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When antimicrobials are used empirically, pathogen MICs equal to clinical breakpoints or epidemiological cutoff values must be
considered. This is to ensure that the most resistant pathogen subpopulation is appropriately targeted to prevent emergence of
resistance. Accordingly, we determined the pharmacokinetic (PK) profile of moxifloxacin at 400 mg/day in 18 patients treated
empirically for community-acquired pneumonia. We developed a population pharmacokinetic model to assess the potential
efficacy of moxifloxacin and to simulate the maximal MICs for which recommended pharmacokinetic-pharmacodynamic (PK-
PD) estimates are obtained. Moxifloxacin plasma concentrations were determined the day after therapy initiation using ultra-
high-performance liquid chromatography. Peak drug concentrations (Cmax) and area under the free drug concentration-time
curve from 0 to 24 h (fAUC0 –24) values predicted for each patient were evaluated against epidemiological cutoff MIC values for
Streptococcus pneumoniae, Haemophilus influenzae, and Legionella pneumophila. PK-PD targets adopted were a Cmax/MIC of
>12.2 for all pathogens, an fAUC0 –24/MIC of >34 for S. pneumoniae, and an fAUC0 –24/MIC of >75 for H. influenzae and L.
pneumophila. Individual predicted estimates for Cmax/MIC and fAUC0 –24/MIC as well as simulated maximal MICs resulting in
target attainment for oral and intravenous administration of the drug were suitable for S. pneumoniae and H. influenzae but not
for L. pneumophila. These results indicate that caution must be taken when moxifloxacin is used as monotherapy to treat com-
munity-acquired pneumonia caused by L. pneumophila. In conclusion, this report reveals key information relevant to the em-
pirical treatment of community-acquired pneumonia while highlighting the robust and flexible nature of this population phar-
macokinetic model to predict therapeutic success. (Clinical Trials Registration no. NCT01983839.)

With the global trend toward decreased antibiotic susceptibil-
ity, it is of great importance to make sure that any antibiotic

given targets the most resistant bacterial subpopulation present to
prevent further emergence of resistance. A worst-case scenario
with pathogen MICs equal to clinical MIC breakpoints must be
taken into consideration when antimicrobials are used empiri-
cally. Moxifloxacin (Avelox; Bayer), a “fourth-generation” fluo-
roquinolone, is often used in the empirical treatment of severe
community-acquired pneumonia (CAP), which is one of the most
common infectious diseases and among the primary causes of
death worldwide (1, 2). Even though the majority of CAP cases are
managed in the primary care setting, symptoms can be severe and
up to 10% of hospitalized patients with CAP need treatment in an
intensive care unit (ICU) (3). Streptococcus pneumoniae is the pri-
mary pathogen responsible for CAP (4), but many other micro-
organisms, including Gram-negative and atypical bacteria (e.g.,
Legionella pneumophila, Mycoplasma pneumoniae, and Chlamydo-
phila pneumoniae), may also be etiological agents.

Moxifloxacin has a broad spectrum of antibacterial activity
and is considered effective against the vast majority of CAP patho-
gens, including Gram-positive, Gram-negative, and atypical bac-
teria, as well as multidrug-resistant S. pneumoniae (5–9). The drug
is well tolerated, and clinical studies have shown that moxifloxacin
is superior to, or as effective as, ceftriaxone, amoxicillin-clavulanic
acid, and levofloxacin in the treatment of CAP (10–12). The rec-
ommended dose of moxifloxacin is 400 mg/day (q.d.). No dosage
adjustment is required in elderly patients, obese patients (13), or
patients with renal or mild hepatic impairment (14). Further-
more, due to the risk of a prolonged QT interval (a measure of the
time between the start of the Q wave and the end of the T wave in

the heart’s electrical cycle), it is recommended that the daily dose
of moxifloxacin should not exceed 400 mg (15–17).

Fluoroquinolones are antimicrobials with concentration-de-
pendent bactericidal activity. For fluoroquinolones, the pharma-
cokinetic/pharmacodynamic (PK-PD) measures that correlate
with clinical and bacteriologic efficacy are the ratio of the peak
drug concentration to the MIC of the drug (Cmax/MIC) and the
ratio of the 24-h area under the free drug concentration-time
curve to the MIC (fAUC0 –24/MIC) (18–20). fAUC0 –24/MIC has
the strongest association with therapeutic efficacy for multiple
fluoroquinolones (19–21). Nevertheless, an optimal Cmax/MIC
ratio is of importance, both to achieve the optimal bactericidal
effect in the treatment with fluoroquinolones and to avoid the
emergence of resistance (22–24). A Cmax/MIC of 8 to 20 has been
referred to as the optimal value to achieve these goals (22, 25–27).
Preston et al. (26) found that a Cmax/MIC of �12.2 was predictive
of a favorable clinical and microbiological outcome in levofloxa-
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cin treatment of pulmonary, urinary tract, and soft-tissue infec-
tions. Furthermore, Drusano et al. (22) demonstrated in an ani-
mal model that a Cmax/MIC greater than 10 was associated with a
positive clinical outcome when treating Pseudomonas aeruginosa
sepsis with fluoroquinolones. Fluoroquinolones are often used in
the treatment of respiratory tract infections, and a high probabil-
ity of therapeutic response has been observed with fAUC0 –24/MIC
ratios of greater than 34 (28). Both in vivo and in vitro studies have
shown that a higher fAUC0 –24/MIC is required for successful
treatment of infections due to Gram-negative bacteria than for
infections caused by S. pneumoniae and other Gram-positive bac-
teria (25, 27, 29, 30). To our knowledge, no in vivo studies regard-
ing the correlation between fAUC0 –24/MIC and clinical outcome
have been performed for atypical bacteria.

The PK and PD properties of antimicrobials have been the
focus of many studies during recent years because these parame-
ters may help predict clinical outcome, lead to improved dosage
regimens, and aid in preventing the selection of resistant pathogen
mutants. The fact that antibiotic resistance is increasing world-
wide emphasizes the importance of choosing the right antimicro-
bial at the right dose, especially in situations in which antimicro-
bials are being used empirically. If PK-PD targets cannot be met
for the antimicrobial agent chosen, an alternative agent must be
considered in the treatment.

This study was designed to determine the pharmacokinetics of
moxifloxacin administered at 400 mg q.d. to patients treated em-
pirically for CAP. To accomplish this aim, we established a PK
population model. This approach was adopted with the dual pur-
pose of assessing the potential efficacy of the drug and performing
Monte-Carlo simulations to characterize the maximal MICs for
which PK-PD targets are obtained for pathogens commonly
known to cause CAP.

MATERIALS AND METHODS
Study design. This report details a prospective, observational study con-
ducted at the Department of Infectious Diseases, Aarhus University Hos-
pital, Aarhus, Denmark, between March 2013 and April 2014. All patients
were informed about the purpose of the study. Given that this study was
undertaken in parallel with standard-of-care treatment of CAP, the Re-
gional Ethical Committee approved the study without requiring signed
informed consent (Clinical Trials Registration no. NCT01983839).

Patient population and study drug. Patients with diagnosed CAP
who were empirically prescribed moxifloxacin at 400 mg q.d. by the treat-
ing physician, according to national CAP treatment guidelines, had
plasma concentrations of moxifloxacin determined. Patients less than 18
years of age were excluded from the study, and the age, gender, and body
weight of each enrolled patient were registered. Moxifloxacin was admin-
istered either orally (p.o.) or intravenously (i.v.) with infusion over 1 h.
On the second day of treatment, each patient had a blood sample drawn
immediately before administration of moxifloxacin, 1 h after administra-
tion of moxifloxacin, 3 h after administration of moxifloxacin, and 24 h
after administration of moxifloxacin, to determine the plasma concentra-
tion-time course of the drug. When moxifloxacin was administered i.v.,
blood samples were drawn 1, 3, and 24 h after the end of infusion. All
plasma samples were stored at �20°C until analysis. To assess a possible
influence on the moxifloxacin PK parameters, plasma concentrations of
alanine aminotransferase (ALAT), albumin, and creatinine were deter-
mined on the same day as the plasma concentrations of moxifloxacin.

Microbiological analysis. In the Department of Clinical Microbiol-
ogy, sputum and whole-blood samples were cultured according to stan-
dard operating procedures (i.e., whole-blood cultures are incubated in
Bact/ALERT for up to 6 days). Sputum samples and positive blood cul-

tures were streaked to agar plates, incubated overnight, and investigated
for growth of bacterial pathogens. When a bacterial species was isolated, a
moxifloxacin MIC was obtained by using E-tests (AB Biodisk, Solna, Swe-
den) performed on Mueller-Hinton agar plates. In addition, PCR analysis
to detect M. pneumoniae, C. pneumoniae, and L. pneumophila in sputum
and a legionella urinary antigen test (LUT) and a pneumococci urinary
antigen test (PUT) (BinaxNOW) were performed upon request from the
treating physicians.

UHPLC analysis. The free moxifloxacin plasma concentrations were
assessed using ultra-high-performance liquid chromatography (UHPLC).
Prior to analysis, 300 �l of serum was added to a 96-well ultrafilter plate
(Acroprep 30K Omega; Pall Corporation, USA) with a 30-kDa molecular
cutoff. After centrifugation for 30 min at 1,000 � g, 15 �l filtrate was
mixed with 20 �l 10 mM phosphate buffer (pH 3) (NaH2PO4·H2O ad-
justed with HCl; Merck, Germany) in a 96-well tray (Kem-En-Tec, Den-
mark) (0.2 ml Thin-Wall). Standards of moxifloxacin (0.47, 1.88, 7.5, and
15 �g/ml) were prepared by adding moxifloxacin (Sigma-Aldrich, Den-
mark) to 0.9% NaCl–water and mixed with phosphate buffer. The sepa-
ration system (Agilent 1290 Infinity; Agilent Technologies, USA) was
equipped with a 100-mm-by-2.1-mm C18 column (Kinetex; Phenome-
nex, USA) (1.7 �m inner diameter), which was preheated to 40°C. For
analysis, 5 �l prepared sample or standard was injected into the UHPLC
system, and moxifloxacin was separated from other plasma compounds
with a gradient of methanol (Sigma-Aldrich, Denmark) in phosphate buf-
fer, changing from 0% to 50% over 4 min. The typical retention time of
moxifloxacin was 3.1 min. Detection of moxifloxacin was done with UV
detection at 295 nm, and calculation of the concentrations was done with
ChemStation Software (Agilent Technologies, USA). Intrarun (total) im-
precision values (percent coefficients of variation [%CV]) were 3.0%
(6.2%) at 0.9 mg/liter and 4.8% (6.2%) at 3.5 mg/liter. The limit of quan-
tification was defined as the lowest concentration with a CV of �20% and
was found to be 0.05 mg/liter.

Population PK modeling, PD evaluation, and simulations. The
plasma concentration-time profiles of moxifloxacin were modeled using
NONMEM 7.3 (Icon Development Solutions, Hanover, MD, USA). The
first-order conditional estimation (FOCE) method with interaction was
used. PK i.v. and p.o. data were modeled simultaneously.

The log-normal distribution of the parameters around the typical
value was assumed:

Pi � P · exp(�i)

where Pi is the value of the parameter in the individual i, P is the typical
value of the parameter in the population, and �i is the normally distrib-
uted interindividual variability (IIV) with mean 0 and variance �2. Addi-
tive, proportional, and combined additive and proportional residual error
models were investigated.

One- and two-compartment models with clearance (CL) from the
central compartment were evaluated for moxifloxacin disposition. Moxi-
floxacin absorption was modeled with a first-order absorption rate (ka)
with or without a lag time.

Gender was investigated as a categorical covariate, while body weight
and creatinine, alanine aminotransferase (ALAT), and albumin plasma
concentrations were evaluated as continuous covariates on the moxifloxa-
cin PK parameters using a power function. Additionally, body weight as a
covariate was investigated by fixing the exponents according to allometric
scaling (0.75 for clearance and 1.0 for volume parameters) (31).

Perl-speaks-NONMEM (PsN) (32) was used for model execution and
simulations with a Pirana graphical interphase (33). Model discrimina-
tion and selection of best fit to the PK data were based on goodness-of-fit
plots and prediction-corrected visual predictive checks (pcVPC) (34) us-
ing R (R-project) with the Xpose 4.0 package (35) and the parameters
precision and reduction in objective function values (OFV). Inclusion of
a parameter was regarded as statistically significant (P � 0.05) for a dif-
ference in OFV (dOFV) of �3.84 for nested structures, while P � 0.01 was
used as the backwards deletion criterion for final acceptance in the cova-
riate analysis, using a stepwise covariate model approach.
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Calculation of the total maximum plasma concentration (Cmax, ac-
counting for 40% plasma protein binding [36]) and the area under the
unbound plasma concentration-time curve from 0 to 24 h (fAUC0 –24) on
day 2 was performed with model-estimated parameters for oral adminis-
tration according to the following equations:

tmax � ln
ka ⁄ k

(ka � k)

Cmax �
Dose � F � ka

V � (ka � k)
�e�k�tmax � e�ka�tmax � e�k�(tmax�24)

� e�ka�(tmax�24)� ⁄ 0.6

fAUC � Dose � CL ⁄ F

where tmax is the time for maximum plasma concentration, V is the vol-
ume of distribution, k is the elimination rate constant, and F is the abso-
lute oral bioavailability. Calculations based on i.v. infusion, where tmax is
1 h, reduced the Cmax equation to the following:

Cmax �
Dose

V
(e�k � e�k�25) ⁄ 0.6

where Cmax refers to the total and not the free plasma concentration of the
drug. This is the conventional approach for presenting Cmax/MIC. To our
knowledge, there are no published values for fCmax/MIC (free drug con-
centration) derived from clinical studies regarding fluoroquinolones. In
order to compare our results to this specific PK/PD target, the free plasma
concentration measured was transformed to the total plasma concentra-
tion. The protein binding rates of moxifloxacin are 30% to 50% (37). We
assumed a protein binding rate of 40% on the basis of the measurement
made by Stass et al. (36).

The Cmax and fAUC0 –24 predicted for each individual were evaluated
against the drug MIC for the isolated pathogens. If no pathogen was de-
tected in the sputum or whole-blood cultures, Cmax and fAUC0 –24 values
were compared to epidemiological cutoff (ECOFF) MIC values for moxi-
floxacin published by the European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) for S. pneumoniae (0.5 mg/liter) and Haemo-
philus influenzae (0.125 mg/liter) (38). We made the same comparison to
L. pneumophila. While neither ECOFF MICs nor clinical MIC breakpoints
have been defined yet by EUCAST for this pathogen, the Cmax and
fAUC0 –24 values were compared to ECOFF moxifloxacin MIC values (1.0
mg/liter), based on the wild-type MIC distribution for clinical L. pneumo-
phila serogroup 1 isolates recently published by Bruin et al. (39).

Based on previous studies addressing efficacy breakpoints for fluoro-
quinolones, the PK-PD targets adopted were a Cmax/MIC of �12.2 (26)
for all pathogens, an fAUC0 –24/MIC of �34 for S. pneumoniae (28), and
an fAUC0 –24/MIC of �75 for Gram-negative bacteria (21, 27). To our
knowledge, there have been no in vivo studies regarding efficacy break-
points for fluoroquinolones and L. pneumophila. Considering L. pneumo-
phila to be a Gram-negative microorganism, the PK-PD target of fAUC0 –

24/MIC � 75 was adopted for this pathogen as well.
Typical PK profiles stratified by included covariates were illustrated by

plots of population-predicted plasma concentrations versus time at the
minimum and maximum values of the covariate. A total of 2,000 trial
Monte-Carlo simulations were performed with the final PK model to
estimate the maximal MIC value of a pathogen that would result in �90%
probability of target attainment (PTA) for the PK-PD targets previously
mentioned: Cmax/MIC of �12.2, fAUC0 –24/MIC of �34, and fAUC0 –24/
MIC of �75. The 2,000 simulations were performed using a population of
100 patients with a normally distributed body weight around 70 kg (stan-
dard deviation [SD], 13 kg; range, 45 to 98 kg [to include only the body
weight range validated by the model]). Simulations were performed for
moxifloxacin at 400 mg q.d. p.o. and i.v., respectively, providing simu-
lated Cmax and fAUC0 –24 values on day 2.

Statistical analysis. Data were analyzed using Stata version 13 (Stata-
Corp, College Station, TX) and GraphPad Prism 6.0. Continuous vari-
ables were defined as median and interquartile range (IQR).

RESULTS
Patient characteristics and microbiology. Patient characteristics
are shown in Table 1. A total of 18 patients (8 men and 10 women)
were included in the study. The median age was 73 years (IQR, 66
to 83), and the median body weight was 72.6 kg (IQR, 64.1 to
80.6). A total of 15 patients received moxifloxacin p.o., and 3
patients received moxifloxacin i.v. Four patients only had plasma
concentrations of moxifloxacin determined before administra-
tion of the drug, 1 h after administration of the drug, and 3 h after
administration of the drug. This was due to different clinical ex-
aminations being performed at 24 h, which precluded blood sam-
pling at that time.

None of the patients had pathogens detected in the whole-
blood cultures, and only three patients had a pathogen detected in
the sputum samples: one sample contained Escherichia coli, one
M. pneumonia, and one L. pneumophila. As the M. pneumoniae
and L. pneumophila isolates could not be cultured, the moxifloxa-
cin MIC determination was performed only for E. coli (0.023 mg/
liter). For one patient, the PUT result was positive but no patho-
gen was cultured from the sputum or whole blood, and it was not
possible to perform a subsequent MIC. Eight of the 14 patients
who did not have a pathogen detected in blood, sputum, or urine
samples had been prescribed an antibiotic by their primary care
physician before admission to the hospital.

PK-PD analysis. The moxifloxacin plasma concentration-
time profiles were described using a one-compartment model
with first-order absorption and elimination rates with IIV for CL
and F, including a proportional residual error, with adequate
(�25%) parameter precision and shrinkage values. Relative to a
model with interindividual variability with respect to CL and V,
the final model had a drop of 5.7 in the OFV with improved pa-
rameter precision. Also, an OMEGA block was tested to assess
covariance between CL and F, but no significant improvement
was found for this model. The pcVPC (p.o. only), demonstrating
adequate prediction of the final model relative to the observed
data, and the corresponding pharmacokinetic parameters are
shown in Fig. 1 and Table 2, respectively. The model-estimated
median values of total Cmax and fAUC0 –24 for the current study
population were 3.99 mg/liter (IQR, 3.19 to 5.29) and 32.78 mg ·
h/liter (IQR, 22.75 to 47.31), respectively. Among the available
covariates, only allometric scaling of body weight for clearance
and volume of distribution provided a substantial explanation of
residual and interindividual variability. No other covariate passed
the forward inclusion step of a P value of �0.05.

Each of the individual model-predicted Cmax and fAUC0 –24

values was divided by the ECOFF MIC for S. pneumoniae (0.5), H.

TABLE 1 Patient characteristics (n 	 18)

Parameter Value(s)

Age (yrs) 73 (66–83)a; (18–94)b

Gender
Male 8 (44)c

Female 10 (56)c

Body wt (kg) 72.6 (64.1–80.6)a; (37–100)b

a Median (interquartile range).
b Range.
c n (%).

Öbrink-Hansen et al.
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influenzae (0.125), and L. pneumophila (1.0) (Fig. 2). All patients
achieved a Cmax/MIC of �12.2 for H. influenzae. This was
achieved in only three patients (17%) for S. pneumoniae and in
none for L. pneumophila. All patients achieved an fAUC0 –24/MIC
of �34 for S. pneumoniae and an fAUC0 –24/MIC of �75 for H.
influenzae. None of the patients achieved an fAUC0 –24/MIC of
�75 for L. pneumophila. The patient with E. coli in the sputum
sample (MIC, 0.023 mg/liter) achieved both PK-PD targets (Cmax/
MIC, 287.4; fAUC0 –24/MIC, 2,057).

To gain insights into the influence of body weight on the
PK-PD relationship of moxifloxacin, the typical PK profiles for a
37-kg patient versus a 100-kg patient were derived from the final
moxifloxacin PK model and are illustrated in Fig. 3. The corre-
sponding Cmax and fAUC0 –24 values for a 37-kg patient were 7.3
mg/liter and 50 mg · h/ml, respectively. The corresponding Cmax

and fAUC0 –24 values for a 100-kg patient were 2.5 mg/liter and 18
mg · h/ml, respectively.

Because moxifloxacin can be dosed either orally or via infusion
during the empirical treatment of CAP, we simulated PK-PD tar-

get attainments as a function of MIC for both dosing strategies.
The results are shown in Fig. 4 and Table 3. The maximal MICs
resulting in a PTA value of �90% for the PK-PD targets adopted
were higher in the i.v. simulations than in the p.o. simulations.

DISCUSSION

In this study, we developed a PK population model to assess the
pharmacokinetic profile of moxifloxacin at 400 mg q.d., as used in
the empirical treatment of patients with CAP. To our knowledge,
this is the first PK population model published for moxifloxacin
treatment of patients with CAP. Our results may therefore be of
help for clinicians treating CAP patients with this particular drug.

FIG 1 Prediction-corrected visual predictive check (pcVPC) of final PK
model following p.o. administration of 400 mg moxifloxacin. Open circles,
observations; solid black line, median interpolated observations; dotted black
lines, 10th and 90th percentiles of the observed data.

TABLE 2 Pharmacokinetic parameters corresponding to the one-
compartment population model depicted in Fig. 1a

Parameter
Estimate
(RSE %)

IIV
(RSE %) Description

CL � (wt/70)0.75 (liters/h) 12 (10) 21 (26)b Systemic clearance with
allometric wt scaling

V � (wt/70) (liters) 165 (13) Central vol of distribution
with allometric wt scaling

F (%) 89 (16) 30 (29)c Oral bioavailability
ka (h�1) 5.4 (58) Absorption rate constant

1, prop error (%) 34 (10) Proportional residual error
a RSE, relative standard error reported on the approximate standard deviation scale;
IIV, interindividual variability expressed as coefficient of variation; prop, proportional.
b Shrinkage, 20%; Etabar (statistical significance of the mean ETA being zero) P 	 0.01.
c Shrinkage, 25%; Etabar P 	 0.007.

FIG 2 Model predicted Cmax and fAUC0 –24 for each patient compared to the
MIC for common respiratory pathogens. Each patient’s model-predicted Cmax

(A) and fAUC0 –24 (B) were divided by the MIC for the indicated pathogen.
Values below the PK-PD targets are shaded in gray. PD targets: Cmax/
MIC � 12.2 (A); fAUC24/MIC � 34 for S. pneumoniae, fAUC24/MIC � 75 for
H. influenzae and L. pneumophila (B). Horizontal lines represent median val-
ues.

FIG 3 Illustrations of typical PK profiles of moxifloxacin at 400 mg q.d. in a
patient weighing 37 and in a patient weighing 100 kg. Each profile is derived
from the PK model presented in Fig. 1 and illustrates the differences in plasma
concentrations versus time at the minimum and maximum value of body
weight in the current population. The free plasma concentration measured
was transformed to the total plasma concentration, assuming a protein bind-
ing rate of 40%.
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Using ECOFF MICs, our results confirm that moxifloxacin at
400 mg q.d. is still a good choice for treating CAP caused by S.
pneumoniae and H. influenzae but that caution should be taken
when the drug is used as monotherapy in the treatment of L.
pneumophila. As depicted in Fig. 2, none of the patients achieved a
Cmax/MIC of �12.2 and an fAUC0 –24/MIC of �75 for L. pneumo-
phila. However, Legionella spp. have certain growth requirements
which make susceptibility testing for this particular pathogen
challenging. BCYE-� [N-(2-acetamido)-2-aminoethanesulfonic
acid-buffered charcoal yeast extract alpha] agar plates used to sup-
port the growth of Legionella spp. are buffered with charcoal with
the primary function of absorbing metabolites which might oth-
erwise inhibit the growth of the pathogen. It is known that the
charcoal may inhibit the activity of a number of antibiotics, in-
cluding fluoroquinolones (40). Performing susceptibility testing
for L. pneumophila, using BCYE-� agar plates, might therefore
yield elevated MICs, which should be kept in mind when inter-
preting our results.

The fact that 8 of the 14 patients in this study who did not have
a pathogen detected in blood, sputum, or urine samples had been
prescribed an antibiotic by their primary care physician before
admission to the hospital may have been a factor contributing to
the low rate of positive specimen results. In general, the causative
pathogen is defined in fewer than half of the patients diagnosed
with CAP, due to antibiotic use and variability in disease severity

(2).We focused our study on three pathogens associated with CAP
while recognizing that many pathogens are capable of causing this
disease. The majority of pathogens causing CAP are typically con-
siderably more susceptible to moxifloxacin than the ECOFF MICs
used in our calculations and therefore would be successfully
treated by the standard dose, namely, 400 mg q.d. For example, we
identified a single pathogen in the current study for which it was
possible to perform a MIC determination. The MIC for this E. coli
isolate was 0.023 mg/liter, resulting in a Cmax/MIC of 287.4 and an
fAUC0 –24/MIC of 2,057, which are far above the estimates corre-
lated with clinical and microbiological efficacy (21, 26, 27). How-
ever, when the susceptibility pattern of local potential pathogens is
unknown, adopting the most conservative ECOFF MICs or clini-
cal-breakpoint MICs may be the most appropriate and clinically
beneficial approach when choosing the type and dosing of antimi-
crobial drugs.

Using a population approach, we developed a robust one-com-
partment model with simultaneous modeling of p.o. and i.v. data
which adequately described the PK of moxifloxacin for both ad-
ministration routes. This was accomplished despite the limita-
tions associated with the relatively small sample size in this study
and the restricted number of blood samples from each patient.
The model structure and typical PK parameters with body weight
as a covariate are comparable to a recently published moxifloxacin
PK model developed by Florian et al. on the basis of rich data and
a large population (9,235 moxifloxacin concentrations included
from 1,045 subjects) (17), strengthening the validity of the current
treatment model. In contrast to the work by Florian et al., our
model includes not only oral but also i.v. PK data, making the
current model useful for both dosing regimens. Provided that the
levels of oral bioavailability are comparable between the two stud-
ies, oral moxifloxacin PK data from the studied pneumonia pa-
tients and healthy volunteers do not appear to be significantly
different.

Also, a two-compartment model developed by Kees et al. (41)
has been used to describe the disposition of moxifloxacin, provid-
ing comparable estimates of systemic clearance (11.3 liters/h) and
total volume of distribution (115.2 liters).

The Monte-Carlo simulations of PTA versus MIC provide
valuable information about the maximal MICs for which recom-
mended PK-PD estimates are obtained for potential Gram-posi-
tive and Gram-negative pathogens, for both p.o. and i.v. admin-
istration of moxifloxacin at 400 mg q.d. (Fig. 4 and Table 3).
Infusion administration allows higher maximal MICs in order to
achieve the PK-PD targets adopted, which suggests that moxi-
floxacin at 400 mg q.d. should be administered i.v. in cases of
severe CAP. However, because of the high bioavailability of the
drug, the differences in maximal MICs between p.o. and i.v. ad-

TABLE 3 Estimates from the Monte-Carlo simulations of PTA versus
MIC depicted in Fig. 4

PK-PD target

Maximal MIC for PTA � 90% (mg/liter)a

p.o. simulation i.v. simulation

Cmax/MIC � 12.2 0.21 0.29
fAUC24/MIC � 34 0.54 0.73
fAUC24/MIC � 75 0.25 0.33
a Each estimate represents the maximal MIC, corresponding to the PD target specified,
for which PTA �90% was obtained.

FIG 4 Probabilities of target attainment (PTA) versus MIC derived from
simulations of moxifloxacin administration. (A) Simulations of p.o. moxi-
floxacin at 400 mg q.d. (B) Simulations of i.v. moxifloxacin at 400 mg q.d.
fAUC24/MIC � 34 	 PK-PD target adopted for Gram-positive pathogens.
fAUC24/MIC � 75 	 PK-PD target adopted for Gram-negative and atypical
pathogens. The dotted lines represent PTA 90%.
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ministration were relatively small overall. Our results of maximal
MICs in the i.v. simulations are similar to those found by Kontou
et al. (42), who estimated the maximal MIC that would guarantee
an optimal exposure of moxifloxacin at 400 mg q.d. i.v. in patients
with severe lower respiratory tract infections. Specifically, they
identified maximal MICs of 0.79 and 0.32 mg/liter for Gram-pos-
itive and Gram-negative bacteria, respectively. Kees et al. (41) cal-
culated PTA values for pathogen drug MICs ranging from 0.064 to
1 mg/liter in ICU patients treated with moxifloxacin at 400 mg
q.d. In their study, an fAUC24/MIC of �34 was obtained for
pathogens with a MIC of up to 0.25 mg/liter and an fAUC24/MIC
of �75 was obtained for pathogens with a MIC of up to 0.125
mg/liter. The values that they measured were lower than ours,
which may be explained by the fact that changes in PK parameters
are common in critically ill patients who need treatment in the
ICU (43, 44). Our PK model indicates that the typical PK profile is
related to the body weight of the patient. Theoretically, this means
that patients with a low body weight are more likely to benefit
from moxifloxacin at 400 mg q.d. than patients with a high body
weight when they are infected with pathogens exhibiting a rela-
tively high drug MIC.

In conclusion, our report demonstrates that a robust PK model
for moxifloxacin at 400 mg q.d. can be created using a population
approach that incorporates sparse blood sampling data. In this era
of emerging multidrug bacterial resistance, choosing the right an-
timicrobial at the right dose is of utmost importance. This poses a
significant challenge during the empirical treatment of infections,
as the susceptibility of the causative pathogen to the antimicrobial
drug is unknown. In these situations, a PK model such as ours may
outline the potential efficacy of a drug and simulate the maximal
MICs for which certain PK-PD estimates are obtained while ac-
counting for variables, including drug administration route and
patient body weight.
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