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INTRODUCTION

The introduction of the third-generation cephalosporins into
clinical practice in the early 1980s was heralded as a major
breakthrough in the fight against �-lactamase-mediated bac-
terial resistance to antibiotics. These cephalosporins had
been developed in response to the increased prevalence of
�-lactamases in certain organisms (for example, ampicillin
hydrolyzing TEM-1 and SHV-1 �-lactamases in Escherichia
coli and Klebsiella pneumoniae) and the spread of these
�-lactamases into new hosts (for example, Haemophilus in-
fluenzae and Neisseria gonorrhoeae). Not only were the third-
generation cephalosporins effective against most �-lacta-
mase-producing organisms but they had the major
advantage of lessened nephrotoxic effects compared to ami-
noglycosides and polymyxins.

The first report of plasmid-encoded �-lactamases capable of
hydrolyzing the extended-spectrum cephalosporins was pub-
lished in 1983 (197). The gene encoding the �-lactamase
showed a mutation of a single nucelotide compared to the
gene encoding SHV-1. Other �-lactamases were soon dis-
covered which were closely related to TEM-1 and TEM-2,
but which had the ability to confer resistance to the extend-
ed-spectrum cephalosporins (62, 373). Hence these new
�-lactamases were coined extended-spectrum �-lactamases
(ESBLs). In the first substantial review of ESBLs in 1989, it
was noted by Philippon, Labia, and Jacoby that the ESBLs
represented the first example in which �-lactamase-medi-
ated resistance to �-lactam antibiotics resulted from funda-
mental changes in the substrate spectra of the enzymes
(308).

In 2001, the ESBLs were reviewed in this journal by Patricia
Bradford (51). The body of knowledge pertaining to ESBLs
has grown rapidly since that time (Fig. 1). A PubMed search
using the key-words extended-spectrum �-lactamase reveals
more than 1,300 relevant articles, with more than 600 pub-
lished since the time Bradford’s review was written.

The total number of ESBLs now characterized exceeds 200.
These are detailed on the authorative website on the nome-
clature of ESBLs hosted by George Jacoby and Karen Bush
(http://www.lahey.org/studies/webt.htm). Published research
on ESBLs has now originated from more than 30 different
countries, reflecting the truly worldwide distribution of ESBL-
producing organisms.

The purpose of this review is to focus on the clinical aspects
of ESBL production, with an emphasis on the implications for
clinical microbiology laboratories, hospital molecular epidemi-
ology laboratories, infection control practitioners, and infec-
tious disease physicians.

DEFINITION OF EXTENDED-SPECTRUM
�-LACTAMASES

�-Lactamases are most commonly classified according to
two general schemes: the Ambler molecular classification
scheme and the Bush-Jacoby-Medieros functional classifica-
tion system (10, 66, 338). The Ambler scheme divides �-lac-
tamases into four major classes (A to D). The basis of this
classification scheme rests upon protein homology (amino acid
similarity), and not phenotypic characteristics. In the Ambler
classification scheme, �-lactamases of classes A, C, and D are
serine �-lactamases. In contrast, the class B enzymes are me-
tallo-�-lactamases. The Bush-Jacoby-Medeiros classification
scheme groups �-lactamases according to functional similari-
ties (substrate and inhibitor profile). There are four main
groups and multiple subgroups in this system. This classifica-
tion scheme is of much more immediate relevance to the phy-
sician or microbiologist in a diagnostic laboratory because it
considers �-lactamase inhibitors and �-lactam substrates that
are clinically relevant.

There is no consensus of the precise definition of ESBLs. A
commonly used working definition is that the ESBLs are �-lac-
tamases capable of conferring bacterial resistance to the pen-
icillins, first-, second-, and third-generation cephalosporins,
and aztreonam (but not the cephamycins or carbapenems) by
hydrolysis of these antibiotics, and which are inhibited by
�-lactamase inhibitors such as clavulanic acid. For the purpose
of this review, the term ESBL will be taken to mean those
�-lactamases of Bush-Jacoby-Medeiros group 2be and those of
group 2d which share most of the fundamental properties of
group 2be enzymes (66).

The 2be designation shows that these enzymes are derived
from group 2b �-lactamases (for example, TEM-1, TEM-2,
and SHV-1); the e of 2be denotes that the �-lactamases have
an extended spectrum. Group 2b enzymes hydrolyze penicillin
and ampicillin, and to a lesser degree carbenicillin or cephalo-
thin (66). They are not able to hydrolyze extended-spectrum
cephalosporins or aztreonam to any significant degree. TEM-1
is the most common plasmid-mediated �-lactamase of ampi-
cillin resistant enteric gram-negative bacilli (for example, Esch-
erichia coli), while SHV-1 is produced by the vast majority of
Klebsiella pneumoniae (219). TEM-2 is a less common member
of the same group with identical biochemical properties to
TEM-1. The ESBLs derived from TEM-1, TEM-2, or SHV-1
differ from their progenitors by as few as one amino acid. This
results in a profound change in the enzymatic activity of the
ESBLs, so that they can now hydrolyze the third-generation
cephalosporins or aztreonam (hence the extension of spectrum
compared to the parent enzymes).

With the exception of OXA-type enzymes (which are class D
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enzymes), the ESBLs are of molecular class A, in the classifi-
cation scheme of Ambler. They are able to hydrolyze the pen-
icillins, narrow-spectrum and third-generation cephalosporins,
and monobactams. The ESBLs have hydrolysis rates for cefta-
zidime, cefotaxime, or aztreonam (aminothiazoleoxime �-lac-
tam antibiotics) at least 10% that for benzylpenicillin. They are
inhibited by clavulanic acid (66).

This property differentiates the ESBLs from the AmpC-type
�-lactamases (group 1) produced by organisms such as Entero-
bacter cloacae which have third-generation cephalosporins as
their substrates but which are not inhibited by clavulanic acid.
Selection of stably derepressed mutants which hyperproduce
the AmpC-type �-lactamases has been associated with clinical
failure when third-generation cephalosporins are used to treat
serious infections with Enterobacter spp. (86, 92, 192). In gen-
eral, the fourth-generation cephalosporin, cefepime, is clini-
cally useful against organisms producing Amp C-type �-lac-
tamases (354), but may be less useful in treating ESBL-
producing organisms (440). This is discussed in more detail
later in this article. Additionally, the metalloenzymes (group 3)
produced by organisms such as Stenotrophomonas maltophilia
can hydrolyze third-generation cephalosporins (and carbapen-
ems), but are inhibited by EDTA (a heavy metal chelator) but
not clavulanic acid (413a).

Some enzymes generally regarded as ESBLs (for example,
TEM-7 and TEM-12) do not rigorously meet the hydrolysis
criteria above. However, large increases in hydrolysis rates for
ceftazidime are seen compared to the parent TEM-1 and
TEM-2 enzymes, resulting in increased MICs of ceftazidime
for organisms bearing such �-lactamases. Hence, these TEM
�-lactamases are included in group 2be and are widely re-
garded as ESBLs (66).

In common with the ESBLs are other groups of �-lacta-
mases (2d, 2e, and 2f) that hydrolyze cephalosporins and are

inhibited by clavulanic acid. However, group 2e �-lactamases
(for example, the inducible cephalosporinases of Proteus vul-
garis) hydrolyze cefotaxime well but lack good penicillin-hy-
drolyzing activity, and do not have a high affinity for aztreo-
nam, in contrast to the cephalosporinases in group 1. Group 2f
�-lactamases (for example, Sme-1 from Serratia marcescens)
are carbapenem-hydrolyzing enzymes that are weakly inhibited
by clavulanic acid. Extension of the spectrum of OXA-type
�-lactamases (group 2d) towards the extended-spectrum ceph-
alosporins has been observed, and many authorities regard
some of these enzymes as ESBLs (243).

DIVERSITY OF ESBL TYPES

SHV

The SHV-type ESBLs may be more frequently found in
clinical isolates than any other type of ESBLs (177). SHV
refers to sulfhydryl variable. This designation was made be-
cause it was thought that the inhibition of SHV activity by
p-chloromercuribenzoate was substrate-related, and was vari-
able according to the substrate used for the assay (385). (This
activity was never confirmed in later studies with purified en-
zyme.) Reviews focusing on the SHV-type �-lactamases sum-
marizing kinetic properties of �-lactamases of this family have
been published (162, 399).

In 1983, a Klebsiella ozaenae isolate from Germany was dis-
covered which possessed a �-lactamase which efficiently hydro-
lyzed cefotaxime, and to a lesser extent ceftazidime (197).
Sequencing showed that the �-lactamase differed from SHV-1,
by replacement of glycine by serine at the 238 position. This
mutation alone accounts for the extended-spectrum properties
of this �-lactamase, designated SHV-2. Within 15 years of the
discovery of this enzyme, organisms harboring SHV-2 were

FIG. 1. Explosion of knowledge on extended-spectrum �-lactamases.
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found in every inhabited continent (288), implying that selec-
tion pressure from third-generation cephalosporins in the first
decade of their use was responsible. SHV-type ESBLs have
been detected in a wide range of Enterobacteriaceae and out-
breaks of SHV-producing Pseudomonas aeruginosa and Acin-
etobacter spp. have now been reported (170, 321)

TEM

The TEM-type ESBLs are derivatives of TEM-1 and
TEM-2. TEM-1 was first reported in 1965 from an Escherichia
coli isolate from a patient in Athens, Greece, named Temo-
neira (hence the designation TEM) (101). TEM-1 is able to
hydrolyze ampicillin at a greater rate than carbenicillin, oxacil-
lin, or cephalothin, and has negligible activity against extend-
ed-spectrum cephalosporins. It is inhibited by clavulanic acid.
TEM-2 has the same hydrolytic profile as TEM-1, but differs
from TEM-1 by having a more active native promoter and by
a difference in isoelectric point (5.6 compared to 5.4). TEM-13
also has a similar hydrolytic profile to TEM-1 and TEM-2
(180).

TEM-1, TEM-2, and TEM-13 are not ESBLs. However, in
1987 Klebsiella pneumoniae isolates detected in France as early
as 1984 were found to harbor a novel plasmid-mediated �-lac-
tamase coined CTX-1 (62, 373). The enzyme was originally
named CTX-1 because of its enhanced activity against cefo-
taxime. The enzyme, now termed TEM-3, differed from
TEM-2 by two amino acid substitutions (377).

In retrospect, TEM-3 may not have been the first TEM-type
ESBL. Klebsiella oxytoca, harboring a plasmid carrying a gene
encoding ceftazidime resistance, was first isolated in Liverpool,
England, in 1982 (117). The responsible �-lactamase was what
is now called TEM-12. Interestingly, the strain came from a
neonatal unit which had been stricken by an outbreak of Kleb-
siella oxytoca producing TEM-1. Ceftazidime was used to treat
infected patients, but subsequent isolates of Klebsiella oxytoca
from the same unit harbored the TEM-type ESBL (117). This
is a good example of the emergence of ESBLs as a response to
the selective pressure induced by extended-spectrum cephalo-
sporins.

Well over 100 TEM-type �-lactamases have been described,
of which the majority are ESBLs. Their isoelectric points range
from 5.2 to 6.5. The amino acid changes in comparison with
TEM-1 or TEM-2 are documented at http://www.lahey.org/
studies/temtable.htm.

A number of TEM derivatives have been found which have
reduced affinity for �-lactamase inhibitors. These enzymes
have been reviewed elsewhere (78). With very few exceptions
(see below), TEM-type enzymes which are less susceptible to
the effects of �-lactamase inhibitors have negligible hydrolytic
activity against the extended-spectrum cephalosporins and are
not considered ESBLs.

However, interesting mutants of TEM �-lactamases are be-
ing recovered that maintain the ability to hydrolyze third-gen-
eration cephalosporins but which also demonstrate inhibitor
resistance. These are referred to as complex mutants of TEM
(CMT-1 to -4) (128, 273, 322, 372). A unique TEM-derived
enzyme, TEM-AQ, has been found in Italy (301). This enzyme
has an amino acid deletion not seen in other TEM enzymes
plus several amino acid substitutions.

CTX-M and Toho �-Lactamases

The CTX-M enzymes have been previously reviewed in de-
tail (43). The name CTX reflects the potent hydrolytic activity
of these �-lactamases against cefotaxime. Organisms produc-
ing CTX-M-type �-lactamases typically have cefotaxime MICs
in the resistant range (�64 �g/ml), while ceftazidime MICs are
usually in the apparently susceptible range (2 to 8 �g/ml).
However, some CTX-M-type ESBLs may actually hydrolyze
ceftazidime and confer resistance to this cephalosporin (MICs
as high as 256 �g/ml) (22, 318, 382). Aztreonam MICs are
variable. CTX-M-type �-lactamases hydrolyze cefepime with
high efficiency (400), and cefepime MICs are higher than ob-
served in bacteria producing other ESBL types (436). Tazobac-
tam exhibits an almost 10-fold greater inhibitory activity than
clavulanic acid against CTX-M-type �-lactamases (67). It
should be noted that the same organism may harbor both
CTX-M-type and SHV-type ESBLs or CTX-M-type ESBLs
and AmpC-type �-lactamases, which may alter the antibiotic
resistance phenotype (429).

Toho-1 and Toho-2 are �-lactamases related structurally to
CTX-M-type �-lactamases. (Toho refers to the Toho Univer-
sity School of Medicine Omori Hospital in Tokyo, where a
child was hospitalized who was infected with Toho-1 �-lactam-
ase-producing Escherichia coli.) Like most CTX-M-type �-lac-
tamases, the hydrolytic activity of the Toho-1 and Toho-2 en-
zymes is more potent against cefotaxime than ceftazidime (204,
227).

It appears that the CTX-M-type �-lactamases are closely
related to �-lactamases of Kluyvera spp. (109, 112, 171, 278,
319, 353). For example, a chromosomally encoded �-lactamase
gene of Kluyvera georgiana encoded an extended-spectrum
�-lactamase, KLUG-1, which shares 99% amino acid identity
with CTX-M-8 (319). CTX-M-type �-lactamases have 40% or
less identity with TEM and SHV-type ESBLs.

The number of CTX-M-type ESBLs is rapidly expanding.
They have now been detected in every populated continent (9,
22, 23, 49, 58, 70, 71, 81, 90, 120, 140, 190, 226, 253, 284, 288,
305, 333, 353, 414, 428, 437). For some years, CTX-M ESBLs
were predominantly found in three geographic areas: South
America, the Far East, and Eastern Europe. In Western Eu-
rope and North America, CTX-M-type �-lactamases have pre-
viously appeared to be infrequent (105). However, in recent
years, a number of authors have reported the advent of CTX-
M-type ESBLs in these regions (9, 43, 253, 254, 263, 313, 324).
Given the widespread findings of CTX-M-type ESBLs in China
and India, it could be speculated that CTX-M-type ESBLs are
now actually the most frequent ESBL type worldwide.

The relationship between antibiotic consumption and occur-
rence of CTX-M-type �-lactamases has not been studied,
although the prevalence of the enzymes in agents of commu-
nity-acquired diarrhea raises speculation that oxyimino ceph-
alosporins available outside the hospital (such as ceftriaxone)
may be important. Interestingly, identical �-lactamases have
been discovered in widely separated parts of the world (for
example, CTX-M-3 has been discovered in Poland and Tai-
wan), suggesting independent evolution of these enzymes (144,
429). Clonal spread of CTX-M-type �-lactamase producing
bacteria has been well-documented (144).
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OXA

The OXA-type �-lactamases are so named because of their
oxacillin-hydrolyzing abilities. These �-lactamases (group 2d)
are characterized by hydrolysis rates for cloxacillin and oxacil-
lin greater than 50% that for benzylpenicillin (66). They pre-
dominantly occur in Pseudomonas aeruginosa (417) but have
been detected in many other gram-negative bacteria. In fact,
the most common OXA-type �-lactamase, OXA-1 has been
found in 1 to 10% of Escherichia coli isolates (219).

Most OXA-type �-lactamases do not hydrolyze the extend-
ed-spectrum cephalosporins to a significant degree and are not
regarded as ESBLs. However, OXA-10 hydrolyzes (weakly)
cefotaxime, ceftriaxone, and aztreonam, giving most organisms
reduced susceptibility to these antibiotics. Other OXA ESBLS
include: OXA-11, -14, -16, -17, -19, -15, -18, -28, -31, -32, -35,
and -45 (396). These confer frank resistance to cefotaxime and
sometimes ceftazidime and aztreonam (97–100, 156, 396). The
simultaneous production of a carbapenem-hydrolyzing metal-
loenzyme and an aztreonam hydrolyzing OXA enzyme can
readily lead to resistance to all �-lactam antibiotics (396).

The OXA-type ESBLs were originally discovered in Pseudo-
monas aeruginosa isolates from a single hospital in Ankara,
Turkey. In France, a novel derivative of OXA-10 (numbered
OXA-28) was found in a Pseudomonas aeruginosa isolate
(317). A novel ESBL (OXA-18) and an extended-spectrum
derivative of the narrow-spectrum OXA-13 �-lactamase (num-
bered OXA-19) have also been discovered in France in
Pseudomonas aeruginosa isolates (309). The evolution of ESBL
OXA-type �-lactamases from parent enzymes with narrower
spectra has many parallels with the evolution of SHV- and
TEM-type ESBLs. Unfortunately there are very few epidemi-
ologic data on the geographical spread of OXA-type ESBLs.

PER

The PER-type ESBLs share only around 25 to 27% homol-
ogy with known TEM- and SHV-type ESBLs (29, 275). PER-1
�-lactamase efficiently hydrolyzes penicillins and cephalospo-
rins and is susceptible to clavulanic acid inhibition. PER-1 was
first detected in Pseudomonas aeruginosa (272), and later in
Salmonella enterica serovar Typhimurium and Acinetobacter
isolates as well (403–406). In Turkey, as many as 46% of
nosocomial isolates of Acinetobacter spp. and 11% of Pseudo-
monas aeruginosa were found to produce PER-1 (405). PER-2,
which shares 86% homology to PER-1, has been detected in S.
enterica serovar Typhimurium, Escherichia coli, Klebsiella pneu-
moniae, Proteus mirabilis, and Vibrio cholerae O1 El Tor (29,
305). PER-2 has only been found in South America thus far
(29).

Although PER-1-producing organisms have been predomi-
nantly found in Turkey, a Pseudomonas aeruginosa outbreak in
Italy occurred with no apparent contacts with Turkey (225).
Worryingly, a Pseudomonas aeruginosa strain producing both
PER-1 and the carbapenemase VIM-2 has been detected in
Italy (115). The coexistence of these enzymes renders an or-
ganism resistant to virtually all �-lactam antibiotics. PER-1 has
also been found in Proteus mirabilis and Alcaligenes faecalis in
Italy (283, 300). Isolates of Pseudomonas aeruginosa producing
PER-1 have been detected in France, Italy, and Belgium (87,

102, 282). Additionally, a high prevalence of PER-1 in Acin-
etobacter spp. from Korea has been noted (203, 434).

VEB-1, BES-1, and Other ESBLs

A variety of other �-lactamases which are plasmid-mediated
or integron-associated class A enzymes have been recently
discovered (45, 138, 240, 241, 320, 323, 327, 369). They are not
simple point mutant derivatives of any known �-lactamases.
They are remarkable for their geographic diversity. Novel
chromosomally encoded ESBLs have also been described (34).

VEB-1 has greatest homology with PER-1 and PER-2 (38%)
(323). It confers high-level resistance to ceftazidime, cefo-
taxime, and aztreonam, which is reversed by clavulanic acid.
The gene encoding VEB-1 was found to be plasmid mediated;
such plasmids also confer resistance to non-�-lactam antibiot-
ics. The patient from whom the �-lactamase was originally
described was a Vietnamese infant hospitalized in France
(323). An identical �-lactamase has also been found in Esch-
erichia coli, Klebsiella pneumoniae, Enterobacter cloacae, Enter-
obacter sakazakii, and Pseudomonas aeruginosa isolates in
Thailand (142, 266, 397). Other VEB enzymes have also been
detected in Kuwait and China (185, 325).

GES (76, 118, 320, 327, 410, 413, 416, 418), BES (45), TLA
(8, 369), SFO (240), and IBC (133, 138, 191, 208, 241, 410–412)
are other examples of non-TEM, non-SHV ESBLs and have
been found in a wide range of geographic locations.

EPIDEMIOLOGY OF ESBL-PRODUCING ORGANISMS

Global Epidemiology

Europe. ESBL-producing organisms were first detected in
Europe. Although the initial reports were from Germany (197)
and England (117), the vast majority of reports in the first
decade after the discovery of ESBLs were from France (308,
373). The first large outbreak in France to be reported oc-
curred in 1986 (62); 54 patients in three intensive care units
were infected and spread of the infection to four other wards
then occurred (62). The proliferation of ESBLs in France was
quite dramatic. By the early 1990s, 25 to 35% of nosocomially
acquired Klebsiella pneumoniae isolates in France were ESBL
producing (239). However, in recent years, augmentation of
infection control interventions has been accompanied by a
decrease in incidence of ESBL-producing Klebsiella pneu-
moniae (7, 223). In northern France, the proportion of Kleb-
siella pneumoniae isolates which were ESBL-producing fell
from 19.7% in 1996 to 7.9% in 2000 (7). It is noteworthy
however that 30.2% of Enterobacter aerogenes isolates in 2000
were ESBL producers (7). It is also important to note that
while the proportion of Klebsiella pneumoniae isolates which
are ESBL-producing may be decreasing in some parts of West-
ern Europe, a significant increase may be occurring in Eastern
Europe (362). Outbreaks of infection with ESBL-producing
organisms have now been reported from virtually every Euro-
pean country.

There is considerable geographical difference in the occur-
rence of ESBLs in European countries. Within countries, hos-
pital-to-hospital variability in occurrence may also be marked
(20). In a 1997–1998 survey of 433 isolates from 24 intensive
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care units in western and southern Europe, 25% of klebsiellae
possessed ESBLs (20). A similar survey was performed by the
same group in 1994; the overall proportion of klebsiellae which
possessed ESBLs did not differ significantly between the two
time periods, but the percentage of intensive care units which
recorded ESBL-producing klebsiellae rose significantly from
74% to �90% (20, 221). Another large study from more than
100 European intensive care units found that the prevalence of
ESBLs in klebsiellae ranged from as low as 3% in Sweden to as
high as 34% in Portugal (158). A third study, which included
both intensive care unit and non-intensive care unit isolates
from 25 European hospitals, found that 21% of Klebsiella pneu-
moniae isolates had reduced susceptibility to ceftazidime (usu-
ally indicative of ESBL production, although it is acknowl-
edged that other mechanisms of resistance may be responsible)
(129). In Turkey, a survey of Klebsiella spp. from intensive care
units from eight hospitals showed that 58% of 193 isolates
harbored ESBLs (151).

North America. First reports of ESBL-producing organisms
in the United States occurred in 1988 (181). In 1989, significant
infections with TEM-10-producing Klebsiella pneumoniae were
noted in Chicago by Quinn and colleagues (331). Other early
reports of outbreaks mainly described infections with TEM-
type ESBLs (particularly TEM-10, TEM-12, and TEM-26)
(246, 270, 337, 341–343, 358, 402). However, outbreaks with
SHV-type ESBLs have also been described (177). CTX-M-type
ESBLs have recently been described in the United States and
Canada (50, 253, 313).

Assessment of the prevalence of ESBL-producing organisms
in the United States has been hampered by reliance of statistics
examining resistance of organisms to third-generation cepha-
losporins, where resistance is defined as an MIC of �32 �g/ml
(ceftazidime) or �64 �g/ml (cefotaxime/ceftriaxone). Since
many ESBL-producing organisms have MICs for third-gener-
ation cephalosporins between 2 and 16 �g/ml, the prevalence
of ESBL-producing organisms in the United States may have
been underestimated in the past. Moland and colleagues have
shown that ESBL-producing isolates were found in 75% of 24
medical centers in the United States (254). In a survey of
nearly 36,000 isolates from intensive care units in North Amer-
ica, nonsusceptibility of Klebsiella pneumoniae to third-gener-
ation cephalosporins averaged 13% (273). The percentage of
isolates which were susceptible fell by 3% over the years 1994
to 2000 (273). National Nosocomial Infection Surveillance
(NNIS) figures for the period January 1998 to June 2002 reveal
that 6.1% of 6,101 Klebsiella pneumoniae isolates from 110
intensive care units were resistant to third-generation cepha-
losporins (268). In at least 10% of intensive care units, resis-
tance rates exceeded 25%. In non-intensive care unit inpatient
areas, 5.7% of 10,733 Klebsiella pneumoniae isolates were
ceftazidime resistant (268). In outpatient areas, just 1.8% of
12,059 Klebsiella pneumoniae isolates and 0.4% of 71,448 Esch-
erichia coli isolates were ceftazidime resistant (268).

South and Central America. In 1988 and 1989 isolates of
Klebsiella pneumoniae from Chile and Argentina were reported
as harboring SHV-2 and SHV-5 (74). In retrospect, however a
Klebsiella pneumoniae isolate kept lyophilized since 1982, dur-
ing a preclinical study of cefotaxime in Buenos Aires, also
proved to be a producer of an SHV-5 ESBL (J. M. Casellas,
Abstracts of the International Congress of Chemotherapy, Bir-

mingham, England, 1999). In 1989 an outbreak of multiresis-
tant Salmonella enterica serovar Typhimurium infections oc-
curred in 12 of 14 Argentinian provinces. From these isolates
a new non-SHV, non-TEM ESBL named CTX-M-2 was iden-
tified (26, 28, 29, 333). Organisms with CTX-M-2 have spread
throughout many parts of South America (333). Other CTX-M
enzymes (CTX-M-8, -9, and -16) have been discovered in Bra-
zil (44, 46). Curiously, TEM-type ESBLs have been very rarely
reported from South America. As noted above, two novel
non-TEM, non-SHV ESBLs have been recently reported from
South America: GES-1, isolated from an infant previously hos-
pitalized in French Guiana (320), and BES-1, from an ESBL-
producing Serratia marcescens isolate from a hospital in Rio de
Janeiro (45).

ESBLs have been found in 30 to 60% of klebsiellae from
intensive care units in Brazil, Colombia, and Venezuela (245,
281, 306, 307, 349, 350). Reports of ESBL-producing organ-
isms also exist from Central America and the Caribbean Is-
lands (84, 114, 146, 370, 371).

Africa and the Middle East. Several outbreaks of infections
with ESBL-producing Klebsiella have been reported from
South Africa (93, 188, 310, 367), but no national surveillance
figures have been published. However, it has been reported
that 36.1% of Klebsiella pneumoniae isolates collected in a
single South African hospital in 1998 and 1999 were ESBL
producers (33). ESBLs have also been documented in Israel,
Saudi Arabia, and a variety of North African countries (3, 25,
35, 36, 47, 122, 247, 272). Outbreaks of Klebsiella infections
with strains resistant to third-generation cephalosporins have
been reported in Nigeria and Kenya without documentation of
ESBL production (5, 264). A novel CTX-M enzyme (CTX-M-
12) has been found in Kenya (190). Characterization of ESBLs
from South Africa has revealed TEM and SHV types (espe-
cially SHV-2 and SHV-5) (160, 315). A nosocomial outbreak
of infections with Pseudomonas aeruginosa, expressing GES-2
has been described in South Africa (326).

Australia. The first ESBLs to be detected in Australia were
isolated from a collection of gentamicin-resistant Klebsiella
spp. collected between 1986 and 1988 from Perth (259). These
were characterized as being of SHV derivation (260). In the
last decade, ESBL-producing organisms have been detected in
every state of Australia and in the Northern Territory (33, 121,
169, 348, 359). Outbreaks of infection have occurred in both
adult and pediatric patients. Overall, it appears that the pro-
portion of Klebsiella pneumoniae isolates which are ESBL pro-
ducers in Australian hospitals is about 5% (33).

Asia. In 1988, isolates of Klebsiella pneumoniae from China
which contained SHV-2 were reported (181). Further reports
of other SHV-2-producing organism in China occurred in 1994
(83). In reports comprising limited numbers of isolates col-
lected in 1998 and 1999, 30.7% of Klebsiella pneumoniae iso-
lates and 24.5% of Escherichia coli isolates were ESBL pro-
ducers (33). In a major teaching hospital in Beijing, 27% of
Escherichia coli and Klebsiella pneumoniae blood culture iso-
lates collected from 1997 through 1999 were ESBL producers
(116). Of isolates collected from Zhejiang Province, 34% of
Escherichia coli isolates and 38.3% of Klebsiella pneumoniae
isolates were ESBL producing (438).

National surveys have indicated the presence of ESBLs in 5
to 8% of Escherichia coli isolates from Korea, Japan, Malaysia,
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and Singapore but 12 to 24% in Thailand, Taiwan, the Philip-
pines, and Indonesia. Rates of ESBL production by Klebsiella
pneumoniae have been as low as 5% in Japan (215, 427) and 20
to 50% elsewhere in Asia. However, there are clearly differ-
ences from hospital to hospital: it has been reported that a
quarter of all Klebsiella pneumoniae isolates from a hospital in
Japan in 1998 and 1999 were ESBL producers (33).

ESBLs of the SHV-2, SHV-5, and SHV-12 lineage initially
dominated in those studies in which genotypic characterization
has been carried out (209). Newly described SHV-type ESBLs
have recently been reported from Taiwan and Japan (82, 202).
However, the appearance of CTX-M ESBLs in India (189,
318) and China (81, 414, 425), and more frequent reports of
outbreaks of infection with CTX-M-type ESBLs in Japan (200,
226), Korea (284), and Taiwan (436), raise suspicions that
these may indeed be the dominant ESBL types in Asia. Plas-
mid-mediated non-TEM, non-SHV ESBLs, showing homology
to the chromosomal �-lactamases of Klebsiella oxytoca (Toho-1
and Toho-2), have been detected in Japan (173, 227). A new
non-TEM, non-SHV ESBL (VEB-1) has been reported from
Thailand and Vietnam (141, 142, 266, 323).

Molecular Epidemiology of Nosocomial Infections with
ESBL-Producing Organisms

More than 50 studies (describing in total more than 3,000
patients) have been published in peer-reviewed medical liter-
ature utilizing molecular typing methods in the study of the
epidemiology of nosocomial infections with ESBL-producing
organisms (295). More than 75% of the studies have addressed
ESBL-producing infections with Klebsiella pneumoniae. The
predilection of ESBLs for Klebsiella pneumoniae has never
been clearly explained. It should be noted that the parent
enzyme of TEM-type ESBLs, TEM-1, is widespread in many
other species. More relevant, given the frequent finding of
SHV-type ESBLs in Klebsiella pneumoniae, may be the in-
creased frequency of SHV-1 in Klebsiella pneumoniae versus
other species. Almost all non-ESBL-producing Klebsiella pneu-
moniae isolates have chromosomally mediated SHV-1 �-lacta-
mases (21). In contrast, fewer than 10% of ampicillin-resistant
Escherichia coli isolates harbor SHV-1 (219).

Many ESBL genes are on large plasmids; even prior to the
advent of ESBLs, large multiresistance plasmids were more
common in klebsiellae than Escherichia coli (219). Of impor-
tance may be the well-noted adaptation of klebsiellae to the
hospital environment. Klebsiellae survive longer than other
enteric bacteria on hands and environmental surfaces, facili-
tating cross-infection within hospitals (75).

In 100% of the more than 50 studies previously mentioned,
at least two patients were colonized or infected with genotyp-
ically similar strains, implying patient-to-patient transmission
of the strain. A number of outbreaks have been decribed with
dissemination of a single clone of genotypically identical or-
ganism (131, 132, 143, 273). Clones have been found to persist
for more than 3 years (57).

However, in many hospitals a more complex molecular ep-
idemiologic picture has emerged (20). Recent reports have
described the clonal dissemination of at least five different
ESBL-producing Klebsiella strains in the same unit at the same
time (128). Additionally, members of a single epidemic strain

may carry different plasmids (carrying different ESBL genes)
(128). Furthermore, genotypically nonrelated strains may pro-
duce the same ESBL due to plasmid transfer from species to
species (38, 128). Finally, although the same ESBL may be
prevalent in a particular unit of a hospital, they may be medi-
ated by different plasmids (53). This may imply independent
evolution via the effects of antibiotic pressure, or plasmid
transfer from organism to organism.

Intensive care units are often the epicenter of ESBL pro-
duction in hospitals—in one large outbreak, more than 40% af
all the hospital’s ESBL-producing organisms were from pa-
tients in intensive care units (147). As was noted in the pre-
ESBL era, neonatal intensive care units can also be a focus of
infections with multiply resistant klebsiellae (6, 38, 121, 217,
348, 386, 387, 408). Intensive care units in tertiary referral
hospitals may acquire patients already colonized with ESBL-
producing organisms, thereby triggering an outbreak of infec-
tion (147, 363, 364).

Transfer of genotypically related ESBLs from hospital to
hospital within a single city (40, 256, 351, 439), from city to city
(439), and from country to country (128, 147, 365, 439) has
been documented. A notable clone has been an SHV-4-pro-
ducing, serotype K-25 isolate of Klebsiella pneumoniae which
has spread to multiple hospitals in France and Belgium (439).
Another notable dissemination has been of a TEM-24-produc-
ing Enterobacter aerogenes clone in France, Spain, and Belgium
(68, 108, 119). Intercontinental transfer has also been de-
scribed (365).

Although ESBL-producing organisms can be introduced
into intensive care units, epidemics of infection from intensive
care units to other parts of the hospital have been well docu-
mented to occur (37, 182, 363). Likewise, ESBLs may sponta-
neously evolve outside of the intensive care unit. Units noted
to have been affected by outbreaks include neurosurgical (37),
burns (339), renal (131), obstetrics and gynecology (132), he-
matology and oncology (163, 270), and geriatric units (149,
268). Nursing homes and chronic care facilities may also be a
focus of infections with ESBL-producing organisms. In these
settings, clonal spread has also been documented (54, 343,
419).

Risk Factors for Colonization and Infection with
ESBL Producers

Numerous studies have used a case-control design with
which to assess risk factors for colonization and infection with
ESBL-producing organisms (16, 19, 40, 96, 103, 205, 222, 234,
291, 299, 311, 358, 419). Analysis of the results of these studies
yelds a plethora of conflicting results, likely due to the differ-
ences in study populations, selection of cases, selection of
controls, and sample size (286). Nevertheless, some generali-
zations can be made. Patients at high risk for developing col-
onization or infection with ESBL-producing organisms are of-
ten seriously ill patients with prolonged hospital stays and in
whom invasive medical devices are present (urinary catheters,
endotracheal tubes, central venous lines) for a prolonged du-
ration. The median length of hospital stay prior to isolation of
an ESBL producer has ranged from 11 to 67 days, depending
on the study (19, 40, 96, 103, 104, 205, 419). In addition to
those already mentioned, a myriad of other risk factors have
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been found in individual studies, including the presence of
nasogastric tubes (19), gastrostomy or jejunostomy tubes (358,
419) and arterial lines (222, 299), administration of total par-
enteral nutrition (299), recent surgery (106), hemodialysis (96),
decubitus ulcers (419), and poor nutritional status (234).

Heavy antibiotic use is also a risk factor for acquisition of an
ESBL-producing organism (16, 205, 299). Several studies have
found a relationship between third-generation cephalosporin
use and acquisition of an ESBL-producing strain (16, 19, 116,
126, 164, 193, 196, 205, 210, 291, 302, 358). Other studies,
which were underpowered to show statistical significance,
showed trends towards such an association (the P values in all
three studies were between 0.05 and 0.10) (103, 299, 419).
Furthermore, a tight correlation has existed between ceftazi-
dime use in individual wards within a hospital and prevalence
of ceftazidime-resistant strains in those wards (341). In a sur-
vey of 15 different hospitals, an association existed between
cephalosporin and aztreonam usage at each hospital and the
isolation rate of ESBL-producing organisms at each hospital
(329, 357).

Use of a variety of other antibiotic classes has been found to
be associated with subsequent infections due to ESBL-produc-
ing organisms. These include quinolones (103, 205, 419), tri-
methoprim-sulfamethoxazole (103, 205, 419), aminoglycosides
(19, 205), and metronidazole (205). Conversely, prior use of
�-lactam/�-lactamase inhibitor combinations, penicillins, or
carbapenems seems not to be associated with frequent infec-
tions with ESBL-producing organisms.

Nursing Homes and ESBL Producers

There is some evidence that nursing homes may serve as a
portal of entry for ESBL-producing organisms into acute-care
hospitals (54). Conversely, patients with hospital-acquired col-
onization or infection may return to their nursing home with
ESBL carriage (39).

In a point prevalence study in the skilled care floor of a
Chicago nursing home, 46% of residents were colonized with
ESBL-producing organisms (all Escherichia coli) (419). These
patients had been in the nursing home, without intercurrent
hospitalization, for a mean of more than 6 months. Patients
from this nursing home, as well as seven other nursing homes,
served as a reservoir for introduction of ESBL-producing or-
ganisms into an acute-care hospital (419).

Within nursing homes, antibiotic use is a risk factor for
colonization with ESBL-producing organisms. Antibiotic use is
frequent in nursing homes; in one recent study, 38% of nursing
home residents had taken a systemic antibiotic in the last
month (375). Use of third-generation cephalosporins has been
identified as a predisposing event in some (343), but not all
studies (419). In contrast to the situation in acute-care hospi-
tals, use of orally administered antibiotics (ciprofloxacin and/or
trimethoprim-sulfamethoxazole may also be a risk for coloni-
zation with an ESBL-producing strain (419). Nursing home
residents would appear to have several additional risk factors
for infection with ESBL-producing organisms. They are prone
to exposure to the microbial flora of other residents, especially
if they are incontinent and require frequent contact with health
care providers. It has been well documented that handwashing
rates are low among nursing home personnel (111). Urinary

catheterization and decubitus ulcers are frequent (375), and
have been associated with colonization of non-ESBL-produc-
ing, antibiotic-resistant gram-negative bacilli (258, 368).

Community-Acquired Infections

A survey of more than 2,500 isolates of Escherichia coli,
Klebsiella pneumoniae, and Proteus mirabilis isolated from non-
hospitalized patients in France in 1993 revealed no truly com-
munity-acquired infections. Five out of 107 strains of Klebsiella
pneumoniae produced ESBLs, but all were isolated from pa-
tients staying in a nursing home (145). However, in recent
years there has been a wide variety of reports of true commu-
nity-acquired infections with ESBL-producing organisms.

Several community-acquired pathogens that commonly
cause diarrhea have been found to be ESBL producers. ESBL-
producing Salmonella infections remain a concern in many
parts of the world (3, 24, 26, 56, 135, 174, 201, 257, 303).
Additionally, a Shigella flexneri islate from the stool of an
Algerian child admitted to hospital with dysentery and harbor-
ing SHV-2 has been detected (130). SHV-11 has been detected
in Shigella dysenteriae (1) as have a variety of TEM- and CTX-
M-type ESBLs in Shigella sonnei (195, 284, 332). Finally, Vibrio
cholerae isolates and Shiga toxin-producing Escherichia coli
isolates which are ESBL producers have been found (172,
305).

In the last 3 years there have been several reports of true
community-acquired infection or colonization with ESBL-pro-
ducing Escherichia coli (42, 59, 88, 249, 261, 312, 345, 423).
These reports have come from Spain, Israel, the United King-
dom, Canada, and Tanzania. Typically, patients have devel-
oped urinary tract infection with CTX-M-producing Esche-
richia coli. Some urinary tract infections have been associated
with bacteremia. The majority of isolates have been resistant to
commonly used first-line agents for urinary tract infection such
as trimethoprim-sulfamethoxazole, ciprofloxacin, gentamicin,
and ceftriaxone. Rodriguez-Bano, in Seville, Spain, performed
a case-control study examining risk factors for ESBL-produc-
ing Escherichia coli infections in nonhospitalized patients and
found that diabetes mellitus, prior quinolone use, recurrent
urinary tract infections, prior hospital admissions, and older
age were independent risk factors (345). Pitout, in Calgary,
Canada, showed that 22 cases of ESBL-producing Escherichia
coli infection occurred per year per 100,000 population greater
than 65 years of age (312). The cause of this sudden upsurge in
community-acquired infections with ESBL-producing organ-
isms is not yet clear, but associations with foodstuffs, animal
consumption of antibiotics, and frequent patient contact with
health care facilities need to be explored.

INFECTION CONTROL IMPLICATIONS OF
ESBL-PRODUCING ORGANISMS

Use of Typing Methods

Nosocomial bacterial infections are a major focus of concern
for infection control programs. Such infections may occur as an
outbreak (or epidemic) or may become established as a regular
occurrence (endemic). It is important to be able to determine
whether such nosocomial infections are caused by the same
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clone of organism (monoclonal or oligoclonal outbreaks) be-
cause this implies that the organisms are being passed hori-
zontally by some means from patient to patient. This has im-
portant infection control implications in that some
intervention should be introduced to prevent horizontal tran-
fer of organisms. Conversely, nosocomial infections with or-
ganisms of the same species which are not of the same clone
(polyclonal outbreaks) may be due to selective pressure im-
posed by antibiotic use.

Before the advent of molecular biologic techniques to assess
the genetic relationships between nosocomially acquired or-
ganisms, typing methods that assessed phenotypic differences
between organisms were widely used. At least seven pheno-
typic methods could potentially be used to type Klebsiella pneu-
moniae isolates harboring ESBLs. These include biotyping (as-
sessing the potential clonal relationship between organisms by
way of observing common biochemical reactions, colonial mor-
phology, or environmental tolerances) (18) and assessment of
the antimicrobial susceptibility test pattern. Neither test has
particularly good discriminatory power. Occasionally, stored
isolates of organisms may lose transferrable genetic elements
(for example, plasmids) which confer antibiotic resistance and
appear to have a different antibiotic susceptibility pattern than
when the isolate was examined fresh (242).

Serotyping is potentially useful in discriminating ESBL-pro-
ducing klebsiellae. The klebsiellae typically express both lipo-
polysaccharide (O antigen) and capsule polysaccharide (K an-
tigen) on the surface (159). Seventy-seven K antigen types
form the basis of an internationally recognized capsule antigen
scheme (280). The drawback of this method is the large num-
ber of serological cross-reactions that occur among the 77
capsule types. Thus, individual sera have to be absorbed with
the cross-reacting K antigens. Moreover, the antisera are not
commercially available and the typing procedure is cumber-
some because of the time needed to perform the test. Finally
the test is susceptible to subjectivity bacause of weak reactions
that are not always easy to interpret (316). In contrast to the
large number of capsular serotypes, only nine lipopolysaccha-
ride O groups have been recognized. Since there are only nine
O types compared with 77 K types, O typing is clearly less
discriminatory than K typing. Furthermore, traditional meth-
ods of O typing are hampered by the heat stability of capsular
polysaccharide (159). Recently, an inhibition enzyme-linked
immunosorbent assay method has been developed which over-
comes this technical problem (159). A number of studies have
evaluated use of serotyping ESBL-producing klebsiellae using
the K antigens (18, 32, 57, 62, 147, 153, 211, 363, 364, 439). No
studies to date evaluated O types of ESBL-producing klebsiel-
lae; however, a combination of K and O typing is likely to be a
very discriminatory nonmolecular method of typing ESBL-
producing klebsiellae.

Phage typing, bacteriocin typing, analytical isoelectric focus-
ing, and multilocus enzyme electrophoresis are other methods
which have been used to discriminate ESBL-producing strains
(27, 175, 277, 316).

Since the vast majority of ESBLs are plasmid mediated,
plasmid profile analysis has been applied to the epidemiologic
study of ESBL-producing organisms. A simple method is to
determine the number and size of the plasmids carried by the
organism by preparing a plasmid extract and subjecting it to

routine agarose gel electrophoresis. The reproducibility and
discriminatory power of plasmid analysis can be improved by
first digesting the plasmids with restriction enzymes and then
performing agarose gel electrophoresis. This procedure and
the analysis of the size and number of the resulting restriction
fragments are referred to as restriction enzyme analysis of
plasmids. A drawback in plasmid profile analysis is that plas-
mids may be lost after storage. It should be noted that plasmid
extraction methods may yield different results if the efficiency
of extraction is not optimal.

Most researchers use molecular methods to determine the
relatedness of ESBL-producing organisms. Pulsed-field gel
electrophoresis of chromosomal DNA is probably the most
widely used method of genotyping ESBL-producing organisms
(15, 17, 57, 68, 85, 113, 128, 132, 149, 207, 218, 222, 234, 235,
256, 268, 298, 328, 334, 341, 348, 351, 358, 374, 381, 408, 426,
431, 439). These references describe the restriction enzymes
used for various organisms harboring ESBLs. Ribotyping, a
southern blot analysis in which strains are characterized by the
restriction fragment lengh polymorphisms associated with the
ribosomal operons, is potentially very useful in typing ESBL-
producing organisms, especially when automated ribotyping
systems are used. Multiple variations of PCR have been ap-
plied to the typing of ESBL-producing organisms. These are
randomly amplified polymorphic DNA, which is also known as
arbitrarily primed PCR, and PCR based on repetitive chromo-
somal sequences. Of these, use of arbitrarily primed PCR has
been by far the most popular method used to evaluate the
genetic relatedness of ESBL-producing strains. The randomly
amplified polymorphic method is based on the observation that
short primers (around 10 base pairs), whose sequence is not
directed to any known genetic locus, will regardless hybridize
at random chromosomal sites with sufficient affinity to permit
the initiation of polymerization. If two such sites are located
within a few kilobases of each other on opposite DNA strands
and in the proper orientation, amplification of the intervening
fragment will occur. The number and locations of these ran-
dom sites (and therefore the number and sizes of fragments)
will vary among different strains of the same species (13).

Restriction site insertion PCR is a recently developed tech-
nique to detect mutations of the SHV genes to identify ESBLs.
Restriction site insertion PCR uses amplification primers de-
signed with one to three base mismatches near the 3� end to
engineer a desired restriction site. Chanawong et al. (80) dem-
onstrated that the combination of PCR-restriction fragment
length polymorphism and restriction site insertion PCR tech-
niques can be readily applied to the epidemiological study of
SHV �-lactamases. Using the combination of the techniques,
eight different �-lactamases were reliably distinguished. An-
other useful tool for the detection of certain SHV variants is
the combination of PCR-single strand conformational poly-
morphism and PCR-restriction fragment length polymorphism
(79). Using PCR-single strand conformational polymorphism
and PCR-restriction fragment length polymorphism with DdeI
and NheI digestion, the genes encoding SHV-1, SHV-2a,
SHV-3, SHV-4, SHV-5, SHV-11, and SHV-12 were distinguis-
able (79).

Ligase chain reaction is a recently developed technique also
used to discriminate SHV variants. Ligase chain reaction uses
a thermostable ligase and biotinylated primers. It can detect
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single base pair changes (194). Kim and Lee evaluated seven
Escherichia coli strains known to produce different SHV en-
zymes and 46 clinical isolates, and found that ligase chain
reaction typing simply and rapidly defined the SHV types
(194).

A recently described method marries the sensitivity of PCR
with fluorescently labeled probes. Randeggar and Haechler
developed a technique using real-time PCR monitored with
fluorescently labeled hybridization probes followed by melting
curve analysis (335). Their technique was able to differentiate
SHV variants in five well-characterized Escherichia coli strains
and six clinical isolates, and to discriminate between non-
ESBLs and ESBLs. It remains to be seen whether this tech-
nique, termed the SHV melting curve mutation detection
method, will identify all SHV variants.

Modes of Spread of ESBL-Producing Organisms
within Hospitals

How do ESBL-producing organisms spread, given the ample
documentation of clonal outbreaks as described above? A
common environmental source of ESBL-producing organisms
has occasionally been discovered. Examples have included con-
tamination of ultrasonography coupling gel (132), broncho-
scopes (57), blood pressure cuffs (64), and glass thermometers
(used in axillary measurement of temperature) (346). Cock-
roaches have been implicated as possible vectors of infection;
in one recent study, ESBL-producing Klebsiella pneumoniae
isolated from cockroaches was indistinguishable from that in-
fecting patients (93). ESBL-producing organisms have been
isolated from patients’ soap (387), sink basins (166), and ba-
bies’ baths (121), but the contribution of this environmental
contamination to infection was impossible to determine.

Present evidence suggests that transient carriage on the
hands of health care workers is a more important means of
transfer from patient to patient. Hand carriage has been doc-
umented by most (121, 166, 348) but not all (339, 387) inves-
tigators who have sought it. In these instances, the hand iso-
lates were genotypically identical to isolates which caused
infection in patients. Hand carriage by health care workers is
usually eliminated by washing with chlorhexidine or alcohol-
based antiseptics. However, the authors know of one example
of prolonged, persistent skin carriage in a nurse with chronic
dermatitis. The use of artificial nails may also promote long-
term carriage and has been associated with at least one out-
break (152). Gastrointestinal tract carriage has been docu-
mented in health care workers (131, 166, 378), but is
astonishingly rare and seldom prolonged, except with ESBL-
producing Salmonella species (157, 247).

The hands of health care workers are presumably colonized
by contact with the skin of patients whose skin is colonized with
the organism (131). It is important to recognize that many
patients may have asymptomatic colonization with ESBL-pro-
ducing organisms without signs of overt infection. These pa-
tients represent an important reservoir of organisms. For every
patient with clinically significant infection with an ESBL-pro-
ducing organism, at least one other patient exists in the same
unit with gastrointestinal tract colonization with an ESBL pro-
ducer (161, 222). In some hyperendemic intensive care units
and transplants units, 30 to 70% of patients have gastrointes-

tinal tract colonization with ESBL producers at any one time
(150, 299, 378).

Since gastrointestinal tract colonization with klebsiellae oc-
curs in every person, selective media must be used in order to
assess the carriage of ESBL producers in stool. Examples of
such media include Drigalski agar supplemented with cefo-
taxime 0.5 mg/liter (378), MacConkey agar supplemented with
ceftazimide 4 mg/liter (299) and nutrient agar supplemented
with ceftazimide 2 mg/liter, vancomycin 5 mg/liter, and ampho-
tericin B 1,667 mg/liter (150). Prior gastrointestinal carriage of
ESBL-producing Klebsiella pneumoniae is an independent vari-
able associated with infection with ESBL-producing Klebsiella
pneumoniae (298). At least 80% of patients with infection with
ESBL-producing Klebsiella pneumoniae can be documented to
have prior gastrointestinal tract carriage (222, 298). Patients
who develop infection usually do so within weeks of acquiring
gastrointestinal tract colonization (range, 0 to 90 days) (222,
298). There does not appear to be any variation in particular
kinds of infection (bacteremia, pneumonia, etc.) and incidence
of prior gastrointestinal tract colonization (298).

Infection Control When ESBL-Producing Organisms Have
Not Been Endemic

In some hospitals, initial outbreaks of infection have been
supplanted by endemicity of the ESBL-producing organisms
(20, 223, 246, 334). This may lead to increased patient mortal-
ity when antibiotics inactive against ESBL producers are used
(358). As a consequence, when a significant proportion of
gram-negative isolates in a particular unit are ESBL producers,
empirical therapy may change towards use of imipenem, quin-
olones, or �-lactam/�-lactamase inhibitor combinations. In
some centers this has been associated with emergence of re-
sistance in Pseudomonas aeruginosa, Acinetobacter baumanii,
and in ESBL-producing organisms themselves (246, 334). Con-
trol of endemic ESBL producers is difficult, and may only be
possible after significant nursing and medical reorganization,
at substantial financial cost (223, 334).

Therefore, control of the initial outbreak of ESBL-produc-
ing organisms in a hospital or specialized unit of a hospital is of
critical importance (Table 1).

The initial stages of the infection control program in a hos-
pital or unit which has not previously been affected by ESBLs
should therefore include (i) performance of rectal swabs to
delineate patients colonized (but not infected) with ESBL pro-

TABLE 1. Infection control interventions appropriate to controlling
spread of ESBL-producing organisms within a hospital

Identify patients infected with ESBL-producing organisms by use of
appropriate detection methods in the clinical microbiology
laboratory

Identify colonized patients by use of rectal swabs plated onto
selective media

Perform molecular epidemiologic analysis of strains from infected or
colonized patients (for example, by use of pulsed-field gel
electrophoresis)

Institute contact isolation precautions, particularly if clonal spread is
demonstrated

Institute controls on antibiotic use, particularly if numerous strain
types are demonstrated
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ducers, (ii) evaluation for the presence of a common environ-
mental source of infection, (iii) a campaign to improve hand
hygiene, and (iv) introduction of contact isolation for those
patients found to be colonized or infected (294).

Although common environmental sources of infection have
rarely been discovered, when they are recognized their impact
on arresting an outbreak of infection with a multiresistant
organism can be dramatic. Three examples of such an inter-
vention have been described in the context of controlling out-
breaks of infection with ESBL-producing organisms. Gaillot
(132) found that contaminated gel used for ultrasonography
was contaminated with ESBL-producing organisms. Replace-
ment of this gel quickly curtailed the outbreak. Branger (57)
found that a poorly maintained bronchoscope was colonized
with ESBL-producing organisms and could be linked to respi-
ratory tract infections with the same strain. Repair and proper
maintenance of the bronchoscope stopped nosocomial trans-
mission of the organism. Finally, Rogues (346) found coloni-
zation of four of 12 glass mercury thermometers with ESBL-
producing Klebsiella pneumoniae and axillary colonization with
the same strain in two patients. Disinfection of the thermom-
eters curtailed the outbreak.

Contact isolation implies use of gloves and gowns when
contacting the patient. Several studies have documented that
this practice alone can lead to reduction in horizontal spread of
ESBL-producing organisms. However, compliance with these
precautions needs to be high in order to maximize the effec-
tiveness of these precautions. Furthermore, we recommend
that patients who have gastrointestinal tract colonization as
well as those with frank infection should undergo contact iso-
lation. It has been noted that standard methods of hand wash-
ing, screening for colonization, and patient isolation may not
always be effective in controlling outbreaks of ESBL-producing
organisms (230). Macrae and colleagues (230) were forced to
close a ward tempoararily in order to adequately control an
outbreak which had been unresponsive to conventional mea-
sures.

A number of groups have previously attempted selective
digestive decontamination as a means of interrupting transmis-
sion of ESBL-producing organisms. Erythromycin-based ther-
apies have not been effective (107, 110). However, three
groups successfully used selective digestive decontamination
with polymyxin, neomycin, and nalidixic acid (63), colistin and
tobramycin (388), or norfloxacin (294) to interrupt outbreaks
of infection with ESBL-producing infections that had not been
completely controlled using traditional infection control mea-
sures. It should be noted that in many hospitals at least 15 to
30% of ESBL-producing organisms (20, 183, 206, 292, 435) are
quinolone resistant and therefore unlikely to suppressed by use
of norfloxacin prophylaxis. Additionally, multidrug-resistant
isolates are unlikely to respond to selective digestive decon-
tamination using aminoglycosides.

An alternative approach to digestive tract decolonization
has been decolonization of the nasopharynx. A recent study
has utilized a nasal spray with povidone-iodine as a means of
decolonizing the upper respiratory tract (167). In this study
(performed in a neurologic rehabilitation unit), only 1 of 10
patients had gastrointestinal carriage with an ESBL-producing
organism but all had nasotracheal colonization. Upper airway
decolonization led to management of an outbreak (167).

Infection Control When ESBL-Producing Organisms Are
Already Endemic

In many hospitals, ESBL-producing organisms are already
endemic. Is there any hope of controling ESBL producers in
such a setting? A review of the literature reveals that some
degree of control can be achieved. The importance of achiev-
ing control is underscored by the advent of carbapenem-resis-
tant organisms in hospitals where carbapenem use is very high
owing to endemicity of ESBL producers.

The methods used to achieve control over endemic ESBL
producers have included close attention to practices that may
lead to breakdowns in good infection control (223). This in-
cludes a review of procedures that lead to nurses, physicians
and ancillary staff (e.g., radiography technicians) failing to use
contact isolation precautions (223). Although infection control
procedures continue to play a central role, changes in antibi-
otic policy may play an even greater role in this setting (352).
Indeed in one institution, no effort was made to change infec-
tion control procedures (341). Instead, at this hospital, cefta-
zidime use decreased and piperacillin-tazobactam was intro-
duced in the formulary. A number of authors have shown that
ceftazidime restriction alone is insufficient to control continued
infections with ESBL-producing organisms (334, 343, 387).
Rahal et al. (334) were forced to withdraw cephalosporins as
an entire class in order to exact control over endemic ESBL
producers.

Some authors have suggested that use of �-lactam/�-lactam-
ase inhibitor combinations, rather than cephalosporins, as
workhorse empirical therapy for infections suspected as being
due to gram-negative bacilli, may facilitate control of ESBL
producers (296, 311, 341). The mechanism by which these
drugs may reduce infections with ESBL producers is not cer-
tain. It should be noted, however, that many organisms now
produce multiple �-lactamases (24, 53, 81, 366), which may
reduce the effectiveness of �-lactam/�-lactamase inhibitor
combinations. It remains to be shown whether a strategy based
on the empiric use of carbapenems would be effective.

DETECTION OF ESBLs IN THE CLINICAL
MICROBIOLOGY LABORATORY

Need for Clinical Microbiology Laboratories To Detect
ESBL Production by Members of the Enterobacteriaceae

Many clinical microbiology laboratories make no effort to
detect ESBL production by gram-negative bacilli, or are inef-
fective at doing so (389). In a 1998 survey of 369 American
clinical microbiology laboratories, only 32% (117 of 369) re-
ported performing tests to detect ESBL production by Entero-
bacteriaceae (77). A subsequent survey of laboratory personnel
at 193 hospitals actively participating in the National Nosoco-
mial Infections Surveillance system showed that only 98 (51%)
correctly reported a test organism as an ESBL producer (155).
In a study from Europe, just 36% of 91 ESBL-producing kleb-
siellae were reported by their original clinical laboratories as
cefotaxime resistant (20).

ESBL detection originated because some ESBL-producing
organisms appeared susceptible to cephalosporins using con-
ventional breakpoints. How frequently are ESBL-producing
organisms susceptible to cephalosporins? The answer to this
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question depends on which breakpoints are used. National
differences are quite considerable. For example, susceptibility
to cefotaxime may be reported for an organism with MICs
ranging from �1 �g/ml to �8 �g/ml, depending on the coun-
try. Variation in reporting of resistance is from �2 �g/ml to
�64 �g/ml. The most liberal interpretation of cephalosporin
susceptibility has been that of the Clinical and Laboratory
Standards Institute (CLSI, formerly National Committee for
Clinical Laboratory Standards) (cephalosporin susceptibility
indicated by MICs � 8 �g/ml) (267) (Table 2). The CLSI
breakpoints for susceptibility of members of the Enterobacte-
riaceae to extended-spectrum cephalosporins and aztreonam
were developed in the early 1980s. At that time the clinical
success rate of cephalosporin treatment for organisms with
cephalosporin MICs of �8 �g/ml (that is, organisms with
MICs in the susceptible range) was �95% (289). Unfortu-
nately these breakpoints were developed at a time that was
essentially prior to the advent of ESBLs.

In a review of studies which have evaluated collections of
ESBL-producing organisms using standard CLSI disk diffusion
or MIC breakpoints, 13 to 49% of isolates were cefotaxime
susceptible, 36 to 79% ceftriaxone susceptible, 11 to 52% cefta-
zidime susceptible, and 10 to 67% aztreonam susceptible. Ap-
proximately 40% tested susceptible to at least one oxyimino
�-lactam and 20% to all oxyimino �-lactams (91, 94, 165, 179,
289, 393, 409). The reasons for this apparent susceptibility to
some cephalosporins is the result of various degrees of hydro-
lysis of cephalosporins by different �-lactamases and enhanced
penetration through the bacterial outer membrane of some
cephalosporins compared to others. Regardless, extended-
spectrum cephalosporin MICs of 2 to 8 �g/ml are 4 to 8
dilutions higher than those seen in the same strain producing
only the parent TEM-1, TEM-2, or SHV-1 �-lactamase (0.03
to 0.25 �g/ml) (308).

It has been well recognized for some time that poor outcome
occurs when patients with serious infections due to ESBL-
producing organisms are treated with cephalosporins to which
the organism is frankly resistant. The failure rate in such pa-
tients has ranged from 42 to 100% (246, 358). Similar failure
rates exist when cephalosporins are used to treat patients with
serious infections due to ESBL producers which have cepha-
losporin MICs in the intermediate range and even with some
MICs in the susceptible range (95, 164, 289). The failure rate

when cephalosporins were used for serious infections (bacte-
remia, hospital-acquired pneumonia, peritonitis) with ESBL-
producing organisms with MICs for the treating cephalosporin
of 4 to 8 �g/ml exceeds 90% (95, 196, 289). The failure rate
when MICs for the treating cephalosporin were �2 �g/ml is
substantially lower (95, 196, 289).

Two opposing viewpoints have arisen in recognition of the
poor outcome when patients with an infection due to an ESBL-
producing organism are treated with a cephalosporin to which
it appears susceptible in vitro. For many years, this has been
regarded as the reason why ESBL detection in necessary. Oth-
ers maintain, in this era of production of multiple different
�-lactamase types by a single bacterial isolate and production
of ESBLs by organisms that constituitively produce AmpC
�-lactamases, that detection of ESBLs is too complex for clin-
ical microbiology laboratories. These investigators maintain
that alteration of cephalosporin breakpoints for Enterobacteri-
aceae by organizations such as the Clinical and Laboratory
Standards Institute is a more appropriate endeavor than ex-
panding efforts to detect ESBLs. The concept that MIC mat-
ters more than the presence or absence of an ESBL is consis-
tent with unpublished stochastic models based on the
pharmacokinetics/pharmacodynamics of cephalosporins versus
the Enterobacteriaceae. An advantage of such a change would
be that organisms such as Enterobacter spp. which are not
currently considered in CLSI guidelines for ESBL detection
would be covered.

There are a number of opposing arguments to this view. It
has been proposed that a potential confounder to the obser-
vation that MIC is the key determinant of outcome is that
severity of illness could have been greater in patients infected
with organisms with higher MICs. It has also been stated that
change in cephalosporin breakpoints would require substantial
effort by antimicrobial susceptibility testing method manufac-
turers. Another viewpoint is that the inoculum effect is impor-
tant for ESBL-producing organisms and that the MIC alone
may give erroneous information. In vitro, the MICs of cepha-
losporins rise as the inoculum of ESBL-producing organisms
increases (184, 244, 344, 391). For example, for a Klebsiella
pneumoniae strain producing TEM-26, at an inoculum of 105

CFU/ml the cefotaxime MIC was 0.25 �g/ml, rising to 64 �g/ml
when the inoculum rose to 107 CFU/ml (391). Some, but not
all, animal studies have demonstrated that the inoculum effect
may be clinically relevant. In animal models of infection, fail-
ure of cephalosporin therapy has been demonstrated despite
levels of antibiotics in serum far exceeding the MIC of the
antibiotic when tested at the conventional inoculum of 105

CFU/ml (127, 344).
Those in favor of changing cephalosporin breakpoints dis-

pute that the inoculum effect is important (231). For example,
ESBL production did not have an impact upon the time above
MIC necessary for cefepime efficacy in a murine thigh infection
model (D. Andes and W. A. Craig, Program and Abstracts of
the 41st Interscience Conference on Antimicrobial Agents and
Chemotherapy, abstract A-1099, 2001).

A final argument in favor of ongoing efforts aimed at ESBL
detection is the infection control significance of detecting plas-
mid-mediated multidrug resistance. There are epidemologic
implications for the detection of ESBL-producing organisms in
that this resistance issue may not be as apparent if organisms

TABLE 2. Comparison of national MIC breakpoints
for Enterobacteriaceae

Country

MIC breakpointa (�g/ml)

Cefotaxime Ceftazidime

S (�) R (�) S (�) R (�)

United States of America (CLSI) 8 64 8 32
United Kingdom 1 2 2 4
France 4 32 4 32
The Netherlands 4 16 4 16
Germany 2 8 4 32
Spain 1 8 1 8
Norway 2 16 2 16
Sweden 4 32 4 16

a S, susceptible; R, resistant.
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are simply reported as intermediate or resistant to individual
cephalosporins. As noted above, outbreaks of ESBL-producing
organisms can be abruptly halted using appropriate infection
control interventions. Endemic transmission of ESBL produc-
ers can also be curtailed using infection control measures and
antibiotic management interventions. Detection of ESBL pro-
duction in organisms from samples such as urine may be im-
portant because this represents an epidemiologic marker of
colonization (and therefore the potential for transfer of such
organisms to other patients).

At the time of writing, it is still recommended by the CLSI
that clinical microbiology laboratories perform specialized
tests for detection of ESBLs. For this reason, ESBL detection
methods are discussed in some detail below. It is uncertain
whether cephalosporin breakpoints will change. Our opinion is
that change in cephalosporin breakpoints will be necessary:
existing data suggest that there is a high chance of clinical
failure if the MIC of the cephalosporin used in treatment is 4
to 8 �g/ml, regardless of the dosing regimen used. We would
still favor additional use of ESBL detection methods. There
are two reasons for this. First, there is value of the knowledge
of presence of ESBLs in terms of aiding infection control.
Second, in the presence of high-inoculum infections (for ex-
ample, intra-abdominal abscess, some cases of pneumonia) or
infections at sites in which drug penetration may be poor (for
example, meningitis, endocarditis, or osteomyelitis), physicians
should avoid cephalosporins if an ESBL-producing organism is
present.

CLSI Recommended Methods for ESBL Detection

Screening for ESBL producers. (i) Disk diffusion methods.
The CLSI has proposed disk diffusion methods for screening
for ESBL production by klebsiellae, Escherichia coli, and Pro-
teus mirabilis. Laboratories using disk diffusion methods for
antibiotic susceptibility testing can screen for ESBL production
by noting specific zone diameters which indicate a high level of
suspicion for ESBL production (267). Cefpodoxime, ceftazi-
dime, aztreonam, cefotaxime, or ceftriaxone is used. However,
the use of more than one of these agents for screening im-
proves the sensitivity of detection. If any of the zone diameters
indicate suspicion for ESBL production, phenotypic confirma-
tory tests should be used to ascertain the diagnosis.

Mention should be made of the use of cefpodoxime as a
screening antibiotic since this antibiotic is not widely used in
inpatient facilities. In 1995, Thomson noted that cefpodoxime
susceptibility by disk diffusion reliably discriminated between
ESBL-producing and non-ESBL-producing Klebsiella pneu-
moniae and Escherichia coli (394). The CLSI initially recom-
mended a zone diameter of �22 mm for a 10-�g cefpodoxime
disk as a suitable screening test for ESBL production. Unfor-
tunately, the cefpodoxime screening test using a zone diameter
of �22 mm lacks specificity when used to screen Escherichia
coli isolates for ESBL production (390). Therefore, the CLSI
now recommends a change in the cefpodoxime screening
breakpoint to �17 mm (267); that is, isolates with a cefpo-
doxime zone diameter of �17 mm should undergo phenotypic
confirmatory tests for ESBL production.

(ii) Screening by dilution antimicrobial susceptibility tests.

The CLSI has proposed dilution methods for screening for
ESBL production by klebsiellae and Escherichia coli. Ceftazi-
dime, aztreonam, cefotaxime, or ceftriaxone can be used at a
screening concentration of 1 �g/ml (267). Growth at this
screening antibiotic concentration (that is, MIC of the cepha-
losporin of �2 �g/ml) is suspicious of ESBL production and is
an indication for the organism to be tested by a phenotypic
confirmatory test.

The originally proposed screening criterion for cefpodoxime
was that isolates which were potential ESBL producers had
cefpodoxime MIC of �2 �g/ml. However, in a study of the
mechanisms of decreased susceptibility of Escherichia coli to
cefpodoxime, Oliver et al. (279) found that none of 59 strains
with cefpodoxime MICs of 2 or 4 �g/ml produced ESBLs. The
most common mechanism of reduced susceptibility to cefpo-
doxime was production of the TEM-1 �-lactamase associated
with the loss or alteration of a major porin protein. Other
strains lacked production of TEM-1 but had porin changes,
sometimes coupled with modest elevation in production of the
AmpC chromosomal �-lactamase. Finally, some of the isolates
produced the OXA-30 �-lactamase (279). There are neither
reports of clinical failure nor of outbreaks of infection with
ESBL-negative strains of Escherichia coli with cefpodoxime
MICs � 2 �g/ml. Therefore a more clinically useful screening
test for cefpodoxime is to use a cefpodoxime MIC of �8 �g/ml,
as a trigger to perform phenotypic confirmatory tests for ESBL
production (267).

Phenotypic Confirmatory Tests for ESBL Production

Cephalosporin/clavulanate combination disks. The CLSI
advocates use of cefotaxime (30 �g) or ceftazidime disks (30
�g) with or without clavulanate (10 �g) for phenotypic confir-
mation of the presence of ESBLs (267) in klebsiellae and
Escherichia coli. Disks for use in phenotypic confirmatory tests
are available from several suppliers (Becton Dickinson, Oxoid,
and MAST). (Prior to the combination disks becoming avail-
able, it was recommended that clavulanic acid solution be
applied to the cephalosporin disks within one hour before they
are applied to the agar plates.) The CLSI recommends that the
disk tests be performed with confluent growth on Mueller-
Hinton agar. A difference of �5 mm between the zone diam-
eters of either of the cephalosporin disks and their respective
cephalosporin/clavulanate disk is taken to be phenotypic con-
firmation of ESBL production (267).

In an evaluation of 139 Klebsiella pneumoniae isolates that
met the National Committee for Clinical Laboratory Standards
screening criteria for potential ESBL production, Steward and
colleagues (379) found that 84% (117 of 139) met the criteria
for a positive phenotypic confirmatory test. Of the 117 isolates,
104 (89%) met the criteria for a positive phenotypic confirma-
tory test with both ceftazidime and cefotaxime, 11 (9%) with
ceftazidime only and 2 (2%) with cefotaxime only. It should be
noted that all of these isolates were from the United States. It
should be emphasized that both cefotaxime and ceftazidime
with and without clavulanate should be used. One reason for
this is that the use of ceftazidime alone has resulted in the
inability to detect CTX-M-producing organisms (58).

Broth microdilution. Phenotypic confirmatory testing can
also be performed by broth microdilution assays using ceftazi-
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dime (0.25 to 128 �g/ml), ceftazidime plus clavulanic acid
(0.25/4 to 128/4 �g/ml), cefotaxime (0.25 to 64 �g/ml), and
cefotaxime plus clavulanic acid (0.25/4 to 64/4 �g/ml). Again it
should be emphasized that both ceftazidime and cefotaxime
should be used (330). Broth microdilution is performed using
standard methods. Phenotypic confirmation is considered as a
�3-twofold-serial-dilution decrease in MIC of either cephalo-
sporin in the presence of clavulanic acid compared to its MIC
when tested alone.

Hadziyannis (154) evaluated a set of 12 isolates with well-
characterized �-lactamases using this method. Five isolates
with known ESBLs and five without ESBLs were correctly
identified. There was one false-positive, a Klebsiella pneu-
moniae isolate lacking ESBLs but hyperproducing SHV-1 with
a ceftazidime MIC of 4 �g/ml reducing to �0.025 �g/ml with
ceftazidime/clavulanate. One Klebsiella oxytoca isolate which
hyperproduced the chromosomal K1 �-lactamase and was re-
sistant to aztreonam was negative for ESBL production using
the criteria above.

Steward and colleagues (379), in their analysis of 139 Kleb-
siella pneumoniae isolates with ceftazidime or cefotaxime MICs
of �2 �g/ml, found that the definition for a positive phenotypic
confirmatory test using broth microdilution was met in 114
(82%) of isolates. Of the 114 isolates, 108 (95%) met the
criteria for a positive phenotypic confirmatory test with both
ceftazidime and cefotaxime and 6 (5%) with ceftazidime only.
For five of the 139 isolates, the results were indeterminate
because no ratio of ceftazidime to ceftazidime/clavulanic acid
MICs was calculable. Such a situation arises when the ceftazi-
dime MIC was above the highest dilution tested and the cefta-
zidime plus clavulanic acid MICs were 64 �g/ml or greater.
Testing cefepime and cefepime plus clavulanic acid (a test not
specified in CLSI guidelines), or utilizing CLSI ESBL disk
diffusion confirmatory tests, may sometimes determine
whether a clavulanic acid effect truly occurs in such isolates
(379).

Steward and colleagues have devised a useful algorithm for
ESBL testing using phenotypic methods (379). They suggest
using cefoxitin susceptibility in isolates with positive screening
tests but negative confirmatory tests as a means of deducing
the mechanism of resistance. Cefoxitin resistant isolates may
produce AmpC-type enzymes or possess porin changes, al-
though it must be recognized that these can coexist with ESBL
production.

Quality control when performing screening and phenotypic
confirmatory tests. Quality control recommendations are that
simultaneous testing with a non-ESBL-producing organism
(Escherichia coli ATCC 25922) and an ESBL-producing organ-
ism (Klebsiella pneumoniae ATCC 700603) also be performed.
Control limits for these organisms are widely available (267).
The ESBL control organism, Klebsiella pneumoniae K6 (ATCC
700603), has been recently characterized; it produces SHV-18
and has lost the OmpK35 and OmpK37 porins (336).

Implications of positive phenotypic confirmatory tests. Ac-
cording to CLSI guidelines, isolates which have a positive phe-
notypic confirmatory test should be reported as resistant to all
cephalosporins (except the cephamycins, cefoxitin, and ce-
fotetan) and aztreonam, regardless of the MIC of that partic-
ular cephalosporin. For example, an isolate with a ceftazidime
MIC of �256 �g/ml, cefotaxime MIC of 4 �g/ml and cefepime

MIC of 2 �g/ml, which has a positive phenotypic confirmatory
test should be reported as resistant to ceftazidime, cefotaxime
and cefepime, when CLSI guidelines are followed. Penicillins
(for example, piperacillin or ticarcillin) are reported as resis-
tant regardless of MIC, but �-lactam/�-lactamase inhibitor
combinations (for example, ticarcillin/clavulanate or piperacil-
lin-tazobactam) are reported as susceptible if MICs or zone
diameters are within the appropriate range.

False positives and false negatives obtained with phenotypic
confirmatory tests. The phenotypic confirmatory tests are
highly sensitive and specific compared to genotypic confirma-
tory tests. However, there are a number of instances whereby
the phenotypic confirmatory tests may be falsely positive or
negative.

Klebsiella pneumoniae or Escherichia coli isolates which lack
ESBLs but which hyperproduce SHV-1 may give false-positive
confirmatory tests. Such isolates can have ceftazidime MICs as
high as 32 �g/ml (252, 304, 340). Rice and colleagues (340)
characterized one such organism where a single base pair
change in the promoter sequence resulted in increased pro-
duction of chromosomally encoded SHV-1. Additionally, outer
membrane protein (OMP) analysis revealed a decrease in the
quantity of a minor 45-kDa outer membrane protein. There
are limited clinical data to determine whether cephalosporins
can be successfully used in patients with such non-ESBL-pro-
ducing organisms. Wu and colleagues described an outbreak in
a pediatric ward in which Klebsiella pneumoniae isolates with-
out ESBLs had positive confirmatory tests (424). The bacteria
were subsequently shown to produce TEM-1 and SHV-1 and
be deficient in the outer membrane protein OmpK35. Eight
bacteremic patients were successfully treated with third-gener-
ation cephalosporins, for which MICs were 1 �g/ml or lower
(424).

There are now numerous reports in which Klebsiella pneu-
moniae isolates have been found to harbor plasmid-mediated
AmpC-type �-lactamases. Some of these organisms have been
found to harbor both AmpC-type �-lactamases and ESBLs
(401). The coexistence of both enzyme types in the same strain
results in elevated cephalosporin MICs but may result in false
negative tests for the detection of ESBLs. The likely explana-
tion is that AmpC-type �-lactamases resist inhibition by clavu-
lanate and hence obscure the synergistic effect of clavulanate
and cephalosporins against ESBLs. The relative amount of
each �-lactamase required to obscure the presence of the other
is not known.

Queenan and colleagues evaluated the performance of broth
microdilution screening and confirmatory tests at inocula
within 0.5 log unit of the standard inoculum (330). False neg-
ative results occurred with both screening and confirmatory
tests when lower inocula were used.

Commercially Available Methods for ESBL Detection

Etest for ESBLs. AB Biodisk (Solna, Sweden) produces
plastic drug-impregnated strips, one end of which contains a
gradient of ceftazidime (MIC test range 0.5 to 32 �g/ml) and
the other with a gradient of ceftazidime plus a constant con-
centration of clavulanate (4 �g/ml). Similar strips containing
cefotaxime and cefotaxime/clavulanate are now available.
These strips are useful for both screening and phenotypic con-
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firmation of ESBL production. The reported sensitivity of the
method as a phenotypic confirmatory test for ESBLs is 87 to
100% (61, 91, 165, 409) and the specificity is 95 to 100%. The
sensitivity and specificity of the method depend on the ratio of
MICs of the cephalosporin versus cephalosporin/clavulanate
combination used –the manufacturer currently recommends a
�8-fold reduction in cephalosporin MICs in the presence of
clavulanate. Occasionally the MIC of the cephalosporin alone
is difficult to read because the inhibition zone is distorted by
the clavulanic acid diffusing from the opposite ends of the strip.
In these cases, some prefer to measure the MIC of the ceph-
alosporin alone using a separate conventional strip containing
only ceftazidime or cefotaxime.

The availability of cefotaxime as well as ceftazidime strips
improves the ability to detect ESBL types which preferentially
hydrolyze cefotaxime such as CTX-M-type enzymes.

Vitek ESBL cards. Laboratories using conventional Vitek
cards risk incorrectly reporting ESBL-producing organisms as
susceptible to cephalosporins when MICs are �8 �g/ml (380).
A specific card which includes tests for ESBL production has
now been FDA approved. The Vitek ESBL test (bioMerieux
Vitek, Hazelton, Missouri) utilizes cefotaxime and ceftazidime,
alone (at 0.5 �g/ml), and in combination with clavulanic acid (4
�g/ml). Inoculation of the cards is identical to that performed
for regular Vitek cards. Analysis of all wells is performed
automatically once the growth control well has reached a set
threshold (4 to 15 h of incubation). A predetermined reduction
in the growth of the cefotaxime or ceftazidime wells containing
clavulanic acid, compared with the level of growth in the well
with the cephalosporin alone, indicates a positive result. Sen-
sitivity and specificity of the method exceed 90% (355).

The principal advantage of the Vitek ESBL card is that it
can be easily integrated into the workflow of laboratories al-
ready using the Vitek system. False-negative results have been
observed in Klebsiella pneumoniae isolates producing both an
ESBL and an AmpC-type �-lactamase (401). Given that nei-
ther the sensitivity nor specificity of the test is 100%, some
laboratories perform additional phenotypic confirmatory tests
in isolates that lack cephalosporin susceptibility but are nega-
tive by the Vitek ESBL test or in isolates called positive by the
Vitek ESBL test (248). The reliability of the test to detect
ESBLs in species other than Klebsiella pneumoniae, Klebsiella
oxytoca, and Escherichia coli is unknown.

The Vitek 2 system has been evaluated for its ability to
detect ESBL production. Leverstein-van Hall and colleagues
found that a high percentage of indeterminate test results
occurred (212), but Livermore and colleagues found that over-
all agreement with reference methods exceeded 90% (220).

MicroScan panels. Dade Behring MicroScan (Sacramento,
Calif.) produces dehydrated panels for microdilution antibiotic
susceptibility testing. In a study of the MicroScan Gram-Neg-
ative Urine MIC 7 and Gram-Negative MIC Plus 2 panels,
read by the Walkaway system, the panels reliably indicated the
presence of ESBL production (255). In the field, MicroScan
conventional panel users reliably report ESBL producers as
ceftazidime resistant but are less likely to report cefotaxime or
ceftriaxone as resistant (380). Use of MicroScan panels in
conjunction with the Wider system for determination of anti-
biotic susceptibilities in a series of 100 clinical Enterobacteri-
aceae isolates with characterized resistance mechanisms has

been studied (69). (The Wider system is a newly developed
computer-assisted image-processing device which can analyze
commercial bacterial identification and susceptibility testing
panels.) In comparison with reference broth microdilution re-
sults, the Wider system had a 0.8% very major error rate, 2.0%
major error rate, and 3.5% minor error rate (69).

MicroScan panels which contain combinations of ceftazi-
dime or cefotaxime plus �-lactamase inhibitors have received
Food and Drug Administration approval and in studies of large
numbers of ESBL-producing isolates they have appeared
highly reliable (199, 383, 395).

BD Phoenix Automated Microbiology System. Becton Dick-
inson Biosciences (Sparks, Md) have introduced a short-incu-
bation system for bacterial identification and susceptibility test-
ing, known as BD Phoenix (212, 356, 384). The Phoenix ESBL
test uses growth response to cefpodoxime, ceftazidime, ceftri-
axone and cefotaxime, with or without clavulanic acid, to de-
tect the production of ESBLs. The test algorithm has been
delineated by Sanguinetti et al. (356). Results are usually avail-
able within 6 hours.

Three European studies have assessed the BD Phoenix
ESBL detection method in evaluations of its ability to detect a
variety of ESBL types (predominantly isolates producing
SHV-2, SHV-5 or SHV-12) (212, 356, 384). The only CTX-M-
type ESBL observed in isolates in these studies was CTX-M-1.
The BD Phoenix ESBL detection method detected ESBL pro-
duction in greater than 90% of strains genotypically confirmed
to produce ESBLs. The method correctly detected ESBL pro-
duction by Enterobacter, Proteus, and Citrobacter spp., in addi-
tion to klebsiellae and Escherichia coli (356).

Other Methods for ESBL Detection

Cephalosporin/clavulanate combination disks on Iso-Sen-
sitest agar. The British Society for Antimicrobial Chemother-
apy has recommended the disk-diffusion method for pheno-
typic confirmation of ESBL presence using ceftazidime/
clavulanate and cefotaxime/clavulanate combination disks,
although recommends that the test be performed with semi-
confluent growth on Iso-Sensitest agar (rather than confluent
growth on Mueller-Hinton agar). Using this method, M’Zali et
al. (265) compared the zone diameters of each combination
compared with those of the cephalosporin alone, and calcu-
lated a ratio of cephalosporin/clavulanate zone size divided by
cephalosporin zone size. A ratio of 1.5 or greater was taken to
signify the presence of ESBL activity. Using this method, the
sensitivity of the test for detecting ESBLs was 86% using the
disks containing ceftazidime and 65.5% for the disks contain-
ing cefotaxime. If results from both antibiotics were taken into
consideration, the sensitivity increased to 93%. The test did
not detect ESBL production by strains producing SHV-6.

Carter et al. (73) have evaluated a cefpodoxime/clavulanate
combination disk and compared zone sizes with those obtained
with cefpodoxime alone. 180 known ESBL producers gave a
zone size at least 5 mm larger with the combination disks
(mean difference 11.6 mm), while none of 50 ESBL negative
control isolates gave a difference in zone diameter of more
than 1 mm.

Double-disk diffusion test. In the late 1980s, French inves-
tigators (62, 182) described a disk diffusion test in which
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synergy between cefotaxime and clavulanate was detected by
placing a disk of amoxicillin/clavulanate (20 �g/10 �g, respec-
tively) and a disk of cefotaxime (30 �g), 30 mm apart (center
to center) on an inoculated agar plate. A clear extension of the
edge of the cefotaxime inhibition zone toward the disk con-
taining clavulanate was interpreted as synergy, indicating the
presence of an ESBL; 30-�g antibiotic disks of ceftazidime,
aztreonam, and ceftriaxone are also placed on the plate, 30
mm (center to center) from the amoxicillin/clavulanate disk,
since sometimes this keyhole effect is not observed with cefo-
taxime but is with other �-lactam antibiotics containing the
oxyimino group.

Evaluation of the double-disk diffusion test against strains
which have been genotypically confirmed to be ESBL produc-
ers or non producers have revealed sensitivities of the method
ranging from 79% to 97% and specificities ranging from 94%
to 100% (31, 61, 165, 229, 393, 409). False-negative results
have been observed with isolates harboring SHV-2 (31, 393),
SHV-3 (165), and TEM-12 (409). In isolates which are suspi-
cious for harboring ESBLs but are negative using the standard
distance of 30 mm between disks, the test should be repeated
using closer (for example, 20 mm) or more distant (for exam-
ple, 40 mm) spacing (165, 393).

A major advantage of the double-disk diffusion test is that is
technically simple. However, the interpretation of the test is
quite subjective. Sensitivity may be reduced when ESBL activ-
ity is very low, leading to wide zones of inhibition around the
cephalosporin and aztreonam disks. This has been noted for
Proteus mirabilis (409). The test, like other inhibitor-based
tests, may give an erroneous impression of the presence of
ESBLs in organisms such as Stenotrophomonas maltophilia
(262). A falsely positive test occurs for this organism because
aztreonam is not a substrate for the L2 metalloenzymes and
clavulanic acid inhibits other �-lactamases produced by
Stenotrophomonas maltophilia (262).

Agar supplemented with clavulanate. Ho et al. (165) de-
scribed a method by which Mueller-Hinton agar was supple-
mented with 4 �g/ml of clavulanate. Antibiotic disks contain-
ing ceftazidime (30 �g), cefotaxime (30 �g), ceftriaxone (30
�g), and aztreonam (30 �g) were placed on the clavulanate
containing agar and on regular clavulanate free Mueller-Hin-
ton agar plates. A difference in �-lactam zone width of �10
mm on the two media was considered positive for ESBL pro-
duction. The difference in ceftazidime zone sizes was 93 to
96% sensitive and 100% specific in the hands of the originators
of the test (165), but somewhat less so according to other
investigators (31). A major drawback of the method is the need
to freshly prepare clavulanate containing plates. The potency
of clavulanic acid begins to decrease after 72 h.

Disk replacement method. Casals and Pringler (Mediterra-
nean Congress of Chemotherapy, Barcelona, Spain, 20 to 25
May 1990) described the following method. Three amoxicillin/
clavulanate disks are applied to a Mueller-Hinton plate inoc-
ulated with the test organism. After 1 hour at room tempera-
ture, these antibiotic disks are removed and replaced on the
same spot by disks containing cefotaxime, ceftazidime and
aztreonam. Control disks of these three antibiotics are simul-
taneously placed at least 30 mm from these locations. A pos-
itive test is indicated by a zone increase of �5 mm for the disks

which have replaced the amoxicillin/clavulanate disks com-
pared to the control disks.

A modification of this test, in which 6-mm sterile paper disks
inoculated with 20 �l of clavulanic acid (200 �g/ml) were used
instead of the amoxicillin-clavulanic acid disks has been de-
scribed (359). The results of this method are comparable to the
double-disk synergy test (359). Unfortunately the method is
not suitable for busy clinical microbiology laboratories given
the need for a second step one hour after the initial plate
inoculation.

Three-dimensional test. The three-dimensional test gives
phenotypic evidence of ESBL-induced inactivation of extend-
ed-spectrum cephalosporins or aztreonam without relying on
demonstration of inactivation of the �-lactamases by a �-lac-
tamase inhibitor. In this test, developed by Thomson (393), the
surface of the susceptibility plate is inoculated by standard
methods for disk diffusion testing, but additionally a circular
slit is cut in the agar concentric with the margin of the plate. A
heavy inoculum of the test organism (109 to 1010 CFU of cells)
is pipetted into the slit. �-Lactam-impregnated disks are then
placed on the surface of the agar 3 mm outside of the inocu-
lated circular slit. �-Lactamase-induced inactivation of each
test antibiotic is detected by inspection of the margin of the
zone of inhibition in the vicinity of its intersection with the
circular three-dimensional inoculation. The presence of �-lac-
tamase-induced drug inactivation is visualized as a distortion
or discontinuity in the usually circular inhibition zone or the
production of discrete colonies in the vicinity of the inoculated
slit.

A modification of the test involves removing a cylindrical
plug of agar (diameter, 4 mm), 2 mm from the antibiotic disks
(393, 409). This cup is then filled with a milky suspension of the
test organism. The modified test is interpreted as positive if the
inhibition zone around the �-lactam antibiotic disk is distorted
in such a way that growth of the test organism appears within
the zone, behind the cup, and fully reaching the cup.

Disadvantages of the test include the need for an additional
indirect test if inhibition zones are small or absent. The indi-
rect test is performed by inoculating the surface of the agar
with a fully susceptible strain, such as Escherichia coli ATCC
25922, and then inoculating the circular cut in the agar with the
suspension of the test organism. This precludes simultaneous
determination of antibiotic susceptibilities but does permit in-
vestigation of the �-lactamases of organisms for which inhibi-
tion zones are very small.

If the indirect test is used, the three-dimensional test is more
sensitive than the double-disk diffusion test (393, 409), but if
the indirect test is not used, sensitivity declines (31).

Difficult Organisms

Klebsiella oxytoca. Most strains of Klebsiella oxytoca produce
a chromosomally mediated �-lactamase (K1) that is in the
same group, 2be, as plasmid-mediated ESBLs. Like the plas-
mid-mediated ESBLs, K1 hydrolyzes penicillins, third-genera-
tion cephalosporins and aztreonam and is inhibited by clavu-
lanic acid. Mutational hyperproduction of the chromosomal
K1 enzyme produces a characteristic antibiogram with suscep-
tibility to ceftazidime, but resistance to piperacillin, cefu-
roxime, and aztreonam. Cefotaxime MICs are usually 0.12 to 2
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�g/ml and ceftriaxone MICs are in the range of 0.5 to 32 �g/ml
(136). Although the majority of Klebsiella oxytoca isolates pro-
duce only low levels of the K1 �-lactamase, hyperproduction of
the enzyme is seen in 10 to 20% of clinical isolates (221).

Klebsiella oxytoca isolates producing TEM or SHV-type
ESBLs may be distinguished from isolates hyperproducing K1
since the former �-lactamases usually have ceftazidime MICs
�2 �g/ml (or equivalent zone diameters), while K1 hyperpro-
ducers do not. Klebsiella oxytoca strains hyperproducing the K1
�-lactamase will usually be recorded as positive on the Vitek
ESBL test, but fewer than 20% of strains will appear positive
using the double-disk diffusion test (355). Klebsiella oxytoca
strains with a TEM or SHV-type ESBL will usually be positive
on the Vitek ESBL test and the double-disk diffusion test
(355). A little over 50% of Klebsiella oxytoca strains hyperpro-
ducing K1 will have cefpodoxime zone sizes of �17 mm (73).

Enterobacteriaceae other than Escherichia coli and Klebsiella
spp. CLSI screening and confirmatory tests apply only to Esch-
erichia coli, Klebsiella spp., and Proteus mirabilis. They probably
apply quite well to Salmonella spp. An evaluation of the use of
CLSI methods for Enterobacteriaceae other than Escherichia
coli and Klebsiella spp. collected from hospitals in the United
States from 1996 to 1999 found that while approximately half
of these isolates were screen positive for ESBL production,
only 2% showed any clavulanic acid effect (360). Thus, it was
not considered warranted, by the authors, to extend ESBL
detection tests to other Enterobacteriaceae (360). A similar
situation probably exists with nonfermentative bacteria such as
Pseudomonas aeruginosa or Acinetobacter spp.

Of note is that there have been numerous reports of both
Enterobacter cloacae and Enterobacter aerogenes harboring
ESBLs, in addition to chromosomal AmpC-type �-lactamases
(41, 48, 68, 108, 119, 134, 213, 214, 232, 271, 314, 356). Could
it be clinically important to determine which of these Enter-
obacter isolates produce both enzyme types? A casual inspec-
tion of the antibiotic susceptibility patterns of organisms pro-
ducing ESBLs versus those producing only AmpC-type
�-lactamases would suggest that detection of the type of en-
zyme is not important since the therapeutic options are simi-
larly limited. However, cefepime MICs appear to be higher in
ESBL-producing versus non-ESBL-producing strains of En-
terobacter cloacae (148). Many cefepime-resistant Enterobacter
strains are found to be ESBL producers (108, 267). However,
between 40 and 50% of ESBL-producing strains had cefepime
MICs in the susceptible range (�8 �g/ml) (148, 267); it is not
certain if clinical failure with this drug might be higher in
ESBL-producing versus non-ESBL-producing Enterobacter
cloacae. In addition to this therapeutic concern is the epide-
miologic significance of hidden ESBL production in En-
terobacter spp. The presence of ESBLs may imply the possibil-
ity of plasmid transmission among different species in addition
to patient to patient transmission of ESBL-producing strains
(407). A clonal strain of ESBL-producing Enterobacter aero-
genes has caused numerous infections in France, and has raised
important infection control issues (48).

As noted above, the CLSI has not published guidelines for
detection of ESBLs in any organisms other than Escherichia
coli, klebsiellae, or Proteus mirabilis, and the sensitivity and
specificity of many ESBL detection methods in this genus are
not known. In a study of Greek Enterobacter isolates, the Vitek

ESBL detection test was positive for fewer than 10% of strains
producing both an ESBL and an AmpC-type enzyme (398).
The conventional double-disk synergy test was positive only for
16% of strains. Closer application of the disks (20 mm instead
of 30 mm) increased the sensitivity of detection to 71%. In a
study of SHV-7-producing Enterobacter cloacae isolates from
Philadelphia, the conventional double-disk synergy test was
positive for only 5 of 14 isolates when ceftazidime was used as
the cephalosporin substrate (214).

Why are these tests less reliable in detecting ESBLs in En-
terobacter spp. than in klebsiellae and Escherichia coli? In or-
ganisms which produce ESBLs but not AmpC, clavulanate will
inhibit the activity of ESBL, leading to enhancement of the
zone of inhibition in the area between the amoxicillin/clavu-
lanate disk and any of the third-generation cephalosporin
disks. However, in organisms which produce both ESBLs and
AmpC, clavulanate may induce hyperproduction of the AmpC
�-lactamase, leading to hydrolysis of the third-generation
cephalosporin, masking any synergy arising from inhibition of
the ESBL.

Modification of the conventional double-disk diffusion test
in which 30-�g cefepime (or cefpirome) disks were placed at
distances of 30 or 20 mm (center to center) from a disk con-
taining 20 �g amoxicillin plus 10 �g clavulanate has been used
to detect ESBLs in Enterobacter spp. (148, 214, 398, 407). Since
cefepime is less subject to hydrolysis by AmpC �-lactamases
than third-generation cephalosporins, the issue of induction by
clavulanate is less relevant; therefore, enhancement of the
zone of inhibition in the area between the amoxicillin/clavu-
lanate disk and the cefepime disk may still be observed. The
sensitivity of this test in detecting ESBLs in Enterobacter spp.
was 61% with disk spacing of 30 mm and 90% with disk spacing
of 20 mm (398). The specificity of such a procedure was 92%
at 30 mm and 97% at 20 mm. Levison and colleagues found
that all 14 ESBL-producing Enterobacter cloacae isolates had a
positive double-disk test when amoxicillin/clavulanate and
cefepime disks were 20 mm apart (edge to edge) (214). An
additional test showing synergy between ceftazidime and imi-
penem has been utilized in the detection of a novel class A
enzyme, IBC-1, in Enterobacter cloacae isolates (191).

Thomson (395) has published an alternative approach for
the detection of ESBLs in Enterobacter spp. In this approach,
a decrease in ceftriaxone MICs of �8-fold in the presence of 8
�g/ml sulbactam was highly predictive of ESBL production
(395). However, this study evaluated just 16 strains and did not
include strains with CTX-M-type ESBLs.

TREATMENT AND OUTCOME OF INFECTIONS WITH
ESBL-PRODUCING ORGANISMS

In Vitro Studies

Given the ability of ESBL-producing organisms to hydrolyze
many �-lactam antibiotics, it is not surprising that antibiotic
choice for infections with such organisms is seriously reduced.
Furthermore, however, the plasmids bearing the genes encod-
ing ESBLs frequently also carry genes encoding resistance to
aminoglycosides and trimethioprim/sulfamethoxazole. There
have been increasing reports of plasmid-encoded decrease in
susceptibility to quinolones, frequently in association with plas-
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mid-mediated cephalosporin resistance (178, 233, 238, 415).
Even when plasmid-encoded decrease in quinolone suscepti-
bility is not present, there is a strong association between
quinolone resistance and ESBL production (20, 60, 206, 292).
The reason for this association is not well understood.

Martinez-Martinez and colleagues have performed a careful
analysis of mechanisms of quinolone resistance in Klebsiella
pneumoniae isolates of clinical origin (236). These authors
found that porin loss was observed only in those Klebsiella
pneumoniae strains producing an ESBL. A significant number
of these porin deficient strains also showed active efflux of
quinolones. However, in the absence of topoisomerase
changes, porin loss and active efflux did not have a significant
effect upon quinolone resistance (236). It must be noted that
patients with infections with ESBL producers and patients with
quinolone-resistant isolates frequently share heavy antibiotic
use of both extended-spectrum cephalosporins and quinolones
(206, 292). Lautenbach and colleagues (206) additionally
found that long-term-care facility residence was a significant
risk factor for quinolone resistance in ESBL-producing Kleb-
siella pneumoniae and Escherichia coli.

�-Lactam/�-lactamase inhibitor combinations are usually
active against organisms possessing a single ESBL. As has been
noted previously, many organisms now produce multiple
ESBLs (24, 53, 81, 366), which may reduce the effectiveness of
�-lactam/�-lactamase inhibitor combinations. In vitro resis-
tance of ESBL-producing isolates to such combinations is in-
creasing; in a study of isolates from 35 intensive care units in
Europe, the percentage of ESBL-producing isolates resistant
to piperacillin-tazobactam rose from 31% in 1994 to 63% in
1997–1998 (20).

In vitro, the carbapenems (including imipenem, mero-
penem, and ertapenem) have the most consistent activity
against ESBL-producing organisms, given their stability to hy-
drolysis by ESBLs. Cephamycins are also stable to the hydro-
lytic effects of ESBLs. Unfortunately, ESBL-producing organ-
isms may lose outer membrane proteins leading to resistance
to the cephamycins not related to �-lactamase production.

Antibiotic Choice for Serious Infections

As noted above, third-generation cephalosporins are poor
choices for the treatment of serious infections due to ESBL-
producing organisms. Failure rates are high when MICs of the
cephalosporins are elevated (for example, 4 or 8 �g/ml) but
still within the susceptible range (95, 196, 289).

Stochastic modeling suggests that cefepime at 2 g every 12 h
may have a high probability of achieving pharmacokinetic/
pharmacodynamic targets which have previously been corre-
lated with clinical success (11). However, published clinical
experience with the use of cefepime for the treatment of
ESBL-producing organisms has been quite limited (289, 290).
In a randomized trial of cefepime versus imipenem for noso-
comial pneumonia, clinical response for infections with ESBL-
producing organisms was seen in 100% (10 of 10) patients
treated with imipenem but only 69% (9 of 13) patients treated
with cefepime (440).

In common with other extended-spectrum cephalosporins,
MICs for cefepime rise substantially when the inoculum of
infecting organisms rises (30, 184, 392). Cefepime resistance

may be more frequent in strains which produce the CTX-M-
type ESBLs (436). Cefepime should not be used as first-line
therapy against ESBL-producing organisms; if it is used (for
example, against organisms with a cefepime MIC of �2 �g/
ml), it should be used in high dosage (at least 2 g twice a day).
In vitro synergy may be achievable between cefepime and ami-
kacin (123, 287).

There are few published reports of the use of cephamycins
(for example, cefoxitin and cephamycin) in the treatment of
ESBL producers (55, 285, 374). In one of these reports, selec-
tion of porin resistant mutants occurred during therapy, result-
ing in cefoxitin resistance and relapse of infection. In addition,
combined cephamycin and carbapenem resistance in Klebsiella
pneumoniae has been observed in the setting of widespread
cephamycin use in response to an outbreak of infection with
ESBL-producing organisms (55). Therefore, we are reluctant
to recommend cephamycins as first-line therapy for ESBL-
producing organisms, despite their good in vitro activity.

�-Lactam/�-lactamase inhibitor combinations are subject to
rising MICs as inoculum rises (392). Additionally, it is well
known that ESBL-producing organisms may continue to har-
bor parent enyzmes (for example, SHV-1 or TEM-1). Hyper-
production of these non-ESBL-producing �-lactamases (4) or
the combination of �-lactamase production and porin loss can
also lead to a reduction in activity of �-lactamase inhibitors.
Some animal studies have shown �-lactam/�-lactamase inhib-
itor combinations to be less effective than carbapenems against
ESBL-producing organisms (187). Stochastic modeling sug-
gests that some dosing regimens of piperacillin-tazobactam
may not have a high probability of achieving pharmacokinetic/
pharmacodynamic targets which have previously been corre-
lated with clinical success (11). Published clinical experience
with �-lactam/�-lactamase inhibitor combinations in the treat-
ment of serious infections due to ESBL producers is limited to
just a few patients (65, 95, 124, 293, 299, 310), and for this
reason we do not regard �-lactam/�-lactamase inhibitor com-
binations as suitable first-line therapy for serious infections
with ESBL-producing organisms.

Quinolones may be regarded as the treatment of choice for
complicated urinary tract infections due to ESBL-producing
organisms, if there is not in vitro resistance to quinolones
(Table 3). Unfortunately, increasing in vitro resistance of
ESBL producers to quinolones will limit the role of these
antibiotics in the future. In general, the newer quinolones are
unlikely to provide great additional benefits over ciprofloxacin.
Three observational clinical studies have assessed the relative
merits of quinolones and carbapenems for serious infections

TABLE 3. Recommended treatment for infections with
ESBL-producing organisms

Infection type Therapy of choice Second-line therapy

Urinary tract infection Quinolonea Amoxicillin/clavualante
Bacteremia Carbapenem Quinolonea

Hospital-acquired
pneumonia

Carbapenem Quinolonea

Intra-abdominal infection Carbapenem Quinolonea (plus
metronidazole)

Meningitis Meropenem Intrathecal polymyxin B

a If the organism is quinolone susceptible.
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due to ESBL-producing organisms (125, 186, 290). Two of
these studies found that carbapenems were superior to quin-
olones (125, 290), whereas one of the studies found that they
were equivalent in effectiveness (186). It is possible that sub-
optimal dosing of quinolones in the presence of strains with
elevated quinolone MICs (yet remaining in the susceptible
range) may account for these differences.

Two studies have suggested that synergy may occur when
ciprofloxacin is added to �-lactam antibiotics in vitro against
ESBL-producing strains. Addition of ciprofloxacin to imi-
penem and to the combination of cefotaxime and sulbactam
has been found to be synergistic (14). The antimicrobial com-
binations of ciprofloxacin plus either cefpirome or cefepime
resulted in a 4 log decrease in ESBL-producing Klebsiella pneu-
moniae (123). There are no publications on the clinical use of
these combinations.

Carbapenems should be regarded as the drugs of choice for
serious infections with ESBL-producing organisms. The basis
for this statement is not just the almost uniform susceptibility
in vitro of these compounds but also increasingly extensive
clinical experience (65, 116, 125, 186, 246, 287, 289–291, 420,
421, 440). The choice between imipenem and meropenem is
difficult. Published experience is greatest with imipenem, but
MICs are slightly lower for meropenem. In nosocomial men-
ingitis, meropenem should be regarded as the drug of choice.
Intrathecal polymyxin B should also be considered, along with
removal of neurosurgical hardware in cases of CSF shunt in-
fections (361). Ertapenem shares the good in vitro activity of
the other carbapenems (176). The ability to use ertapenem
once daily makes it potentially useful in serious infections with
ESBL producers in nursing home residents or patients con-
tinuing parenteral therapy out of hospital. However there is no
published clinical experience on use of this drug for infections
with ESBL-producing organisms.

There is no evidence that combination therapy with a car-
bapenem and antibiotics of other classes is superior to use of a
carbapenem alone (116, 290). Synergy has been exhibited in
some but not all studies (297, 347).

Carbapenem-Resistant Klebsiella pneumoniae Isolates

Carbapenem resistant, ESBL-producing isolates remain ex-
ceedingly rare. Neither ESBLs nor plasmid-mediated AmpC
�-lactamases are capable of hydrolyzing carbapenems to any
great degree. However, in an experimental investigation of the
roles of �-lactamases and porins in the activities of carbapen-
ems against Klebsiella pneumoniae, Martinez-Martinez et al.
(237) found that carbapenem resistance could be achieved by
the combination of porin loss and the presence of the plasmid-
mediated �-lactamases. In studies which have investigated clin-
ical isolates of Klebsiella pneumoniae exhibiting carbapenem
resistance, the combination of porin loss and �-lactamase pro-
duction has resulted in carbapenem resistance. The relevant
�-lactamases have included previously characterized ESBLs
(SHV-2) (228) and AmpC-type enzymes (ACT-1 and CMY-4)
(55, 72).

A second documented mechanism for carbapenem resis-
tance is the presence of a �-lactamase capable of hydrolysis of
carbapenems. Worryingly, such carbapenemases have been
found to be plasmid-mediated. This is a great concern given

the propensity for klebsiellae to host plasmids. Two types of
carbapenemases have thus far been detected. The first are
Bush-Jacoby-Medeiros group 3 enzymes. These metalloen-
zymes were originally found in Klebsiella pneumoniae isolates
in Japan in 1994. This IMP-1 enzyme has now been found in a
Klebsiella pneumoniae isolate in Singapore, where a combina-
tion with porin loss contributed to high-level carbapenem re-
sistance (198). A recent report from Taiwan has described a
Klebsiella pneumoniae isolate with a novel IMP-type carbapen-
emase (IMP-7), which was encoded on a plasmid also harbor-
ing genes encoding TEM-1 and the ESBL SHV-12 (430). Sev-
eral other examples of IMP and VIM metalloenzyme
producing klebsiellae have been reported (89, 137, 139, 216,
224, 250).

The second carbapenemase detected in Klebsiella pneu-
moniae was the novel Bush-Jacoby-Medeiros group 2f �-lac-
tamase, coined KPC-1 (432). The amino acid sequence of this
�-lactamase showed 45% homology to the Sme-1 carbapen-
emase of Serratia marcescens. Although the strain also har-
bored an ESBL, SHV-29, the carbapenemase was also respon-
sible for resistance to extended-spectrum cephalosporins and
aztreonam. Related carbapenemases, KPC-2 and KPC-3, have
also been reported, especially from New York City (52, 168,
251, 376, 422, 433).

A third potential mechanism for carbapenem resistance is a
change in the affinity of penicillin-binding proteins for carba-
penems. Thus, far, such a mechanism has not been described in
carbapenem-resistant, ESBL-producing strains.

The epidemiology of carbapenem-resistant Klebsiella pneu-
moniae isolates has yet to be studied in great detail (2). Eight
patients with carbapenem resistance mediated by the combi-
nation of porin loss and the ACT-1 enzyme were identified in
a single intensive care unit –all eight had previously been
treated with imipenem. In two instances, sequential isolates of
imipenem susceptible and imipenem resistant isolates had
identical pulsed-field gel electrophoresis patterns indicating
emergence of resistance during imipenem therapy. Three dis-
tinct clones of organisms were identified, and no personnel or
environmental sources of the infection were identified. Since
no other antibiotic options were available, six of the eight
patients died from the infection. The outbreak was halted by
reinforcement of infection control, despite increasing use of
imipenem. Tigecycline or polymyxins may be considered in
treatment of carbapenem-resistant klebsiellae.

Outcome of Serious ESBL- and
Non-ESBL-Producing Infections

The case-control studies noted in the section on risk factors
for ESBL production were reviewed for differences in outcome
between the two groups. A number of these studies gave data
on outcome (103, 104, 205, 311, 358). In each of these studies,
there was no significant difference between mortality in pa-
tients colonized or infected with ESBL producers (range 19 to
30%) and those who did not get colonized or infected. In one
study (358), mortality (42%) was higher in patients bacteremic
with ESBL producers who did not receive appropriate antibi-
otic therapy. Additionally, duration of hospital stay and
hospital charges may be higher in patients infected with ESBL-
producing organisms than with non-ESBL-producing organ-
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isms of the same species (12, 205). Analysis of data from the
Brooklyn Antibiotic Resistance Task Force showed that pa-
tients with infection due to ESBL-producing Klebsiella pneu-
moniae had a median length of hospital stay postinfection of 29
days compared to 11 days in those with infection due to non-
ESBL-producing Klebsiella pneumoniae (12).

CONCLUSIONS

ESBLs have evolved greatly over the last 20 years. Their
presence, plus the potential for plasmid-mediated quinolone
and carbapanem resistance, will be sure to create significant
therapeutic problems in the future. It is unlikely that many new
antibiotic options will be available in the next 5 to 10 years to
tackle such multiresistant infections. Enhanced infection con-
trol, coupled with antibiotic stewardship programs, therefore
plays an important role in limiting the spread of ESBL-pro-
ducing organisms. As previously stated, there is no doubt that
the ESBLs will become increasingly complex and diverse in the
future. This will create increasing challenges for those creating
guidelines for detection of ESBLs in the clinical microbiology
laboratory. Alteration of antibiotic susceptibility breakpoints
may become necessary but need to be carefully considered in
combination with pharmacokinetic, pharmacodynamic, and
clinical data.
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