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A two-compartment in vitro pharmacokinetic-pharmacodynamic model, with full computer-controlled de-
vices, was used to accurately simulate human plasma pharmacokinetic profiles after multidose oral regimens
of ciprofloxacin (750 mg every 12 h) and moxifloxacin (400 mg every 24 h) during 48 h. Pharmacodynamics of
these drugs was investigated against three quinolone-susceptible strains of Stenotrophomonas maltophilia
(MICs of ciprofloxacin and moxifloxacin of 0.5 to 2 and 0.0625 to 0.5 �g/ml, respectively). The first dose of
ciprofloxacin and moxifloxacin reduced the bacterial count by 1 and 2 log CFU/ml, respectively, prior to a
bacterial regrowth that reached the plateau value of the growth control curve at 13 to 24 h versus 24 to 36 h
and persisted despite repeated administration of both drugs. The surviving bacterial cells were quinolone-
resistant mutants (2 to 128 times the MIC) that exhibited cross-resistance to unrelated antibiotics. Their
antibiotic resistance probably resulted from the overproduction of different multidrug resistance efflux sys-
tem(s). Cmax/MIC and area under the concentration-time curve from 0 to 24 h (AUC0-24)/MIC values were at
least threefold higher for moxifloxacin than for ciprofloxacin. Moreover, integral parameters of ciprofloxacin
and moxifloxacin, in particular the area under the killing and regrowth curve from 0 to 48 h (AUBC0-48, 342.3
to 401.3 versus 295.2 to 378.7 h � log CFU/ml, respectively) and the area between the control growth curve and
the killing and regrowth curve from 0 to 48 h (ABBC0-48, 40.4 to 101.1 versus 72.9 to 144.7 h � log CFU/ml,
respectively), demonstrated a better antibacterial effect of moxifloxacin than ciprofloxacin on S. maltophilia.
However, selection of resistant mutants by both fluoroquinolones, although delayed with moxifloxacin, em-
phasizes the need to use maximal dosages and combined therapy in the treatment of systemic S. maltophilia
infections.

Over the past 15 years, Stenotrophomonas maltophilia has
emerged as an important cause of nosocomial infections,
mainly in severely debilitated or immunocompromised patients
(13, 18, 32). This bacterial species is responsible for a wide
spectrum of diseases with substantial morbidity and mortality,
including respiratory tract infections, especially in patients with
cystic fibrosis, bacteremia and, more rarely, wound and urinary
tract infections (13, 18, 32). Therapy for these infections is
problematic because of the common multidrug resistance
(MDR) of the strains. Indeed, S. maltophilia is inherently re-
sistant to most antimicrobials due to a low outer membrane
permeability and/or natural MDR efflux systems, coupled with
specific resistance mechanisms, such as the production of two
inducible chromosomally encoded �-lactamases, L1 and L2,
and an aminoglycoside acetyltransferase (13, 20, 30). The few
available antibiotics that are naturally active against S. malto-
philia include cotrimoxazole, some �-lactams (principally the
combination ticarcillin-clavulanic acid), and fluoroquinolones
(essentially ciprofloxacin) (13, 18, 32). Moreover, acquired re-
sistances to these antibiotics are frequent (2 to 10%, 10 to
29%, and 21 to 53%, respectively) (18). Indeed, mutants ex-

hibiting pleiotropic resistance, including to quinolones, are
readily selected in vitro (1, 19, 22, 39, 40) as in vivo (19, 36, 38).
In contrast to other gram-negative organisms, the primary de-
terminant of quinolone resistance in S. maltophilia has been
identified as the overproduction of efflux pumps, SmeDEF
being the most clearly involved (1–3), rather than mutations in
the type II topoisomerases targets (30, 35).

Newer fluoroquinolones, such as moxifloxacin, appear to be
more active against S. maltophilia than the older agents of this
family (28, 37). Moreover, the development of resistance has
been shown to be less pronounced with moxifloxacin than with
ciprofloxacin in Escherichia coli, Staphylococcus aureus, and
Streptococcus pneumoniae (7, 12, 29). Therefore, this drug
might be adopted to replace ciprofloxacin in the treatment of
S. maltophilia infections.

We have previously developed an in vitro pharmacokinetic-
pharmacodynamic (PK/PD) model that accurately simulates
the variations of the antibiotic concentrations versus time in
a defined body compartment and to investigate their effi-
ciency on bacterial strains (4). The aim of the present study
was to apply this model to the human serum pharmacoki-
netics of ciprofloxacin and moxifloxacin, administered at
recommended dosing regimens, and to compare their phar-
macodynamics against quinolone-susceptible strains of S.
maltophilia, with emphasis on the emergence of resistant
mutants.
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MATERIALS AND METHODS

PK/PD model. The two-compartment PK/PD model with full computer-con-
trolled devices has been previously described in detail elsewhere (4). The model
was designed to simulate the same pharmacokinetic profile in the two compart-
ments. Flow rates were adjusted according to reference pharmacokinetic param-
eters of ciprofloxacin (10, 17) and moxifloxacin (33). The target values for
ciprofloxacin and moxifloxacin, respectively, were as follows: maximal concen-
tration (Cmax), 2.94 and 2.50 �g/ml; absorption rate constant (Ka), 2.70 and 2
h�1; and elimination half-lives (t1/2�), 4.70 and 15.6 h. All experiments were
performed in Mueller-Hinton (MH) broth (A.D.L., Tresses, France) at 37°C.

Antibiotics and simulated dosage regimens. Ciprofloxacin obtained as a ref-
erence powder (84.4% free base) and as a marketed infusion solution (Ciflox;
200 mg/100 ml), as well as moxifloxacin as reference powder (95.2% free base),
were provided by Bayer Pharma (Puteaux, France). Human plasma pharmaco-
kinetic profiles were simulated according to multidose oral regimens of cipro-
floxacin (a route consistent with that of moxifloxacin, 750 mg every 12 h) and
moxifloxacin (400 mg every 24 h) for 48 h. Ciprofloxacin infusion solution was
directly used to simulate the oral administration. The simulation of the oral
administration of moxifloxacin was performed with a 2-mg/ml solution.

Bacterial strains and antimicrobial susceptibility testing. The clinical isolate
of S. maltophilia Sm206 was selected for the validation of the model, and two
reference strains from the Collection de l’Institut Pasteur, CIP 54.90 and CIP
60.77T (ATCC 13637), were added for data confirmation. The initial strains and
the surviving bacterial cells obtained during ciprofloxacin and moxifloxacin ad-
ministration simulation were identified by conventional tests and by using the
API 20NE system (bioMérieux, La Balme les Grottes, France). Their antibio-
types were established by the disk diffusion method (28 discriminant antibiotics)
according to official guidelines (http://www.sfm.asso.fr). MICs were determined
in at least three independent experiments by an agar dilution method on MH
medium after a 24-h incubation at 37°C (http://www.sfm.asso.fr). Antibiotic ref-
erence powders were kindly supplied by their manufacturers (ciprofloxacin and
moxifloxacin [Bayer Pharma]; norfloxacin [Merck Sharp and Dohme-Chibret];
nalidixic acid [Sanofi]; tetracycline and chloramphenicol [Aventis]; sulfamethox-
azole, trimethoprim, and their cotrimoxazole combination [5:1 m/m] [Roche];
ticarcillin-clavulanic acid [Glaxo Smith Kline]; cefepime and amikacin [Bristol
Myers Squibb]) or were purchased (erythromycin [Fluka]). Quality control
strains included E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and
S. aureus ATCC 25923.

Quantitation of bacterial growth. The peripheral compartment (PCp) of the
model was inoculated with each bacterial strain 3 h before performing the first
sampling, in order to obtain exponentially growing culture of 107 CFU/ml in a
50-ml culture volume. Since the volume of fresh antibiotic-free medium flowing
into the central compartment (CCp) depended on the antibiotic absorption,
distribution, and elimination half-lives, the absence of biased results due to the
influence of the amount of nutrient on growth characteristics was controlled by
performing growth control curves in triplicate (Sm206) or in duplicate (CIP 54.90
and CIP 60.77T) for each simulation condition.

Operating procedure and antimicrobial assays. During the validation tests
with Sm206, a total of 65 (for ciprofloxacin kinetics, at 0.35, 0.4, 0.5, 0.75, 1, 1.25,
1.50, 1.75, 2, 2.50, 3, 4, 6, 8, 10, and 12 h after the beginning of antibiotic
administration for each regimen interval) or 30 (for moxifloxacin kinetics, at 0.15,
0.25, 0.50, 0.75, 0.90, 1, 1.50, 2, 2.50, 3, 4, 6, 8, 12, and 24 h) 200-�l samples of
each were drawn from the CCp by means of a computer-controlled fraction
collector and from the PCp by manual sampling with sterile Vacutainer tubes
(PolyLabo, Strasbourg, France); the number of samples was reduced for the
reference strains (23 and 15 for ciprofloxacin and moxifloxacin kinetics, respec-
tively). A 10-�l aliquot of each sample was used for antibiotic chromatographic
assays consisting of isocratic reversed-phase high-pressure liquid chromatogra-
phy with column switching and direct injection of broth (5, 6). A 100-�l volume
from PCp samples was devoted for the quantification of bacterial growth. For
bacterial counts in the absence of antibiotics, a total of 20 samples were drawn
from the PCp at 0.08, 1, 2, 3, 4, 4.50, 5, 5.50, 6, 6.50, 7, 7.50, 8, 8.50, 9, 10, 12, 14,
18, 30, 36, 42, and 54 h after bacteria inoculation. Bacteria were counted by
making 10-fold dilutions of the samples with a sterile 0.9% NaCl solution and
then plating 100 �l on MH agar. In the case of treatment simulations, the
emergence of resistant mutants was monitored by plating the same diluted
samples on MH agar supplemented with 1, 4, 16, and 64 times the MIC of
ciprofloxacin or moxifloxacin. Plates were read after 48 h of incubation by visual
inspection. The lower detection and counting limits were 2 and 3 log CFU/ml,
respectively. Colony counts were expressed as log10 CFU/ml.

Data analysis. (i) Pharmacokinetic analysis. Compartmental analysis of drug
experimental concentration data was performed with the software Pharmacokin

(G. Kister, J. Bres, and G. Cassanas, Prog. Abstr. 2nd Sci. Meet. Assoc. Phar-
macy Faculties Pharmacologists, abstr. 13, p. 14, 1998). The goodness of fit for
each concentration-time curve was evaluated both by the correlation coefficient
between experimental and software-calculated data, and the objective function F
(data not shown), which represents the sum of weighted squared deviations. The
Cmax, the residual concentration at the end of the administration interval (Cres.),
and the time to reach the peak (Tmax) were taken directly from concentration-
time profiles, whereas the t1/2�, mean residence time, Ka, area under the con-
centration-time curve (AUC) within the different dosing intervals, apparent oral
total clearance (CLtot/F), and apparent oral volume of distribution (V/F) were
calculated.

(ii) Quantitation of bacterial growth and evaluation of the antibacterial effect.
Doubling time, defined as time necessary for a twofold increase of the bacterial
cell count, was determined by linear regression analysis of the log10 CFU/
milliliter versus time during exponential phase (from 3 to 5.5 h postinoculation).
In order to compare the in vitro antibacterial effect of the two antibiotics under
human simulated concentration profiles, several parameters were determined:
the MIC-related pharmacokinetic parameters were the inhibitory quotient
(Cmax/MIC) (14) and the AUC divided by the MIC (AUC/MIC) (9, 15, 26), and
the indices of bacterial killing in the presence of antibiotic were calculated as the
difference between the inoculum at the beginning of the treatment and the
bacterial concentration at a defined time (�log CFU/milliliter) (9, 24), the area
under the bacterial killing and regrowth curve from 0 to 48 h (AUBC0-48), and
the area between the control growth curve and the bacterial killing and regrowth
curve from the zero point to 48 h (ABBC0-48) (16). The levels of resistant
mutants were expressed as the percentage of the control population obtained
with the same bacterial suspension sample but on antibiotic-free agar plates.

RESULTS

Antibiotic assays and pharmacokinetic data. Antibiotic as-
says exhibited the same reliable performances as previously
described (5, 6). Fluorescence detection allowed a quantifica-
tion limit of 0.078 and 0.050 �g/ml for ciprofloxacin and moxi-
floxacin, respectively. The standard curve was linear between
0.078 and 1.25 �g/ml for ciprofloxacin and between 0.050 and
3.2 �g/ml for moxifloxacin. Intraday and interday coefficients
of variation within the linearity range varied for ciprofloxacin
from 0.30 to 1.04% and 2.09 to 7.07%, respectively, and the
corresponding imprecisions for moxifloxacin were �4.76 and
�5.75%, respectively. Intraday and interday accuracies ranged
from �2.64 to 4.04% and from �3.54 to 1.25% for ciprofloxa-
cin, respectively, and from �2.93 to 4.50% and �1.10 to 6.00%
for moxifloxacin, respectively. Mean concentration-time curves
from triplicate experiments for the two compartments during
Sm206 strain tests are depicted in Fig. 1A1 and B1 for cipro-
floxacin and moxifloxacin, respectively. The corresponding
mean pharmacokinetic parameters � the standard deviation
(SD) for PCp are shown in Table 1 for both ciprofloxacin and
moxifloxacin. The coefficient of correlation between experi-
mental data and the calculated pharmacokinetic profile was
always greater than 0.99. Mean concentration curves (n � 2)
for the compartments during CIP 54.90 and CIP 60.77T strains
tests are shown in Fig. 2 and 3, respectively. Pharmacokinetic
parameter values obtained from these curves (data not shown)
were similar to those obtained in the Sm206 tests.

Growth control curves. Growth control curves of strain
Sm206 for ciprofloxacin and moxifloxacin administration sim-
ulation (means of three curves) are shown in Fig. A1 and B1,
respectively. At 3 h after inoculation of the PCp, the bacterial
concentration (initial inoculum for experiments), expressed in
log10 CFU/milliliter were similar for ciprofloxacin and moxi-
floxacin administration simulation: 7.165 � 0.309 and 7.463 �
0.236, respectively. Exponential growth continued for up to 4 h
after the initial sampling time (t0). The doubling times during
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FIG. 1. (A1 and B1) Ciprofloxacin (A1) and moxifloxacin (B1) pharmacokinetics and pharmacodynamic effect on S. maltophilia Sm206 during
simulation of twice-daily oral administration of 750 mg of ciprofloxacin over 48 h and once-daily oral administration of 400 mg of moxifloxacin,
respectively, in the in vitro PK/PD model (mean, n � 3). Symbols: ■ , CCp concentration-time curve; �, PCp concentration-time curve; ‚, control
growth curve; �, killing and regrowth curve. (A2 and B2) Emergence of Sm206 ciprofloxacin (A2)- and moxifloxacin (B2)-resistant mutants during
the corresponding simulations (mean percentage of viable counts; n � 3). Bars: ■ , control; z, resistant to 1 times the MIC; `; resistant to 4 times
MIC; p, resistant to 16 times the MIC.

TABLE 1. Mean pharmacokinetic parameters for the PCp after simulation with twice-daily oral administration of 750 mg of ciprofloxacin and
once daily oral administration of 400 mg of moxifloxacin over 48 h and the corresponding human reference data.

Parameter

Mean value � SD (n � 3)

Ciprofloxacin Moxifloxacin

Dosing interval Human data
(n � 6)

Dosing interval Human data
(n � 12)0–12 h 12–24 h 24–36 h 36–48 h 0–24 h 24–48 h

Cmax (�g/ml) 3.08 � 0.43 3.39 � 0.06 3.43 � 0.21 3.60 � 0.17 2.94 � 0.42a 2.45 � 0.11 2.82 � 0.23 2.5 � 1.29c

Tmax (h) 1.0 � 0.0 1.0 � 0.0 1.0 � 0.0 1.0 � 0.0 1.2 � 0.5a 0.90 � 0.00 0.90 � 0.00 2 (0.5–6.0)c

Cres. (�g/ml) 0.29 � 0.02 0.29 � 0.10 0.34 � 0.05 0.37 � 0.08 0.36 � 0.02 0.39 � 0.06
Ka (h�1) 2.72 � 0.47 2.68 � 0.44 2.37 � 0.10 2.18 � 0.13 2.70 � 1.22b 2.09 � 0.80 1.99 � 0.68 2–3c

t1/2� (h) 4.59 � 0.09 4.77 � 1.03 5.19 � 0.33 5.15 � 0.59 4.70 � 0.83a 16.5 � 0.5 16.9 � 2.9 15.6 � 1.15c

MRTd (h) 6.72 � 0.10 6.81 � 0.99 7.57 � 0.47 7.73 � 0.83 5.28 � 0.89a 22.0 � 0.7 22.5 � 3.8
AUC (h � �g/ml) 11.5 � 0.6 12.5 � 1.2 12.8 � 0.6 14.2 � 1.6 11.53 � 2.21a 17.6 � 0.3 19.3 � 0.5
CLtot/F (liter) 56.0 � 2.5 52.1 � 8.7 48.9 � 3.9 44.6 � 6.9 45.0 � 5.9a 15.3 � 0.3 13.7 � 1.8
V/F (liter) 371.1 � 14.3 350.8 � 31.3 365.1 � 10.3 328.2 � 11.9 304.0 � 61.0a 364.4 � 5.1 324.0 � 34.1
Correlation coefficient 0.996 � 0.003 0.998 � 0.000 0.996 � 0.000 0.993 � 0.006 0.996 � 0.005 0.997 � 0.002

a Fourtillan (17).
b Crump et al. (10).
c Stass and Kubitza (33).
d MRT, mean residence time.
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the exponential phase were 0.65 � 0.10 h and 0.59 � 0.06 h for
ciprofloxacin and moxifloxacin administration simulation, re-
spectively. Then, a plateau at 	9 log10 CFU/ml was observed
under the two conditions. Similar results were obtained for
CIP 54.90 (Fig. 2A1 and B1) and CIP 60.77T (Fig. 3A1 and
B1).

Pharmacodynamic data. (i) Killing curves. Killing curves of
strain Sm206 exposed to ciprofloxacin and moxifloxacin
(means of three curves) are shown in Fig. 1A1 and B1, respec-
tively. During exposure at the initial dose of the simulation of
twice-daily oral administration of 750 mg of ciprofloxacin, bac-
terial counts increased until the antibiotic concentration in the
PCp reached the peak. Then, a 1-log decrease within 3 h was
observed, followed by a rapid regrowth. Bacterial concentra-
tion reached 8.9 log CFU/ml at 12 h, just before the second
dose, which induced a slight decrease of 0.6 log CFU/ml within
4 h. Regrowth occurred again until the third dose, which pro-
duced a similar effect. However, the fourth dose did not lead to
any appreciable reduction in the number of viable organisms.
After the first dose of moxifloxacin (400 mg per 24 h), an
immediate reduction in the number of viable counts was seen,

from 7.25 � 0.05 to 4.69 � 0.36 log CFU/ml over 6 h. Then, a
relatively slow regrowth started and, at 24 h, the bacterial
population was close to the plateau value of the control (9.28
� 0.09 versus 9.48 � 0.22 log CFU/ml). The second dose at
24 h had no appreciable influence on the growth pattern of
Sm206. Similar results were obtained for CIP 54.90 (Fig. 2A1
and B1, means of two curves). Both for ciprofloxacin and
moxifloxacin, the population of the more susceptible strain,
CIP 60.77T, took longer to attain the plateau value (24 and
36 h, respectively) (Fig. 3A1 and B1, means of two curves).

(ii) MIC-related pharmacokinetic parameters and quanti-
tative evaluation of in vitro antibacterial effect. Mean param-
eters (� the SD for Sm206) calculated from antibiotic exper-
imental concentrations, pharmacokinetic parameters, growth
control curves, and killing and regrowth curves are presented
in Table 2 for both ciprofloxacin and moxifloxacin. Considering
the MICs of ciprofloxacin and moxifloxacin for Sm206 (2 and
0.5 �g/ml, respectively), CIP 54.90 (1 and 0.25 �g/ml, respec-
tively), and CIP 60.77T (ATCC 13637, 0.5 and 0.0625 �g/ml,
respectively), the Cmax/MIC ratios ranged from 1.54 to 6.70
and from 4.90 to 45.1 for ciprofloxacin and moxifloxacin, re-

FIG. 2. (A1 and B1) Ciprofloxacin (A1) and moxifloxacin (B1) pharmacokinetics and pharmacodynamic effect on S. maltophilia CIP 54.90,
during simulation of twice daily oral administration of 750 mg of ciprofloxacin over 48 h and once daily oral administration of 400 mg of
moxifloxacin, respectively, in an in vitro PK/PD model (mean, n � 2). Symbols: ■ , CCp concentration-time curve; �, PCp concentration-time
curve; ‚, control growth curve; �, killing and regrowth curve. (A2 and B2) Emergence of CIP 54.90 ciprofloxacin (A2)- and moxifloxacin
(B2)-resistant mutants during the corresponding simulations (mean percentage of viable counts, n � 2). Bars: ■ , control; z, resistant to 1 times
the MIC; `; resistant to 4 times MIC; p, resistant to 16 times the MIC.
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spectively. The AUC/MIC ratios for a 24-h interval ranged
from 12 to 50.2 h and from 35.1 to 286.7 h for ciprofloxacin and
moxifloxacin, respectively. The �log CFU/milliliter 1 h after
the beginning of the first administration at 1 h (at t1) was
positive for ciprofloxacin against Sm206 and CIP 54.90 but
negative for moxifloxacin against the three tested strains. This
parameter showed that ciprofloxacin had an appreciable effect
at 6 h, although it remained sixfold lower than that of moxi-
floxacin. Bacterial counts of Sm206 and CIP 54.90 overtook the
initial inoculum 12 h after the first dose of ciprofloxacin, while
the regrowth was still slowed down in the presence of moxi-
floxacin. The population of CIP 60.77T was less than the initial
inoculum 12 h after administration of both ciprofloxacin and
moxifloxacin. However, at 48 h after the beginning of the
treatment, a similar level of regrowth was observed for cipro-
floxacin and moxifloxacin, although CIP 60.77T seemed to be
more susceptible to moxifloxacin. The AUBC0-48 was slightly
greater in the presence of ciprofloxacin than in the presence of
moxifloxacin for the three strains. The difference in effect be-
tween the two antibiotics was still more pronounced when the
ABBC0-48 was measured.

(iii) Emergence of resistant mutants. Survivors able to grow
in the presence of concentrations equal or superior to the
MICs for the parental strains remained quinolone resistant
after repeated subcultures on antibiotic-free media, demon-
strating that they were stable mutants rather than transiently
induced cells. Inoculation of the surviving cells on antibiotic-
containing media showed that the mutants emerged from the
12th hour for ciprofloxacin and from the 24th hour for moxi-
floxacin (Fig. 1 to 3). At 12 h, Sm206 and CIP 54.90 mutants
tolerated 16 times the MIC of ciprofloxacin for the initial
strains (45 and 80% of the population, respectively), while
mutants of the more susceptible CIP 60.77T strain were only
resistant to 4 times the MIC (80%). Nevertheless, CIP 60.77T
led to mutants with the highest increases in MICs (64 times the
MIC) from the 24th hour. In contrast, mutants derived from
the three strains could be cultivated on medium containing 16
times the MIC of moxifloxacin from the 24th hour, but none
could be cultivated at 64 times the MIC.

Antibiograms and MIC determinations were performed for
53 mutants selected at different sampling times and antibiotic
concentrations. These mutants exhibited increases not only in

FIG. 3. (A1 and B1) Ciprofloxacin (A1) and moxifloxacin (B1) pharmacokinetics and pharmacodynamic effect on S. maltophilia CIP 60.77T
(ATCC 13637) during simulation of twice-daily oral administration of 750 mg of ciprofloxacin over 48 h and once-daily oral administration of 400
mg of moxifloxacin, respectively, in an in vitro PK/PD model (mean, n � 2). Symbols: ■ , CCp concentration-time curve; �, PCp concentration-time
curve; ‚, control growing curve; �, killing and regrowth curve. (A2 and B2) Emergence of CIP 60.77T ciprofloxacin (A2)- and moxifloxacin
(B2)-resistant mutants during the corresponding simulations (mean percentage of viable counts, n � 2). Bars: ■ , control; z, resistant to 1 times
the MIC; `; resistant to 4 times MIC; p, resistant to 16 times the MIC; t, resistant to 64 times the MIC.

950 BA ET AL. ANTIMICROB. AGENTS CHEMOTHER.



resistance to quinolones but also in resistance to other struc-
turally unrelated antibiotics. When mutants derived from the
same parental strain were compared, they showed different
resistance patterns, although most of them harbored the same
profile, as indicated by the mode MICs (Table 3). Further-
more, substantial variations were noticed between mutants ac-
cording to the parental strain. For example, the increases in

the mode MICs of nalidixic acid were 2 to 4 times, 8 times, and
64 times the MIC for Sm206, CIP 54.90, and CIP 60.77T,
respectively. Similarly, increases in erythromycin resistance
were observed only in the Sm206 and CIP 54.90 series, while
no decrease in amikacin susceptibility was recorded only for
the CIP 60.77T derivatives. Finally, for a given parental strain,
no significant differences were observed between resistance

TABLE 2. MIC-related pharmacokinetic parameters and antibacterial effect indices of the simulation of oral administration of ciprofloxacin
(750 mg/12 h over 48 h) and moxifloxacin (400 mg/24 h over 48 h) against a clinical isolate of S. maltophilia (Sm206) and two reference

strains, CIP 54.90 and CIP 60.77T

Parameter

Mean or mean � SD for strain:

Sm206 CIP 54.90 CIP 60.77T (ATCC 13637)

Ciprofloxacin
(MIC � 2 �g/ml;

n � 3)

Moxifloxacin
(MIC � 0.5 �g/ml;

n � 3)

Ciprofloxacin
(MIC � 1 �g/ml;

n � 2)

Moxifloxacin
(MIC � 0.25 �g/ml;

n � 2)

Ciprofloxacin
(MIC � 0.5 �g/ml;

n � 2)

Moxifloxacin
(MIC � 0.0625 �g/ml;

n � 2)

Doubling time (h) 0.65 � 0.10 0.59 � 0.06 0.61 0.57 0.55 0.55

Cmax/MIC at:
0.90 h 4.90 � 0.23
1 h 1,54 � 0.21 2.48 9.80 6.20 38.5
24.90 h 5.63 � 0.46 12.6
25 h 1.72 � 0.11 2.96 6.70 45.1

AUC0–24/MIC (h) 12.0 � 0.7 35.1 � 0.6 22.6 68.8 49.4 267.2

AUC24–48/MIC (h) 13.5 � 1.1 38.6 � 0.9 25.2 77.6 50.2 286.7

�log CFU/ml at:
t1 0.32 � 0.09 �1.08 � 0.17 0.24 �0.15 �0.07 �1.24
t6 �0.42 � 0.30 �2.56 � 0.33 �0.12 �0.81 �0.49 �1.77
t12 1.79 � 0.22 �1.37 � 0.89 1.35 �1.03 �0.30 �1.17
t24 1.66 � 0.12 2.08 � 0.02 1.53 2.17 2.93 �0.80
t25 1.65 � 0.19 2.13 � 0.03 1.21 2.42 2.64 �0.73
t48 1.81 � 0.13 2.08 � 0.13 2.34 2.97 2.81 1.79

AUBC0–48 (h � log CFU/ml) 401.3 � 3.7 378.7 � 13.8 371.8 343.2 342.3 295.2

ABBC0–48 (h � log CFU/ml) 40.4 � 3.7 72.9 � 13.8 81.5 101.8 101.1 144.7

TABLE 3. Comparative susceptibilities to antibiotics of parental strains and their MDR-derived mutantsa

Antibiotic

Sm206 CIP 54.90 CIP 60.77T (ATCC 13637)

Parent
(MIC,
�g/ml)

MDR mutant (MIC�)
(n � 26) Parent

(MIC,
�g/ml)

MDR mutant (MIC�)
(n � 14) Parent

(MIC,
�g/ml)

MDR mutant (MIC�)
(n � 13)

Range Mode
MIC Range Mode

MIC Range Mode
MIC

Ciprofloxacin 2 4–64 16 1 16–32 32 0.5 16–128 64
Moxifloxacin 0.5 4–64 16 0.25 32–64 32 0.0625 8–64 64
Nalidixic acid 16 2–16 2–4 8 8–16 8 4 32–64 64
Norfloxacin 16 2–64 8 8 16–128 64 4 16–128 32
Tetracycline 8 1–8 2 4 4–8 4–8 1 1–8 2
Chloramphenicol 4 1–16 4 8 2–4 4 4 8–64 16–32
Erythromycin 128 1–4 4 256 2–4 2 16 0.5–1 1
Trimethoprim 8 1–16 8 8 2–4 4 16 8–32 32
Sulfamethoxazole 8 2–4 1 8 0.125–0.5 0.5 16 1–8 2
Cotrimoxazole 8 1–4 1 4 1 1 4 1–16 4
Ticarcillin plus CAb 16 1–2 1 16 0.5–1 1 8 0.5–2 1
Cefepime 16 1–4 1 2 2–4 2 8 0.5–4 2
Amikacin 64 0.125–4 0.5 16 0.25–0.5 0.5 4 1–4 1–2

a n, Number of tested MDR mutants; MIC�, multiple of the MIC compared to that for the parental strain. The range gives the lowest and highest increases in MICs,
and the mode MIC corresponds to the value obtained for the majority (at least half) of the strains.

b CA, clavulanic acid at a fixed concentration of 2 �g/ml.
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profiles of mutants grown under either ciprofloxacin or moxi-
floxacin (data not shown).

DISCUSSION

Cotrimoxazole has traditionally been regarded as the agent
of choice for the therapy of S. maltophilia infection, with ticar-
cillin-clavulanate being an alternative in intolerant individuals
(13, 32). Due to an increasing frequency of cotrimoxazole
resistance, ciprofloxacin has eventually become the empirical
therapy, but a parallel increase in quinolone resistance was
noted (36). Previous in vitro studies suggest that moxifloxacin
can offer a better therapeutic option (28, 37). However, they
are based on MICs that are static measures and have been
found to be unreliable for S. maltophilia (13). Models that
interpret both pharmacokinetics and bacterial response may
provide more clinically meaningful information. In the present
study, a PK/PD model was used to compare the potential
efficacy of ciprofloxacin and moxifloxacin against three quin-
olone-susceptible strains of S. maltophilia.

The model was first validated at the pharmacokinetic level.
Concentration-time curves of ciprofloxacin and moxifloxacin
showed a good reproducibility of sequential experiments, and
pharmacokinetic parameters obtained for both CCp and PCp
ranged within the confidence intervals of the means of human
data (10, 17, 33). The model was also validated for the different
growth conditions since similar doubling times were obtained.
Finally, quinolone susceptibility of the test organisms was pre-
cisely determined (MICs of ciprofloxacin and moxifloxacin, 0.5
to 2 �g/ml and 0.0625 to 0.5 �g/ml, respectively) and found to
be consistent with the literature (28, 37, 40).

Time-kill experiments indicated that ciprofloxacin reduced
the bacterial counts by ca. 1 log CFU/ml prior to a rapid
bacterial regrowth up to the plateau value of the growth con-
trol curve at 12 h (i.e., at the end of the first dosing interval) for
Sm206 and CIP 54.90, or 24 h for CIP 60.77T. After moxifloxa-
cin first dose, bacterial counts were reduced by 	2 log CFU/
ml, and the regrowth rate was slower than that observed with
ciprofloxacin, since the plateau value was reached at the 24th
hour (just before the second administration) or the 36th hour.
Further doses of both agents did not reduce the bacterial
counts. A ciprofloxacin Cmax/MIC greater than 10 in a dose
ranging study in an in vitro model has been considered to be a
strong predictor of clinical success against P. aeruginosa (27),
an organism similarly saprophytic, multiresistant, and patho-
genic for debilitated patients as S. maltophilia. In our study,
only moxifloxacin led to upper values for the reference strains
and the two MIC-related parameters were at least threefold
higher for moxifloxacin than for ciprofloxacin. During simula-
tion infection with Sm206 and CIP 54.90, the �log CFU/mil-
liliter was negative only at 6 h for ciprofloxacin, whereas it
remained negative until 12 h for moxifloxacin. In a recent study
using an in vitro pharmacodynamic model to assess the best
measure of antibacterial effect for moxifloxacin (25), the
AUBC appeared to be the optimum one. In the present inves-
tigation, AUBC values were slightly smaller for moxifloxacin
than for ciprofloxacin (295.2 to 378.7 versus 342.3 to 401.3 h �
log CFU/ml). In another study comparing several parameters
in an in vitro dynamic model with ciprofloxacin (16), better
unbiased presentation of the effect was obtained with the

ABBC. The values of ABBC0-48 were 	1.5-fold higher for
moxifloxacin than for ciprofloxacin (72.9 to 144.7 versus 40.4 to
101 h � log CFU/ml). Consequently, moxifloxacin compared
favorably to ciprofloxacin by all antibacterial effect indices, the
AUBC0-48 and ABBC0-48 values in particular.

Non-protein-supplemented broth was used for all experi-
ments that simulated human total (free plus bound) concen-
trations of the antibiotics in plasma. Protein binding appears to
be only a modest contributor to factors involved in the thera-
peutic effectiveness of fluoroquinolones (8). Indeed, fluoro-
quinolones exhibit a low level of protein binding, usually

50% (8, 34). Moreover, the magnitude of this parameter is
similar for ciprofloxacin and moxifloxacin (20 to 40%) (8, 34).
Thus, this factor is not expected to introduce a bias effect in the
comparison of the intrinsic antibacterial effect of the two com-
pounds.

Both fluoroquinolones selected for resistant mutants that
expressed cross-resistance to unrelated antibiotics, as previ-
ously reported in strains overproducing MDR efflux systems
(22, 39). Mutants derived from the same parental strain exhib-
ited various antibiotic resistance patterns. Such variations, in-
cluding erythromycin resistance, in particular, together with
increased amikacin susceptibility, versus no changes toward
these antibiotics have previously been ascribed to overproduc-
tion of different MDR efflux systems rather than to hyperex-
pression at different levels of a single pump (39). However,
from each parental strain, mutants with a predominant resis-
tance profile were selected, which might reflect strain-specific
propensity for the overexpression of different systems; similar
resistance profiles were obtained after ciprofloxacin or moxi-
floxacin exposure. The reduced potential of moxifloxacin to
select for bacterial resistance has been assessed for organisms
in which high-level quinolone resistance implies target alter-
ations that occur at low frequencies (10�7 to 10�9) and/or
multistep mutations (7, 21, 23, 25, 29). In S. maltophilia, mu-
tants overproducing their efflux pumps are present at high
frequencies (10�5 to 10�6) and exhibit clinically relevant in-
creases in MICs (1, 22). Our results highlight the importance of
achieving drug concentrations that exceed the MIC of not only
the original isolate but also resistant subpopulations. Although
noteworthy, the risk of emergence of resistant mutants is cer-
tainly overestimated in our PK/PD model, in which the initial
inoculum is high and host defenses are absent. Moreover,
moxifloxacin concentrates in particular body sites, such as the
lungs (7, 11, 29).

In conclusion, the antibacterial effect indices obtained in our
PK/PD model demonstrated a better efficacy of moxifloxacin
than ciprofloxacin against S. maltophilia under conditions sim-
ulating human pharmacokinetics of the two compounds. Thus,
when a fluoroquinolone has to be used for treating S. malto-
philia infections, e.g., in the case of a fluoroquinolone-suscep-
tible strain either resistant to cotrimoxazole and/or ticarcillin-
clavulanate or in a cotrimoxazole-allergic patient, moxifloxacin
is preferable to ciprofloxacin. However, due to the selection of
resistant mutants by both fluoroquinolones, moxifloxacin
should be administered at the maximum tolerated doses and in
combination. Given the existence of cross-resistance between
fluoroquinolones and trimethoprim, the combination of moxi-
floxacin plus ticarcillin-clavulanate might represent the most
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promising regimen, as much as synergy has been demonstrated
between ciprofloxacin and ticarcillin-clavulanate (31).
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