilis with ESBL phenotype. The rate
of ESBL-positive isolates among these species varied widely
by region: 9.9% (470/4752) in US/Canada, 12.7% (262/2062)
in South Pacific, 17.5% (1783/10205) in Europe, 26.0% (1135/
4372) in Asia (without China and India), 28.9% (657/2270) in
Africa, 29.4% (1681/5710) in Latin America, and 38.2% (642/
1681) in Middle East. Ertapenem was active against > 90% of
ESBL-positive isolates in all regions except Africa (83.6%)
and Europe (85.5%). Only imipenem, amikacin, and colistin
exceeded these susceptibility levels.

The proportion of MDR Enterobacteriaceae among all col-
lected isolates also varied widely by region: 12.4% (751/6074) in
US/Canada, 14.6% (383/2627) in South Pacific, 18.4% (2284/

Fig. 2 Distribution of collected
Enterobacteriaceae species by
region, using isolates from all
hospital sites, 2015–2016.
LatAm, Latin America; MidEast,
Middle East; US/Can, US/
Canada; S Pacific, South Pacific
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Table 2 Susceptibility to ertapenem and comparators of Enterobacteriaceae isolates from all hospital sites, 2015–2016a

% Suscep�ble
Organism/Region (n) ETP IPM FEP CAZ CRO TZP ATM CIP AMK CST
All Enterobacteriaceae

Africa (2600) 91.9 88.9 71.3 72.3 66.8 82.8 70.5 64.9 96.2 87.4
Asia (10202) 89.5 89.3 61.1 64.9 52.3 82.9 59.6 55.9 94.4 89.5
Europe (12412) 95.7 92.9 83.8 82.8 77.7 87.1 81.9 74.7 98.0 85.4
La�n America (6686) 93.7 91.2 70.1 72.7 65.5 84.5 69.6 58.0 97.3 88.3
Middle East (1904) 95.8 94.1 65.2 68.9 59.8 87.6 66.5 61.1 97.7 88.0
US/Canada (6074) 97.3 94.6 90.5 88.3 83.6 92.1 87.3 79.2 99.4 88.2
South Pacific (2627) 96.5 93.6 87.0 83.8 78.7 89.7 83.1 84.2 99.6 89.0

E. coli
Africa (1448) 96.7 97.4 74.2 77.5 71.6 87.8 74.8 62.6 98.8 99.3
Asia (5773) 92.5 96.1 52.4 61.9 45.2 86.8 53.0 44.6 96.6 96.6
Europe (6797) 99.5 99.6 85.9 88.3 82.9 92.3 85.8 73.3 99.4 99.6
La�n America (3921) 98.7 99.2 71.0 75.3 67.6 90.5 71.0 52.9 98.4 99.4
Middle East (1127) 98.0 99.3 61.9 66.8 56.9 89.9 62.6 55.4 99.2 99.2
US/Canada (2980) 99.3 99.7 87.9 89.0 84.1 94.6 86.9 68.7 99.5 99.6
South Pacific (1389) 99.1 99.9 87.0 87.7 82.9 93.7 85.8 80.6 99.9 99.8

K. pneumoniae
Africa (596) 76.3 79.4 47.5 48.5 43.3 61.8 45.3 53.9 88.9 98.5
Asia (2405) 84.0 86.9 65.9 66.2 60.9 75.7 65.8 65.8 89.5 96.6
Europe (2074) 82.9 88.2 61.1 62.4 59.3 69.7 61.5 61.1 93.2 94.8
La�n America (1309) 79.9 85.5 52.8 53.6 50.0 63.9 52.6 50.2 94.7 96.0
Middle East (407) 88.5 90.9 55.3 57.5 53.3 76.2 55.8 63.2 93.1 95.3
US/Canada (1163) 95.7 97.1 90.5 90.1 88.0 91.7 90.1 89.1 98.6 98.6
South Pacific (476) 95.4 95.8 80.0 79.4 76.5 86.3 79.6 80.7 99.2 99.4

P. mirabilis
Africa (177) 99.4 74.0 87.6 88.1 86.4 98.3 89.8 71.8 92.7 0.0
Asia (337) 97.0 44.5 81.0 92.6 76.9 96.4 86.7 57.3 92.9 3.3
Europe (856) 99.7 79.3 95.2 93.0 89.95 99.1 99.1 70.6 96.6 0.1
La�n America (327) 99.1 61.5 89.3 98.5 85.3 99.4 97.6 74.6 97.6 0.3
Middle East (114) 100 83.3 70.2 89.5 68.4 100 90.4 46.5 98.3 0.9
US/Canada (319) 99.7 60.2 98.4 99.1 95.6 100 99.1 74.0 99.4 0.9
South Pacific (107) 100 57.0 98.1 100 95.3 100 100 93.5 100 0.0

E. cloacae
Africa (96) 85.4 94.8 80.2 68.8 59.4 78.1 69.8 83.3 100 90.6
Asia (507) 75.7 88.2 72.6 56.4 47.7 68.1 56.6 79.3 93.1 76.1
Europe (642) 85.5 92.4 82.4 64.8 58.9 72.7 68.5 85.2 98.1 92.2
La�n America (299) 79.3 93.3 64.2 57.5 48.2 64.9 57.2 71.2 95.3 91.0
Middle East (57) 94.7 96.5 91.2 77.2 68.4 82.5 80.7 94.7 100 73.7
US/Canada (398) 87.4 99.3 84.4 74.4 64.8 76.1 74.1 93.7 99.8 92.2
South Pacific (151) 82.1 95.4 79.5 61.6 52.3 69.5 63.6 92.1 98.7 91.4

K. oxytoca
Africa (49) 95.9 98.0 93.9 93.9 89.8 91.8 91.8 93.9 98.0 100
Asia (178) 94.9 96.6 88.8 87.1 82.0 87.1 84.3 89.9 97.8 99.4
Europe (478) 99.2 99.0 95.8 96.2 86.2 86.2 86.4 96.4 99.8 99.6
La�n America (153) 97.4 97.4 86.3 91.5 78.4 87.6 79.7 85.0 98.0 98.7
Middle East (33) 97.0 97.0 100 97.0 97.0 93.9 97.0 97.0 100 100
US/Canada (290) 99.7 100 97.6 97.2 93.1 93.5 93.1 97.6 100 99.7
South Pacific (90) 96.7 98.9 94.4 91.1 80.0 84.4 82.2 93.3 98.9 100

a Susceptibility values > 90% are shaded gray

ETP ertapenem, IPM imipenem, FEP cefepime, CAZ ceftazidime, CRO ceftriaxone, TZP piperacillin-tazobactam, ATM aztreonam, CIP ciprofloxacin,
AMK amikacin, CST colistin
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12412) in Europe, 29.1% (757/2600) in Africa, 30.9% (2069/
6686) in Latin America, 34.3% (653/1904) in Middle East, and
38.9% (3973/10202) in Asia. Susceptibility rates against MDR
Enterobacteriaceae were generally ≤ 30% for the cephalospo-
rins, aztreonam, and ciprofloxacin. Ertapenem and imipenem
were active against ≥ 80% of isolates in most regions. Only
amikacin reached susceptibility levels ca. 90% or higher in most
regions, as well as colistin in Africa, Middle East, and South
Pacific. Table 4 shows the ten most common MDR phenotypes
found globally. Ertapenem was active against > 97% of isolates
from four phenotypes, including one phenotype that was non-
susceptible to imipenem (mostly Proteeae); showed activity
against 54 to 83% of isolates from four phenotypes; and showed
no or very poor activity against two phenotypes that were also
non-susceptible to imipenem.

Discussion

According to a recent WHO report, antimicrobial resistance
threatens the effective treatment of an ever-increasing range
of infections [1]. A recent review of the global epidemiology
of CTX-M β-lactamases describes increases in ESBL preva-
lence over time in all WHO geographical regions, especially in
the community [9]. Carbapenems are considered the antimi-
crobial agents of choice for infections with ESBL-positive or-
ganisms; however, the prevalence of carbapenemases has also
been increasing [10]. Furthermore, ESBL production com-
bined with structural mutations can render organisms resistant
to carbapenems. This makes antimicrobial surveillance, espe-
cially of carbapenems, crucial for the selection of appropriate
agents for empiric therapy. The WHO report points out that

Table 3 Susceptibility to ertapenem and comparators of subsets of Enterobacteriaceae from all hospital sites, 2015–2016a

Organism/Region (n) ETP IPM FEP CAZ CRO TZP ATM CIP AMK CST
Community-associated Enterobacteriaceae

Africa (1152) 94.3 92.1 76.4 77.3 73.7 85.8 76.7 70.7 97.2 91.2
Asia (3615) 93.5 91.8 68.8 71.2 60.8 88.2 67.2 61.7 95.7 90.4
Europe (4797) 97.9 94.5 88.7 88.4 83.9 92.0 87.5 80.1 98.7 87.0
La�n America (3016) 95.7 93.1 73.7 75.9 69.2 87.8 72.9 60.3 98.2 90.7
Middle East (1196) 97.7 96.0 69.2 72.0 64.1 90.2 69.8 64.9 98.8 89.1
US/Canada (3586) 97.7 95.0 92.2 90.6 86.3 94.0 89.6 80.6 99.6 88.7
South Pacific (1461) 97.5 94.9 89.1 87.5 81.9 92.4 86.2 86.2 99.7 90.1

Hospital-associated Enterobacteriaceae
Africa (802) 88.5 86.4 65.8 64.8 58.5 79.3 63.8 57.5 95.1 86.2
Asia (6002) 86.9 87.9 56.7 60.9 47.1 79.5 55.1 52.5 93.3 88.7
Europe (7191) 94.2 91.9 80.6 79.0 73.6 83.8 78.2 71.2 97.6 84.5
La�n America (3517) 92.3 89.7 67.2 70.0 62.6 81.7 67.1 55.9 96.4 86.1
Middle East (573) 95.1 92.8 59.5 64.9 54.3 84.1 62.1 56.9 97.6 86.9
US/Canada (1917) 97.0 94.2 87.0 83.8 78.3 88.9 82.6 77.0 99.4 87.7
South Pacific (1158) 95.1 92.1 84.5 79.3 74.7 86.1 79.2 81.8 99.6 87.4

ESBL-posi�ve E. coli, K. oxytoca, K. pneumoniae, and P. mirabilis
Africa (657) 83.6 87.7 5.9 17.1 0.3 62.3 5.8 25.0 91.8 95.7
Asia (1135)b 93.6 96.5 7.8 31.5 0.6 78.9 11.5 24.8 96.6 96.4
Europe (1783) 85.5 91.8 8.6 24.1 1.3 64.1 12.6 20.4 94.1 93.3
La�n America (1681) 91.3 95.3 6.7 19.6 1.4 69.4 8.5 14.6 94.8 96.4
Middle East (642) 93.5 96.0 7.0 22.1 0.2 78.4 12.3 26.8 96.1 92.2
US/Canada (470) 94.3 95.5 12.6 28.5 3.0 78.5 15.1 16.6 96.4 97.2
South Pacific (262) 97.3 98.1 9.2 27.1 2.7 79.8 13.0 33.2 99.2 98.1

MDR Enterobacteriaceae
Africa (757) 72.9 73.3 9.4 10.6 4.6 50.1 8.1 18.0 86.9 89.7
Asia (3973) 75.1 80.0 12.2 16.1 2.7 59.0 5.8 18.3 85.9 87.8
Europe (2284) 78.0 79.9 20.7 13.0 5.4 48.8 12.5 22.8 89.5 83.2
La�n America (2069) 80.6 82.5 9.5 14.3 4.2 58.0 7.2 13.7 91.6 89.5
Middle East (653) 88.2 88.4 6.9 13.2 2.9 68.8 9.7 23.9 93.6 86.1 
US/Canada (751) 81.4 83.4 30.4 16.0 8.3 54.1 12.1 30.0 96.1 84.3 
South Pacific (383) 80.2 87.0 24.0 10.4 3.7 50.7 7.8 38.6 97.4 92.2 

a Susceptibility values > 90% are shaded gray
b Isolates from China and India were excluded because ESBL phenotype was not available for all isolates

ETP ertapenem, IPM imipenem, FEP cefepime, CAZ ceftazidime, CRO ceftriaxone, TZP piperacillin-tazobactam, ATM aztreonam, CIP ciprofloxacin,
AMK amikacin, CST colistin
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significant gaps exist in antimicrobial surveillance with a lack
of standards for methodology and with gaps in global cover-
age. Global surveillance programs like SMART can at least
partially fill these gaps, as it monitors the antimicrobial activity
of a consistent set of agents using standardizedmethodology in
central laboratories. However, limitations remain, such as
small numbers of participating sites per country as well as sites
not participating every year. In an effort to address these lim-
itations, country data were combined into larger regions in the
current study, and for the trend analyses, only sites that partic-
ipated in all 5 years were included.

These trend analyses revealed statistically significant de-
creases in susceptibility of Enterobacteriaceae to ertapenem
in most regions. The actual size of the decreases, however,
was small (between 0.9 and 2.5 percentage points), and sus-
ceptibility remained > 90% in all regions except Asia. The
significant statistical test results are in part due to the large
sample sizes for Enterobacteriaceae overall and for E. coli,
as well as the fact that the proportion of susceptible isolates is
close to 100%. These two factors give the statistical test in-
creased power to find significant trends.

The analysis of only the more recent isolates (using all
available participating sites) confirmed that ertapenem has
maintained high antimicrobial activity in 2015–2016. Against
Enterobacteriaceae overall, susceptibility rates were ca. 90%
or higher in each region, ranging from 89.5% in Asia to 97.3%
in US/Canada. Activity against E. coli, the most common spe-
cies, was 92.5% in Asia and > 96% in all other regions.
Activity was ≥ 93% in all regions against Enterobacteriaceae
from community-associated infections, despite reports of in-
creasing resistance in the community [10–12]. This is impor-
tant as ertapenem is typically regarded as an important

treatment option for patients with serious community-
acquired infections [3, 4]. Even against Enterobacteriaceae
from hospital-associated infections, ertapenemmaintained sus-
ceptibility levels > 90% in most regions, rates consistently
exceeded only by amikacin. This finding is especially notewor-
thy in light of reports identifying health care as a risk factors for
acquisition of carbapenem-resistant strains [13], and studies
reporting higher resistance levels in isolates from hospital- than
from community-associated infections [14–16]. The latter
were SMART studies that described antimicrobial resistance
among E. coli and K. pneumoniae isolates from IAI collected
in Europe in 2008 [14], E. coli from IAI collected in the USA
2009–2013 [15], and E. coli from UTI collected in Canada and
the USA in 2010–2014 [16].

Ertapenem also showed strong activity against the subset of
phenotypically ESBL-positive isolates, with susceptibility
rates of > 90% in all regions, except Africa (83.6%) and
Europe (85.5%). It should be noted that for this analysis,
Asia did not include isolates from China and India, two coun-
tries for which high resistance rates, including high rates of
carbapenemase-producing organisms, have been reported
[17–20], and the susceptibility level of 93.6% to ertapenem
is therefore presumably an overestimate. In fact, a separate
analysis of the isolates from China and India for which
ESBL determination was available showed ertapenem suscep-
tibility rates among the ESBL-positive isolates of 88.0% in
China (1317/1496) and 84.9% in India (141/166) (data not
shown), which as expected were lower than for the rest of
the region. However, because the ESBL phenotype was not
available for 26 and 41% of isolates, respectively, these results
must be interpreted with caution. Analysis of MDR isolates
showed low MDR rates in US/Canada and South Pacific and

Table 4 In vitro activity of
ertapenem against the ten most
common MDR phenotypes of
Enterobacteriaceae found
globally, 2015–2016

Phenotypea n (% of all MDR) Ertapenem

MIC90 % Susceptible

All MDR (n) 10870b > 4 78.0

FEP, CAZ, ATM, CIP 3176 (29.2) 0.25 97.6

FEP, CAZ, ATM, TZP, CIP 1751 (16.1) 0.25 77.0

FEP, CAZ, ATM 863 (7.9) 2 98.6

FEP, ATM, CIP 751 (6.9) 0.12 98.8

FEP, CAZ, ATM, TZP, IPM, CIP 524 (4.8) > 4 2.9

CAZ, ATM, TZP 462 (4.3) 1 83.3

FEP, CAZ, ATM, TZP, IPM, CIP, AMK 427 (3.9) > 4 0.0

FEP, CAZ, ATM, TZP 329 (3.0) 2 63.5

IPM, CIP, CST 270 (2.5) ≤ 0.06 99.3

FEP, CAZ, ATM, TZP, CIP, AMK 202 (1.9) > 4 54.0

a Sentinel drugs used for the definition of MDR included amikacin (AMK), aztreonam (ATM), cefepime (FEP),
ceftazidime (CAZ), ciprofloxacin (CIP), colistin (CST), imipenem (IPM), and piperacillin-tazobactam (TZP).
Listed agents tested as non-susceptible; the other agents tested as susceptible
bMDR isolates accounted for 25.6% (10,870/42505) of all isolates of Enterobacteriaceae
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high rates in Asia, Africa, Middle East, and Latin America.
This regional pattern corresponds closely with the ESBL rates
determined in this study, which is not surprising as ESBL
production is typically associated with unrelated resistance
determinants for fluoroquinolones, aminoglycosides, and tet-
racyclines [18]. Others have also described highMDR rates in
these four regions [21] as well as high rates of ESBL and/or
carbapenemase producers [17–20]. Regardless of region,
ertapenem demonstrated good activity against MDR isolates
with susceptibility rates of 73% in Africa, 75% in Asia, 78%
in Europe, and > 80% in all other regions, levels that were
generally > 50 percentage points higher than the susceptibility
rates for cephalosporins, aztreonam, and ciprofloxacin and >
20 percentage points higher than for piperacillin-tazobactam.
Only imipenem, amikacin, and colistin exceeded the activity
of ertapenem. Compared to these agents, ertapenem has a
once-daily administration schedule and is generally well-
tolerated as opposed to the significant morbidities associated
with aminoglycosides and polymyxins including nephro-,
neuro-, and oto-toxicity.

Recent susceptibility rates for ertapenem are not readily
available from sources other than SMART studies, of which
the most recent ones focused exclusively on ESKAPE patho-
gens from Latin American and Asia/Pacific countries (without
China and India) collected in 2013–2015 [22, 23]. One recently
published non-SMART study showed high percent susceptible
to ertapenem among Enterobacteriaceae (94.5%), E. coli
(98.7%), and K. pneumoniae (87.4%), albeit for isolates from
2012 and 2013 [24]. Other recent publications demonstrated
that ertapenem still remained very effective, including two clin-
ical trials of bloodstream and urinary tract infections due to
ESBL-producing Enterobacteriaceae [25, 26], for which
ertapenem has been considered the treatment of choice [27].
Furthermore, ertapenem has been successfully and safely used
as de-escalation therapy for patients who had received group 2
carbapenems for infections with ESBL-producing
Enterobacteriaceae [28]. Outpatient therapy with ertapenem
may therefore be a feasible option for clinically stable patients,
reducing length of hospital stay and costs. Ertapenem also
showed rapid bactericidal activity against MDR ESBL-
producing E. coli isolates that were intermediately resistant to
ertapenem (MIC of 1 μg/ml) when simulating free drug after 2-
g intravenous once-daily dosing [27].

Fifteen years after the launch of ertapenem, despite the
worrisome spread of antimicrobial resistance, this agent,
which is popular among clinicians due to its convenient
once-daily dosing schedule and favorable safety and tolerabil-
ity profile, remains active in all regions of the world against
89.5 to 97.3% of consecutively collected Enterobacteriaceae
from intra-abdominal and urinary tract infections.
Nevertheless, continued monitoring of antimicrobial resis-
tance for surveillance purposes as well as susceptibility testing
for individual patients is important.
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