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Objectives: To comparatively evaluate the antimicrobial activities of colistin and polymyxin B with those of
other antimicrobials against a worldwide collection of 40625 Gram-negative bacilli.

Methods: Antimicrobial susceptibility testing was performed and interpreted using the CLSI broth microdilution
method except for colistin against Enterobacteriaceae.

Results: The polymyxins showed potent in vitro activities (MIC90, ≤0.5–1 mg/L) against this large collection of
clinical isolates, with very low resistance rates (,0.1%–1.5%). Resistance to the polymyxins remained stable
among organisms tested except for Klebsiella spp. isolates collected from the Asia-Pacific and Latin American
regions, where a trend towards greater resistance was observed (P≤0.05). In addition, an important reduction
in imipenem susceptibility among Acinetobacter spp. and Klebsiella spp. was demonstrated in most geographi-
cal regions.

Conclusions: Although the polymyxins showed excellent in vitro activity against the vast majority of Gram-
negative bacilli evaluated, a trend to greater resistance was observed in the Asia-Pacific and Latin American
regions. Therefore, the clinical use of polymyxins must be cautious and surveillance monitored.
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Introduction
Polymyxin B and E (colistin) are the only clinically available repre-
sentatives of the polymyxin class. These antimicrobials are cat-
ionic detergents that disrupt bacterial cytoplasmic membranes,
causing leakage of cytoplasmic contents.1 Polymyxins have
demonstrated significant in vitro antimicrobial activity against
Gram-negative bacilli such as Escherichia coli, Klebsiella pneumo-
niae, Acinetobacter spp. and Pseudomonas aeruginosa.1,2

Currently, due to the paucity of other effective clinical thera-
peutic options, the polymyxins represent important treatment
options for serious infections caused by carbapenem-resistant
P. aeruginosa, Acinetobacter spp. and KPC-producing K. pneumoniae
isolates.1,3 – 5

The dissemination of OXA-23-producing Acinetobacter spp.
isolates worldwide coupled with the dissemination of
KPC-producing Enterobacteriaceae isolates and/or the spread of
metallo-b-lactamase (MBL)-producing Enterobacteriaceae
(NDM-1), especially in some European and Asian countries, has
led to increasing empirical use of polymyxins.5 – 7 In addition,
there is an increasing number of studies reporting full resistance

to polymyxins among Acinetobacter spp. and K. pneumoniae
isolates.4,8 We evaluated the antimicrobial activity of the
polymyxins against contemporary (2006–09) clinical isolates
collected from distinct geographical regions through the
SENTRY Antimicrobial Surveillance Program.

Materials and methods

Bacterial strains
A total of 40625 Gram-negative organisms, including 4686 Acinetobacter
spp., 17035 E. coli, 9774 Klebsiella spp. and 9130 P. aeruginosa isolates
collected between January 2006 and December 2009, were studied.
These bacteria were isolated from various infection sites and only one
isolate per patient was included in the study. The number of participating
centres varied according to the geographical regions, with 43 in North
America (USA only), 30 in Europe (14 countries including Turkey and
Israel), 10 in Latin America (four countries) and 74 in the Asia-Pacific
(APAC) region (12 countries). The medical centres were guided by
common protocols. All isolates were consecutively collected and ident-
ified in each medical centre and forwarded to regional monitoring labora-
tories (JMI Laboratories, North Liberty, IA, USA, and Women’s and
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Children’s Hospital, Adelaide, Australia) for identification confirmation
and susceptibility testing.

Susceptibility tests
Antimicrobial susceptibility testing was performed and interpreted using
the CLSI broth microdilution method except for polymyxins against
Enterobacteriaceae, for which the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) criteria for colistin were applied.9,10 Enter-
obacteriaceae and non-fermentative bacilli showing imipenem MIC
values of ≥2 and ≥8 mg/L, respectively, were considered as possessing
reduced susceptibility to carbapenems.9 Quality control was performed
by testing E. coli ATCC 25922 and P. aeruginosa ATCC 27853, with all
results within expected ranges. Data were analysed with SPSS for
Windows Release 17.0—Standard Version (SPSS Inc., Chicago, IL, USA).
Fisher’s exact test and v2 for trend were used to compare differences
for polymyxin and/or imipenem susceptibility rates among isolates
collected from distinct periods and regions. A P value of ,0.05 was
considered statistically significant.

Results and discussion
Among the 40625 isolates evaluated, 13389 (33.0%) were
collected from Europe, 11118 (27.4%) from the APAC region,
10440 (25.7%) from the USA and 5680 (14.0%) from Latin
America. Most of the bacterial isolates were collected from
patients with bacteraemia (63.3%), followed by lower respiratory
tract (21.0%) and skin and skin structure (12.9%) infections.

The antimicrobial activities of polymyxin B and colistin in com-
parison with other antimicrobials are summarized in Table 1.
Polymyxin B and colistin showed essentially identical in vitro
potency and spectrum against the tested organisms. Acineto-
bacter spp. exhibited high rates of resistance to all antimicrobial
agents tested, except colistin (MIC90, 1 mg/L; 98.6% susceptible)
and polymyxin B (MIC90, ≤0.5 mg/L; 99.2% susceptible). Imipe-
nem was the most active compound after the polymyxins, but
with only a 55.7% susceptibility rate. Furthermore, only 44.8
and 32.7% of Acinetobacter spp. isolates were susceptible to
amikacin and ciprofloxacin, respectively. Only 0.8% of Acineto-
bacter spp. isolates showed polymyxin B MIC results of ≥4 mg/L
and were classified as resistant by CLSI and EUCAST criteria.9,10

The polymyxins were the most active antimicrobials tested
against P. aeruginosa (MIC50 and MIC90, 1 mg/L; 99.6–99.8%
susceptible) followed by piperacillin/tazobactam (MIC50, 8 mg/L;
81.4%) susceptible according to the current CLSI susceptible
breakpoint of ≤64 mg/L,9 but only 68.1% of strains were inhib-
ited at ≤16 mg/L, which is the EUCAST susceptible breakpoint.10

Imipenem (MIC50, ≤0.5 mg/L; 99.7% susceptible) exhibited
the highest susceptibility rates against E. coli isolates followed
by amikacin (98.7% susceptible). In contrast, ciprofloxacin
(68.9% susceptible) showed the lowest susceptibility rate.
Among 9,774 Klebsiella spp. isolates tested, the polymyxins
(MIC50, ≤0.5 mg/L; 98.5% susceptible) were also the most
active agents tested, followed by imipenem (MIC50, 0.25 mg/L;
95.9% susceptible) and amikacin (MIC50, ≤4 mg/L; 93.3% sus-
ceptible). Cefepime (MIC50, ≤0.12 mg/L; 89.3% susceptible) was
as active as ceftazidime (MIC50, ≤1 mg/L; 89.2% susceptible)
against E. coli isolates, but exhibited higher susceptibility rates
than ceftazidime (81.5% versus 76%) against Klebsiella spp.
isolates.

In summary, resistance to polymyxin compounds was
uncommon, the highest polymyxin B resistance rates being
observed for Klebsiella spp. (1.4%), followed by Acinetobacter

Table 1. Antimicrobial activity of polymyxin B and colistin compared
with other antimicrobial agents tested against 40625 Gram-negative
isolates (SENTRY Antimicrobial Surveillance Program, 2006–09)

Organism (no. tested)/
antimicrobial agent

MIC (mg/L)
Percentage by

categorya

50% 90% susceptible resistant

Acinetobacter spp. (4686)
polymyxin B ≤0.5 ≤0.5 99.2 0.8
colistinb ≤0.5 1.0 98.6 0.9
ceftriaxone .32 .32 15.7 64.9
ceftazidime .16 .16 32.3 57.6
cefepime .16 .16 35.1 55.1
piperacillin/tazobactam .64 .64 29.6 68.1
imipenem 2 .8 55.7 40.3
ciprofloxacin .4 .4 32.7 66.9
amikacin .32 .32 44.8 51.4

Escherichia coli (17035)
polymyxin B ≤0.5 ≤0.5 99.9 0.1
colistinb ≤0.5 ≤0.5 99.8 0.2
ceftriaxone ≤0.25 .32 83.4 16.3
ceftazidime ≤1 8 89.2 8.9
cefepime ≤0.12 16 89.3 8.4
piperacillin/tazobactam 2 16 92.5 3.4
imipenem ≤0.12 0.25 99.7 0.1
ciprofloxacin ≤0.5 .4 68.9 30.9
amikacin ≤4 8 98.7 0.7

Klebsiella spp. (9774)
polymyxin B ≤0.5 ≤0.5 98.6 1.4
colistinb ≤0.5 ≤0.5 98.5 1.5
ceftriaxone ≤0.25 .32 71.4 27.9
ceftazidime ≤1 .16 76.0 19.6
cefepime ≤0.12 .16 81.5 14.4
piperacillin/tazobactam 4 .64 69.5 14.0
imipenem 0.25 0.5 95.9 3.0
ciprofloxacin ≤0.5 .4 76.6 20.6
amikacin ≤4 16 93.3 3.6

P. aeruginosa (9130)
polymyxin B 1 1 99.8 ,0.1
colistinb 1 1 99.6 0.4
ceftazidime 4 .16 72.8 21.5
cefepime 4 .16 75.4 13.3
piperacillin/tazobactam 8 .64 81.4 18.6
imipenem 2 .8 74.3 19.4
ciprofloxacin ≤0.5 .4 69.7 26.4
amikacin ≤4 .32 87.2 10.1

aBreakpoint criteria established by CLSI document M100-S20U,9 except
for polymyxin B and colistin tested against E. coli and K. pneumoniae,
where EUCAST breakpoints were applied.10

bColistin was not tested against isolates collected from the APAC region in
2006 (7.6% of the collection).
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spp. (0.8%) and P. aeruginosa and E. coli (both with ,0.1%). Aci-
netobacter isolates with polymyxin B MIC ≥4 mg/L were detected
in all regions, with highest occurrence in the USA (1.1%), followed
by Latin America (0.9%), the APAC region (0.7%) and Europe
(0.4%; Table 2). Klebsiella spp. isolates exhibiting polymyxin B

Table 2. Yearly in vitro activity of imipenem, colistin and polymyxin B
tested against Gram-negative bacilli stratified by geographical region
(SENTRY Antimicrobial Surveillance Program, 2006–09)

Geographical region

Percentage susceptiblea (no. of isolates tested)

2006 2007 2008 2009 all years

Acinetobacter spp.
North America (171) (226) (177) (160) (734)

colistin 97.7 98.2 98.3 97.5 98.0
polymyxin B 98.8 99.6 98.3 98.7 98.9
imipenem 77.8 61.5 68.4 62.5 67.2

Europeb (201) (253) (225) (264) (943)
colistin 99.5 99.2 99.6 98.1 99.1
polymyxin B 100.0 99.6 100.0 98.9 99.6
imipenem 64.7 58.1 46.2 45.1 53.0

Latin America (230) (288) (303) (236) (1057)
colistin 99.1 99.3 98.4 98.7 98.9
polymyxin B 99.6 99.7 98.4 98.7 99.1
imipenem 73.0 58.0 39.6 23.7 48.3

Asia-Pacificc (544) (669) (397) (342) (1952)
colistin —d 98.4 99.0 98.3 98.3
polymyxin B 99.3 99.1 100.0 97.4 99.3
imipenem 59.4 69.4 48.6 37.4 56.8

all regions (1146) (1436) (1102) (1002) (4686)
colistin 98.8 98.7 98.8 97.9 98.6
polymyxin B 99.4 99.4 99.3 98.8 99.2
imipenem 65.8 63.9 48.8 40.2 55.7

E. coli
North America (974) (1135) (1085) (1261) (4455)

colistin 99.9 100.0 99.9 100.0 99.9
polymyxin B 99.9 100.0 99.9 100.0 99.9
imipenem 100.0 100.0 100.0 100.0 100.0

Europeb (1748) (1913) (1783) (1813) (7254)
colistin 99.9 99.5 99.7 99.7 99.7
polymyxin B 100.0 99.6 99.7 99.8 99.8
imipenem 100.0 100.0 100.0 100.0 100.0

Latin America (349) (493) (508) (415) (1850)
colistin 100.0 100.0 100.0 99.8 99.9
polymyxin B 100.0 100.0 100.0 100.0 100.0
imipenem 100.0 99.8 100.0 100.0 100.0

Asia-Pacificc (919) (1208) (645) (701) (3473)
colistin —d 99.8 99.8 99.7 99.8
polymyxin B 100.0 99.8 99.9 99.7 99.9
imipenem 99.9 99.6 99.5 99.7 99.7

all regions (4075) (4749) (4021) (4190) (17035)
colistin 99.9 99.8 99.8 99.8 99.9
polymyxin B 100.0 99.8 99.8 99.9 99.9
imipenem 100.0 99.9 99.9 100.0 99.9

Klebsiella spp.
North America (644) (780) (710) (997) (3129)

colistin 98.8 98.3 98.2 98.0 98.2
polymyxin B 98.8 98.3 98.2 98.0 98.3
imipenem 94.7 94.4 95.4 95.0 95.0

Continued

Table 2. Continued

Geographical region

Percentage susceptiblea (no. of isolates tested)

2006 2007 2008 2009 all years

Europeb (522) (657) (678) (685) (2542)
colistin 98.9 98.6 97.8 98.7 98.5
polymyxin B 98.9 98.6 97.8 98.7 98.4
imipenem 98.7 96.2 94.4 95.0 95.9

Latin America (311) (376) (325) (299) (1311)
colistin 98.7 98.4 97.5 97.0 97.9
polymyxin B 99.0 98.4 97.2 97.0 97.9
imipenem 99.7 96.0 97.5 93.0 96.6

Asia-Pacificc (905) (995) (444) (448) (2792)
colistin —d 99.5 99.3 98.4 99.2
polymyxin B 99.7 99.5 99.3 98.4 99.4
imipenem 97.7 96.6 98.0 94.4 96.8

all regions (2382) (2808) (2157) (2428) (9774)
colistin 98.8 98.8 98.2 98.2 98.6
polymyxin B 99.2 98.8 98.2 98.2 98.4
imipenem 98.5 97.5 97.2 96.5 97.4

P. aeruginosa
North America (488) (630) (489) (514) (2121)

colistin 100.0 99.8 100.0 99.6 99.9
polymyxin B 100.0 100.0 100.0 99.8 99.8
imipenem 83.6 78.6 78.5 82.7 80.6

Europeb (618) (770) (632) (626) (2646)
colistin 99.2 100.0 99.5 99.5 99.6
polymyxin B 99.4 100.0 99.7 99.5 99.7
imipenem 75.6 76.5 77.4 70.9 75.2

Latin America (390) (355) (376) (341) (1462)
colistin 99.7 99.7 100.0 99.4 99.7
polymyxin B 100.0 100.0 100.0 99.4 99.9
imipenem 64.9 59.7 63.0 58.4 61.6

Asia-Pacificc (719) (1248) (426) (508) (2901)
colistin —d 99.3 99.8 99.2 99.4
polymyxin B 100.0 99.8 99.8 99.6 99.8
imipenem 74.1 76.0 77.2 73.6 75.3

all regions (2215) (3003) (1923) (1989) (9130)
colistin 99.6 99.6 99.8 99.5 99.6
polymyxin B 99.8 99.9 99.8 99.6 99.8
imipenem 74.6 74.8 74.8 72.5 74.3

aColistin susceptibility according to EUCAST criteria (MIC, ≤2 mg/L).17 The
same breakpoint was applied to polymyxin B for comparison purposes
only.
bIncludes Turkey and Israel.
cIncludes South Africa.
dColistin was not tested against isolates collected from the APAC region in
2006.
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MIC ≥4 mg/L were more frequently collected from Latin America
(2.0%) than from the USA (1.7%), Europe (1.5%) and the APAC
region (0.6%). Resistance to polymyxin B was very uncommon
among E. coli isolates from all geographical regions. Only 13
and 4 P. aeruginosa isolates showed polymyxin B MICs of 4
and .4 mg/L, respectively. The polymyxin B-resistant P. aerugi-
nosa isolates were collected from Europe, Latin America and
the USA.

Importantly, no trend towards increasing resistance to colis-
tin, polymyxin B or imipenem was observed among E. coli and
P. aeruginosa isolates collected from the distinct geographical
regions (Table 2). In contrast, a significant reduction in the imipe-
nem susceptibility rates among Klebsiella spp. isolates was docu-
mented across all geographical regions, except for the USA. A
trend towards greater resistance to the polymyxins was observed
among Klebsiella spp. isolated from Latin America and the APAC
region (P≤0.05). Among Acinetobacter spp. isolates, a significant
decrease in imipenem susceptibility rates during the study period
was noticed in all geographical regions (P≤0.05). This reduction
was more pronounced in the APAC and Latin American regions,
where the imipenem susceptibility rates decreased from 73.0%
to 23.7% and from 59.4% to 37.4%, respectively, between the
years 2006 and 2009.

Polymyxin B MIC distributions for 4866 imipenem-non-
susceptible isolates stratified by geographical region were also
analysed (data not shown). There were only 47 E. coli with
reduced susceptibility to imipenem and all of them were inhibited
by polymyxin B concentrations of ≤1 mg/L. In contrast, 399
Klebsiella spp. [161 (40.4%) from North America, 104 (26.1%)
from Europe, 89 (22.3%) from the APAC region and 45 (11.3%)
from Latin America] showed imipenem MIC values of ≥2 mg/L;9

12.0% of these isolates were resistant to polymyxin B compared
with only 1.4% in the overall Klebsiella spp. collection.

Among 2074 Acinetobacter isolates showing reduced imipe-
nem susceptibility (MIC, ≥8 mg/L), the highest occurrence of
imipenem-non-susceptible isolates was from the APAC region
(844 isolates; 40.7%), followed by Latin America (546 isolates;
26.3%), Europe (443 isolates; 21.4%) and the USA (241 isolates;
11.6%). It was only in the USA that imipenem-non-susceptible
Acinetobacter spp. isolates showed higher polymyxin B resistance
rates (2.1%) compared with their counterpart imipenem-
susceptible strains (0.8%). Imipenem-non-susceptible P. aeruginosa
[2346 of 9130 (25.7%)] were more frequently collected from the
APAC region (716 isolates; 30.5%) than from Europe (657 iso-
lates; 28.0%), Latin America (561 isolates; 23.9%) and the USA
(412 isolates; 17.6%). No significant variations in the polymyxin
B activity were observed between imipenem-susceptible and
non-susceptible P. aeruginosa isolates.

The SENTRY programme has been monitoring the prevalence
and antimicrobial susceptibility patterns of bacteria from
various types of infections via a broad worldwide network of sen-
tinel hospitals since 1997.11 In this study, we evaluated the anti-
microbial activities of the commercially available polymyxins in
comparison with those of other antimicrobials used to treat
infections caused by multidrug-resistant (MDR) Gram-negative
bacilli. The polymyxins showed excellent in vitro activity against
a large collection (40625) of Gram-negative bacteria collected
worldwide, including those exhibiting reduced susceptibility to
carbapenems. Although the overall resistance rates to the poly-
myxins were low, a trend towards increasing resistance was

observed for polymyxin B against Klebsiella spp. from the APAC
and Latin American regions. Since carbapenem resistance
among Gram-negative bacilli, especially Acinetobacter spp. and
P. aeruginosa, is generally elevated in these two regions, it
could be speculated that the increasing polymyxin resistance
could be related to the therapeutic use of these compounds to
treat infections caused by MDR strains. Furthermore, polymyxin
resistance has been reported previously in these regions.2,4,8

Important reductions in the imipenem susceptibility rates were
also noticed for Acinetobacter spp. isolates collected from all
geographical regions and among Klebsiella spp. isolates from
Europe, Latin America and the APAC region. These findings
could reflect the wide distribution of OXA carbapenemases and
KPC- or MBL-producing strains, respectively.5 – 7

The results of this study confirm the broad spectrum of
activity of the polymyxins and emphasize the regional variations
of the antimicrobial susceptibility profiles of commonly encoun-
tered Gram-negative organisms responsible for MDR nosocomial
infections worldwide. Although the polymyxins presented excel-
lent in vitro activity against the vast majority of the organisms
evaluated, a trend to greater resistance was observed in
regions where polymyxins have become more heavily prescribed.
Moreover, with the spread of carbapenem-resistant isolates, it is
expected that the empirical prescription of polymyxins will
increase globally. Therefore, the clinical use of polymyxins must
be cautious and surveillance monitored and hopefully associated
with the development of antimicrobial agents directed against
these MDR Gram-negative pathogens.
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