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Abstract In the present study, we challenged the concept that
levofloxacin should not be used for the management of
ventilator-associated pneumonia (VAP) when minimum in-
hibitory concentrations (MICs) exceed 2 μg/ml. Multidrug-
resistant (MDR) and genetically distinct isolates of
Pseudomonas aeruginosa (n=49) and Acinetobacter
baumannii (n=29) from patients with VAPwere exposed over
time to levofloxacin, imipenem, colistin and their combina-
tions. Synergy between levofloxacin and imipenemwas found
in 55.3 % and between levofloxacin and colistin in 90.9 % of
isolates of P. aeruginosa within the first 4 h of growth.
Synergy with imipenem but not with colistin was dependent
of the MIC. Synergy between levofloxacin and imipenem was
found in 58.6 % of isolates of A. baumannii after 24 h of
growth. Considerable synergy was found between levofloxacin
and colistin, reaching 84.8 % of isolates of A.baumannii after
6 h of growth. Synergy was independent from the MIC. These
results create hopes that levofloxacin can be used as combina-
tion therapy for infections by MDR bacteria.

Introduction

The emergence of multidrug-resistant (MDR) and extensively
drug-resistant Gram-negative bacteria in the hospital environ-
ment all over the world and the apparent lack of newer
antimicrobials create an unmet medical need. Many physi-
cians rely on combinations of antimicrobials to combat

resistant pathogens. It is expected that these combinations
may help prevent further resistance development and preserve
antimicrobials like tigecycline and colistin that are the last
option in the therapeutic arsenal [1].

One of the most threatening infections often caused by
MDRGram-negative pathogens is ventilator-associated pneu-
monia (VAP). Intravenous levofloxacin has been proposed as
an appropriate alternative for the treatment of patients. A
recent retrospective analysis of 222 patients with VAP treated
with monotherapy with either levofloxacin or imipenem–
cilastatin showed similar clinical and microbiological success,
which, however, did not exceed 60 % of patients [2]. Similar
promising results were obtained from two non-randomised
studies with 10 and 12 patients, respectively [3, 4].
Although the authors of these studies support the appropriate-
ness of levofloxacin for the empirical management of VAP,
they support that levofloxacin should not be used for isolates
with minimum inhibitory concentrations (MICs) exceeding
2 μg/ml [3]. This skepticism further exists when models of
pharmacodynamic simulations are studied [5].

However, many pharmacokinetic studies suggest that the
penetration of levofloxacin in the lung may over-exceed
2 μg/ml, provided some dose adjustments are done [6, 7].
To this end, we studied the time–kill effect of levofloxacin on
a wide panel of genetically distinct pathogens of
Pseudomonas aeruginosa and of Acinetobacter baumannii
from patients with VAP. Levofloxacin was studied at doses
equal to those achieved in the lung parenchyma; interactions
with imipenem and colistin were also studied.

Materials and methods

For the conduct of the study, isolates of P. aeruginosa and of
A. baumannii isolated from the tracheobronchial secretions
(TBS) of well-characterised cases of VAP were used. They
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were isolated at counts greater than 105 cfu/ml from the TBS
of patients enrolled in two previously described studies [8, 9].
In both studies, VAP was diagnosed by the following criteria:
(a) signs of sepsis; (b) new or persistent consolidation in chest
X-ray; (c) purulent TBS; and (d) Clinical Pulmonary Infection
Score (CPIS) more than 6. Isolates were kept frozen in skim
milk at −70 °C. The studied clinical isolates derived from
consented individuals who have participated in the two afore-
mentioned clinical studies [8, 9] that were approved by the
Hospital Ethics Committees and the current in vitro study was
approved by the Ethics Committees of ATTIKON University
Hospital.

The selection of isolates was done by two criteria from a
large panel of isolates coming from the aforementioned stud-
ies [8, 9] that were kept refrigerated: (a) being genetically
distinct. This was defined after pulsed-field gel electrophore-
sis (PFGE) of the total DNA. Briefly, after bacterial cell lysis
by sonication, genomic DNAwas isolated, digested by restric-
tion endonuclease SpeI for P. aeruginosa and ApaI for
A. baumannii, and subjected to electrophoresis on 1.5 %
agarose gel; the voltage was adjusted to 200 V, temperature
to 12 °C and both phases of ramping at 15 and 23 h in a Gene
Navigator apparatus (Pharmacia Biotech, Uppsala, Sweden);
and (b) being MDR. This was defined as resistance to at least
three antimicrobials of different chemical classes, according to
the Clinical and Laboratory Standards Institute (CLSI)
criteria. Finally, 47 isolates of P. aeruginosa and 29 isolates
of A. baumannii were selected for the study.

Purified powders of imipenem and of colistin sulfate were
provided by Sigma-Aldrich Co. (St. Louis, MO, USA).
Amorphous crystalline powder of levofloxacin was provided
by Sanofi (Paris, France). The MICs of levofloxacin,
imipenem and colistin were determined by a microdilution
technique of a 0.1-ml final volume using a 5×105 cfu/ml log-
phase inoculum. The MIC was considered the lowest antimi-
crobial concentration limiting visible bacterial growth after
overnight incubation at 35 °C. Minimum bactericidal concen-
trations (MBCs) were determined by sub-culture of the con-
tent of clear wells onto MacConkey agar. The MBC was
considered the lowest antimicrobial concentration killing at
least 99 % of the plated inoculum.

In order to study the time–kill effect of levofloxacin and its
interactions with imipenem and colistin, single colonies of the
studied isolates were left to grow into visible turbidity in
cation-adjusted Mueller–Hinton broth (CAMHB, Oxoid
Ltd., London, UK) at 35 °C and then adjusted to the desired
inoculum by a 0.5 McFarland standard. After dilutions, a log-
phase 1×106 cfu/ml inoculum was exposed over time into
tubes of a 10-ml final volume with levofloxacin at final
concentrations of 7.5, 11 and 25 μg/ml without/with
16 μg/ml of imipenem and 5 μg/ml of colistin. Tubes were
left to incubate at 37 °C in a shaking water bath and, at
standard intervals (0, 2, 4, 6 and 24 h), the bacterial growth

was measured in duplicate by four serial 1:10 dilutions of one
0.1-ml aliquot in 0.9 % NaCl and by plating 0.1 ml of each
dilution onto MacConkey agar. The use of serial dilutions
eliminated any antimicrobial carry-over effect. The lower de-
tection limit was 10 cfu/ml. The absolute number of bacterial
counts per time of growthwasmeasured bymeans of the counts
in each dilution; to this end, counts were multiplied with the
appropriate dilution factor. Concentrations of 7.5 and 11 μg/ml
of levofloxacin were selected because they are equal to those
estimated in the epithelial lining fluid (ELF) 4 to 6 h after the
intravenous administration of 750 and 1,000 mg of the drug,
respectively [7, 10]. The concentration of 25 μg/ml of
levofloxacin was studied because it is equal to the concentration
achieved in the ELF 1 h after the intravenous administration of
750 or 1,000 mg of the drug [7]. Imipenem was studied at
16 μg/ml and colistin was studied at 5 μg/ml because these
concentrations are close to the maximal serum and ELF levels
after the administration of conventional doses [11–15].

The following effects were recorded [16]: (a) killing effect
as any decrease of the starting inoculum ≥3log10 and (b)
synergism between two or more antimicrobials as any
≥2log10 decrease of bacterial growth compared to the most
active single agent.

Changes of bacterial growth from the starting inoculum
were expressed by means ± standard error of the mean (SE).
Comparisons between groups were done by analysis of vari-
ance (ANOVA) with post-hoc Bonferroni analysis.
Correlations between changes of bacterial counts from the
baseline and the MIC of antimicrobials were done according
to Spearman’s rank of order. Receiver operator characteristics
(ROC) analysis was done to identify some cut-off points of the
MIC of levofloxacin, imipenem or colistin that could be used
to define the probability of antimicrobial synergy with speci-
ficity more than 80 % against the studied isolates.
Comparisons between sub-groups of isolates defined by the
MIC cut-off points were done by Student’s t-test. Any p-value
below 0.05 was considered significant.

Results

The MIC50/MIC90 of levofloxacin against the studied
P. aeruginosa isolates were 16/64 μg/ml, of imipenem
8/256 μg/ml and of colistin 2/32 μg/ml. The MBC50/MBC90

were 32/128 μg/ml, 16/512 μg/ml and 4/32 μg/ml, respectively.
Levofloxacin achieved a significant decrease of bacterial

growth of P. aeruginosa; this was pronounced when the tested
concentration was 25 μg/ml (Fig. 1a). A time–kill effect of
levofloxacin was shown against 53.2 % of the studied isolates
within the first 4 h of incubation (Table 1). At this time point,
negative correlations were found between the MIC of
levofloxacin and the decrease of bacterial counts of
P. aeruginosa. These correlations were shown when the
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studied concentration was 7.5 μg/ml (rs: −0.618, p<0.0001),
when the studied concentration was 11 μg/ml (rs: −0.519,
p<0.0001) and when the studied concentration was
25 μg/ml (rs: −0.571, p<0.0001).

The time interactions of levofloxacin with imipenem were
studied against all 47 isolates of P. aeruginosa and of
levofloxacin with colistin against 33 isolates of
P. aeruginosa. Synergistic effects between levofloxacin and
imipenem were found in 55.3 % of the studied isolates and
between levofloxacin and colistin in 90.9 % of isolates within
the first 4 h of incubation (Table 2). ROC analysis showed that
an MIC of levofloxacin of ≤32 μg/ml and an MIC of
imipenem ≤16 μg/ml was linked with specificity more than
80 % to predict synergy at 4 h between levofloxacin and
imipenem against P. aeruginosa. Further analysis revealed
that the change of bacterial growth by the antimicrobial
interaction was independent of the MIC of levofloxacin
when the MIC of imipenem was ≤16 μg/ml; however,
the decrease of bacterial growth for isolates with an
MIC of imipenem >16 μg/ml was greater when the
MIC of levofloxacin was ≤32 μg/ml compared to
>32 μg/ml (Fig. 2). ROC analysis failed to define some
similar MIC cut-off points of colistin predictive of the
synergy between levofloxacin and colistin against
P. aeruginosa (data not shown). Representative time–kill
curves for four isolates are shown in Fig. 3.

The MIC50/MIC90 of levofloxacin against the studied iso-
lates of A. baumannii were 16/32 μg/ml, of imipenem 16/
64 μg/ml and of colistin 0.5/2 μg/ml. The MBC50/MBC90

were 16/64 μg/ml, 32/64 μg/ml and 1/2 μg/ml, respectively.
No significant time–kill effect of levofloxacin on
A. baumannii was found (Fig. 1b and Table 1). The time–kill
effect was limited in 27.6 % of the studied isolates.

The time interactions of levofloxacin with imipenem were
studied against all 29 isolates of A. baumannii and of
levofloxacin with colistin against 13 isolates of
A. baumannii. Synergy between levofloxacin and imipenem
was found in 58.6 % of the studied isolates after 24 h of
incubation (Table 2). Considerable synergy was found be-
tween levofloxacin and colistin, reaching 84.8 % of the

Fig. 1 Change of bacterial counts of (a) 47 isolates of Pseudomonas
aeruginosa and (b) 29 isolates of Acinetobacter baumannii over time
after in vitro exposure to 7.5 μg/ml of levofloxacin (LVF7.5), 11 μg/ml of
levofloxacin (LVF11), 25 μg/ml of levofloxacin (LVF25), 16 μg/ml of
imipenem (IMP) and 5 μg/ml of colistin (COL). Thirty-three of the
studied isolates of P. aeruginosa and 13 of the studied isolates of
A. baumannii were tested on colistin. p-Value of comparisons at the
indicated time intervals after correction for multiple comparisons by
Bonferroni for significant differences: a0.001 LVF25 vs. IMP, b0.008
LVF11 vs. IMP, c0.044 LVF25 vs. COL, d0.004 COL vs. all LVF
concentrations, e<0.0001 LVF25 vs. LVF11/LVF7.5

Table 1 In vitro time–kill effect of imipenem and levofloxacin against 47 genetically distinct multidrug-resistant (MDR) isolates of Pseudomonas
aeruginosa and against 29 genetically distinct MDR isolates of Acinetobacter baumannii

Time (h) Levofloxacin 7.5 μg/ml Levofloxacin 11 μg/ml Levofloxacin 25 μg/ml Imipenem 16 μg/ml Colistin 5 μg/ml*

Time–kill effect on P. aeruginosa (n, %)

2 17 (36.2) 17 (36.2) 21 (44.7) 6 (14.9) 14 (37.8)

4 25 (53.2) 25 (53.2) 25 (53.2) 11 (23.4) 15 (41.7)

6 23 (48.9) 23 (48.9) 25 (53.2) 14 (29.8) 16 (44.4)

24 18 (40.4) 21 (44.7) 25 (53.2) 12 (25.5) 8 (22.2)

Time–kill effect on A. baumannii (n, %)

2 0 0 0 0 10 (76.9)

4 0 0 0 0 10 (76.9)

6 0 0 1 (3.5) 0 10 (76.9)

24 2 (6.9) 2 (6.9) 8 (27.6) 4 (13.8) 11 (84.6)

*Studied among 36 isolates of P. aeruginosa and 13 isolates of A. baumannii
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studied isolates after 6 h of incubation. ROC analysis failed to
define some MIC cut-off points of levofloxacin, of imipenem
or of colistin predictive of the synergy between levofloxacin
and imipenem or between levofloxacin and colistin against
A. baumannii (data not shown). Representative time–kill
curves for three isolates of A. baumannii are shown in Fig. 4.

Discussion

The presented results provide evidence that levofloxacin,
when administered at doses that can deliver lung concentra-
tions between 11 and 25 μg/ml, may possess a considerable
time–kill effect on MDR P. aeruginosa pathogens derived

Table 2 In vitro time synergy between imipenem and levofloxacin (LVF)
and between colistin and levofloxacin against 47 genetically distinct
multidrug-resistant (MDR) isolates of P. aeruginosa and against 29

genetically distinctMDR isolates ofA. baumannii. Imipenemwas studied
at 16 μg/ml and colistin at 5 μg/ml in all time–kill assays

Time
(h)

7.5 μg/ml LVF +
imipenem

11 μg/ml LVF +
imipenem

25 μg/ml LVF +
imipenem

7.5 μg/ml LVF +
colistin*

11 μg/ml LVF +
colistin*

25 μg/ml LVF +
colistin*

Time–kill effect on P. aeruginosa (n, %)

2 16 (34.0) 16 (34.0) 20 (42.6) 21 (63.3) 25 (75.8) 27 (81.8)

4 23 (48.9) 25 (53.2) 26 (55.3) 26 (78.8) 28 (84.8) 30 (90.9)

6 23 (48.9) 27 (57.4) 28 (59.6) 26 (78.8) 28 (84.8) 28 (84.8)

24 22 (46.8) 21 (44.7) 25 (53.2) 24 (72.7) 28 (84.8) 29 (87.9)

Time–kill effect on A. baumannii (n, %)

2 1 (3.4) 0 0 10 (76.9) 8 (61.5) 9 (69.2)

4 1 (3.4) 1 (3.4) 0 10 (76.9) 9 (69.2) 10 (76.9)

6 1 (3.4) 2 (6.9) 3 (10.3) 11 (84.6) 10 (76.9) 10 (76.9)

24 7 (24.1) 11 (37.9) 17 (58.6) 11 (84.6) 10 (76.9) 11 (84.6)

*Studied among 33 isolates of P. aeruginosa and 13 isolates of A. baumannii

Fig. 2 Correlations between the minimum inhibitory concentration
(MIC) of levofloxacin and imipenem, and the change of P. aeruginosa
growth after 4 h of incubation. Isolates are divided according to MICs of
imipenem (IMP) of ≤16 μg/ml and >16 μg/ml, and according to MICs of
levofloxacin (LVF) of ≤32 μg/ml and >32 μg/ml. Changes of bacterial

growth after 4 h of growth are shown (a) in the presence of 7.5 μg/ml of
LVF and IMP, (b) in the presence of 11 μg/ml of LVF and IMP, and (c) in
the presence of 25 μg/ml of LVF and IMP. p-Values refer to statistical
comparisons between isolates with MICs of LVF of ≤32 μg/ml and
>32 μg/ml
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from patients with VAP. Levofloxacin exhibits considerable
synergy with imipenem and colistin against that species. The
efficacy of the in vitro interaction with imipenem is greater as
theMIC levels of levofloxacin and imipenem decrease. On the
contrary, the time–kill effect of levofloxacin on A. baumannii
is limited.

Although originally described as an extremely potent agent
against P. aeruginosa, antimicrobial susceptibility testing of
isolates from blood, urine and respiratory specimens from the
intensive care units of 19 medical centres of Canada during
2005 and 2006 showed that levofloxacin was in vitro active
against 68 % of P. aeruginosa isolates [17]. A total of 419
isolates was studied; the MIC50 of levofloxacin was 1 μg/ml
and that of meropenem was 1 μg/ml. Using these results, it
can be postulated that our findings are important in the clinical
setting for two reasons: (i) the MIC levels of the 47 studied
isolates are greater than those reported by the Canadian study
and (ii) the synergistic effect between levofloxacin and

imipenem was shown as early as 4 h after exposure of the
bacterial inoculum to this interaction.

A more recent study has assessed the in vitro interaction of
β-lactams with levofloxacin against P. aeruginosa but com-
prised only four isolates. In this study, isolates with MICs of
levofloxacin between 1 and 4 μg/ml were exposed to concen-
trations equal to 0.5×, 1× and 4× the MIC in combination with
ceftobiprole. Synergy was shown against three of the isolates
starting as early as 6 h after antimicrobial exposure [18].

To test the pharmacodynamics of antimicrobials, the
hollow-fibre infection model has been developed. In that
model, antimicrobials are infused in the central compartment
and bacterial killing or emergence of resistance is monitored
in the peripheral compartments. Using this model, the efficacy
of levofloxacin in combination with meropenem was tested
against a wild-type P. aeruginosa PAO1 strain and against a
strain over-expressing the MexAB pump. The results showed
that single antimicrobials did not manage to eradicate the

Fig. 3 Representative time–kill
curves on four isolates of
P. aeruginosa. COL colistin, IMP
imipenem, LVF7.5 levofloxacin
7.5 μg/ml, LVF11 levofloxacin
11 μg/ml, LVF25 levofloxacin
25 μg/ml

Fig. 4 Representative time–kill
curves on three isolates of
A. baumannii. COL colistin, IMP
imipenem, LVF7.5 levofloxacin
7.5 μg/ml, LVF11 levofloxacin
11 μg/ml, LVF25 levofloxacin
25 μg/ml
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strains and prevent the emergence of resistance. However, the
combination achieved rapid bacterial killing from the first day
and prevented the emergence of resistance [19]. In order to act
in synergy, the authors found that two conditions should
apply: (a) the ratio of the minimum concentration to the
MIC of meropenem should be close to 1 and (b) the ratio of
the area under the curve to the MIC of levofloxacin should be
close to 31. These conditions apply when the regimen tested
was at least 750 mg once daily for levofloxacin and at least 3 g
three times daily for meropenem. These regimens deliver
ranges of concentrations within those studied in our study
[7, 10], making our results extremely promising in the clinical
field.

The pharmacodynamics of levofloxacin in a murine model
of pneumonia induced by P. aeruginosa PAO1 creates skep-
ticism as to whether levofloxacin can be used as monotherapy
for VAP. The lung penetration of levofloxacin was 77 % and
the decrease of viable counts was greater as the administered
dose increased. Data from this model were used to predict the
ability of levofloxacin to eradicate P. aeruginosa from the
lung in humans by a single daily dose of 750 mg based on
Monte Carlo simulation. The results suggested that this was
less possible for strains with MIC values greater than 1 μg/ml
[19].

A large-scale randomised clinical trial was conducted to
compare the clinical efficacy of monotherapy with
levofloxacin over imipenem for hospital-acquired pneumonia.
Sub-group analysis was done regarding patients with VAP.
The clinical success rate in the levofloxacin arm was 58.6 %
[2]. The limited clinical efficacy and the pharmacodynamic
results reported previously [19, 20] underscore the need to use
levofloxacin only in combination. A small-scale, single-arm,
open-label study was published where nine patients with VAP
caused by P. aeruginosa were treated with the combination of
levofloxacin 500 mg twice daily and ceftazidime 2 g twice
daily; VAP was eradicated in eight of these cases [21].

Although levofloxacin is considered in vitro active against
A. baumannii [17], the available data in the literature are
limited. One study has described synergy between cefepime
and levofloxacin against an MDR isolate using the hollow-
fibre infection model. Synergism was pronounced as drug
concentrations increased [22]. In our study, synergy between
levofloxacin and imipenem was found against 58.6 % of
MDR A. baumannii pathogens. However, this was shown
only after 24 h of incubation and when the studied concentra-
tion of levofloxacin was 25 μg/ml. These findings do not
encourage the use of this combination for infections by this
species.

Another interesting finding of our study was the in vitro
synergy of levofloxacin and colistin against both
P. aeruginosa and A. baumannii, which is described for the
first time in the literature. Colistin in both parenteral and
aerolised administration is, nowadays, the treatment of choice

for infections by these species. Most people believe that
colistin should not be given as monotherapy, with the aim to
avoid the emergence of resistance [23]. The observed synergy
with levofloxacin provides a very good choice for clinicians
who wish to select a second antimicrobial for co-administra-
tion, particularly since synergy does not depend on theMIC of
colistin or levofloxacin.

The presented results create hopes that levofloxacin can be
used as combination therapy for serious infections by MDR
species of P. aeruginosa and A. baumannii. In the case of
P. aeruginosa, levofloxacin synergises dynamically with
imipenem and the effect largely depends on the MIC level.
The interaction of levofloxacin and imipenem is poorly active
on A. baumannii. However, powerful synergy between
levofloxacin and colistin is found against both species. The
observed synergy effects of levofloxacin with colistin and
imipenem and their clinical benefits should be confirmed in
future clinical trials.
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