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Abstract The emergence of multidrug-resistant (MDR) Gram-negative bacilli cre-
ates a challenge in the treatment of nosocomial infections. While the pharma-
ceutical pipeline is waning, two revived old antibacterials (colistin and
fosfomycin), a newer one (tigecycline) and an ‘improved’ member of an
existing class (doripenem) are the only therapeutic options left.

The class of polymyxins, known since 1947 and represented mostly by
polymyxin B and polymyxin E (colistin), has recently gained a principal role
in the treatment of the most problematic MDR Gram-negative pathogens
(such as Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneu-
moniae and Stenotrophomonas maltophilia). Future prospective studies are
needed to answer important clinical questions, such as the possible benefit of
combination with other antimicrobials versus monotherapy, the efficacy of
colistin in neutropenic hosts and the role of inhaled colistin. As new pharmaco-
kinetic data emerge, clarification of the pharmacokinetic/pharmacodynamic
(PK/PD) profile of colistin as well as appropriate dosing seems urgent, while
development of resistance must be carefully monitored.

Fosfomycin tromethamine, a synthetic salt of fosfomycin discovered in
1969, has regained attention because of its in vitro activity against extended-
spectrum b-lactamase (ESBL)-producing Enterobacteriaceae and MDR
P. aeruginosa. Although in use for decades in oral and parenteral formula-
tions for a variety of infections without significant toxicity, its clinical utility
in MDR infections remains to be explored in future studies.

Tigecycline, the first representative of the new class of glycylcyclines, holds
promise in infections from MDR K. pneumoniae (K. pneumoniae carbapene-
mase [KPC]- and ESBL-producing strains) and Enterobacteriaceae with
various mechanisms of resistance. The in vitro activity of tigecycline against
A. baumannii makes it a tempting option, as it is currently the most active
compound against MDR strains along with colistin. However, the usual
minimum inhibitory concentration values of this pathogen are approximately
2mg/L and compromise clinical outcomes based on PK/PD issues. Its ad-
vantageous penetration into various tissues is useful in infections of the skin
and soft tissues as well as intra-abdominal infections (official indications),
whereas low serum concentrations compromise its use in bloodstream infec-
tions. Therefore, prospective studies with dose escalation are urgently needed,
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as well as clarification of its role in nosocomial pneumonia, after poor results
in the study of ventilator-associated pneumonia.

Finally, doripenem, the recently licensed member of the carbapenems
(without significant spectrum alterations from the ascendant members) seems
to possess a lower potential for resistance selection and a more favourable
pharmacokinetic profile when given as an extended infusion. The latter
strategy could prove helpful in overcoming low level resistance of A. bau-
mannii and P. aeruginosa strains.

In 2009, infections caused bymultidrug-resistant
(MDR) bacteria continue to challenge physicians
and endanger their patients’ lives. MDR micro-
organisms were recently named as the ‘ESKAPE’
pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Entero-
bacter spp.) to emphasize that they ‘escape’ the
effects of antibacterial agents.[1-3]

The pharmaceutical pipeline against MDR
Gram-negative pathogens is extremely limited.
At the same time, data published in 2004 from the
US National Nosocomial Infection Surveillance
System (NNIS), report resistance rates among
P. aeruginosa isolates to imipenem and quinolones
at 21.1% and 29.5%, respectively; in intensive
care unit (ICU) isolates, the respective rates
of resistance were even higher (up to 51.6% for
ciprofloxacin, 31.4% for piperacillin/tazobactam,
38% for imipenem and 23.6% for ceftazidime).[4]

Relevant figures for ICU isolates of P. aeruginosa
derived from Europe are even worse, as from
1990 through to 1999 resistance to aminoglyco-
sides reached 37–70%, to ceftazidime 57%, to
piperacillin/tazobactam 53%, to ciprofloxacin 56%
and to imipenem 52%.[5]

MDR A. baumannii isolates are becoming one
of the most serious therapeutic problems world-
wide. Data from the NNIS indicate that from
1986 to 2003, among Acinetobacter organisms
causing pneumonia in ICUs, resistance to imipe-
nem had increased from 0% to 42% and to cefta-
zidime from 18% to 68%. The substantial rise in
the incidence of A. baumannii among nosocomial
pathogens has elucidated thismicro-organism as an
indisputable indicator of poor clinical outcomes.[6,7]

Currently, increasing rates of Enterobacteriaceae
harbouring extended-spectrum b-lactamases

(ESBLs), including CTX-M, plasmid-mediated
AmpC b-lactamases and carbapenemases, repre-
sent a new emerging threat. Resistance to third-
generation cephalosporins in K. pneumoniae
strains was reported at 20.6% for the year 2003,
with a worrisome 47% increase from 1998 to
2002.[4] Recently, the emergence of K. pneumoniae-
producing metallo-b-lactamases (MBLs) has been
witnessed in certain areas.[8]

Based on our very weak antimicrobial arma-
mentarium, this review is focused on four com-
pounds: colistin, a re-emerging old antibacterial;
tigecycline, a genuinely new antibacterial; dor-
ipenem, a new antibacterial from an existing
class; and fosfomycin, an old antibacterial being
revivied. These are currently the only active
compounds against MDR Gram-negative micro-
organisms available.

The PubMed database was searched for re-
levant literature published between 1970 to March
2009 by using the terms ‘colistin’, ‘polymyxins’,
‘tigecycline’, ‘doripenem’ and ‘fosfomycin’. Ab-
stracts from Interscience Conferences on Anti-
microbial Agents and Chemotherapy from 2005
to 2008 were also searched.

1. Polymyxins

The emergence ofMDRGram-negative bacilli
(mainly P. aeruginosa, A. baumannii and recently
K. pneumoniae) in parallel with the lack of new
antibacterials, led to the revival of polymyxins,
which is an old class of cyclic polypeptide anti-
biotics that was discovered in 1947 from Bacillus
polymyxa.[9,10] They consist of polymyxins A–E,
of which only polymyxin B and polymyxin E
(colistin) are currently on the market. Colistin is
available in two forms: colistin sulfate (tablets or
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syrup for bowel decontamination and powder for
topical use) and colistin methanesulfonate (co-
listimethate sodium; CMS) for parenteral use. In
the USA, as well as in Brazil, polymyxin B sulfate
is also used parenterally.[11] In terms of potency,
polymyxin B sulfate is the most potent, followed
by colistin sulfate and CMS.[9-11]

1.1 Mode of Action and Resistance
Mechanisms

The target of antimicrobial action of colistin is
the bacterial cell membrane, where the poly-
cationic peptide ring interacts with the lipid A of
lipopolysaccharides, allowing penetration through
the outermembrane by displacing Ca2+ andMg2+.
Insertion between the phospholipids of the cyto-
plasmic membrane leads to loss of membrane
integrity and to bacterial cell death.[9,12] Studies
with colistin-resistant P. aeruginosa have re-
ported alterations at the outer membrane of the
cell, such as reduction in cell envelope Mg2+ and
Ca2+ contents, lipid alteration and substitution of
protein OprH for magnesium.[13] An efflux pump/
potassium system has been also identified in a
polymyxin B-resistant Yersinia spp.[14] Despite
the very slow reported development of resistance,
in Greece in 2005, among 98 MDR K. pneumo-
niae strains (ESBL and VIM producers) derived
from ICU patients and belonging to six different
clones, 16% were found to be resistant to colistin;
resistance increased to 37% after 2005.[15,16]

Colistin has potent antiendotoxin activity, but
the significance of the latter mechanism in humans
is not clear yet. However, the application of a
polymyxin B-immobilized fibre column (PMX-F)
in septic patients or in septic shock was rather
successful.[17]

1.2 Antibacterial Activity

Colistin is active in vitro against Escherichia
coli, Klebsiella spp., Enterobacter spp., Citro-
bacter spp., Salmonella spp., Shigella spp.,
Haemophilus influenzae, Legionella pneumophila,
Bordetella pertussis, MDR P. aeruginosa and
Acinetobacter spp., and Stenotrophomonas malto-
philia and Aeromonas spp. including most of the

pan-drug resistant (PDR) strains.[18-20] By apply-
ing population analysis profiles, heteroresistance
to colistin in MDR A. baumannii strains was first
demonstrated in 2006.[21] Heteroresistance has
been attributed to potentially suboptimal dosing
regimens.[21] A significantly higher proportion of
cells exhibiting heteroresistance was observed
among patients pre-treated with colistin.[22]

Since 2005, the Clinical Laboratory Standards
Institute (CLSI) established minimum inhibitory
concentration (MIC) breakpoints of £2mg/L for
P. aeruginosa (susceptibility [S] £2mg/L, re-
sistance [R] ‡8mg/L) and Acinetobacter spp.
(S £2mg/L, R ‡4mg/L),[23] whilst the European
breakpoints published by the European Com-
mittee on Antimicrobial Susceptibility Testing
(EUCAST) [S £2mg/L, R ‡4mg/L] include all
Enterobacteriaceae.[24] In terms of disk suscept-
ibility testing, CLSI recommends susceptibility
breakpoints only for P. aeruginosa (10 mg colistin
disk; R £10mm, S ‡11mm). Guidelines for co-
listin disk susceptibility testing have also been
published by the French Society for Micro-
biology and the British Society for Antimicrobial
Chemotherapy.[25,26]

However, correlation of agar dilution (the
gold standard method) with disk diffusion shows
that the latter is unreliable for detecting colistin
resistance,[27] while the poor agar diffusion char-
acteristics of colistin limit the predictive accurary
of the disk diffusion test and consequently values
of 12–13mm should be confirmed with MIC de-
termination by E-test.[28] MICs obtained by the
VITEK�-2 system have been also reported to be
unreliable.[29] It should be pointed out that the
formulation of colistin that must be used in sus-
ceptibility tests is colistin sulfate and not CMS.

The in vitro interaction of CMS with rifampi-
cin has been evaluated against PDRP. aeruginosa
strains, including colistin. Synergy depending on
exposure time was reported in 11.8–41.7% of
strains.[30] Synergy has also been reported with
colistin and rifampicin in MDR A. baumannii
strains producing OXA-58 carbapenemase.[31]

Recent reports have described synergistic in vitro
results after the combination of colistin with
minocycline on imepenem-resistant A. baumannii
clinical isolates,[32] as well as after the combination
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of meropenem with colistin against P. aeruginosa
and A. baumannii strains.[33]

1.3 Pharmacokinetics and
Pharmacodynamics

To avoid confusion, it should be mentioned
that CMS 2.4mg contains 1mg of colistin base,
whereas colistin pure base has a potency of
30 000 IU/mg and CMS 12 500 IU/mg.

There are two formulations of polymixin B
available. For adults and children aged >2 years
with normal renal function, polymyxin B is given
as follows: (i) intravenous, 15 000–25000 IU/kg
(2.5–5.0mg/kg) daily in two divided doses; (ii) in-
tramuscular, 25000–30000 IU/kg (2.5–3.0mg/kg)
daily in four or six divided doses; and (iii) in-
trathecal/intraventricular, 50 000 IU (5.0mg)
once daily for 3–4 days, then 50 000 IU (5.0mg)
once every other day for at least 2 weeks after
cultures of cerebrospinal fluid become negative
and/or glucose normal.[11]

Because of the lack of accurate pharmaco-
kinetic and pharmacodynamic information, the
optimal dosage of colistin is unclear. Regarding
polymyxin B sulfate pharmacokinetics, there is
scanty information available derived from non-
contemporary studies. A decade ago it was re-
ported that after a 50mg intravenous dose, peak
concentrations of 18 mg/mL are achieved in
2 hours with a serum half-life of 6 hours.[11] In im-
paired renal function, the modification of dosing
schedules should be as follows: (i) for creatinine
clearance 30–80mL/min, a dosage of 2.5mg/kg/
day; (ii) for creatinine clearance <30mL/min, a
loading dose of 2.5mg/kg on day 1 and thereafter
1.0–1.5mg/kg given every 2–3 days; and (iii) in
anuric patients, a loading dose of 2.5mg/kg
on day 1 and thereafter 1.0mg/kg given every
5–7 days.[11] For parenteral administration in pa-
tients with normal renal function, CMS is given
in the US at a dose of 2.5–5.0mg/kg/day
(31 250–62 500 IU/kg) divided into two to four
equal doses (colistin 1mg equals 12 500 IU). In
the UK, CMS is given at a dose of 4–6mg/kg/day
(50 000–75 000 IU/kg) in three divided doses for
adults and children with bodyweights of £60 kg
and at a dose of 80–160mg (1–2 million IU) every

8 hours for body weights of >60 kg.[9,12] However,
the Greek experience has proved that a higher
dose of 3 million IU every 8 hours can be safely
administered.[9]

Older pharmacokinetic data are based onmicro-
biological assays and are inaccurate because of
erroneous diffusion in agar and instability of
CMS in aqueous media.[34] Two more recent stu-
dies employed more accurate high-performance
liquid chromatography methods to measure co-
listin and its prodrug CMS in patients with cystic
fibrosis (CF).[35,36] In these studies, colistin was
studied after 2 days of treatment and half-lives
were determined to be 4.2 and 3.4 hours, respec-
tively. However, it is not known whether data
from patients with CF can be extrapolated to the
critically ill patient, because in CF patients, drugs
such as b-lactams and aminoglycosides typically
display shorter half-lives.[37]

In a recent study that described colistin phar-
macokinetics in 14 critically ill patients after at
least 2 days of CMS administration (3 million IU,
3 times daily), the mean maximum concentration
(Cmax) was 2.93mg/L and occurred 15 minutes
after the end of the 30-minute infusion with a
half-life of 7.1 hours.[38] However, CMS was not
measured and pharmacokinetic analysis of con-
centrations after the first dose was not per-
formed. From another recent study in 18 ICU
critically ill patients where colistin concentrations
were measured in plasma by a novel rapid
chromatography–tandem mass spectrometry
method,[39] the half-lives of CMS disposition
were 2.3 hours and for colistin 14.4 hours.[40] The
predicted Cmax was 0.60mg/L after the first dose
of 3 million IU CMS and 2.3mg/L following re-
peated administration of 3 million IU every
8 hours. The latter results indicate that as a rule,
colistin concentrations remain below the MIC
breakpoints (2mg/L) after the first few doses of
the currently used dosing regimen, signifying a
major delay in appropriate treatment. The latter
event is of major importance in the septic ICU
patient, in whom early (within the first hour of
septic shock) and appropriate antimicrobial
therapy is directly related to survival.[41] Even at
steady-state, plasma concentrations as measured
in the latter study were below MIC breakpoints
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for Enterobacteriaceae and P. aeruginosa, the
most frequent MDR pathogens in critically ill
patients. These observations are a matter of
concern as they may also indicate suboptimal
efficacy in infections caused by pathogens with
borderline susceptibilities, as well as selection of
resistant strains. Consequently, a re-evaluation of
CMS dose appears to be necessary. Predictions
from modelling indicate that without a loading
dose, it takes 2–3 days before the steady-state
concentration of colistin is obtained. A loading
dose of 9 million IU CMS and a maintenance dose
of 4.5 million IU CMS every 12 hours would result
in the same average steady-state concentration of
colistin as the current dosing schedule, but would
achieve the target faster.[41]

Concerns over renal toxicity with the admin-
istration of high doses have been expressed based
on animal experiments, but not confirmed in
humans. In rats, after 7 days of intravenous ad-
ministration in regimens mimicking twice- and
once-daily dosing of a clinically relevant dose in
humans, histological examination revealed more
severe renal lesions with the regimen corre-
sponding to once-daily dosing, which indicates
that the potential for renal toxicity may be
greater with extended-interval dosing.[42]

The intrathecal and intraventricular doses of
CMS are equal to 125 000 IU/day. By the inhala-
tion route, the recommended dosage ranges from
500 000 IU every 12 hours to 2 million IU every
8 hours.[9,12] As far as colistin clearance is concer-
ned, it appears that it is mainly excreted by non-
renal routes.[43] The lack of correlation between
colistin kinetics and renal function raises the issue
of colistin dosing in critically ill patients with re-
nal failure. In renal dysfunction, the CMS dosage
adjustment recommended by the manufacturers
is as follows: for serum creatinine levels of 1.3–1.5,
1.6–2.5 or ‡2.6mg/dL, the suggested dosage of coli-
stin for intravenous administration is 160mg
(2million IU) every 12, 24 or 36 hours, respectively.
During hemodialysis the recommended dose is
80mg (2 million IU) after each session,[9] whereas
recent data in critically ill patients receiving con-
tinuous venovenous hemodiafiltration and CMS
in reduced doses indicate that colistin Cmax may
well be <1mg/L (Giamarellou H., unpublished

data). Therefore, in the latter situation, it seems
that CMS should be given at the same dosage
schedule as for normal renal function, otherwise
subtherapeutic levels of CMS will further com-
promise patient outcome. Other pharmacokinetic
parameters of CMS are depicted in table I.

Both polymyxin B and colistin express their
bactericidal activity as concentration-dependent
agents, with the latter effect related to the area
under the concentration-time curve (AUC)/MIC
ratio that is the pharmacodynamic parameter
most closely linked to killing.[36,44] The post-
antibiotic effect (PAE) of colistin was studied on 19
MDR isolates of A. baumannii with the viable
count method. The mean PAE of 1 ·MIC and
4 ·MIC concentrations of colistin on the tested
isolates were 3.90 and 4.48 hours, respectively,
indicating that increased dosing intervals may
retain activity.[45] However, other investigators
reported on a minor or negative PAE, signalling
that extended intervals in dosing may be problem-
atic, particularly for colistin-heteroresistant
strains of A. baumannii and K. pneumoniae.[46,47]

Supporting the latter findings were the results
of an in vitro pharmacodynamic model where an
8-hourly regimen of CMS, when compared with
12- or 24-hourly regimens, appeared to be most
effective at minimizing emergence of resistance.[48]

1.4 Clinical Experience

From 2003 to 2007, 175 non-CF patients who
mostly had pneumonia were given intravenous
polymyxin B therapeutically for infections due to
MDR Gram-negative bacteria with clinical re-
sponse rates ranging from 47.3% to 95% and

Table I. Pharmacokinetic parameters of colistin methanesulfonate

(CMS) and colistin in critically ill patients[40]

Parameter CMS (RSE %) Colistin (RSE %)

t½ (h) 2.3 14.4

Cmax predicted (mg/L)

first dose 0.60

steady state 2.3

CL (L/h) 13.7 (10) 9.09 (19)

Vd (L) 28.9 (22) 189 (12)

CL = total body clearance; Cmax = maximum concentration;

RSE = relative standard error; t½ = half life; Vd = volume of distribution.
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mortality rates from 20% to 48%.[11] However, all
studies were retrospective and polymyxin B was
usually given in combination with other anti-
bacterials, obscuring the precise evaluation of the
results.

In total, from 1999 until August 2005, in seven
retrospective studies involving almost 300 pa-
tients without CF, among whom most repre-
sented ICU patients with ventilator-associated
pneumonia (VAP), intravenous CMS was given
at a dose of 1–3 million IU every 8 hours for
12–22 days.[49-55] In almost all patients, at a rate
close to 50%, either MDR P. aeruginosa orMDR
A. baumannii were isolated in relevant cul-
tures. Irrespective of the susceptibility patterns
of the isolated pathogens, as a rule, CMS was
given in combination with other antibacterials
(mostly with a carbapenem). Clinical cure rates
ranged between 57% and 73%, with mortality
rates of 20–61.9%. Clinical efficacy in nosocomial
pneumonia exceeding 50% was comparable to
previously reported rates of outcome with
piperacillin/tazobactam, imipenem/cilastatin and
ciprofloxacin.

In 2007, two retrospective monotherapy stu-
dies with CMS were published. In the first study,
no difference in mortality rates (51.6% vs 45.1%)
was observed between 31 patients with VAP
caused by isolates susceptible only to colistin who
were treated with CMS monotherapy and 30 pa-
tients with VAP caused by carbapenem-suscep-
tible strains who were treated with imipenem/
cilastatin or meropenem as monotherapy.[56]

Patients who received appropriate empirical ther-
apy had significantly better outcome compared
to those who received inappropriate empirical
therapy (mortality 36.6% vs 70%, respectively;
p= 0.014). Appropriate antimicrobial therapy
was administered more commonly to patients
with carbapenem-susceptible rather than colistin-
susceptible pneumonia, and this probably con-
tributed to a lower mortality rate in this group. It
was concluded that VAP episodes susceptible
only to colistin can be treated effectively using
CMS, whereas the carbapenem-resistance pat-
tern of pathogens should be suspected in patients
with previous VAP or prior antibacterial use for
>10 days preceding the current VAP episode.

In the largest retrospective matched case-con-
trol study thus far to assess the efficacy of
monotherapy with CMS, the latter was compared
with imipenem in VAP caused by isolates sus-
ceptible only to colistin (n = 60) and carbapenem-
susceptible (n = 60) A. baumannii (51.6% vs
61.7%) or P. aeruginosa (48.4% vs 38.3%).[57] A
favourable clinical response was observed in 75%
of patients without difference in the time to re-
solution of infectious parameters between the
two groups.

The effectiveness of CMS was also studied
retrospectively in 95 cancer patients diagnosed
with infections caused by MDR P. aeruginosa.
Patients were either treated with colistin (n = 31)
or with at least one active antipseudomonal agent
such as a b-lactam or fluoroquinolone (control
group, n= 64).[58] In 13 patients, colistin was
given in combination with other antipseudomonal
agents; in 18 patients it was given as mono-
therapy. Among patients from the colistin-only
and control group, 45% and 37%, respectively,
were neutropenic. In patients treated with colistin
monotherapy compared with those in the control
group, higher clinical and microbiological re-
sponses were observed (52% vs 31% and 48% vs
41%, respectively), relapse rates were compatable
(10% vs 11%) and infection-related mortality
was higher (26% vs 17%). However, none of the
differences in endpoints reached statistical sig-
nificance. No difference in the incidence of nephro-
toxicity (23% vs 22%) was observed. Multiple
logistic regression analysis showed that patients
treated with colistin were 2.9-fold more likely
than patients in the control group to experience a
clinical response to therapy (p = 0.026). However,
a major limitation of the study is the lack of eval-
uation of the time to initiate adequate therapy.

There are also three small studies published in
which the effectiveness of colistin monotherapy
(28 patients) did not appear to be inferior to that
of colistin in combination with a carbapenem,
rifampicin or an aminoglycoside (74 patients) in
the therapy of MDR-Gram-negative infections,
with successful results in 75% versus 66.2%.[59] The
results of the combination colistin plus rifampicin
in ten patients with carbapenem-resistant A. bau-
mannii VAP, suggested that the combination was
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safe and effective with seven of ten patients hav-
ing favourable clinical outcome and six of ten
patients being microbiologically cured.[60] Of in-
terest is also the therapeutic approach for 28 ICU
patients with PDR Gram-negative infections in
whom antibacterials that were ineffective in vitro
proved life saving, especially in combination re-
gimens containing colistin, with successful results
for 14 patients.[61]

The efficacy of aerosolized colistin in the non-
CF patient is currently a matter of concern, since
experience is still limited and retrospective. A
small retrospective study of 21 patients has been
published where the therapeutic efficacy of aerosol-
ized CMS in combination with other parenteral
antibacterials is reported.[62] Patients were treated
for nosocomial pneumonia or VAP caused by
MDR strains of P. aeruginosa or A. baumannii.
Eighteen (85.7%) of 21 patients responded fav-
ourably to nebulized colistin therapy; both fav-
ourable clinical and microbiological outcomes
were observed in 12 of 21 patients (57.1%),
whereas favourable microbiological outcome
only was observed in another 6 patients. Of
18 patients with a favourable microbiological
outcome, 11 (61.1%) had documented eradica-
tion of the MDR pathogen, and eradication was
presumed in the remaining 7 patients. Although
solid data from prospective studies are lacking, in
line with many experts in the field[63,64] we con-
sider that aerosolized colistin should be thought
of as being adjunctive to intravenous therapy in
patients with VAP due to MDR Gram-negative
bacteria that are susceptible to colistin. However,
a specific vibrating nebulizer is required.[65] The
US FDA has not yet approved the use of nebul-
ized antibacterials in the treatment of VAP. Pro-
spective evaluation and careful monitoring for
adverse effects, resistance development and super-
infections is required, whereas the efficacy of
inhaled monotherapy is still unclear.[65]

Of particular interest are the cumulative re-
sults reported in the treatment of MDR A. bau-
mannii CNS infections in 14 patients: five with
meningitis, two with ventriculitis and five with
both meningitis and ventriculitis (the exact type
of CNS infection was not reported for two pa-
tients). CMS was given at a dosage of 2.5–5.0mg/

kg/day intravenously in seven patients, 3.5–10mg
intrathecally every 12 or 24 hours in two patients
and 5–20mg/day intraventricularly in three pa-
tients, and in two patients it was given both in-
travenously and intrathecally, for 15–63 days.[66]

Of the 14 patients, 13 were cured with CNS ster-
ilization in 1–6 days (median 4.5 days). Finally,
the experience with CMS in critically ill children,
as well as in 326 children without CF who had a
variety of infections and were mostly included in
studies published before 1977, has suggested that
systemic colistin is an effective and acceptably
safe option in children without CF who have
MDR Gram-negative infections.[67,68]

The reported studies share common drawbacks
as they are mostly small and retrospective, and
are without definite designed protocols. In most
situations, other antibacterials, irrespective of
the susceptibilities of the isolated pathogens, were
given simultaneously with CMS, which con-
founded its therapeutic efficacy. Moreover, vari-
able dosing of colistin and treatment durations
were applied, and resistance development during
and at the end of the studies was not monitored.

1.5 Toxicity and Adverse Reactions

The most common and important adverse ef-
fects of colistin are nephrotoxicity and neuro-
toxicity. Early experience with CMS revealed
20.2% nephrotoxicity that was attributed mainly
to acute tubular necrosis.[69] In contrast to older
information, recent data indicate that nephro-
toxicity in ICU patients after CMS administra-
tion ranges from 0% to 36%.[9,12] Safety data
from 19 courses of prolonged intravenous CMS
administration (mean duration 43.4 days and
mean daily dose 4.4 million IU) showed that the
median creatinine value increased only by
0.25mg/dL, which returned to close to baseline at
the end of therapy.[70] The reported discrepancies
could be attributed to the improvement in sup-
portive care offered to seriously ill patients, the
possible avoidance of coadministering other ne-
phrotoxic drugs, different formulations of colistin
lacking sulfate impurities and the different defi-
nitions of nephrotoxicity. On the other hand,
nephrotoxicity in the recently reported studies
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where polymyxin B was administered ranged
from 0% to 14%.[11]

The incidence of neurotoxicity in earlier stu-
dies of colistin reached approximately 7%.[70,71]

Facial paresthesias, dizziness, weakness, vertigo,
visual disturbances, confusion, ataxia, and neuro-
muscular blockade leading to respiratory failure
and apnoea have been reported. Only one study
included prospective electrophysiological testing
among 12 colistin recipients with evidence of
neuromuscular junction blockade; findings con-
sistent with critical polyneuropathy were seen in
six of the tested patients.[51,71] Intraventricular
high-dose administration may also cause con-
vulsions. It seems that both nephro- and neuro-
toxicity are dose dependent and reversible.[9,12]

Bronchoconstriction has been reported with
aerosolized CMS, which is an adverse effect that
can be controlled by the inhalation of b-adreno-
ceptor agonists before CMS administration.[9]

1.6 Resistance Development

Only three recent studies have investigated the
possibility of resistance development with colis-
tin. In a New York hospital after 4 years of
increasing purchases of polymyxin B, a 5% resis-
tance rate had developed in P. aeruginosa isolates
to colistin during and at the end of therapy.[72] In
a Greek ICU, the emergence of colonization in
37% of patients with colistin-resistant K. pneu-
monia in bronchial and bowel floras is of con-
cern.[73] The simultaneous occurrence of various
infections with colistin-resistant Gram-negative
bacteria and breakthrough bacteraemias with
Proteus and Serratia spp. that are intrinsically
resistant to colistin in patients receiving treat-
ment with colistin for >12 days, is certainly wor-
rying.[74] On the other hand, the emergence of K.
pneumoniae strains producing MBLs in Greek
ICUs since 2001 and recently K. pneumoniae
carbapenemase (KPC) enzymes, rendering K.
pneumoniae strains PDR with the exception of
colistin, resulted in excessive empirical use of co-
listin. This led to a cluster of multiclonal PDR
Klebsiella strains implicated in bacteraemias,
VAP and soft tissue infections, mostly in patients
who had prolonged administration of colistin

(median 27 days).[17] Horizontal transmission of
PDR Klebsiella through caregivers’ hands was
also proved by repetitive extragenic palindromic-
polymerase chain reaction.[73] The analysis of risk
factors after a Greek ICU outbreak with PDR P.
aeruginosa causing VAP revealed that the sole
independent predictors were the administration
of colistin for ‡13 days or the combined use of
colistin with a carbapenem for >20 days.[75] The
outbreak resolved after a reduction in the days of
therapy with colistin plus reinforcement of infec-
tion control measures. Additionally, in a recent
matched case-control study, in the multivari-
able model the use of colistin for >14 days was
identified as the only independent risk factor
(p = 0.002).[76]

1.7 Summary

It is evident that future studies with colistin
necessitate (i) large prospective, possibly com-
parative, trials inMDR infections of ICUpatients
under well-designed protocols and reliable sus-
ceptibility testing; (ii) further pharmacokinetic/
pharmacodynamic (PK/PD) exploitation; (iii) clari-
fication in vivo of the possible benefits of co-
administering colistin with other antimicrobials,
such as the carbapenems and rifampicin; (iv)
evaluation of nebulized colistin as single VAP
therapy versus combination with parenteral co-
listin; (v) better monitoring and elucidation of
resistance mechanisms; and (vi) larger experience
in the febrile neutropenic host. There is no doubt
that we must explore ways for maintaining the
activity and usefulness of colistin. Colistin is not
an ICU panacea to be prescribed casually but
only under certain strict indications, as in ICU
infections with PDR pathogens susceptible only
to colistin or empirically in ICU nosocomial sepsis
of late onset in settings with high prevalence of
MDR isolates. Even then, de-escalation should
be prompt whenever culture results permit re-
placement with another antibacterial.

2. Tigecycline

Tigecycline is a newer semisynthetic glycylcy-
cline. Tigecycline was approved in 2005 by the US
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FDA and in 2006 by the European Medicines
Agency (EMEA) for the treatment of complicated
skin and skin structure infections and complicated
intra-abdominal infections in adults.[77] On 20
March 2009, the FDA approved tigecycline for
the treatment of community-acquired pneumo-
nia (CAP) caused by Streptococcus pneumoniae
(penicillin-susceptible isolates), including cases
with concurrent bacteraemia, H. influenzae (b-
lactamase negative isolates), andL. pneumophila.[78]

However, the EMEA has raised concerns about
the evidence available from clinical studies in
patients with CAP; therefore the manufacturing
company has withdrawn the application for this
indication in the European market.[79,80] It re-
presents a modified minocycline and holds pro-
mise as monotherapy for patients with serious
polymicrobial infections.[81] Tigecycline is not
currently approved for infections caused by
MDR A. baumannii; however, off-label use in
that indication is increasing globally because of
the appealing in vitro spectrum of tigecycline and
the lack of other active antimicrobial agents
against this pathogen.

2.1 Mode of Action

Tigecycline is a bacteriostatic agent that acts
through inhibition of the bacterial protein trans-
lation by binding to the 30S ribosomal subunit and
blocking the entry of amino-acyl to RNA mole-
cules into the A site of the ribosome. It has the
ability to overcome many known mechanisms of
resistance that inactivated the older teracyclines,
such as the active efflux and the ribosome protec-
tion mechanisms.[81] Although by definition a sta-
tic drug, a possible bactericidal activity has been
demonstrated and needs further exploration.[82]

2.2 Antibacterial Activity

Tigecycline is active in vitro against a wide range
of aerobic andanaerobic bacteria, includingmeticillin-
resistant S. aureus, meticillin-resistant S. epi-
dermidis, S. pneumoniae (penicillin-intermediate
and -resistant included), vancomycin-resistant
Enterococcus and several anaerobic species
(including Bacteroides fragilis).[83,84]

Its Gram-negative spectrum includes MDR
A. baumannii, ESBL-producingEnterobacteriaceae,
KPC- and VIM-producing K. pneumoniae and
S. maltophilia strains.[15,85,86] Early reports have
shown MIC values for Enterobacteriaceae ran-
ging from 0.06mg/mL to 2mg/mL, with no differ-
ence among ESBL-producing and -non-producing
strains.[85,86] However, an increase in tigecycline
resistance among Enterobacter and Klebsiella
spp. was documented from 2001 to 2006 in many
parts of the world.[87,88] The in vitro activity of tige-
cycline against imipenem-susceptible and imipenem-
resistant A. baumannii ranges from 2 to 8 mg/mL
among various studies.[85] According to TEST
(Tigecycline Evaluations Surveillance Trial) data
from the US during 2004–2005, tigecycline had
the lowest MIC90 (MIC for 90% of islates) against
A. baumannii (1mg/L),[89,90] and data from TEST
2005–2007 indicate that the tigecycline MIC90 for
A. baumannii remained stable (£2mg/L).[91] Areas
with increasing resistance of A. baumannii re-
ported tigecyclineMIC50 (MIC for 50% of isolates)
and MIC90 of 2mg/L and 4mg/L, respectively;
depending on the resistance cut-off (2mg/L or
4mg/L), 80.9% or 93.1% of the isolates are con-
sidered to be susceptible, respectively.[92] Tigecy-
cline has no activity against P. aeruginosa, with
90% of strains having MICs >4mg/L.[81]

In a recent review of in vitro studies, suscept-
ibility rates for MDR Klebsiella spp. were 91.2%
for 2627 isolates by the FDA criteria and 72.3% for
1504 isolates by the EUCAST criteria (92.3% for
2030 and 72.3% for 1284 ESBL-producing isolates,
by the FDAandEUCAST criteria, respectively).[93]

Tigecycline was 100% active against a total of
104 carbapenemase (serine-b-lactamase- and
MBL)-producing strains of the Enterobacteri-
aceae family collected from 2000 to 2005. The
most frequent carbapenemase was KPC-2 or -3
(73 strains), followed by VIM-1, IMP-1, SME-2
and NMC-A. Tigecycline, with MIC90 values at
1mg/L, appears to be more potent in vitro than
the polymyxins (88.1% susceptibility) against
these strains.[94] In our institution, among 34
KPC-producing K. pneumoniae strains, the per-
cent susceptibility of the most active drugs was
as follows: gentamicin 90%, colistin 79.3%
and tigecycline 58.8% by FDA breakpoints
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(Giamarellou H., unpublished data). Tigecycline
is intrinsically vulnerable to the chromosomal-
encoded multidrug efflux pumps of Pseudomonas
spp., Proteus spp., Providencia spp. and Morga-
nella morganii, against which the compound has
poor activity.[95]

All existing breakpoints of resistance for tige-
cycline against Enterobacteriaceae and A. bau-
mannii are summarized in table II. The CLSI has
not yet issued breakpoints.[96-100] It is evident that
there is an urgent need for harmonization across
all relevant societies.

Several in vitro studies have addressed the
question of potential synergy between tigecycline
and other antimicrobials, with an indifferent re-
sponse in the majority of combinations and very
rare antagonism. A number of synergisms that
might be interesting for further evaluation were
observed when tigecycline was combined with
rifampicin against Enterobacter spp. and with
amikacin againstEnterobacter spp.,K. pneumoniae,
Proteus spp. and S. maltophilia. In two time-kill
studies, the exposure of a highly tigecycline-
resistant isolate to tigecycline resulted in enhanced
susceptibility to amikacin and synergistic bacter-
icidal activities of the two drugs, whereas the
combination of tigecycline with cotrimoxa-
zole was synergistic in vitro for Serratia marces-
cens, Enterobacter cloacae, Proteus spp. and
S. maltophilia.[101,102]

Time-kill assays have demonstrated a bacter-
icidal synergistic effect of tigecycline plus ami-

kacin against A. baumannii and Proteus vulgaris,
and with tigecycline plus colistin against a MBL
(VIM-1)- and ESBL (SHV-12)-producing K.
pneumoniae.[101,103-105] Paradoxically, in vitro sy-
nergy with tigecycline plus ampicillin/sulbactam
or piperacillin/tazobactam has been achieved
against P. aeruginosa. A murine model of
P. aeruginosapneumonia has also shown that tige-
cycline in combination with gentamicin sig-
nificantly reduced bacterial densities in lung
tissue compared with either drug alone.[106]

A time-kill study of tigecycline alone and in
combination with other antimicrobials (carbape-
nems, polymyxin B, amikacin, ciprofloxacin, ri-
fampicin, etc.) against carbapenem-intermediate
or -resistant A. baumannii, demonstrated in-
difference for tigecycline in combination with
the antimicrobials tested.[107] Similarly, all 19
A. baumannii isolates studied by a modified E-test
method indicated indifference between poly-
myxin and tigecycline.[108] Thirty-five isolates
with colistin MIC values of 0.12–4 mg/mL were
tested for synergy between colistin and tigecycline
with the checkerboard method; the result was
again indifference.[109]

2.3 Pharmacokinetics and
Pharmacodynamics

Tigecycline is available as an intravenous for-
mulation and is administered at a 50mg dose as a
1-hour infusion every 12 hours, after an initial

Table II. Breakpoints of susceptibility of tigecycline against Enterobacteriaceae and Acinetobacter baumannii

Bacteria MIC (mg/L) Inhibition zone (mm) Implementing committee or

proposing authors

Reference

S I R S I R

Enterobacteriaceaea £2 4 ‡8 ‡19 15–18 £14 FDA 96

£1 2 >2 EUCAST 97

£1 2 >2 ‡24 20–23 £19 BSAC 98

A. baumannii FDAb 96

IE IE IE EUCAST 97

£1 2 >2 ‡24 20–23 £19 BSAC 98

£2 4 ‡8 ‡16 13–15 £12 Jones et al. 99

a Proteus spp., Morganella morganii and Providencia spp. are considered inherently non-susceptible to tigecycline.

b Tigecycline is not US FDA-approved for infections caused by A. baumannii.

BSAC = British Society for Antimicrobial Chemotherapy; EUCAST = European Committee on Antimicrobial Susceptibility Testing;

I = intermediate resistant; IE = insufficient evidence for the implementation of breakpoints; MIC = minimal inhibitory concentration;

S = susceptible; R = resistant.
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loading dose of 100mg. Pharmacokinetics are
unaffected by age, sex or race. Tolerability is
better if the compound is given after a meal. In
patients with severe hepatic insufficiency (Child-
Pugh class C), a 50% reduction of the main-
tenance dose is recommended following the
loading dose of 100mg. Pharmacokinetics are
not changed in severe renal failure or haemo-
dialysis. After a dose of 50mg, tigecycline
exhibits linear pharmacokinetics, with Cmax at
0.62 – 0.09 mg/mL, a half-life of 37 – 12 hours and
a protein binding capacity at 78%. The drug is
primarily excreted in the bile, and does not affect
the cytochrome P450 enzyme family. The princi-
pal pharmacokinetic properties of tigecycline are
presented in tables III and VI.[110-112]

Dose escalation of tigecycline is supported by
new PK/PD studies. In a recent study, pharmaco-
kinetic parameters were obtained through blood
and bronchoalveolar lavage sampling in three
mechanically ventilated critically ill patients on
the fifth day of tigecycline administration at 1, 4
and 12 hours after drug infusion.[113] Tigecyc-
line concentrations were calculated in the epi-
thelial lining fluid (ELF) and alveolar cells, which
are considered to best depict the extracellular
and intracellular ‘drug-pathogen’ interaction, re-
spectively. Whereas plasma parameters did not
deviate from current published evidence, at all

three sampling times tigecycline concentrations
in ELF were very low (maximum value at-
tained was 0.02 – 0.01mg/L at 4 hours after tige-
cycline infusion) compared with previous studies
in volunteers.[114] In this study, the penetration of
tigecycline into the intracellular compartment
was comparable to that achieved in plasma.
However, a very low ELF : plasma concentra-
tion ratio indicates a suboptimal penetration
into the extracellular lung compartment; the
maximum value attained (0.18 – 0.09mg/L) at
12 hours post-infusion is insufficient to eradi-
cate Gram-negative extracellular bacteria such as
E. coli (MIC90 0.25mg/L) or K. pneumoniae
(MIC90 1.0mg/L).

In another study, in vivo bactericidal activity
of tigecycline against various A. baumannii iso-
lates (MIC 0.25–1.0mg/L) was assessed in a
murine neutropenic pneumonia model.[115] The
PK/PD parameters of (free) fAUC/MIC and ef-
fective exposure value EI80 and EI50 (exposure
value required to produce 80% and 50% of max-
imal effect, respectively) were used. By both
parameters, considerably more drug exposure
was required to produce antibacterial effects in
Acinetobacter than in Enterobacteriaceae.[116]

According to the authors, and taking into
account the difficulties in extrapolating this
model into human pneumonia, available phar-
macokinetic data from infected humans (AUC
6.37mg�h/L) indicate that tigecycline dosages
of up to 200mg/day are probably required to
provide adequate exposure for the treatment of
A. baumannii pneumonia.[115,117]

Table III. Main plasma pharmacokinetic parameters of

tigecycline[110,111]

Plasma parameter Pharmacological studies Efficacy studies

100 mg 50 mg 50 mg

Cmax (mg/L)

30-min infusion 1.45 – 0.32 0.87 – 0.23 0.80 – 0.46

60-min infusion 0.90 – 0.27 0.63 – 0.10 0.49 – 0.28

Cmin (mg/L) NA 0.13 – 0.08 0.16 – 0.09

CL (L/h) 21.8 – 8.9 23.8 – 7.8 19.9 – 8.1

t½ (h) 27.1 – 14.3 42.4 – 35.3 NA

AUC24 (mg�h/L) NA 4.70 – 1.70 5.85 – 2.48

AUC¥ (mg�h/L) 5.19 – 1.86 NA NA

Fraction unbound (%) 13–29 13–20 NA

Vd (L) 568 – 244 639 – 307 NA

AUCt = area under the concentration-time curve to time t; CL = total

body clearance; Cmax = maximum concentration; Cmin = minimum

concentration; NA = not available; t½ = half-life; Vd = volume of dis-

tribution.

Table IV. Pharmacokinetic parameters of tigecycline in various

body tissues[111]

Body tissue Concentration (mg/L or mg/kg) after single

100 mg/dose

4 h 12 h

Bile 309 – 420 148 – 155

Gall bladder 6.6 – 6.6 7.3 – 7.9

Colon 0.55 – 0.34 1.3 – 2.4

Lung 0.76 – 0.67 0.38 – 0.26

Bone 0.07 – 0.04 0.12 – 0.13

Synovial fluid 0.12 – 0.06 0.09 – 0.05

Cerebrospinal fluid 0.015 – 0.003 0.025 – 0.005
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2.4 Clinical Experience

The efficacy of tigecycline has been evalu-
ated in two pairs of phase III clinical trials, where
tigecycline as monotherapy was non-inferior to
the comparators in the treatment of complicated
skin and soft structure infections (cSSSI) and com-
plicated intra-abdominal infections (cIAIs).[118,119]

In the first pair study of patients with compli-
cated cSSSI, tigecycline was compared with van-
comycin plus aztreonam. Clinical response was
86.5% with tigecycline versus 88.6% with vanco-
mycin plus aztreonam. Non-inferiority criteria
were met in all four phase III trials.

In a subsequent comparative, double-blind
phase III study, tigecycline at standard dose in
combination with ceftazidime and an aminogly-
coside was compared with imipenem/cilastatin in
combination with vancomycin with or without an
aminoglycoside in the treatment of nosocomial
pneumonia. A total of 945 patients were rando-
mized. The clinically evaluable population did
not meet non-inferiority criteria (tigecycline
67.9% and imipenem/cilastatin 78.2%; absolute
difference -10.4, 95% CI -17.8, -3.0; p= 0.120).
This was due to the group with VAP, for which
tigecycline did not establish non-inferiority in ei-
ther population (clinically evaluable tigecycline
cure rate 47.9% and imipenem/cilastatin 70.1%;
absolute difference -22.2, 95% CI -39.5, -4.9;
p= 0.762; clinical modified intent-to-treat (c-mITT)
population tigecycline cure rate 46.5% and
imipenem/cilastatin 57.8%; absolute difference
-11.3, 95% CI -24.6, 2.0; p= 0.326). However, in
patients with nosocomial pneumonia (without
VAP), non-inferiority criteria were met in both
populations (clinically evaluable tigecycline cure
rate 75.4% and imipenem/cilastatin 81.3%; abso-
lute difference -5.9, 95% CI -14.8, 3.0; p< 0.001;
c-mITT population tigecycline cure rate 69.3%
and imipenem/cilastatin 71.2%; absolute differ-
ence -1.9, 95% CI -9.4, 5.6; p= 0.022).[120]

From January 2007 to April 2007 nine stu-
dies related to MDR Gram-negative infections
were published or became available online[121-129]

(table V). Most of the studies are retrospective
and non-comparative, with low numbers of mono-
therapies; therefore, the elucidation of the true

role of tigecycline in the outcomes is difficult. The
indications for which tigecycline was adminis-
tered was very heterogenous, compromising in
some studies of the evaluation of an adverse
outcome (i.e. tracheobronchitis, urinary tract in-
fections, bone and joint infections). The MIC of
the targeted pathogen against tigecycline is not
universally available, so results cannot be strati-
fied according to the size of the MIC. Finally,
definitions ofMDRwere very different across the
studies.

In order to bypass some of these methodolo-
gical problems, we performed a retrospective
study in three tertiary Greek hospitals.[128]

Among patients treated with tigecycline, 45 adult
patients (35 in ICU) met strictly defined criteria
for infections with MDR Gram-negative patho-
gens and were subsequently analyzed. They
received tigecycline at standard dose for 28
A. baumannii and 23 K. pneumoniae infections
with an MDR or PDR profile: 21 VAP and
healthcare-associated pneumonia (HCAP), 10
bloodstream infections (BSIs) and 14 surgical
infections. Tigecycline was administered either as
monotherapy (22 patients) or as presumed active
monotherapy (23 patients). In the latter group,
all coadministered antimicrobials were resistant
in vitro against the targeted pathogen(s), or had
been clinically and microbiologically failing after
at least five days of therapy (in most patients the
companion agent was colistin).

Successful clinical response rates of 90.5% and
80% were recorded for VAP/HCAP and BSI, re-
spectively, with an overall successful clinical
response of 80%. No difference was recorded be-
tween the monotherapy group and the presumed
active monotherapy group (81.8% vs 78.3%). A
successful clinical response of 85% was recorded
for 20 patients in septic shock, with all 6 patients
treated with tigecycline monotherapy document-
ing clinical success. TigecyclineMIC values among
isolates of A. baumannii ranged from 1 to 8mg/L,
whereas those of K. pneumoniae ranged from 0.5
to 3mg/L. Bacteraemic strains (all but two were
K. pneumoniae) had tigecycline MIC values of
0.5–3mg/L. Cumulative successful micro-
biological outcomes were lower than clinical
success rates, and were certainly compromised by
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Table V. Clinical studies of tigecycline (TIG) in the treatment of multidrug resistant (MDR) Gram-negative infections

Studya Type of infection

(no.)

No. of pts Pathogens and resistance

characteristics

Coadministered

antibacterials (no. of pts)

Treatment outcomes

Schafer et al.[121] VAP (19), VAP with

BSI (3), BSI (3)

25 critically ill pts (60%
surgical)

Acinetobacter baumannii:

MDR 13/20 (65%) TIG-

susceptible, 6/20 (30%)

TIG-intermediate, 1/20 (5%)

TIG-resistant

TIG monotherapy (5), IMP (9),

IMP + nebulized COL (3),

IMP + IV COL (1), nebulized COL

(6), IV COL (1)

Resolution 21/25 (84%);

recurrence in 3 pts with VAP;

microbial eradication in 12/15

(80%); emergence of resistance

in 1 pt

Anthony et al.[122] VAP (3), VAP with

empyema (3), HAP

(2), tracheobronchitis

(2), mediastinitis with

secondary BSI (1),

BSI (1), endovascular

(1), UTI (2), cellulitis

(1), diabetic ulcer with

osteomyelitis (1),

pelvic abscess (1)

18 (19 infection

courses)

10 A. baumannii: MDR 4/9
(44%) TIG-susceptible, 5/9
(56%) TIG-intermediate, 6

Klebsiella pneumoniae

(4 ESBL + 1 ESBL + KPC),

2 Enterobacter cloacae,

1 Escherichia coli (KPC)

TIG monotherapy (9), CEF (1),

AMK + COL (1), inhaled

COL (1), TOB (1), inhaled

TOB (2), GEN (1), LEV (1),

MER + IV COL (1)

Positive clinical response 5/10

(50%), uncertain in 1/10 (10%);

survival 6/10 (60%), all deaths

related to infection with TIG-

intermediate pathogens;

microbiological response in 3/4
(75%); emergence of resistance

in 1 pt

Swoboda et al.[123] b Severe sepsis and

septic shock cIAI (30),

HAP (12), cIAI + HAP

(10), BSI (2), UTI (2),

SSTI (6), bone and

joint (1), unknown (2)

70 Gram-positive (58),

Stenotrophomonas

maltophilia (13), A.

baumannii (1), E. cloacae (1),

Burkholderia cepacia (1)

TIG monotherapy (1), CAR (29),

FQL (5), 3rd-generation CEP (3),

COL (3), AMK (2), TOB (1),

VAN (1)

30% ICU mortality; outcomes of

Gram-negative infections

cannot be separated

Vasilev et al.[124] c cSSTI (24), cIAI (5),

HAP (5), CAP (1),

BSI (1)

34 (microbiologi-cally

evaluable population)

A. baumannii (17), K.

pneumonia (6, 1 susceptible

only to TIG), E. coli (9),

Enterobacter spp. (4), no

strict MDR definition used

(included ESBL or single-

class resistance, or A.

baumannii)

TIG monotherapy (34) 72.2% clinical cure rate, 66.7%,

microbiological cure; A.

baumannii infections 82.4%
clinical and 64.7%
microbiological cure rates

Gallagher and

Rouse[125]

HAP (15), BSI (6, 2 of

them with HAP), UTI

(3), wound infection

(3), tracheobronchitis

(1), IAI (1)

28 (29 courses) 29 A. baumannii isolates,

only 11 isolates tested

against TIG (MIC 3–8 mg/L),

8 tested against COL (all

susceptible)

TIG monotherapy (12),

IMP (6), COL (6), PTZ (3),

AMS (2), AMK (1)

28% positive clinical outcome,

44% microbiological

eradication; 62% (18 pts)

negative outcome, 68%
mortality (19 pts, attributable in

15/19 pts); clinical and

microbiological outcomes

significantly associated

Continued next page
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Table V. Contd

Studya Type of infection

(no.)

No. of pts Pathogens and resistance

characteristics

Coadministered

antibacterials (no. of pts)

Treatment outcomes

Curcio et al.[126] d VAP (6 with BSI) 75 A.baumannii, 44/73 IMP-

susceptible, 29/73 only COL

and TIG susceptible

29 pts received other

antibacterials >48 h earlier;

22 pts received no other

antibacterials or <48 h earlier

(37% received concomitant

antipseudomonal treatment)

69.86% clinical success;

success in 2/6 bacteraemic

infections; 33% crude mortality

Gordon and

Wareham[127]

IAI (2), HAP (8), IAI +
HAP (1), IAI + VAP (3),

BSI (2), BSI + other

(7), bone, joint and soft

tissue (10),

intracranial (1)

34 A. baumannii (19),

polymicrobial with A.

baumannii (15), all CAR-

resistant, 18/19 COL and TIG

susceptible (<2 mg/L)

TIG monotherapy (12), MER (1),

IMP (1), nebulized COL (1),

COL (1), AMK (4), TOB (1),

MET (1), VAN (2), CLA + COT

(1), AMK + CIP + MET (1)

68% positive clinical outcome,

29.4% microbiological

eradication, 56% positive

results in bacteraemia, overall

mortality 41%, 26.4%
attributable mortality, 3

breakthrough BSI

(1 documented resistance)

Poulakou et al.[128] VAP/HCAP (21, 2 with

BSI), BSI (10), SI (14)

45 A. baumannii (26 MDR, 2

PDR), all CAR-resistant, TIG

MIC 1–8 mg/L, bacteraemia

2 and 3 mg/L; K. pneumoniae

(20 MDR, 3 PDR), TIG MIC

1–3 mg/L, bacteraemia

0.5–2 mg/L;

Enterobacteriaceae (3)

TIG monotherapy (22),

presumed active monotherapy

(23: COL 8, COL + MER 6, CIP 1,

MER 1, COL + AMK 3, AZT 1,

COL + LIN 1, MER + MET 1,

COL + VAN 1)

Clinical success: VAP 90%, BSI

80%, SI 64.3%; monotherapy

group 81.8%, combined therapy

group 78.3%; 4 breakthrough

Gram-negative bacteraemia

(1 documented emergence of

resistance), 10 superinfections

from micro-organisms

inherently resistant to TIG

Maltezou et al.[129] HAP (62% of cases),

SSI (19%), BSI (9.5%),

UTI (4.7%), peritonitis

(4.7%)

22, data available for

16 pts

KPC-2-producing

K. pneumoniae

COL + TIG (7), COL + GEN (3),

COL + TIG + GEN (2),

TIG + GEN (1), GEN (1)

Clinical failure 22.2% of 18 pts

available for assessment;

microbiological failure 87.5% of

8 pts available for assessment,

repeatedly positive cultures

a Studies are based on retrospective case series unless otherwise indicated.

b Retrospective study.

c Phase III, open-label, prospective non-comparative study.

d Prospective non-comparative study.

AMK = amikacin; AMS = ampicillin/sulbactam; AZT = aztreonam; BSI = bloodstream infection; CAP = community-acquired pneumonia; CAR = carbapenem; CEF = cefepime;

CEP = cephalosporin; cIAI = complicated intraabdominal infection; CIP = ciprofloxacin; CLA = clarithromycin; COL = colistin; COT = cotrimoxazole (sulfamethoxazole/trimethoprim);

cSSTI = complicated skin and soft tissue infection; ESBL = extended-spectrum b-lactamase; FQL = fluoroquinolone; GEN = gentamicin; HAP = hospital-aquired pneumonia;

HCAP = healthcare-associated pneumonia; IAI = intraabdominal infection; ICU = intensive care unit; IMP = imipenem; IV = intravenous; KPC = K. pneumoniae carbapenemase;

LEV = levofloxacin; LIN = linezolid; MDR = multidrug-resistant; MER = meropenem; MET = metronidazole; MIC = minimal inhibitory concentration; PDR = pan-drug resistant;

pt(s) = patient(s); PTZ = piperacillin/tazobactam; SI = surgical infection; SSI = surgical site infection; SSTI = skin and soft tissue infection; TOB = tobramycin; UTI = urinary tract

infection; VAN = vancomycin; VAP = ventilator-associated pneumonia.
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13 episodes of superinfections and breakthrough
infections among 10 patients.[128] One episode
represented the development of resistance of the
targeted pathogen, whereas in three other bac-
teraemic episodes the pathogens had tigecycline
MIC values within the range of susceptibility.

Finally, experience with tigecycline has been
reported during a nosocomial outbreak of KPC-
2-producing K. pneumoniae from Greece[129]

(table V). The strains were susceptible to colistin
and tigecycline, and occasionally to gentamicin.
Among 16 patients for whom therapeutic data
were available, 14 (87.5%) were treated with a
combination of colistin and/or tigecycline and/or
gentamicin. Clinical failure was noted in 22.2% of
18 patients available for assessment and micro-
biological failure in 87.5% of 8 patients avail-
able for assessment of microbiological outcome.
Despite the clinical response, some patients had
repeatedly positive cultures on treatment. Scarce
evidence from case reports have demonstrated
favourable clinical outcomes in seven patients
with MDR A. baumannii infections and a pa-
tient with mediastinitis due to PDR K. pneumo-
niae.[130,131] In a recent extensive review of clinical
studies related to infections from carbapenem-
resistant or ESBL-producing or MDR Entero-
bacteriaceae, 69.7% of the 33 reported patients
treated with tigecycline achieved resolution of
infection.[93]

2.5 Toxicity and Adverse Reactions

Safety analysis of the phase II study compar-
ing tigecycline with vancomycin plus aztreonam
in the treatment of cSSSI, revealed a significantly
higher number of patients in the tigecycline group
reporting mild to moderate gastrointestinal
adverse events, including nausea (34.5%), vomit-
ing (19.6%), anorexia (3.4%) and diarrhoea
(8.5%).[118] In the other phase II study comparing
tigecycline with imipenem/cilastatin in the treat-
ment of cIAIs, gastrointestinal disturbances
(nausea 24.4% and vomiting 19.2%), although
significantly more frequent in the tigecycline arm
than the comparator arm, were not as common as
in the cSSSI study.[119] A decrease in fibrinogen
levels that could not be attributed to any other

event or medication was observed in two patients
(one developed epistaxis) and probably another
three in our department; monitoring of fibrino-
gen levels is now performed in every patient re-
ceiving tigecycline for more than 1 week in our
institution (Giamarellou H., unpublished data
and Poulakou et al.[128]).

2.6 Resistance Development

Low concentrations attained in the serum are
probably the driving force for the development of
resistance while on treatment, particularly when
the MIC of the targeted pathogen exceeds the
Cmax of the drug, which is almost the rule for all
targeted A. baumannii strains.[128,132] Five cases
of development of resistance by the targeted pa-
thogen have been reported, either as case series or
case reports.[121,122,128,132,133] Moreover, break-
through bacteraemic episodes from Gram-nega-
tive pathogens have been reported, and this is
despite in vitro susceptibility to tigecycline and in
some of them below the ‘Cmax threshold’.

[127,128]

Interestingly, in our cohort of 45 patients treated
with tigecycline for MDR or PDR infections
(see section 2.4), ten episodes of superinfections
(nine bacteraemia and one urinary tract infection
[UTI]) with pathogens inherently resistant to ti-
gecycline were observed (i.e. Proteus sp., Provi-
dencia sp., P. aeruginosa, etc.). Most occurred
within the first 10 days of tigecycline treatment;
the monotherapy group was statistically more
affected than the combined treatment (mostly
colistin) group (31.8% vs 13%; p < 0.001).[128]

The genetic basis of development of resistance
has been investigated with molecular studies.
Constitutional overproduction of MarA, a tran-
scriptional activator, and AcrAB, an resistance-
nodulation-division (RND)-type efflux pump,
resulted in decreased susceptibility to tigecycline
in clinical isolates of E. coli from phase III stu-
dies,[134] whereas in E. cloacae and K. pneumo-
niae, decreased susceptibility to tigecycline is the
result of RamA-mediated overexpression of the
AcrAB efflux pump. The AdeABC multidrug
efflux pump is associated with decreased suscep-
tibility to tigecycline in A. calcoaceticus-A. bau-
mannii complex.[135-139]
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2.7 Summary

Tigecycline appears to be an extremely useful
addition to our currently limited armamentarium
against MDR pathogens. However, clinicians
should adopt a cautious approach in off-label use
of the drug because of the currently limited evidence
(i.e.A. baumannii infections). Since P. aeruginosa,
as well as Proteus spp. and Morganella spp., are
not included in the antibacterial spectrum of tige-
cycline, the use of the drug as monotherapy is re-
commended only for patients with documented
non-pseudomonal infections or warrants the addi-
tion of an antipseudomonal agent to empirical
regimens in patients with risk factors for pseudo-
monal infections. In settings with MDR epide-
miology, particularly in institutions with KPC
predominance, aminoglycosides or colistin appear
to be themost attractive companions for tigecycline.

Low tigecycline serum Cmax may compromise
the ability of the drug to treat intravascular in-
fections or infections with concomitant bacter-
aemia, particularly when the causative organism
possesses anMIC near the Cmax. The development
of resistance while on treatment is also a concern,
particularly with pathogens with borderline
MICs. For the latter reason (low Cmax), exact and
early determination of the MIC of the pathogen is
required. Moreover, MICs of the most problem-
atic MDR pathogens should be routinely mon-
itored in each institution and resistance rates
regularly communicated to the clinicians. This
strategy, while helpful in the optimization of em-
pirical regimens, will contribute to a prompt ‘fine
tuning’ of the treatment. It is evident that in set-
tings with high rates of antimicrobial resistance,
documentation of the pathogen is imperative.

Superinfections from micro-organisms with
intrinsic resistance to tigecycline (i.e. Proteus
spp., Pseudomonas spp., etc.) should also be ta-
ken into account when a patient receiving tige-
cycline develops new fever as a result of selection
of these micro-organisms. Dose-escalation clin-
ical trials are urgently required in order to obtain
better pharmacokinetic values and overcome the
MIC of the problem pathogens in crucial com-
partments, such as the blood and ELF, while
preventing the development of resistance.

3. Other Options

3.1 Doripenem

Doripenem, the most recently FDA-approved
carbapenem, possesses an antimicrobial spec-
trum similar to meropenem against Gram-nega-
tive pathogens and similar to imipenem against
Gram-positive pathogens, while retaining 2- to
4-fold lower MICs against P. aeruginosa com-
pared with meropenem.[140,141] A potential ad-
vantage of this new carbapenem over the existing
members of the class is its lower potential for the
selection of resistance in vitro.[142-144] The combi-
nation of doripenem with an aminoglycoside in
the treatment of infections caused by P. aerugi-
nosa with elevated carbapenem MIC values may
be associated with a lower risk of selecting further
resistance.[145] However, its potential to develop
in vivo resistance should be studied prospectively.
Interestingly, doripenem retains activity against
strains displaying OprD-mediated resistance to
imipenemand also againstmany problematic strains
with various resistant mechanisms. Doripenem
might be a good option against strains with iso-
lated resistance to imipenem (probably due to the
OprD mechanism). In the case of MBL-mediated
resistance to meropenem and imipenem, the anti-
bacterial activity of doripenem is also expected to
be affected.[142] However, in our experience,
VIM-producing strains are the most common
and they inactivate all carbapenems.

Preliminary data indicate that PK/PD appli-
cations, by means of prolonged infusion and
supported by the relative stability of the infusate
in ambient conditions, may help in the treatment
of strains with borderlineMICs, thus overcoming
low-level resistance.[146,147] Extended infusion
(over 4 hours) enhanced efficacy against selected
strains of P. aeruginosa with MICs of
4 mg/mL.[148] Exploiting PK/PD evidence, in a
large, phase III study of 531 patients with VAP, a
4-hour intravenous infusion of doripenem
(500mg) was clinically efficacious and ther-
apeutically non-inferior to imipenem/cilastatin,
with a clinical cure rate of 68.3% (doripenem)
and 64.2% (imipenem/cilastatin). In patients in-
fected with P. aeruginosa, the clinical cure rate of
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doripenem was 80.0% and of imipenem/cilastatin
42.9% (p-value not significant), whereas the
microbiological cure was 65.0% (doripenem) and
37.5% (imipenem/cilastatin).[149] In addition to
the low adverse event potential, doripenem also
has a favourable safety profile.[140]

3.2 Fosfomycin

Fosfomycin tromethamine is a soluble salt of
fosfomycin, with improved bioavailability over
fosfomycin. It is licensed as single-dose treatment
for uncomplicated UTIs caused by E. coli and
E. faecalis. Fosfomycin disodium is the available
formulation for intravenous or intramuscular
administration.[150] Fosfomycin inactivates the
enzyme pyruvyl-transferase, which is required for
the synthesis of the bacterial cell wall pepti-
doglycan. Fosfomycin is a bactericidal anti-
bacterial against a broad spectrum of Gram-
positive and Gram-negative bacteria possessing a
low potential for cross resistance with other clas-
ses of antimicrobials.[151] Toxicity rates are re-
ported to be very low, including gastrointestinal
disturbances (nausea, vomiting, diarrhoea),
transient elevation of transaminases and local ir-
ritation at the site of intravenous injection.[152,153]

Early in vitro data indicating an increased risk
for development of resistance have led to the adop-
tion of combination regimens in clinical practice,
particularly in non-UTIs. However, synergy stu-
dies with various antibacterial combinations have
failed to demonstrate a consistent synergistic ef-
fect, except for the combination with b-lactams
against P. aeruginosa.[154-156]

ESBL-producing E. coli strains (n = 290) and
K. pneumoniae (n = 138) isolated during
2000–2005 from UTIs in Spain, were tested
against fosfomycin by disk diffusion test, agar
dilution and broth microdilution techniques. By
the agar dilution method, 97.4% of the tested
strains (100% of E. coli strains) were susceptible
to fosfomycin with MICs <64mg/L.[157]

Another in vitro study has tested 45 strains of
MDR P. aeruginosa, 40 of which were inhibited
by microdilution method at concentrations
£64mg/L.[158] In a recent in vitro study, fosfomycin
was tested against 30 K. pneumoniae with an

MBL plus ESBL resistance pattern, 30 P. aeru-
ginosa with an ESBL pattern and 30 MDR A.
baumannii strains. Because of the lack of a uni-
versal breakpoint of resistance, the threshold of
>64mg/L was considered as resistance. K. pneu-
moniae strains exhibited the greatest suscept-
ibility with an MIC50 of 16mg/L and MIC90 of
32mg/L. P. aeruginosa strains showed non-neg-
ligible susceptibility, with an MIC50 of 32mg/L
and MIC90 of 128mg/L, whereas only one A.
baumannii strain was regarded as susceptible.
Since penetration of fosfomycin is reported to be
sufficient in various body compartments, parti-
cularly during inflammation, peak plasma con-
centrations are anticipated to exceed the MICs of
the tested MDR pathogens after a maximum
dosage of 8 g intravenously every 8 hours.[159]

Therefore, a new option for those problematic
pathogens emerges, especially for UTIs.[160,161]

However, caution is needed before in vitro data
are translated into clinical practice.

Clinical data with fosfomycin for MDR in-
fections are very scarce. In a prospective study of
416 transplant patients with infections due to
MDR pathogens (88.5% of which were Gram-
negative), fosfomycin was administerd in 1% of
the patients; however, no further data on suc-
cessful treatment and outcome are reported.[162]

In a recently published review of the 64 existing
(mostly retrospective) fosfomycin studies, among
1529 patients, 81.1% were successfully treated.
The major pathogens treated were P. aeruginosa,
S. aureus and S. epidermidis, Enterobacter spp.
and Klebsiella spp. However, no data were avail-
able regarding anMDRprofile. Clinical indications
included post-operative infections, meningitis,
endophthalmitis, endocarditis, pulmonary infec-
tions particularly among CF patients, septicaemia,
osteomyelitis and arthritis. Fosfomycin was co-
administered with aminoglycosides, cephalosporins
or penicillins.[163]

It is evident that experience with fosfomycin
against pathogens with a strict definition of
multidrug resistance is still limited. Certainly, the
growing problem of ‘untreatable’ pathogens
warrants prospective and comparative studies
with fosfomycin in order to clarify its future role
in the antimicrobial armamentarium. In parallel,
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antimicrobial testing issues and susceptibility
breakpoints need to be urgently readdressed.

4. Conclusions

As the pharmaceutical pipeline for antibacterials
against MDR Gram-negative micro-organisms
remains disappointing, clinicians have to spare all
currently available antibacterials with residual
activity to ‘buy time’. Strict adherence to antibac-
terial stewardship programmes seems mandatory
in order to preserve currently available agents.
Wise exploitation of PK/PD properties, based on
well-designed clinical studies, is urgently needed.
The implementation of rigorous infection-control
practices has become of the utmost importance in
terms of preventing the horizontal spread of an-
timicrobial resistance and subsequent need for
more antibacterials. Finally, the ethical respon-
sibility of all leading medical and public health
societies to streamline the pharmaceutical in-
dustry to scale up antibmicrobial research is
currently the most challenging task, before the
21st century becomes ‘the post-antibiotic era’.
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55. Reina R, Estenssoro E, Sáenz G, et al. Safety and efficacy
of colistin in Acinetobacter and Pseudomonas infections:
a prospective cohort study. Intensive Care Med 2005; 31
(8): 1058-65

56. Rios FG, Luna CM, Maskin B, et al. Ventilator-associated
pneumonia (VAP) due to susceptible only to colistin micro-
organisms. Eur Respir 2007; 30 (2): 307-13

57. Kallel H, Hergafi L, BahloulM, et al. Safety and efficacy of
colistin compared with imipenem in the treatment of
ventilator-associated pneumonia: a matched case-control
study. Intensive Care Med 2007; 33 (7): 1162-7

58. Hachem RY, Chemaly RF, Ahmar CA, et al. Colistin is
effective in treatment of infections caused by multidrug-
resistantPseudomonas aeruginosa in cancer patients. Anti-
microb Agents Chemother 2007; 51 (6): 1905-11

59. Petrosillo N, Ioannidou E, Falagas MG. Colistin mono-
therapy versus combination therapy: evidence from mi-
crobiological, animal and clinical studies. Clin Microbiol
Infect 2008; 14 (9): 816-27

60. Song JY, Lee J, Heo JY, et al. Colistin and rifampicin
combination in the treatment of ventilator-associated
pneumonia caused by carbapenem-resistant Acinetobac-
ter baumannii. Int J Antimicrob Agents 2008; 32 (3): 281-4

61. Falagas ME, Rafailidis PI, Matthaiou DK, et al. Pandrug-
resistant Klebsiella pneumoniae, Pseudomonas aeruginosa
and Acinetobacter baumannii infections: characteristics
and outcome in a series of 28 patients. Int J Antimicrob
Agents 2008; 32 (5): 450-4

62. Kwa ALH, Loh CS, Low GH, et al. Nebulized colistin in
the treatment of pneumonia due to multidrug resistant
Acinetobacter baumannii and Pseudomonas aeruginosa.
Clin Infect Dis 2005; 4 (5): 754-7

63. Luyt CE, Combes A, Nieszkowska A, et al. Aerosolized
antibiotics to treat ventilator-associated pneumonia. Curr
Opin Infect Dis 2009; 22 (2): 154-8

64. Falagas ME, Agrafiotis M, Athanassa Z, et al. Adminis-
tration of antibiotics via the respiratory tract as mono-
therapy for pneumonia. Expert Rev Anti Infect Ther
2008; 6 (4): 447-52

65. Michalopoulos A, Fotakis D, Virtzili S, et al. Aerosolized
colistin as adjunctive treatment of ventilator-associated
pneumonia due to multidrug-resistant Gram-negative
bacteria: a prospective study. Respir Med 2008; 102 (3):
407-12

66. Katragkou A, Roilides E. Successful treatment of multi-
drug-resistant Acinetobacter baumannii central nervous
system infections with colistin. J Clin Microbiol 2005; 43
(9): 4916-7

67. FalagasMG, Sideri G, Vouloumanou EK, et al. Intravenous
colistinethate (colistin) use in critically ill children without
cystic fibrosis. Pediatr Infect Dis J 2009; 28 (2): 123-7

68. Falagas MG, Vouloumanou EK, Rafailidis PI. Systemic
colistin use in children without cystic fibrosis: a systemic
review of the literature. Int J Antimicrob Agents 2009 Jun;
33 (6): 503.e1-13

69. Koch-Weser J, Sidel VW, Federman EB, et al. Adverse ef-
fects of sodium colistimethate: manifestations and specific
reaction rates during 317 courses of therapy. Ann Intern
Med 1970; 72 (4): 857-68

70. Falagas ME, Rizos M, Bliziotis A, et al. Toxicity after
prolonged (more than four weeks) administration of intra-
venous colistin. BML Infect Dis 2005; 5 (1): 1-8

71. Bosso JA, Liptak CA, Seilheimer DK, et al. Toxicity of
colistin in cystic fibrosis patients. DICP 1991; 25 (11):
1168-70

72. Landman D, Bratu S, Maqsood A, et al. Citywide emer-
gence of Pseudomonas aeruginosa with reduced suscept-
ibility to polymycin B. J Antimicrob Chemother 2005; 55
(6): 954-7

73. Antoniadou A, Kontopidou FV, Poulakou G, et al. Co-
listin-resistant isolates of Klebsiella pneumonia emerging
in intensive care unit patients first report of a multiclonal
cluster. J Antimicrob Chemother 2007; 59 (6): 789-90

74. Giamarellou H. Colistin: the loss of the last frontier?
APUA Newsletter 2007; 25: 5

75. Mentzelopoulos SD, Pratikaki M, Platsouka E, et al. Pro-
longed use of carbapenems and colistin predisposes to
ventilator-associated pneumonia by pan-drug-resistant
Pseudomonas aeruginosa. Intensive Care Med 2007; 33
(9): 1524-32

76. Matthaiou DK,Michalopoulos A, Rafailidis PI, et al. Risk
factors associated with the isolation of colistin-resistant
Gram-negative bacteria: a matched case-control study.
Crit Care Med 2008; 36 (3): 807-11

77. Kasbekar N. Tigecycline: a new glycylcycline antimicrobial
agent. Am J Health Syst Pharm 2006 Jul 1; 63 (13):
1235-43

78. Department of Health & Human Services. Letter to Wyeth
Pharmaceuticals, Inc. [online]. Available from URL:
http://www.accessdata.fda.gov/drugsatfda_docs/appletter/
2009/021821s013,021821s017,021821s018ltr.pdf [Accessed
2009 Aug 17]

79. EMEA. Questions and answers on the withdrawal of the ap-
plication for a change to the marketing authorisation for
tygacil. Doc. Ref. EMEA/245771/2008 [online]. Available
fromURL: http://www.emea.europa.eu/humandocs/PDFs/
EPAR/tygacil/24577108en.pdf [Accessed 2009 Aug 17]

80. EMEA. Tygacil: for the withdrawal of type II variation ap-
plication linked to an extension of indication for a medicinal
product already authorised in the European Union. With-
drawal of variation appilication EMEA/H/C/644/II/13 for
community acquired pneumonia. 2008 Apr 22 [online].
Available from URL: http://www.emea.europa.eu/human
docs/PDFs/EPAR/tygacil/withdrawalletter.pdf [Accessed
2009 Aug 17]

81. Noskin GA. Tigecycline: a new glycylcycline for treatment
of serious infections. Clin Infect Dis 2005 Sep 1; 41 Suppl.
5: S303-14

82. Petersen PJ, Jones CH, Bradford PA. In vitro antibacterial
activities of tigecycline and comparative agents by time-
kill kinetic studies in fresh Mueller-Hinton broth. Diagn
Microbiol Infect Dis 2007 Nov; 59 (3): 347-9

1898 Giamarellou & Poulakou

ª 2009 Adis Data Information BV. All rights reserved. Drugs 2009; 69 (14)



83. Cercenado E, Cercenado S, Gomez JA, et al. In vitro ac-
tivity of tigecycline (GAR-936), a novel glycylcycline,
against vancomycin-resistant enterococci and staphylo-
cocci with diminished susceptibility to glycopeptides.
J Antimicrob Chemother 2003 Jul; 52 (1): 138-9

84. Goldstein EJ, CitronDM,MerriamCV, et al. Comparative
in vitro susceptibilities of 396 unusual anaerobic strains to
tigecycline and eight other antimicrobial agents. Anti-
microb Agents Chemother 2006 Oct; 50 (10): 3507-13

85. Biedenbach DJ, Beach ML, Jones RN. In vitro anti-
microbial activity of GAR-936 tested against antibiotic-
resistant Gram-positive blood stream infection isolates
and strains producing extended-spectrum beta-lactamases.
Diagn Microbiol Infect Dis 2001 Aug; 40 (4): 173-7

86. Milatovic D, Schmitz FJ, Verhoef J, et al. Activities of the
glycylcycline tigecycline (GAR-936) against 1,924 recent
European clinical bacterial isolates. Antimicrob Agents
Chemother 2003 Jan; 47 (1): 400-4

87. Livermore DM, Hope R, Brick G, et al. Non-susceptibility
trends among Enterobacteriaceae from bacteraemias in
the UK and Ireland, 2001-06. J Antimicrob Chemother
2008 Nov; 62 Suppl. 2: ii41-54

88. Bouchillon SK, Iredell JR, Barkham T, et al. Comparative
in vitro activity of tigecycline and other antimicrobials
against Gram-negative and Gram-positive organisms
collected from the Asia-Pacific Rim as part of the Tige-
cycline Evaluation and Surveillance Trial (TEST). Int J
Antimicrob Agents 2009 Feb; 33 (2): 130-6

89. Rhomberg PR, Fritsche TR, Sader HS, et al. Comparative
antimicrobial potency of meropenem tested against
Gram-negative bacilli: report from the MYSTIC surveil-
lance program in the United States (2004). J Chemother
2005 Oct; 17 (5): 459-69

90. Waites KB, Duffy LB, Dowzicky MJ. Antimicrobial sus-
ceptibility among pathogens collected from hospitalized
patients in the United States and in vitro activity of tige-
cycline, a new glycylcycline antimicrobial. Antimicrob
Agents Chemother 2006 Oct; 50 (10): 3479-84

91. Dowzicky MJ, Park CH. Update on antimicrobial sus-
ceptibility rates amongGram-negative andGram-positive
organisms in the United States: results from the Tigecy-
cline Evaluation and Surveillance Trial (TEST) 2005 to
2007. Clin Ther 2008 Nov; 30 (11): 2040-50

92. Liu JW, Wang LS, Cheng YJ, et al. In-vitro activity of
tigecycline against clinical isolates of Acinetobacter bau-
mannii in Taiwan. Int J Antimicrob Agents 2008 Nov; 32
Suppl. 3: S188-91

93. Kelesidis T, Karageorgopoulos DE, Kelesidis I, et al. Ti-
gecycline for the treatment of multidrug-resistant En-
terobacteriaceae: a systematic review of the evidence
from microbiological and clinical studies. J Antimicrob
Chemother 2008 Nov; 62 (5): 895-904

94. CastanheiraM, SaderHS,DeshpandeLM, et al. Antimicrobial
activities of tigecycline and other broad-spectrum antimicro-
bials tested against serine carbapenemase- and metallo-
beta-lactamase-producing Enterobacteriaceae: report from
the SENTRY Antimicrobial Surveillance Program. Anti-
microb Agents Chemother 2008 Feb; 52 (2): 570-3

95. Dean CR, Visalli MA, Projan SJ, et al. Efflux-mediated
resistance to tigecycline (GAR-936) in Pseudomonas

aeruginosa PAO1. Antimicrob Agents Chemother 2003
Mar; 47 (3): 972-8

96. Tygacil� [package insert]. Philadelphia (PA): Wyeth Phar-
maceuticals Inc., 2005 Jun

97. Tetracyclines – EUCAST clinical MIC breakpoints: tige-
cycline [online]. Available from URL: http://
www.srga.org/eucastwt/MICTAB/MICtetracyclines.htm
[Assessed 2009 Mar 19]

98. BSAC, British Society for Antimicrobial Chemoptherapy.
BSAC methods for antimicrobial susceptibility testing,
Version 7.1, February 2008 [online]. Available from URL:
http://www.bsac.org.uk/_db/_documents/version_7_1_feb
ruary_2008.pdf [Assessed 2009 Mar 19]

99. Jones RN, FerraroMJ, Reller LB, et al. Multicenter studies
of tigecycline disk diffusion susceptibility results for Aci-
netobacter spp. J Clin Microbiol 2007 Jan; 45 (1): 227-30

100. Clinical and Laboratory Standards Institute. Performance
standards for antimicrobial disk susceptibility tests: ap-
proved Standard M100-S19. 19th ed. Wayne (PA): CLSI,
2009

101. Moland ES, Craft DW, Hong SG, et al. In vitro activity of
tigecycline against multidrug-resistant Acinetobacter bau-
mannii and selection of tigecycline-amikacin synergy.
Antimicrob Agents Chemother 2008 Aug; 52 (8): 2940-2

102. Vouillamoz J, Moreillon P, Giddey M, et al. In vitro ac-
tivities of tigecycline combined with other antimicrobials
against multiresistant Gram-positive and Gram-negative
pathogens. J Antimicrob Chemother 2008 Feb; 61 (2):
371-4

103. Petersen PJ, Labthavikul P, Jones CH, et al. In vitro anti-
bacterial activities of tigecycline in combination with
other antimicrobial agents determined by chequerboard
and time-kill kinetic analysis. J Antimicrob Chemother
2006 Mar; 57 (3): 573-6

104. Cobo J, Morosini MI, Pintado V, et al. Use of tigecycline
for the treatment of prolonged bacteremia due to a
multiresistant VIM-1 and SHV-12 beta-lactamase-
producing Klebsiella pneumoniae epidemic clone. Diagn
Microbiol Infect Dis 2008 Mar; 60 (3): 319-22

105. Bratu S, Tolaney P, Karumudi U, et al. Carbapenemase-
producing Klebsiella pneumoniae in Brooklyn, NY: mo-
lecular epidemiology and in vitro activity of polymyxin B
and other agents. J Antimicrob Chemother 2005 Jul;
56 (1): 128-32

106. Entenza JM, Moreillon P. Tigecycline in combination with
other antimicrobials: a review of in vitro, animal and case
report studies. Int J Antimicrob Agents 2009 Jul; 34 (1):
8.e1-9

107. Scheetz MH, Qi C, Warren JR, et al. In vitro activities of
various antimicrobials alone and in combination with
tigecycline against carbapenem-intermediate or -resistant
Acinetobacter baumannii. Antimicrob Agents Chemother
2007 May; 51 (5): 1621-6

108. Sands M, McCarter Y, Sanchez W. Synergy testing of
multidrug resistant Acinetobacter baumanii against tige-
cycline and polymyxin using an E-test methodology. Eur J
Clin Microbiol Infect Dis 2007 Jul; 26 (7): 521-2

109. Arroyo LA, Mateos I, Gonzalez V, et al. In vitro activities
of tigecycline, minocycline, and colistin-tigecycline com-
bination against multi- and pandrug-resistant clinical

MDR Gram-Negative Infections 1899

ª 2009 Adis Data Information BV. All rights reserved. Drugs 2009; 69 (14)



isolates of Acinetobacter baumannii group. Antimicrob
Agents Chemother 2009 Mar; 53 (3): 1295-6

110. Meagher AK, Ambrose PG, Grasela TH, et al. Pharma-
cokinetic/pharmacodynamic profile for tigecycline: a new
glycylcycline antimicrobial agent. Diagn Microbiol Infect
Dis 2005 Jul; 52 (3): 165-71

111. MacGowan AP. Tigecycline pharmacokinetic/pharmaco-
dynamic update. J Antimicrob Chemother 2008 Sep; 62
Suppl. 1: i11-6

112. EUCAST technical note on tigecycline. Clin Microbiol
Infect 2006 Nov; 12 (11): 1147-9

113. Burkhardt O, Rauch K, Kaever V, et al. Tigecycline pos-
sibly underdosed for the treatment of pneumonia: a
pharmacokinetic viewpoint. Int J Antimicrob Agents
2009 Jul; 34 (1): 101-2

114. Conte Jr JE, Golden JA, Kelly MG, et al. Steady-state
serum and intrapulmonary pharmacokinetics and phar-
macodynamics of tigecycline. Int J Antimicrob Agents
2005 Jun; 25 (6): 523-9

115. Koomanachai P, Kim A, Nicolau DP. Pharmacodynamic
evaluation of tigecycline against Acinetobacter baumannii
in a murine pneumonia model. J Antimicrob Chemother
2009 May; 63 (5): 982-7

116. Passarell JA, Meagher AK, Liolios K, et al. Exposur-
response analyses of tigecycline efficacy in patients with
complicated intra-abdominal infections. Antimicrob
Agents Chemother 2008; 52: 204-10

117. Muralidharan G, Micalizzi M, Speth J, et al. Pharmaco-
kinetics of tigecycline after single and multiple doses in
healthy subjects. Antimicrob Agents Chemother 2005
Jan; 49 (1): 220-9

118. Ellis-Grosse EJ, Babinchak T, Dartois N, et al. The efficacy
and safety of tigecycline in the treatment of skin and skin-
structure infections: results of 2 double-blind phase 3
comparison studies with vancomycin-aztreonam. Clin
Infect Dis 2005 Sep 1; 41 Suppl. 5: S341-53

119. Babinchak T, Ellis-Grosse E, Dartois N, et al. The efficacy
and safety of tigecycline for the treatment of com-
plicated intra-abdominal infections: analysis of pooled
clinical trial data. Clin Infect Dis 2005 Sep 1; 41 Suppl. 5:
S354-67

120. Maroko R, Cooper A, Dukart G, et al. Results of phase 3
study comparing a tigecycline (TGC) regimen with
an imipenem/cilastatin (IMI) regimen in treatment of
patients with hospital acquired pneumonia (HAP).
47th Annual Interscience Conference on Antimicrobial
Agents and Chemotherapy Meeting; 2007 Sep 17-20;
Chicago (IL)

121. Schafer JJ, Goff DA, Stevenson KB, et al. Early experience
with tigecycline for ventilator-associated pneumonia and
bacteremia caused by multidrug-resistant Acinetobacter
baumannii. Pharmacotherapy 2007 Jul; 27 (7): 980-7

122. Anthony KB, Fishman NO, Linkin DR, et al. Clinical
and microbiological outcomes of serious infections
with multidrug-resistant Gram-negative organisms
treated with tigecycline. Clin Infect Dis 2008 Feb 15; 46
(4): 567-70

123. Swoboda S, Ober M, Hainer C, et al. Tigecycline for the
treatment of patients with severe sepsis or septic shock:
a drug use evaluation in a surgical intensive care unit.
J Antimicrob Chemother 2008 Mar; 61 (3): 729-33

124. Vasilev K, Reshedko G, Orasan R, et al. A phase 3, open-
label, non-comparative study of tigecycline in the treat-
ment of patients with selected serious infections due to
resistant Gram-negative organisms including En-
terobacter species, Acinetobacter baumannii andKlebsiella
pneumoniae. J Antimicrob Chemother 2008 Sep; 62 Suppl.
1: i29-40

125. Gallagher JC, Rouse HM. Tigecycline for the treatment of
Acinetobacter infections: a case series. Ann Pharmacother
2008 Sep; 42 (9): 1188-94

126. Curcio D, Fernandez F, Vergara J, et al. Late onset venti-
lator-associated pneumonia due to multidrug-resistant
Acinetobacter spp.: experience with tigecycline. J Chemo-
ther 2009 Feb; 21 (1): 58-62

127. Gordon NC, Wareham DW. A review of clinical and mi-
crobiological outcomes following treatment of infections
involving multidrug-resistant Acinetobacter baumannii
with tigecycline. J Antimicrob Chemother 2009 Apr; 63
(4): 775-80

128. Poulakou G, Kontopidou FV, Paramythiotou E, et al. Ti-
gecycline in the treatment of infections from multi-drug
resistant Gram-negative pathogens. J Infect 2009 Apr; 58
(4): 273-84

129. Maltezou HC, Giakkoupi P,Maragos A, et al. Outbreak of
infections due to KPC-2-producing Klebsiella pneumoniae
in a hospital in Crete (Greece). J Infect 2009 Mar; 58 (3):
213-9

130. Karageorgopoulos DE, Kelesidis T, Kelesidis I, et al. Ti-
gecycline for the treatment of multidrug-resistant (in-
cluding carbapenem-resistant) Acinetobacter infections: a
review of the scientific evidence. J Antimicrob Chemother
2008 Jul; 62 (1): 45-55

131. Evagelopoulou P, Myrianthefs P, Markogiannakis A,
et al. Multidrug-resistant Klebsiella pneumoniae medias-
tinitis safely and effectively treated with prolonged
administration of tigecycline. Clin Infect Dis 2008 Jun 15;
46 (12): 1932-3

132. Peleg AY, Potoski BA, Rea R, et al. Acinetobacter bau-
mannii bloodstream infection while receiving tigecycline: a
cautionary report. J Antimicrob Chemother 2007 Jan; 59
(1): 128-31

133. Reid GE, Grim SA, Aldeza CA, et al. Rapid development
of Acinetobacter baumannii resistance to tigecycline.
Pharmacotherapy 2007 Aug; 27 (8): 1198-201

134. Keeney D, Ruzin A, McAleese F, et al. MarA-mediated
overexpression of the AcrAB efflux pump results in de-
creased susceptibility to tigecycline in Escherichia coli.
J Antimicrob Chemother 2008 Jan; 61 (1): 46-53

135. Keeney D, Ruzin A, Bradford PA. Ram A, a transcrip-
tional regulator, and AcrAB, an RND-type efflux pump,
are associated with decreased susceptibility to tigecycline
in Enterobacter cloacae. Microb Drug Resist 2007 Spring;
13 (1): 1-6

136. Ruzin A, Visalli MA, Keeney D, et al. Influence of tran-
scriptional activator RamA on expression of multidrug
efflux pump AcrAB and tigecycline susceptibility in
Klebsiella pneumoniae. Antimicrob Agents Chemother
2005 Mar; 49 (3): 1017-22

137. Ruzin A, Keeney D, Bradford PA. AdeABC multidrug
efflux pump is associated with decreased susceptibility to
tigecycline in Acinetobacter calcoaceticus-Acinetobacter

1900 Giamarellou & Poulakou

ª 2009 Adis Data Information BV. All rights reserved. Drugs 2009; 69 (14)



baumannii complex. J Antimicrob Chemother 2007 May;
59 (5): 1001-4

138. Ruzin A, Keeney D, Bradford PA. AcrAB efflux pump
plays a role in decreased susceptibility to tigecycline in
Morganella morganii. Antimicrob Agents Chemother
2005 Feb; 49 (2): 791-3

139. Ruzin A, Immermann FW, Bradford PA. Real-time PCR
and statistical analyses of acrAB and ramA expression in
clinical isolates of Klebsiella pneumoniae. Antimicrob
Agents Chemother 2008 Sep; 52 (9): 3430-2

140. Poulakou G, Giamarellou H. Doripenem: an expected ar-
rival in the treatment of infections caused by multidrug-
resistant Gram-negative pathogens. Expert Opin Investig
Drugs 2008 May; 17 (5): 749-71

141. Castanheira M, Jones RN, Livermore DM. Antimicrobial
activities of doripenem and other carbapenems against
Pseudomonas aeruginosa, other nonfermentative bacilli,
and Aeromonas spp. Diagn Microbiol Infect Dis 2009
Apr; 63 (4): 426-33

142. Mushtaq S, Ge Y, Livermore DM. Doripenem versus
Pseudomonas aeruginosa in vitro: activity against char-
acterized isolates, mutants, and transconjugants and
resistance selection potential. Antimicrob Agents
Chemother 2004 Aug; 48 (8): 3086-92

143. Sakyo S, Tomita H, Tanimoto K, et al. Potency of carba-
penems for the prevention of carbapenem-resistant mu-
tants of Pseudomonas aeruginosa: the high potency of a
new carbapenem doripenem. J Antibiot 2006 Apr; 59 (4):
220-8

144. Tanimoto K, Tomita H, Fujimoto S, et al. Fluor-
oquinolone enhances the mutation frequency for mer-
openem-selected carbapenem resistance in Pseudomonas
aeruginosa, but use of the high-potency drug doripenem
inhibits mutant formation. Antimicrob Agents Chemo-
ther 2008 Oct; 52 (10): 3795-800

145. Huynh HK, Biedenbach DJ, Jones RN. Delayed resistance
selection for doripenem when passaging Pseudomonas
aeruginosa isolates with doripenem plus an aminoglyco-
side. Diagn Microbiol Infect Dis 2006 Jul; 55 (3): 241-3

146. Ikawa K, Morikawa N, Uehara S, et al. Pharmacokinetic-
pharmacodynamic target attainment analysis of dor-
ipenem in infected patients. Int J Antimicrob Agents 2009
Mar; 33 (3): 276-9

147. Psathas PA, Kuzmission A, Ikeda K, et al. Stability of
doripenem in vitro in representative infusion solutions
and infusion bags. Clin Ther 2008 Nov; 30 (11): 2075-87

148. Kim A, Banevicius MA, Nicolau DP. In vivo pharmaco-
dynamic profiling of doripenem against Pseudomonas
aeruginosa by simulating human exposures. Antimicrob
Agents Chemother 2008 Jul; 52 (7): 2497-502

149. Chastre J, Wunderink R, Prokocimer P, et al. Efficacy
and safety of intravenous infusion of doripenem versus
imipenem in ventilator-associated pneumonia: a multi-
center, randomized study. Crit Care Med 2008 Apr;
36 (4): 1089-96

150. Fosfomycin. In: Sweetman SC, editor. Martindale: the
complete drug reference. 35th ed. London: Pharmaceu-
tical Press, 2007

151. Reeves DS. Fosfomycin trometamol. J Antimicrob Chemo-
ther 1994 Dec; 34 (6): 853-8

152. Mirakhur A, Gallagher MJ, Ledson MJ, et al. Fosfomycin
therapy for multiresistant Pseudomonas aeruginosa in
cystic fibrosis. J Cyst Fibros 2003 Mar; 2 (1): 19-24

153. Barry AL, Brown SD. Antibacterial spectrum of fosfomy-
cin trometamol. J Antimicrob Chemother 1995 Jan; 35
(1): 228-30

154. Okazaki M, Suzuki K, Asano N, et al. Effectiveness of
fosfomycin combined with other antimicrobial agents
against multidrug-resistant Pseudomonas aeruginosa iso-
lates using the efficacy time index assay. J Infect Chemo-
ther 2002 Mar; 8 (1): 37-42

155. Hayami H, Goto T, Kawahara M, et al. Activities of beta-
lactams, fluoroquinolones, amikacin and fosfomycin
alone and in combination against Pseudomonas aerugi-
nosa isolated from complicated urinary tract infections.
J Infect Chemother 1999 Sep; 5 (3): 130-8

156. Reguera JA, Baquero F, Berenguer J, et al. Beta-lactam-
fosfomycin antagonism involving modification of penicillin-
binding protein 3 in Pseudomonas aeruginosa. Antimicrob
Agents Chemother 1990 Nov; 34 (11): 2093-6

157. De Cueto M, Lopez L, Hernandez JR, et al. In vitro
activity of fosfomycin against extended-spectrum-
beta-lactamase-producing Escherichia coli and Klebsiella
pneumoniae: comparison of susceptibility testing
procedures. Antimicrob Agents Chemother 2006 Jan;
50 (1): 368-70

158. Kobayashi Y, Sumitani Y, Sugita K, et al. Antimicrobial
activity of fosfomycin against multidrug-resistant Pseu-
domonas aeruginosa in vitro. Int J Antimicrob Agents
2007 Dec; 30 (6): 563-4

159. Joukhadar C, Klein N, Dittrich P, et al. Target site pene-
tration of fosfomycin in critically ill patients. J Anti-
microb Chemother 2003 May; 51 (5): 1247-52

160. Frossard M, Joukhadar C, Erovic BM, et al. Distribution
and antimicrobial activity of fosfomycin in the interstitial
fluid of human soft tissues. Antimicrob Agents Chemo-
ther 2000 Oct; 44 (10): 2728-32

161. Dette GA, Knothe H, Schonenbach B, et al. Comparative
study of fosfomycin activity in Mueller-Hinton media
and in tissues. J Antimicrob Chemother 1983 Jun; 11 (6):
517-24

162. Linares L, Cervera C, Cofan F, et al. Epidemiology and
outcomes of multiple antibiotic-resistant bacterial infec-
tion in renal transplantation. Transplant Proc 2007 Sep;
39 (7): 2222-4

163. Falagas ME, Giannopoulou KP, Kokolakis GN, et al.
Fosfomycin: use beyond urinary tract and gastrointestinal
infections. Clin Infect Dis 2008 Apr 1; 46 (7): 1069-77

Correspondence: Prof. Helen Giamarellou, Professor of
Internal Medicine and Infectious Diseases, 4th Department
of Internal Medicine, Athens University School of
Medicine, ‘ATTIKON’ University Hospital of Athens,
1 Rimini Street, Haidari 12462, Athens, Greece.
E-mail: hgiama@ath.forthnet.gr

MDR Gram-Negative Infections 1901

ª 2009 Adis Data Information BV. All rights reserved. Drugs 2009; 69 (14)


	Multidrug-Resistant Gram-Negative Infections
	Abstract
	1. Polymyxins
	1.1 Mode of Action and Resistance Mechanisms
	1.2 Antibacterial Activity
	1.3 Pharmacokinetics and Pharmacodynamics
	1.4 Clinical Experience
	1.5 Toxicity and Adverse Reactions
	1.6 Resistance Development
	1.7 Summary

	2. Tigecycline
	2.1 Mode of Action
	2.2 Antibacterial Activity
	2.3 Pharmacokinetics and Pharmacodynamics
	2.4 Clinical Experience
	2.5 Toxicity and Adverse Reactions
	2.6 Resistance Development
	2.7 Summary

	3. Other Options
	3.1 Doripenem
	3.2 Fosfomycin

	4. Conclusions
	Acknowledgements
	References


