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The Tigecycline Evaluation and Surveillance Trial (TEST) was designed to monitor susceptibility to commonly used antimicro-
bial agents among important pathogens. We report here on susceptibility among Gram-negative pathogens collected globally
from pediatric patients between 2004 and 2012. Antimicrobial susceptibility was determined using guidelines published by the
Clinical and Laboratory Standards Institute (CLSI). Most Enterobacteriaceae showed high rates of susceptibility (>95%) to ami-
kacin, tigecycline, and the carbapenems (imipenem and meropenem); 90.8% of Acinetobacter baumannii isolates were suscepti-
ble to minocycline, and susceptibility rates were highest in North America, Europe, and Asia/Pacific Rim. Amikacin was the most
active agent against Pseudomonas aeruginosa (90.4% susceptibility), with susceptibility rates being highest in North America.
Extended-spectrum �-lactamases (ESBLs) were reported for 11.0% of Escherichia coli isolates and 24.2% of Klebsiella pneu-
moniae isolates globally, with rates reaching as high as 25.7% in the Middle East and >43% in Africa and Latin America, respec-
tively. Statistically significant (P < 0.01) differences in susceptibility rates were noted between pediatric age groups (1 to 5 years,
6 to 12 years, or 13 to 17 years of age), globally and in some regions, for all pathogens except Haemophilus influenzae. Significant
(P < 0.01) differences were reported for all pathogens globally and in most regions, considerably more frequently, when pediat-
ric and adult susceptibility results were compared. Amikacin, tigecycline, and the carbapenems were active in vitro against most
Gram-negative pathogens collected from pediatric patients; A. baumannii and P. aeruginosa were susceptible to fewer antimi-
crobial agents. Susceptibility rates among isolates from pediatric patients were frequently different from those among isolates
collected from adults.

Bacterial infections in pediatric patients may behave differently
than their corresponding infections in adults. Lob et al.

showed that Escherichia coli isolates from adults with appendicitis
were significantly (P � 0.05) less susceptible to a number of anti-
microbial agents than were those from pediatric patients (1). Pe-
diatric patients have rates of bacteremia up to 2-fold higher than
those for adult patients and 7-fold higher than those for neonates
(2). Unfortunately, results for pediatric and adult patients are of-
ten grouped together in population-based study reports (3).

Key factors in the spread of serious Gram-negative bacilli in-
clude the development and spread of numerous resistance mech-
anisms, decreased research into the development of new antimi-
crobial agents, and widespread overuse of broad-spectrum
antimicrobial agents in the treatment of infections, among other
factors (4). Gram-negative pathogens are commonly associated
with serious infections and high morbidity and mortality rates.
Infections caused by Gram-negative pathogens are common
causes of death among patients less than 14 years of age in the
United Kingdom (5), and Gram-negative infections represent one
of the main risk factors associated with death among pediatric
patients with sepsis in Colombia (6).

The Tigecycline Evaluation and Surveillance Trial (TEST) is a
global surveillance study monitoring the activity of tigecycline
(TIG), a broad-spectrum glycylcycline antimicrobial agent, and a
panel of comparator agents against an array of clinically impor-
tant Gram-positive and Gram-negative pathogens. The TEST
commenced in 2004 and is currently ongoing. In this study, we
examine the activity of tigecycline and comparators against Gram-

negative pathogens collected globally from pediatric patients, 1 to
17 years of age, between 2004 and 2012.

MATERIALS AND METHODS
Isolate collection. Gram-negative isolates from pediatric patients were
contributed by 570 centers in 65 countries globally between 2004 and 2012
(see Table S1 in the supplemental material). All participating centers were
required to submit at least 135 Gram-negative and 65 Gram-positive iso-
lates that were interpreted by each collecting center to be clinically signif-
icant. Among Gram-negative isolates, centers were expected to contribute
at least 15 isolates of Acinetobacter spp., 15 of Haemophilus influenzae, 25
of Escherichia coli, 25 of Enterobacter spp., 25 of Klebsiella spp., 20 of
Pseudomonas aeruginosa, and 10 of Serratia spp. Isolate identification was
carried out using center-specific methodology.
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All isolates were collected consecutively from inpatients or outpatients
with documented infections of nosocomial or community origin. Only a
single isolate per patient was allowed in the study, and inclusion was
independent of patient age or sex, previous antimicrobial use, or previous
medical history. All body sites were acceptable sources for isolate collec-
tion (including bodily fluids, the central nervous system, the cardiovascu-
lar system, the gastrointestinal tract, the genitourinary system, the head,
ears, eyes, nose, and throat, medical instruments [including catheters,
surgical instruments, and prostheses], the integumentary system, the lym-
phatic system, the muscular system, the reproductive system, the respira-
tory system, and the skeletal system), but no more than 25% of isolates
from any center could originate from urine cultures.

The study was managed by International Health Management Associ-
ates, Inc. (IHMA) (Schaumburg, IL); this laboratory produced and main-
tained a centralized database of all isolates contributed to the TEST. Fol-
lowing collection and antimicrobial susceptibility testing, all organisms
were shipped to IHMA. Prior to shipping, organisms that required storage
for longer than 5 days were maintained between �70°C and �20°C in
tryptic soy broth with glycerol. Organisms could be stored at �70°C or
lower for a period of 6 months. Organisms stored between �70°C and
�20°C were subcultured every 8 weeks to ensure viability. Organisms
that were cultured from a frozen state were subcultured twice before
refreezing.

Antimicrobial susceptibility testing. MICs were determined locally
using broth microdilution methodology (described by the Clinical and
Laboratory Standards Institute [CLSI]) (7) with Sensititre plates (Trek
Diagnostic Systems, East Grinstead, England) or MicroScan panels (Sie-
mens, Sacramento, CA). The test panel for this study included the follow-
ing antimicrobial agents: amikacin (AMK), amoxicillin-clavulanate
(AMC), ampicillin (AMP), cefepime (FEP), ceftazidime (CAZ), ceftriax-
one (CRO), imipenem (IPM), levofloxacin (LVX), meropenem (MEM),
minocycline (MIN), piperacillin-tazobactam (TZP), and tigecycline
(TIG). Stability issues were encountered with some imipenem samples, so
imipenem was replaced by meropenem in 2006; in the same year, Mi-
croScan panels were replaced by Sensititre plates. Cation-adjusted Muel-
ler-Hinton broth was used to determine MICs. Most panels were incu-
bated in open air at 35°C for 16 to 20 h; H. influenzae panels were
incubated for 20 to 24 h.

Quality control (QC) testing was carried out daily, using the following
QC strains: E. coli ATCC 25922, P. aeruginosa ATCC 27853, H. influenzae
ATCC 49247, and H. influenzae ATCC 49766. Interpretation of antimi-
crobial susceptibility results was performed using CLSI criteria (8); En-
terobacter breakpoints for carbapenems have recently been revised (9).
FDA-approved breakpoints, provided in the tigecycline package insert,
were used for tigecycline (10).

E. coli and Klebsiella spp. were tested for the production of extended-
spectrum �-lactamases (ESBLs) at the central laboratory (IHMA), using
cefotaxime (30 �g), cefotaxime-clavulanic acid (30 �g/10 �g), ceftazi-
dime (30 �g), and ceftazidime-clavulanic acid (30 �g/10 �g) discs (8).
The discs were manufactured by Oxoid, Inc. (Ogdensburg, NY), while
Mueller-Hinton agar was produced by Remel, Inc. (Lenexa, KS). QC
strains used for ESBL testing were Klebsiella pneumoniae ATCC 700603
(ESBL positive) and E. coli ATCC 25922 (ESBL negative), as well as P.
aeruginosa (ATCC 27853) for QC of ceftazidime and cefotaxime discs. H.
influenzae isolates were tested for �-lactamase production by using locally
preferred methodologies. Multidrug resistance (MDR) is defined in this
study as resistance to three or more classes of antimicrobial agents rou-
tinely used to treat the organism; antimicrobial classes are defined here as
aminoglycosides (AMK), �-lactams and �-lactam inhibitor combina-
tions (AMP, AMC, FEP, CAZ, CRO, and TZP), carbapenems (IPM and
MEM), fluoroquinolones (LVX), tetracyclines (MIN), and glycylcyclines
(TIG).

Statistical analysis. The Cochran-Armitage trend test was used to de-
termine statistically significant changes in antimicrobial susceptibility
over time. Due to the large number of trend tests performed, only P values

of �0.01 were regarded as significant. Imipenem and meropenem were
excluded from this analysis because data were not available for these an-
timicrobials for each year of analysis. Pairwise statistical comparisons be-
tween patient age groups were carried out using the Cochran-Mantel-
Haenszel test.

RESULTS
Patient groups and isolate totals. A total of 18,614 pediatric
Gram-negative isolates were submitted to the TEST between 2004
and 2012. Europe and North America were the largest contribu-
tors of isolates for all pathogens in this study (Tables 1 and 2).
Isolates from both inpatients and outpatients were permitted in
the study; globally, the majority of isolates were from inpatients
(72.8% [13,551/18,614 isolates]). The same pattern was seen for
the majority of organisms and regions (data not shown). An ex-
ception to this was isolates of H. influenzae, with only 55.4% of
isolates (2,307/4,166 isolates) being from inpatients.

Enterobacteriaceae. (i) E. coli. The highest global rates of sus-
ceptibility noted among E. coli (n � 3,041) (Table 1) were for
tigecycline (�99.9%), imipenem (99.5%), meropenem (99.1%),
and amikacin (97.4%). Rates of susceptibility to several antimi-
crobial agents varied widely between regions; ceftriaxone suscep-
tibility rates ranged from 61.4% in Asia/Pacific Rim to 94.2% in
North America, while ampicillin susceptibility rates were 13.4% in
Africa and 44.4% in North America. Large (�27%) regional vari-
ations in susceptibility rates were also observed for amoxicillin-
clavulanate, levofloxacin, and minocycline (Table 1). Globally,
11.0% of E. coli isolates were ESBL producers (Table 2). In North
America, ESBLs were reported for only 2.1% of isolates, while
rates of ESBL production reached as high as 24.5% in Latin Amer-
ica and 25.7% in the Middle East.

Globally, significant (P � 0.01) decreases in susceptibility rates
between 2004 and 2012 were noted for ampicillin, cefepime,
ceftriaxone, levofloxacin, and minocycline. The rate of suscepti-
bility to ampicillin decreased from 38.3% (92/240 isolates) in 2004
to 30.4% (78/257 isolates) in 2012. For cefepime, the susceptibility
rate decreased from 98.3% (n � 236) to 91.1% (n � 234). The
susceptibility rate for ceftriaxone decreased from 93.3% (n � 224)
to 83.3% (n � 214) and that for levofloxacin from 87.1% (n �
209) to 83.3% (n � 214). For minocycline, the susceptibility rate
decreased from 85.0% in 2004 (n � 204) to 71.0% (373/525 iso-
lates) in 2009 and then increased to 84.4% (n � 217) in 2012.

For the global collection of E. coli isolates, no clear pattern in
susceptibility rates for the pediatric and adult age groups was ob-
served (see Table S2 in the supplemental material). Statistically
significant (P � 0.01) differences in pathogen susceptibility rates
were observed between pediatric patient groups 1 to 5 years and 13
to 17 years of age in Latin America (for levofloxacin), in North
America (for ampicillin), and globally (for ampicillin) and for
patients 6 to 12 years and 13 to 17 years of age in Latin America
(for meropenem) and globally (for ampicillin and meropenem);
however, no clear trends were visible (see Table S3 in the supple-
mental material). Significant (P � 0.01) differences in susceptibil-
ity rates between pediatric and adult patients were also observed in
Africa, Europe, Latin America, the Middle East, and North Amer-
ica and globally; susceptibility rates were higher among 1- to
5-year-old and �18-year-old patients (see Table S4 in the supple-
mental material).

(ii) K. pneumoniae. A total of 2,392 K. pneumoniae isolates
were contributed to this study. Global susceptibility rates were
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highest for imipenem (99.0%), tigecycline (96.5%), meropenem
(95.6%), and amikacin (91.3%) (Table 1). Regional susceptibility
rates were usually lowest in the African, Asian/Pacific Rim, and/or
Latin American regions. K. pneumoniae susceptibility rates varied
widely between regions, with ceftriaxone susceptibility rates vary-
ing by as much as 53.0% (ranging from 38.3% in Africa to 91.3%
in North America). Ampicillin was notably less effective against K.
pneumoniae than the other TEST antimicrobial agents, with a sus-
ceptibility rate of only 1.4% being observed worldwide (Table 1).
The rates of ESBL production among K. pneumoniae isolates were
low in North America (4.1%) but exceeded 40% in Africa and

Latin America; the global average between 2004 and 2012 was
24.2% (Table 2).

Significant (P � 0.001) decreases in susceptibility rates over the
course of the study were noted for amoxicillin-clavulanate,
cefepime, ceftriaxone, levofloxacin, minocycline, and piperacil-
lin-tazobactam. The rate of susceptibility to amoxicillin-clavu-
lanate decreased from 78.2% (122/156 isolates) in 2004 to 65.5%
(116/177 isolates) in 2012. The change for cefepime was from
90.4% (n � 141) in 2004 to 78.5% (n � 139) in 2012, that for
ceftriaxone was from 76.3% (n � 119) to 68.4% (n � 121), that for
levofloxacin was from 94.2% (n � 147) to 85.9% (n � 152), and

TABLE 1 Susceptibility rates among Enterobacteriaceae isolates collected from pediatric patients (�18 years of age) during TEST in 2004 to 2012

Species and
location

No. of
isolates

% of susceptible isolates (no. tested) or no. of susceptible isolates/total no. of isolatesa

AMK AMC AMP FEP CRO IPM LVX MEM MIN TZP TIG

Escherichia coli
Africa 82 100 46.3 13.4 92.7 85.4 96.6 (29) 81.7 100 (53) 63.4 86.6 100
Asia/Pacific Rim 153 94.1 53.6 19.0 75.8 61.4 100 (46) 60.1 98.1 (107) 72.5 85.6 100
Europe 1,106 96.8 69.3 33.5 90.1 81.0 99.4 (160) 82.2 99.7 (946) 77.2 91.7 100
Latin America 384 92.4 51.0 19.8 81.3 66.1 100 (34) 68.5 96.9 (350) 60.9 84.4 99.7
Middle East 101 100 63.4 17.8 81.2 65.3 6/6 76.2 98.9 (95) 69.3 93.1 100
North America 1,215 99.5 76.1 44.4 97.9 94.2 99.6 (487) 89.2 99.5 (728) 88.1 97.5 100
Globally 3,041 97.4 68.1 34.3 91.2 83.0 99.5 (762) 81.9 99.1 (2,279) 78.6 92.7 �99.9

Klebsiella
pneumoniae

Africa 60 95.0 40.0 1.7 53.3 38.3 17/17 83.3 93.0 (43) 68.3 75.0 100
Asia/Pacific Rim 136 76.5 40.4 0.7 55.9 42.6 100 (38) 74.3 89.8 (98) 59.6 67.6 96.3
Europe 901 95.3 59.6 1.8 (900) 80.2 62.8 99.1 (109) 88.1 96.8 (792) 67.5 78.2 97.0
Latin America 436 73.4 44.3 0.9 (435) 68.8 42.4 89.7 (29) 78.7 92.1 (407) 63.1 62.4 96.1
Middle East 133 95.5 53.4 1.5 75.2 57.9 18/18 89.5 95.7 (115) 68.4 72.9 95.5
North America 726 98.9 88.4 1.4 (725) 98.2 91.3 99.7 (291) 96.6 97.9 (435) 81.1 94.1 96.1
Globally 2,392 91.3 63.6 1.4 (2,389) 81.3 65.7 99.0 (502) 88.1 95.6 (1,890) 70.4 79.2 96.5

Klebsiella oxytoca
Africa 9 9/9 8/9 0/9 9/9 7/9 2/2 9/9 7/7 9/9 9/9 9/9
Asia/Pacific Rim 20 90.0 65.0 5.0 85.0 65.0 4/4 80.0 16 75.0 85.0 100
Europe 334 97.9 82.6 3.0 96.4 84.4 100 (54) 97.0 100 (280) 90.1 88.3 99.1
Latin America 54 96.3 83.3 5.6 92.6 75.9 9/9 92.6 97.8 (45) 83.3 88.9 100
Middle East 11 10/11 6/11 0/11 9/11 6/11 1/1 10/11 9/10 10/11 7/11 11/11
North America 287 99.0 88.9 3.8 (286) 99.0 90.9 100 (101) 99.0 98.4 (186) 89.9 95.5 99.7
Globally 715 97.9 84.3 3.5 (714) 96.6 85.3 100 (171) 96.9 99.1 (544) 89.2 90.9 99.4

Enterobacter spp.
Africa 72 100 9.7 7.0 (71) 83.3 61.1 16/16 91.7 94.6 (56) 75.0 79.2 95.8
Asia/Pacific Rim 167 90.4 4.2 3.7 (164) 80.8 48.5 100 (41) 85.6 94.4 (126) 68.3 70.1 97.6
Europe 1,173 97.2 4.8 4.8 (1,167) 93.3 59.8 90.1 (151) 94.5 97.7 (1,022) 71.7 73.5 97.1
Latin America 431 91.0 10.2 6.5 84.2 50.3 94.5 (55) 87.7 93.6 (376) 56.6 71.5 96.8
Middle East 130 100 3.8 3.8 90.0 60.0 10/12 96.9 99.2 (118) 63.8 73.1 96.9
North America 1,204 99.3 6.2 3.7 (1,194) 97.0 73.2 97.2 (457) 97.4 98.3 (747) 86.5 83.8 97.9
Globally 3,177 96.9 6.1 4.6 (3,157) 92.4 63.0 95.5 (732) 94.2 97.1 (2,445) 74.9 77.1 97.4

Serratia marcescens
Africa 26 100 11.5 0.0 (25) 96.2 80.8 4/4 100 100 (22) 92.3 100 100
Asia/Pacific Rim 71 90.1 0.0 0.0 84.5 66.2 18/19 87.3 90.4 (52) 73.2 80.3 91.5
Europe 423 97.9 2.6 3.8 (421) 95.5 82.0 91.4 (70) 98.3 99.2 (353) 66.2 92.9 96.0
Latin America 149 77.9 7.4 3.4 82.6 60.4 15/17 85.2 91.7 (132) 51.7 81.2 94.0
Middle East 50 98.0 2.0 2.0 82.0 70.0 2/8 100 97.6 (42) 72.0 82.0 100
North America 531 99.1 2.1 0.9 (530) 97.4 82.7 91.0 (233) 97.6 97.7 (298) 83.4 95.5 97.0
Globally 1,250 95.6 3.0 2.2 (1,246) 93.6 78.3 89.7 (351) 95.9 97.0 (899) 73.0 91.6 96.2

a Percentages are presented only for groups with n values of �20. When n values were �20, numbers of susceptible isolates and total numbers of isolates are presented as fractions.
Numbers in parentheses represent the number of isolates tested against an antimicrobial agent when the number tested was less than the total.
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that for piperacillin-tazobactam was from 89.1% (n � 139) to
79.1% (n � 140). The rate of susceptibility to minocycline de-
creased from 80.8% (n � 126) in 2004 to 58.9% (172/292 isolates)
in 2010 and then increased to 80.2% (n � 142) in 2012.

The K. pneumoniae susceptibility rate was generally highest
among �18-year-old patients in Asia/Pacific Rim, while the rate
of susceptibility of K. pneumoniae isolates in the Middle East was
highest in 1- to 5-year-old or 6- to 12-year-old patients (see Table
S2 in the supplemental material). Statistically significant (P �
0.01) differences in susceptibility rates were observed between pe-
diatric patient groups 1 to 5 years and 6 to 12 years of age in Latin
America (for minocycline) and the Middle East (for cefepime), 1
to 5 years and 13 to 17 years of age in North America (for levo-
floxacin) and globally (for amikacin), and 6 to 12 years and 13 to
17 years of age globally (for amikacin). However, no trends were
observed (see Table S3 in the supplemental material). Further-
more, statistically significant (P � 0.01) differences in antimicro-
bial susceptibility rates between adult and pediatric patient groups
were observed in Asia/Pacific Rim, Europe, Latin America, the
Middle East, and North America and globally; susceptibility rates
were higher among adults in Asia/Pacific Rim, 1- to 5-year-old
and 6- to 12-year-old patients in the Middle East, and 1- to 5-year-
old patients in North America (see Table S4 in the supplemental
material).

(iii) Klebsiella oxytoca. K. oxytoca was represented by 715 iso-
lates globally between 2004 and 2012. The lowest rates of suscep-
tibility were reported in Asia/Pacific Rim for most antimicrobial
agents; data are incomplete for imipenem and meropenem (Table
1). All isolates were susceptible to imipenem, while high suscepti-
bility rates were noted for tigecycline (99.4%), meropenem
(99.1%), amikacin (97.9%), levofloxacin (96.9%), and cefepime
(96.6%). ESBL production rates were low among K. oxytoca iso-
lates, reaching a maximum of 11.1% in Africa and Latin America
(Table 2).

A significant (P � 0.01) decrease in the susceptibility rate over
the course of the study was noted only for minocycline. The sus-
ceptibility rate decreased from 94.4% (67/71 isolates) in 2004 to
80.3% (57/71 isolates) in 2010 and then increased to 90.9% (70/77
isolates) in 2012.

Compared with susceptibility rates among isolates from pa-
tients �18 years of age, susceptibility rates were often higher in the
pediatric age groups (see Table S2 in the supplemental material).
Statistically significant (P � 0.01) differences in susceptibility
rates were observed between pediatric patient groups 1 to 5 years
and 13 to 17 years of age in Europe (for amoxicillin-clavulanate
and levofloxacin) and globally (for levofloxacin) (see Table S3 in

the supplemental material). Statistically significant (P � 0.01) dif-
ferences in susceptibility rates were also observed between pediat-
ric (1 to 5 years of age) and adult patients in Europe (for amoxi-
cillin-clavulanate and levofloxacin), in North America (for
ampicillin), and globally (for amoxicillin-clavulanate, levofloxa-
cin, and piperacillin-tazobactam) (see Table S4 in the supplemen-
tal material). In all cases in which significant differences in suscep-
tibility rates occurred, the highest susceptibility rate was seen
among 1- to 5-year-old patients.

(iv) Enterobacter spp. A total of 3,177 isolates of Enterobacter
spp. were collected as part of the TEST between 2004 and 2012
(Table 2). The most active agent against Enterobacter spp. was
tigecycline, with a susceptibility rate of �97.4% being observed
globally (Table 1). High rates of susceptibility were also noted for
meropenem (97.1%), amikacin (96.9%), and imipenem (95.5%).
The rates of susceptibility to cephalosporins varied widely be-
tween regions, with variations of 80.8% (Asia/Pacific Rim) to
97.0% (North America) for cefepime and 48.5% (Asia/Pacific
Rim) to 73.2% (North America) for ceftriaxone.

The only agent for which a significant decrease in the suscep-
tibility rate over the course of the study was recorded was mino-
cycline. The rate of susceptibility to minocycline decreased from
89.6% (199/222 isolates) in 2004 to 56.7% (229/404 isolates) in
2010 and then increased, reaching 84.8% (251/296 isolates) in
2012 (P � 0.0001).

No clear pattern in susceptibility rates between the age groups
was seen either regionally or globally (see Table S2 in the supple-
mental material). Statistically significant (P � 0.01) differences in
ceftriaxone susceptibility rates were observed globally between pe-
diatric patients 1 to 5 years and 13 to 17 years of age, as well as 6 to
12 years and 13 to 17 years of age; susceptibility rates were highest
among 13- to 17-year-old patients (see Table S3 in the supplemen-
tal material). Significant (P � 0.01) differences in susceptibility
rates between adult and pediatric patients were observed in Eu-
rope, Latin America, and North America and globally (see Table
S4 in the supplemental material). When statistically significant
differences in antimicrobial susceptibility rates were noted, iso-
lates from �18-year-old patients showed lower rates of suscepti-
bility to all antibiotics (see Table S4 in the supplemental material).

(v) Serratia marcescens. S. marcescens (n � 1,250) showed
high rates of susceptibility to meropenem (97.0%), tigecycline
(96.2%), levofloxacin (95.6%), and amikacin (95.6%) (Table 1).
Cephalosporin susceptibility rates varied widely between regions,
with variations of 82.0% (Middle East) to 97.4% (North America)
for cefepime and 60.4% (Latin America) to 82.7% (North Amer-
ica) for ceftriaxone. The rates of susceptibility to many agents were

TABLE 2 Rates of resistant phenotypes collected from pediatric patients in TEST in 2004 to 2012

Location

Resistant phenotype (% [no. of isolates])

ESBL-positive
Escherichia coli

ESBL-positive
Klebsiella pneumoniae

ESBL-positive
Klebsiella oxytoca

MDR Acinetobacter
baumannii

�-Lactamase-positive
Haemophilus influenzae

Africa 6.1 (5) 45.0 (27) 11.1 (1) 39.0 (16) 9.2 (8)
Asia/Pacific Rim 16.3 (25) 29.4 (40) 5.0 (1) 39.7 (31) 34.9 (59)
Europe 14.5 (160) 27.1 (244) 5.7 (19) 12.4 (54) 15.7 (315)
Latin America 24.5 (94) 43.6 (190) 11.1 (6) 51.1 (93) 23.9 (84)
Middle East 25.7 (26) 36.1 (48) 9.1 (1) 52.5 (32) 15.6 (31)
North America 2.1 (26) 4.1 (30) 1.7 (5) 5.6 (28) 31.4 (425)
Globally 11.0 (336) 24.2 (579) 4.6 (33) 19.5 (254) 22.1 (922)
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lower in Asia/Pacific Rim, Latin America, and/or the Middle East
than in North America, as well as the global average (Table 1).

As seen with other organisms in this study, the only agent for
which a significant decrease in the susceptibility rate was recorded
was minocycline. The rate of susceptibility was 92.0% (104/113
isolates) in 2004 and decreased to 40.6% (52/128 isolates) in 2010
before increasing to 83.5% (91/109 isolates) in 2012.

In the global collection of S. marcescens isolates, no clear pat-
tern in susceptibility rates among the age groups was observed (see
Table S2 in the supplemental material). Statistically significant
(P � 0.01) differences in ampicillin susceptibility rates were ob-
served globally between pediatric patients 1 to 5 years and 13 to 17
years of age (see Table S3 in the supplemental material). Signifi-
cant (P � 0.01) differences in susceptibility rates were also ob-
served between pediatric and adult patients in Asia/Pacific Rim,
Europe, Latin America, the Middle East, and North America and
globally. When significant differences existed between age groups,
susceptibility rates were generally higher among adult patients
(see Table S4 in the supplemental material).

Non-Enterobacteriaceae. (i) Acinetobacter baumannii. A to-
tal of 1,302 isolates of A. baumannii were collected globally for the
TEST between 2004 and 2012. The lowest MIC90s for A. bauman-
nii were reported for tigecycline, with values of 1 mg/liter in all
regions except the Middle East (2 mg/liter) (see Table S5 in the
supplemental material). Imipenem and minocycline exhibited the
highest susceptibility rates with A. baumannii, i.e., 90.9% and
90.8%, respectively, globally (Table 3). Susceptibility rates for all
agents were consistently higher in Europe and North America

than in the other collection regions (Table 3). In contrast, 77.6%
of A. baumannii isolates were susceptible to meropenem. Glob-
ally, 19.5% of all A. baumannii isolates were multidrug resistant
(Table 2). Only 5.6% of isolates were MDR in North America,
compared with �50% in Latin America and the Middle East. No
statistically significant changes in susceptibility were recorded
over time for any antimicrobial agents with A. baumannii.

Statistically significant (P � 0.01) differences in susceptibility
rates were observed between pediatric patient groups 1 to 5 years
and 6 to 12 years of age in Europe (for amikacin, cefepime, cefta-
zidime, ceftriaxone, levofloxacin, and piperacillin-tazobactam),
in Latin America (for amikacin), and globally (for amikacin, cef-
tazidime, and imipenem) and between groups 1 to 5 years and 13
to 17 years of age for isolates from Europe (for amikacin,
cefepime, ceftazidime, levofloxacin, and piperacillin-tazobac-
tam) and globally (for amikacin, cefepime, ceftazidime, ceftri-
axone, levofloxacin, and piperacillin-tazobactam). When sta-
tistically significant differences in susceptibility rates were
observed between patient age groups, susceptibility rates were
highest among 1- to 5-year-old patients (see Table S3 in the
supplemental material). Additionally, significant (P � 0.01)
differences in susceptibility rates between pediatric and adult
patients were evident in Africa, Europe, Latin America, and
North America and globally (see Table S4 in the supplemental
material). Global susceptibility rates were higher among pedi-
atric patients than adult patients for all antimicrobial agents
(see Table S6 in the supplemental material).

(ii) H. influenzae. H. influenzae (n � 4,166) showed high levels

TABLE 3 Susceptibility rates among non-Enterobacteriaceae isolates collected from pediatric patients (�18 years of age) during TEST in 2004 to
2012

Species and location
No. of
isolates

% of susceptible isolates (no. tested) or no. of susceptible isolates/total no. of isolatesa

AMK AMC AMP FEP CAZ CRO IPM LVX MEM MIN TZP TIG

Acinetobacter baumannii
Africa 41 43.9 34.1 31.7 19.5 12/18 48.8 43.5 (23) 70.7 41.5
Asia/Pacific Rim 78 55.1 46.2 51.3 21.8 70.0 (20) 53.8 53.4 (58) 92.3 47.4
Europe 437 82.8 75.1 72.5 41.4 89.4 (66) 80.5 85.7 (371) 92.7 71.4
Latin America 182 42.9 44.0 33.0 19.2 9/11 40.7 55.0 (171) 84.6 36.8
Middle East 61 44.3 42.6 34.4 24.6 1/2 54.1 40.7 82.0 31.1
North America 503 94.2 81.5 81.7 50.9 96.5 (202) 89.1 95.0 (3.1) 93.8 88.5
Globally 1,302 77.0 68.7 66.2 39.3 90.9 (319) 74.4 77.6 (983) 90.8 68.9

Haemophilus influenzae
Africa 87 100 90.8 100 100 18/18 100 100 (69) 100 100 98.9
Asia/Pacific Rim 169 98.2 60.4 99.4 100 100 (46) 100 100 (123) 99.4 100 98.8
Europe 2,008 99.8 82.8 99.5 99.9 100 (310) 100 99.9 (1,698) 98.3 99.9 99.2
Latin America 351 99.4 74.9 99.4 99.7 100 (50) 100 100 (301) 98.0 98.6 99.1
Middle East 199 100 82.9 100 100 13/13 100 100 (186) 98.0 99.5 99.0
North America 1,352 99.8 67.5 99.0 100 100 (599) 100 99.5 (753) 99.4 99.9 99.3
Globally 4,166 99.7 76.4 99.4 99.9 100 (1,036) 100 99.8 (3,130) 98.7 99.8 99.2

Pseudomonas aeruginosa
Africa 71 88.7 70.4 80.3 14/18 77.5 71.7 (53) 73.2
Asia/Pacific Rim 124 79.0 68.5 62.9 71.4 (35) 73.4 70.8 (89) 68.5
Europe 963 91.2 82.8 79.9 79.9 (154) 81.3 79.7 (809) 82.1
Latin America 340 76.8 71.8 59.4 69.0 (42) 70.0 61.1 (298) 65.9
Middle East 99 89.9 75.8 69.7 3/4 77.8 81.1 (95) 73.7
North America 974 95.9 87.2 87.7 89.1 (404) 84.2 86.5 (570) 88.6
Globally 2,571 90.4 81.7 78.9 84.3 (657) 80.3 78.3 (1,914) 81.2

a Percentages are presented only for groups with n values of �20. When n values were �20, numbers of susceptible isolates and total numbers of isolates are presented as fractions.
Numbers in parentheses represent the number of isolates tested against an antimicrobial agent when the number tested was less than the total.
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of susceptibility, with low MIC90s, for most agents in the TEST
antimicrobial panel; the most notable exception was ampicillin,
for which susceptibility rates ranged from 60.4% (Asia/Pacific
Rim) to 90.8% (Africa) (Table 3). The global rate of �-lactamase
production was 22.1% (Table 2).

No statistically significant differences in susceptibility rates be-
tween the different patient age groups or between pediatric and
adult patients (data not shown) during the study period were ob-
served. Ampicillin susceptibility rates were reduced in Asia/Pacific
Rim, particularly among juvenile patients (see Table S6 in the
supplemental material).

(iii) P. aeruginosa. Globally, 2,571 isolates of P. aeruginosa
were collected as a part of the TEST in 2004 to 2012. The most
active antimicrobial agent against this pathogen was amikacin
(susceptibility rate of 90.4% globally), with relatively high suscep-
tibility rates also being observed for imipenem (84.3%), cefepime
(81.7%), piperacillin-tazobactam (81.2%), and levofloxacin (80.3%).
Tigecycline was not active against P. aeruginosa. Regional suscepti-
bility rates were highest in North America (Table 3).

The rates of susceptibility to ceftazidime and piperacillin-tazo-
bactam for P. aeruginosa decreased significantly (P � 0.01) be-
tween 2004 and 2012. For both agents, the rates of susceptibility
were lowest in 2009 and then increased. The rates of susceptibility
to ceftazidime were 86.9% (172/198 isolates) in 2004, 68.0% (270/
397 isolates) in 2009, and 86.7% (241/278 isolates) in 2012. For
piperacillin-tazobactam, susceptibility rates were 92.4% (183/198
isolates) in 2004, 70.5% (280/397 isolates) in 2009, and 86.0%
(239/278 isolates) in 2012.

Antimicrobial susceptibility among P. aeruginosa was generally
lower among isolates from Asia/Pacific Rim, Latin America, and
the Middle East, compared with other regions, across all patient
age groups. The rates of susceptibility to cephalosporins and pip-
eracillin-tazobactam were lower among 6- to 12-year-old patients
than other age groups from Africa, although isolate numbers were
low (n � 26) (see Table S6 in the supplemental material). Statis-
tically significant (P � 0.01) differences in susceptibility rates were
observed between isolates from pediatric patient groups 1 to 5
years and 6 to 12 years of age in Europe (for levofloxacin), in
North America (for amikacin), and globally (for levofloxacin),
between groups 1 to 5 years and 13 to 17 years of age in Europe (for
amikacin and levofloxacin), in North America (for amikacin,
cefepime, and levofloxacin), and globally (for amikacin, cefepime,
and levofloxacin), and between groups 6 to 12 years and 13 to 17
years of age for isolates from Europe and globally (both for ami-
kacin). When statistically significant differences between pediatric
age groups were observed, susceptibility rates were higher among
1- to 5-year-old patients in most cases (see Table S3 in the supple-
mental material). Some statistically significant (P � 0.01) differ-
ences in antimicrobial susceptibility rates between adult and pe-
diatric patients were observed in Europe, Latin America, and
North America and globally. When significant differences be-
tween pediatric and adult patients were observed, higher suscep-
tibility rates were observed among pediatric patients for all anti-
biotics except amikacin (see Table S4 in the supplemental
material).

DISCUSSION

The relative prevalence rates of Gram-negative pathogens among
pediatric patients vary widely in relation to numerous factors,
such as region, infection type, or ward type. Henderson et al.

showed that Gram-positive pathogens were considerably more
common among pediatric patients with bacteremia in England
and Wales, with the most common Gram-negative pathogens be-
ing E. coli and Neisseria meningitidis, which accounted for only 5%
of infections each (11). In a pediatric intensive care unit (ICU) in
Brazil, however, Gram-negative pathogens accounted for the
largest proportion of infections (47%) among cases of sepsis,
pneumonia, and urinary tract infections, with E. coli and En-
terococcus faecalis being the most common pathogens encoun-
tered (18% each) (12). An even more dramatic difference was
observed among nosocomial infections (NIs) in a general pediat-
ric hospital in Turkey, where Gram-negative pathogens accounted
for 79.8% of cultured pathogens among 229 NIs; the most com-
mon pathogens identified were Klebsiella spp. (28.7%), P. aerugi-
nosa (19.1%), and E. coli (9.6%) (13).

In the current study, ESBL-positive K. pneumoniae, K. oxytoca,
and E. coli isolates were less common in North America (4.1%,
1.7%, and 2.1%, respectively) than in other regions. A recent study
in Texas supports these low pediatric rates in North America, with
an ESBL rate of 6.6% being seen among 1,430 Enterobacteriaceae
isolates from patients in a pediatric tertiary care facility (14). Haw-
ser et al., reporting on the Study for Monitoring Antimicrobial
Resistance Trends (SMART), also reported a low rate (6%) of
ESBL production among E. coli isolates from North America, al-
though the isolates were collected from intra-abdominal infec-
tions (IAIs) and not specifically from pediatric patients (15). The
ESBL-positive E. coli rates reported by Hawser et al. (15) closely
mirrored those seen in the current study for Latin America
(22.9%, compared with 24.5% in the current study) and Africa
(6.3%, compared with 6.1% in the current study), although the
rate reported by Hawser et al. (15) for Asia (38.3%) was more than
double the rate seen in this study (16.3%). This dramatic differ-
ence is likely due in part to differences in the geographical zona-
tion used in the two studies and the fact that Hawser et al. (15)
examined only IAI isolates and not specifically pediatric isolates.

Another recent report from the SMART examined Gram-neg-
ative bacteria from IAIs among general pediatric patients and pe-
diatric ICU patients globally between 2008 and 2010 (16). The
authors reported ESBL production among 11.0% of E. coli iso-
lates, identical to the global rate shown for pediatric patients in the
current study. The SMART also showed 38.9% ESBL prevalence
among K. pneumoniae isolates, considerably higher than the
24.2% recorded by the TEST between 2004 and 2012. This differ-
ence could be due in part to the SMART report sampling a con-
siderably shorter period of time (only 3 years, compared to 9
years) and focusing only on IAIs.

Tigecycline is not currently indicated for the treatment of in-
fections in patients �18 years of age, and it should be used for
pediatric patients only when no alternative antimicrobial agents
are available (10). Purdy et al. recently reported on a phase II trial
designed to assess the pharmacokinetic properties, safety profile,
and efficacy of tigecycline in pediatric patients 8 to 11 years of age
with community-acquired pneumonia, complicated intra-ab-
dominal infections, or complicated skin and skin structure infec-
tions (17). Because of possible effects on tooth development, use
among patients under 8 years of age is not recommended.

Published reports of tigecycline use among children are un-
common, but successful treatments have been described, usually
against MDR isolates when tigecycline was used as a salvage treat-
ment. De Luca et al. reported a case of successful treatment of
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sepsis due to MDR A. baumannii with tigecycline plus colistin in a
patient with neurotoxoplasmosis (18). Ozdemir et al. successfully
treated a MDR E. coli bacteremic infection in a young girl with
acute myeloid leukemia (19). Six of nine patients 0 to 14 years of
age with carbapenem-resistant K. pneumoniae infections showed
complete resolution of the infections after treatment with 1 mg/kg
tigecycline every 12 h, with no adverse events reported (20).

Although tigecycline is not indicated for the treatment of in-
fections caused by A. baumannii, increases in the prevalence of
infections caused by carbapenem-resistant A. baumannii often
leave clinicians with few practical treatment options. Tigecycline
has been shown to possess good in vitro activity against A. bau-
mannii, including carbapenem-resistant or MDR isolates (21–23).
Tigecycline performed well against A. baumannii in the current
study, with MIC90 values of 1 mg/liter reported globally and in
most regions (a MIC90 of 2 mg/liter was observed in the Middle
East).

Clinical results for tigecycline treatment of infections caused
by A. baumannii have been inconsistent. Tsioutis et al. reported
complete resolution of infections and shorter hospital stays
among patients in Greece who were infected with pan-drug-resis-
tant Gram-negative pathogens and treated with tigecycline (24).
This was a relatively small study, however, due to the scarcity of
pan-drug-resistant pathogens, with only 21 patients involved. In a
retrospective study of 34 patients with MDR A. baumannii infec-
tions in the United Kingdom, Gordon and Wareham reported
positive clinical outcomes for 23 (68%) of 34 patients (25). The
correlation between clinical results and microbiological eradica-
tion was poor, with eradication being observed for only 10 pa-
tients (29%). The clinical efficacy of tigecycline against infections
caused by A. baumannii thus remains unclear.

Tigecycline is effective in the treatment of patients with com-
plicated skin and soft tissue infections and complicated IAIs
caused by MDR pathogens (26), although tigecycline resistance
has been shown to develop during clinical therapy. For example,
New Delhi metallo-�-lactamase-1-producing E. coli developed re-
sistance to tigecycline after long-term (53-day) tigecycline treat-
ment of a patient with calciphylaxis, with the tigecycline MIC
increasing from �0.25 mg/liter to 8 mg/liter over the course of
treatment (27). High-dose tigecycline therapy may be effective for
the treatment of highly resistant pathogens. Cunha showed that
high-dose tigecycline therapy (a loading dose of 200 mg in 400 ml
of solution, followed by 100 mg in 200 ml of solution daily) was
effective for the treatment of urosepsis caused by MDR K. pneu-
moniae and MDR A. baumannii, with no adverse events reported
(due to the large volume of intravenous solution used) (28); tige-
cycline is not indicated for the treatment of urosepsis. This use of
high-dose tigecycline therapy may help to reduce or even circum-
vent the development of tigecycline resistance during antimicro-
bial treatment of highly resistant pathogens.

Dramatic differences in antimicrobial susceptibility between
isolates derived from pediatric patients versus adult patients have
been demonstrated in this study. Similar results have been shown
previously for Gram-negative pathogens. After investigating sus-
ceptibility among E. coli isolates from pediatric (�12 years of age)
and adult patients from emergency room, hospital, and outpatient
settings in a single hospital in the United States, Boggan et al.
reported that rates of resistance to amoxicillin, amikacin, and co-
trimoxazole were higher among isolates from pediatric patients
(29); conversely, pediatric E. coli isolates showed reduced levels of

resistance to amoxicillin-clavulanate and ciprofloxacin. Pediatric
E. coli urinary isolates were shown to be significantly more resis-
tant to ampicillin and ticarcillin but more susceptible to quino-
lones than were isolates from adults in a general tertiary care
hospital in Greece between 2003 and 2008 (30). In a report of
Gram-negative isolates collected from pediatric and adult patients
with appendicitis, Lob et al. showed that 17.7% of isolates from
adult patients were ESBL positive, compared to only 11.4% from
pediatric patients; furthermore, E. coli isolates from adult patients
were significantly (P � 0.05) less susceptible to most antimicro-
bial agents tested than were isolates from pediatric patients (1). In
this study, 11.0% of E. coli isolates and 24.2% of K. pneumoniae
isolates were ESBL positive.

While �10% of the Enterobacteriaceae isolates in this study
were resistant to amikacin, carbapenems, or tigecycline, multi-
drug resistance is becoming more common among key pathogens,
including E. coli and K. pneumoniae (31). Tigecycline retains ac-
tivity against many pathogens that are resistant to other widely
used antimicrobial agents, including the carbapenems, and so
may provide an important therapeutic alternative for the treat-
ment of drug-resistant infections (32).
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