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Abstract. Levofloxacin is a major antimicrobial agent that
is used for the treatment of community-acquired lower
respiratory tract infections (LRTIs). The present study
was designed to investigate the pharmacokinetics (PK)
and pharmacodynamics (PD) of levofloxacin in bronchial
mucosa and lung tissue. A total of 32 patients undergoing
pulmonary surgery were randomly assigned to one of four
groups (8 subjects/group). All patients received a single dose
of 500 mg levofloxacin orally prior to the operation. Blood,
lung tissue and bronchial mucosa samples were collected
prior to treatment and at 1.5, 4, 8, 12 and 24 h following
treatment. The drug concentration was determined and PK
and PD profiles were calculated using MATLAB software.
The peak concentration of levofloxacin was 7.0+1.2 ug/g in
lung tissues and 9.4+2.1 ug/g in bronchial mucosa. The corre-
sponding area under the curve between 0 and 24 h (AUC,,,)
was 85.7+8.5 and 137.3+19.4 ug h/g. The mean permeability of
levofloxacin (ratio of concentration in tissue to that in plasma)
was 2.4 in lung tissue and 4.4 in the bronchial mucosa. The
PK profiles of levofloxacin in the plasma, lung and bronchial
mucosa were described using an integrated one-compartment
model. The probability of fAUC,,,/minimal inhibitory
concentration (MIC) target attainment of levofloxacin against
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Streptococcus pneumoniae in the lung and bronchial mucosa
was maintained at 100% when MIC <1 mg/l, while the cumu-
lative fraction of fAUC,,,/MIC in the corresponding tissues
was 94.4 and 98.1%, respectively. The present study demon-
strated the high permeability of levofloxacin in the lung and
bronchial mucosa of patients undergoing pulmonary surgery.
In conclusion, treatment using 500 mg levofloxacin exhibits
good clinical and microbiological efficacy for use in LRTIs
that are caused by S. pneumoniae. This trial was registered
retrospectively in the Chinese Clinical Trial Registry on
January 13, 2020 (registration no. ChiCTR2000029096).

Introduction

Levofloxacin is a third-generation fluoroquinolone antibiotic
with wide-spectrum and potent in vitro antimicrobial activity
against aerobic gram-negative and -positive microorgan-
isms (1). Levofloxacin exhibits favorable pharmacokinetic
(PK) and pharmacodynamic (PD) features, including high
bactericidal activity, good absorption, high blood concen-
tration, wide distribution, high tissue permeability and
bioavailability (2-4). Levofloxacin is one of the major anti-
microbial agents for the treatment of community-acquired
lower respiratory tract infections (LRTIs) (5). The PK/PD
parameters of levofloxacin, including the peak serum concen-
tration (C,,,)/minimum inhibitory concentration (MIC) and
area under the concentration-time curve from time 0 to 24 h
(AUC, 4 ,)/MIC, are closely associated with the clinical effi-
cacy, bacterial eradication and prevention of the emergence
of resistant bacteria in infectious diseases (6). Levofloxacin
is used in clinical practice worldwide, particularly for the
treatment of community-acquired pneumonia and acute
exacerbation of chronic bronchitis (7-10).

Pulmonary operation is a clean-contaminated surgery
(Altemeier Class II) and this procedure is likely to include
contamination of bacteria colonizing the tracheal or bronchial
mucosa, which is one of the major risk factors for peri-oper-
ative infection (11). Antimicrobial agents with good pathogen
coverage and tissue penetration should be considered to
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prevent post-operative infections in clinical practice (12-20).
Therefore, it is beneficial to perform studies in patients under-
going pulmonary operation who require antimicrobial agents to
prevent potential infections due to external bacterial infection
from an open airway and/or the colonizing microorganisms in
the respiratory tract.

The present study was designed to examine the PK profiles
and PK/PD of levofloxacin in bronchial mucosa and lung
tissue. Patients undergoing pulmonary operation and those who
required prophylactic antimicrobial therapy were included.
All patients received levofloxacin prophylactically prior to the
operation. The concentration of levofloxacin in the bronchial
mucosa and lung tissues was determined and PK/PD analysis
was performed using Monte Carlo simulation. The results
provided information regarding the levofloxacin concentration
in pulmonary tissues. An optimized dosing regimen allowing
for the maximal bactericidal effect to be achieved in vivo was
also recommended for patients with pulmonary disease.

Materials and methods

Study design. The present study was a randomized,
single-center, open-label clinical trial. The protocol was
reviewed and approved by the Ethics Committee of Huashan
Hospital, Fudan University (Shanghai, China; approval no. 66;
2006). All patients signed an informed consent form prior to
participation in the present study. The study was performed
in compliance with the ethical principles outlined in the
Declaration of Helsinki and all applicable regulatory require-
ments. The procedure of the present study is outlined in Table I.
Since the study was designed as a pharmacokinetic study to
explore the penetration of levofloxacin in tissue, it was not a
comparative or controlled study. According to the Guidance
for Industry on Population Pharmacokinetics released by
the US Food and Drug Administration in July 2019, the
data indicating the outcome of patients and the incidence of
post-operative infections were not collected. The aim of the
present study was to investigate the PK of a single drug, and
therefore, no other drug was used for comparison.

Participants. Recruitment of participants was performed in
Shanghai. Patients who received a pulmonary operation at
Huashan Hospital (Shanghai, China) due to pulmonary disease
from June 2006 to June 2007 were enrolled according to the
following inclusion criteria: i) age, at least 18 years; ii) require-
ment of pulmonary operation; and iii) voluntary agreement to
participate and signing of informed consent form prior to the
study procedure. Patients were excluded if they had severe
pneumonia, moderate or severe renal impairment, or clinically
significant abnormal liver function, which was defined as
alanine aminotransferase or/and aspartate aminotransferase
>3-fold the upper limit of the normal range (ULN) or total
bilirubin >2-fold ULN. Creatinine clearance (CL,,) was calcu-
lated according to the Cockcroft-Gault formula (21):

[140 = age( vears)]= BW (kg)

CL_ (ml/min)= -
o 0818 Scr( gmol /1)

= 0.85(if female)

Where BW is the body weight and Scr indicates serum creati-
nine. Patients were excluded if they had a history of
hypersensitivity to fluoroquinolones or other drugs, or
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photosensitivity, a history of epilepsy or other disorders of the
central nervous system, documented QT prolongation or
severe cardiac insufficiency. Pregnant or lactating females and
patients that were treated with levofloxacin or other fluoroqui-
nolones within 2 weeks prior to screening were also excluded
from the present study.

Study drug. Levofloxacin 500 mg tablets (lot no. 0506G03)
were provided by Daiichi Sankyo Co., Ltd.

Sample collection. The eligible patients were assigned
randomly to one of four groups (8 subjects/group) according
to the time of sampling. All patients received a single dose
of 500 mg levofloxacin orally prior to pulmonary opera-
tion. Blood samples were collected prior to treatment, and
at 1.5,4, 8, 12 or 24 h following treatment. The samples of lung
tissue and bronchial mucosa were collected at 4, 8, 12 or 24 h
following treatment. Detailed sampling time points for the
collection of blood or tissue samples are presented in Table II.
The present study did not have a negative control, as the aim of
the study was to observe PK of levofloxacin in the tissue and
blood of patients.

All enrolled patients received a pulmonary operation due
to lung cancer (n=23) or other pulmonary diseases, including
old tuberculoma (n=3), pulmonary granuloma (n=3), right lung
angioma, chronic cavity in right lower lobe, and bronchiec-
tasis in left lung (one each). The patients with peripheral lung
cancer received a lobectomy, and the patients with central type
lung cancer were sampled using a unilateral pneumonectomy.
A sample of lung tissue ~I cm? was collected from the external
side of the excised lung lobe and rinsed twice with normal
saline. The moisture on the surface was dried using a clean
gauze. Bronchial rings were excised from the residual end of
lung cancer specimen in patients with peripheral lung cancer,
while adequate bronchial mucosa was collected from the
patients with central type lung cancer to avoid tumor tissue.
The bronchial mucosa samples were rinsed using the same
procedures used for lung tissue samples. The samples of
lung tissue and bronchial mucosa were sectioned into pieces,
and a fixed volume of 50 mmol/l KH,PO, buffer was added.
Homogenate was extracted using an ultrasonic homogenizer,
and tissues were centrifuged to harvest the supernatant. Blood
samples were heparinized and centrifuged at 4°C, 1,500 x g
for 10 min to separate plasma. All samples were stored in a
refrigerator at -40°C and in dark conditions until subsequent
analysis.

Levofloxacin assay and method validation. High-performance
liquid chromatography was used to determine the concentra-
tion of levofloxacin in blood and tissue samples. The method
used has been reported in a previous study (22). The analytical
system consisted of a high-performance liquid chromatogra-
pher Waters model 2690 equipped with a fluorescent detector
(model 474; Waters Corp.), which measured at wavelengths of
296 mm (excitation) and 504 nm (emission). The stationary
phase was a TSK-gel ODS-80™ C,4 column (4.6x150 mm;
5 um; Tosoh Corporation). The mobile phase consisted of
50 mmol/l KH,PO, (pH 2.0)-tetrahydrofuran-1 mol/I acetoni-
trile (92/7/1; v/v/v). The analysis was performed at a flow rate
of 1.0 ml/min, a column temperature of 35°C and an injection
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Table I. Flowchart of the study.
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X means the procedure will be performed. ECG, electrocardiogram; D1, first day of the major experiment.

Table II. Time-points for collecting blood or tissue samples from patients undergoing pulmonary operation.

Sampling time-point

Group Number of subjects Blood Lung tissue and bronchial mucosa
1 8 Pre-dose, 1.5 h; 4 h post-dose 4 h post-dose

2 8 Pre-dose, 1.5 h; 8 h post-dose 8 h post-dose

3 8 Pre-dose, 1.5 h; 12 h post-dose 12 h post-dose

4 8 Pre-dose, 1.5 h; 24 h post-dose 24 h post-dose

volume of 10 ul. Compound DL-8493 was used as an internal
control, which was provided by Daiichi Sankyo Co., Ltd. The
lower limit of quantitation was 0.0100 pg/ml and the linear
range was 0.01-5 ug/ml. The recovery of levofloxacin was
99.6+1.6%, 101.3+2.2% and 100.8+1.3% from plasma, lung
tissue and bronchial mucosa, respectively. For the plasma
and buffer samples, the intra-day relative standard devia-
tion was <4.1 and <1.8%, while the inter-day variability was
<2.5 and =4.2%, respectively. The corresponding accuracy
was 96.1-101.9% and 96.2-103.1%.

PK evaluation. The PK parameters of levofloxacin in plasma,
lung and bronchial mucosa were obtained using non-compart-
ment analysis. The parameters included C,,,, peak time (T,,,,),
AUC, ,,, area under the time-concentration curve from time
zero to infinity (AUC,..), half life (T,,,), mean residence

time until 24 h (MRT,,,), total apparent clearance (CL/F),
apparent volume of distribution (V,/F), the ratio of C,,, in
tissue vs. plasma (Rc,,,,), the ratio of levofloxacin AUC,,,,
in tissue vs. plasma (R yyc o.24) and the ratio of levofloxacin
AUC,.. in tissue vs. plasma (R yyc o...), Where the latter three
parameters reflect the permeability of levofloxacin in lung or
bronchial mucosa. T, is the time when levofloxacin concen-
tration reaches C,,,,. The area under the concentration-time
curve AUC, ,, was calculated using the trapezoidal method:
Z:,Ci+cf+1 (t:,,-1)/2, where C, and ¢, indicate the concentration
and time, respectively. The number of time-points (n) was 5
for plasma and 4 for lung tissue and bronchial mucosa. T,
is calculated as 0.693/\, where A is the terminal elimination
rate. MRT,,, was obtained as AUMC,,,/AUC,,,, where
AUMC,,,, is the integration of C x ¢ vs. time from O to 24 h.
The CL/F of levofloxacin is calculated as Dose/AUC,_.,
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while the V,/F is obtained as (CL,/F)/\. Since there was no
single time-concentration curve from 0O to 24 h from the same
subject, the non-parametric bootstrap method was used to
obtain the above parameters (23). Specifically, a new replica-
tion of the dataset (bootstrap sample) at each time-point was
obtained using eight random draws of individual data (with
replacement) from the original dataset. The non-compartment
analysis was performed using average values of each new
dataset and this process was repeated 200 times with different
random draws. All the calculations were performed using
Matlab software (version 7.0.1; Mathworks Inc.).

A pharmacokinetic model was developed to analyze
the time profiles of levofloxacin in plasma, lung tissue and
bronchial mucosa simultaneously (Fig. 1). The time profiles
of the levofloxacin concentration in plasma and tissues were
described using a one-compartment model. The elimination
of levofloxacin from the central, lung and bronchial compart-
ment, as well as the drug transport from the central to lung
or bronchial compartment, were all consistent with first-order
kinetics. The differential equations are as follows:

e kX, X\~ F-Dose
dt i '
X x-Sy oy <o
dr R ..
Ao, Ol Chooy g
di Y ,
&_}(I‘g/\/ _c_[‘/\/. X‘“ =0
dt Vi 8 “
X 3
(-‘| :Ll (';:_"; ("-‘:i
14 v, £

Where X,, X;, X, and X, are the amount of levofloxacin
in absorption, central, lung and bronchial compartment,
respectively, and X, o, X, o, X, and X;, are the corresponding
initial values. k, and F represent the absorption rate and
bioavailability of levofloxacin. CL and V, are the clearance of
levofloxacin and distribution volume in the central compart-
ment. f}, and f,; indicate the fraction of levofloxacin clearance
from the lung and bronchial compartment, respectively. CL,
and CL, are the clearance of levofloxacin from central to the
lung and bronchial compartment. V, is the weight of the lung,
which was fixed as 1.2 kg according to previous literature (1/50
of the assumed body weight of 60 kg) (24-26). V, is the weight
of the bronchial mucosa, which was fixed as a value of 1, since
the data were not identifiable. C,, C, and C; indicate the levo-
floxacin concentration in the plasma (mg/1), lung (mg/kg) and
bronchial mucosa (mg/kg), respectively.

The PK model was developed in three steps: i) The mean
C, data were fit to obtain CL, volume of distribution in central
department (V,/F) and k; ii) the mean C, data were fit to obtain
f1» and CL,; iii) the mean C, data were fit to obtain f;; and
CL;. Non-compartment analysis was used to provide initial
estimates of the parameters. Model fittings were performed
by non-linear regression analysis using a maximum likeli-
hood algorithm in Matlab software. The ordinary differential
equation functions were used to solve differential equations.
Goodness of fit was evaluated by the objective function (mean
residual fraction ratio) and by visual inspection of diagnostic
plots. Non-parametric bootstrap analysis was performed
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Figure 1. Pharmacokinetic model of levofloxacin in plasma, lung tissue
and bronchial mucosa. X,, X|, X, and X; denote the amount of levofloxacin
in absorption, central, lung and bronchial compartment, respectively. k,
represents the absorption rate of levofloxacin. CL is the clearance of levo-
floxacin. V|, V,, and V; indicate the distribution volume in the central, lung,
and bronchial compartment. f}, and f}; indicate the fraction of levofloxacin
clearance from central to the lung and bronchial compartment, respectively.
CL, and CL; are the clearance of levofloxacin from the lung and bronchial
compartment, respectively.

in order to obtain more accurate parameter estimates. This
process was similar to that in the non-compartment analysis.
The stability of the final model was evaluated by inspection of
the distribution of parameter estimates from the new datasets
and comparing these with values obtained from the fit of the
original dataset.

Statistical analysis. The demographic and baseline charac-
teristics of patients were summarized and compared between
groups. Values are expressed as n or the mean + standard devia-
tion. Continuous data were assessed using analysis of variance
and the least-significant difference test. The categorical data,
including sex, history of smoking and concomitant medica-
tions, were compared using Fisher's exact test. All statistical
analyses were performed using SPSS software (version 19.0;
IBM Corp.). P<0.05 was considered to indicate a statistically
significant difference.

PK/PD analysis. Levofloxacin is a concentration-dependent
quinolone antibiotic. The major PK/PD parameters are
AUC/MIC and C,,,,/MIC (26-28). The MIC data of levofloxacin
were obtained from a previous study (29). The fAUC, ,,/MIC,,
and fC,,./MIC,, of levofloxacin were calculated using the PK
parameters obtained from a non-compartment analysis, where
f1is the free fraction of levofloxacin (0.7) (30). PK/PD analysis
of levofloxacin was performed using Monte Carlo simula-
tion. The simulated data of AUC,,, and C,,,, were obtained
based on a logarithmic normal distribution. The simulated
MIC values were generated based on a discrete distribution
according to specified probability at each MIC level. The
PK/PD targets of levofloxacin (fAUC,,,/MIC =30; fC,,,./MIC
=5) were used to predict the bacteriological efficacy of the drug
against Streptococcus pneumonia (4,31-34). The probability of
target attainment (PTA) of levofloxacin was calculated as the
percentage of PK/PD parameter reaching the target at each
specified MIC level, while the cumulative fraction of response
(CFR) of levofloxacin was obtained as the percentage of PK/PD
parameters attaining the target values (35). The simulation was
performed in 5,000 patients using Matlab software.

Results

Baseline characteristics of patients. A total of 32 patients were
enrolled in the present study. The underlying diseases of the
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Table III. Baseline characteristics of patients undergoing pulmonary operation (8 patients/group).

Sex Age Body CL., ALT Smoking Concomitant
Group (male/female) (years) weight (kg) (ml/min) wn (yes/no) drugs (yes/no)
1 71 48+13 65+10 105+17 23.9+13.8 6/2 0/8
2 6/2 61+10 64+7 80+14 18.8+7.21 4/4 0/8
3 3/5 58+13 65+10 94+23 22.3+8.43 2/6 1/7
4 4/4 58+12 61+12 90+23 21.6£14.8 2/6 3/5
Total 20/12 56.0+£12.0 63.849.5 92.2+£20.9 21.6x11.1 14/18 4/28

Values are expressed as n or the mean + standard deviation. CL,, creatinine clearance calculated using Cockcroft-Gault formula; ALT, alanine

aminotransferase.

Table IV. Concentration ratio of levofloxacin in patients undergoing pulmonary operation after oral administration of a single

500-mg tablet (n=8 per group).

Concentration ratio®

Group Actual sampling time (h) Lung/plasma Bronchial mucosa/plasma
1 4.5+0.2 1.7£1.0° 22+1.1°

2 7.3%1.3 1.8+0.9° 2.1+0.8°

3 11.6+0.8 2.3x1.5¢ 4.2+2.5%¢

4 23.6£0.9 3.8+20 9.0+8.0

Overall 24+1.6 44450

“Ratio of levofloxacin concentration in tissue samples to that in plasma at the same time-point. Values are expressed as n or the mean + standard
deviation. °P<0.01 and °P<0.05 compared with the corresponding ratio in group 4.

patients included lung cancer (n=23), old tuberculosis (n=3),
lung inflammatory granuloma (n=3), right lung angioma (n=1),
chronic cavitation in the right lower lobe (n=1) and bron-
chiectasis in the left lower lobe (n=1). A total of 20 (62.5%)
male and 12 (37.5%) female patients were enrolled, with an
average age of 56+12 (range 23-80) years and an average CL,
of 92.2+20.9 ml/min. The baseline characteristics of sex,
age, body weight, CL,, and alanine aminotransferase were
well-balanced among the 4 patient groups (P>0.05; Table III).
No significant difference between history of smoking or use of
concomitant drugs was present among the 4 groups.

Permeability of levofloxacin in lung tissue and bronchial
mucosa. The mean concentration-time curves of levofloxacin
in lung tissue, bronchial mucosa and plasma of the patients are
presented in Fig. 1. Table IV presents the concentration ratio
of levofloxacin in lung tissue and bronchial mucosa at each
time-point. The R, in lung tissue and bronchial mucosa was
1.7+1.0 and 2.2+1.1 at 4 h post-dose. These ratios increased to
3.8+2.0 and 9.0+8.0 at 24 h, respectively. Statistical analysis
demonstrated that the concentration ratio of levofloxacin
at 24 h was significantly higher compared with that at other
sampling times in lung tissue and bronchial mucosa (Table I'V).
The results also indicated that the mean concentration ratio
of levofloxacin in bronchial mucosa was significantly higher
compared with that in lung tissue at 24 h post-dose.

PK of levofloxacin. Non-compartment parameters of levoflox-
acin in plasma, lung tissue and bronchial mucosa are presented
in Table V. For the majority of parameters, the values were
ranked as plasma < lung tissue < bronchial mucosa. The AUC,,,
of levofloxacin in the plasma, lung tissue and bronchial mucosa
was 65.24+4.0, 85.7£8.5 and 137.3+19.4 mg h/l, respectively.
R uc 024 Was 1.3+0.2 in the lung and 2.1+0.3 in the bronchial
mucosa. The levofloxacin concentration reached C,,,, in plasma
at 1.5 h, while the concentration in lung tissue and bronchial
mucosa reached C,,, at 4 h post-dose. The C,,, in lung tissue
and bronchial mucosa was increased by 32 and 77% compared
with that in plasma. The T, of levofloxacin was increased by
46% in lung tissue and 254% in bronchial mucosa compared
with that in plasma. The MRT,,, of levofloxacin exhibited a
similar pattern of change to that of T ,.

The time profiles of levofloxacin in plasma, lung tissue
and bronchial mucosa were well-described by the PK model
(Fig. 2). The absorption rate of levofloxacin was 5.6 1/h, while
the CL/F was 7.8 I/h (Table VI). Bootstrapping for PK model
showed that f,, and f;; were 0.128 and 0.074, which indicate that
the percentage sof the levofloxacin dose distributed to the lung
and bronchial compartment was 12.8 and 7.4%, respectively
(Table VI). The parameter values obtained from the bootstrap
dataset had almost the same order of magnitude as those from
the original dataset. The coefficient of variation of parameters
in tissue (f,, CL,, fi; and CL;) obtained from the bootstrap
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Table V. Non-compartment parameters of levofloxacin following single oral administration of 500 mg tablet in patients undergoing

pulmonary operation.

Parameter Plasma Lung tissue Bronchial mucosa
C,oax (mg/1 or mg/kg) 54+0.7 7.0+1.2 94+2.1
Tax (h) 1.7+0.9 59+14 64+2.8
AUC,,, (mg h/l or mg h/kg) 65.2+4.0 85.7+£8.5 137.3+194
AUC,._., (mg h/l or mg h/kg) 69.4+4.1 106.6+8.1 273.7£129.7
T,, (h) 6.1+£0.7 8.9+1.5 21.6+142
MRT,,, (h) 8.3+0.3 9.9+0.4 11.2+0.7
CL/F (I/h) 72+04

V/F (1) 63.7+8.1

Remax (7kg) 1.3+0.3 1.8+0.5
Rauc 0.4 (Vkg) 1.3+0.2 2.1+0.3
Rauc o kg) 1.5+0.1 4.0+19

Values are expressed as n or the mean + standard deviation. The results were obtained using a bootstrap method (n=200). The units of C,,,, and
AUC in plasma were mg/l and mg h/l. As for lung tissue and bronchial mucosa, the units of C,,, and AUC were mg/kg and mg h/kg, respec-
tively. AUC,.,,4, area under the concentration-time curve between 0 and 24 h; C,,,,, peak serum concentration; T, peak time; T,,, half life;
MRT, mean residence time; CL/F, total apparent clearance; V /F, apparent volume of distribution; Rc,,,, the ratio of C,,, in tissue vs. plasma.

dataset was relatively high (Table VI). This is consistent with
the high standard deviation of the levofloxacin concentration
in lung tissue and bronchial mucosa (Fig. 2).

Therapeutic implication of levofloxacin PK/PD. The PK/PD
parameters of levofloxacin against common pathogens of
community-acquired LRTIs are presented in Table VII. The
JAUC,,,/MIC and fC,,/MIC of levofloxacin in lung tissue
and bronchial mucosa were higher compared with those in
plasma. The fAUC,,,/MIC was 45.6-182.5, 60.0-239.8 and
96.1-384.5 in plasma, lung tissue and bronchial mucosa,
respectively, against gram-positive bacteria. The fC,,,,/MIC
of levofloxacin was 3.8-15.1, 4.9-19.7 and 6.6-26.3 in the
corresponding tissue. The PTA of PK/PD parameters of levo-
floxacin against S. pneumoniae are indicated in Fig. 3. The
PTA of levofloxacin fAUC,,,/MIC was maintained at 100%
in plasma and lung tissue when MIC <1 mg/l. The PTA of
JAUC,,,/MIC was >90% in bronchial mucosa when the MIC
was <2 mg/l. The CFR of levofloxacin for S. pneumoniae was
90.6, 94.4 and 98.1% in plasma, lung tissue and bronchial
mucosa, respectively, when fAUC,,,/MIC=30. The CFR
of levofloxacin fC,,,/MIC was 44.7, 64.8 and 85.4% in the
corresponding tissues.

Discussion

The results of the present study indicated that levofloxacin
is able to rapidly penetrate into the lung tissue and bronchial
mucosa. Following a single oral dose of 500 mg levofloxacin,
the average concentration of levofloxacin in plasma, lung tissue
and bronchial mucosa was 3.6 yg/ml, 6.4 and 8.7 ug/g at 4 h
post-dose, and this was reduced to 0.5 yg/ml, 1.6 and 4.1 ug/g
at 24 h. Compared with the plasma concentration, the levo-
floxacin concentration was higher in lung tissue and bronchial
mucosa at 4-24 h post-dose. The average concentration ratio of
the levofloxacin penetration into lung tissue was 2.4 (0.7-7.8)

18
Actual simulation
15 FPlasma « J—
Lung = —-—
12 Bronchial &  -----

Levofloxacin concentration (mg/l or mg/kg)

Time (h)

Figure 2. Time profiles of levofloxacin in plasma (xg/ml) or tissue samples
(ng/g) after single oral administration of a 500-mg tablet in patients under-
going pulmonary operation. Values are expressed as the mean + standard
deviation (n=32 at 1.5 h or 8 at the other time-points) and predictions
were made by a pharmacokinetic model. “P<0.05, “P<0.01 compared to
plasma (least-significant difference test); “P<0.05 compared to lung tissue
(least-significant difference test).

and the maximal concentration ratio value was observed at
24 h post-dose. The permeability of levofloxacin in lung tissue
increased with time, demonstrating the high permeability of
levofloxacin in lung tissue. Other studies have reported that
the mean tissue permeability of levofloxacin was 4.0 within
24 h and 5.1 at 12 h following a single oral dose of 500 mg
levofloxacin in patients receiving pulmonary biopsy or pneu-
monectomy (36). These data are inconsistent with the results
of the present study and may be due to the patients in the
aforementioned studies being from different ethnic groups
and exhibiting high inter-subject variability due to the smaller
patient sample size. In the present study, a total of 8 Chinese
patients were enrolled in each group.
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Table VI. Pharmacokinetic parameters of levofloxacin in
patients undergoing pulmonary operation.

Bootstrap dataset

Parameter (Unit) Original dataset Mean + SD* CV (%)
k, (1/h) 5.6 6.2+20 32.6
CL (I/h) 7.8 8.2+0.8 9.8
V/F (1) 86.4 85.6+11.9 139
fi 0.128 0.2+0.1 77.7
CL, (I/h) 0.6 0.8+0.6 72.3
fis 0.074 0.1+0.08 69.3
CL; (I/h) 0.2 0.3+0.3 759

*Values are expressed as the mean + SD of individual estimates
(n=200). SD, standard deviation; CV, coefficient of variation; f,,
the fraction of levofloxacin clearance from central to the lung
compartment; fi3, the fraction of levofloxacin clearance from central
to the bronchial compartment; k,, absorption rate; CL, clearance
rate from plasma; CL,, the clearance of levofloxacin from the lung
compartment; CL;, the clearance of levofloxacin from the bronchial
compartment; V,/F, volume of distribution in central compartment.

Pulmonary lobectomy is an effective treatment for
intrapulmonary and bronchial diseases (37). However, this
procedure to remove the source of contamination in bronchi
may cause infection (38), and is a critical occasion for the
prophylactic use of antimicrobial agents. Following oral
administration of a single dose of 500 mg levofloxacin,
the average concentration ratio of levofloxacin was 4.4 in
bronchial mucosa within 24 h, which was significantly
higher compared with that in lung tissue (2.4). Compared
with water-soluble drugs, lipid-soluble antimicrobial
agents, including fluoroquinolones, are more readily
absorbed through the cell membrane and exhibit increased
tissue permeability (39). Antimicrobial agents have been
extensively studied in sputum (40). However, sputum is
non-homogeneous sample and may be easily diluted by
saliva (41). Therefore, bronchial mucosa is more reliable
than sputum in the evaluation of antimicrobial agent perme-
ability in lung tissues (42); however, it is more difficult to
collect samples of bronchial mucosa and lung tissue than
sputum. The present study provided direct evidence for the
tissue permeability of levofloxacin.

Zhang et al (2) indicated that the C,,,,/MICgy,ratio was 3-57
in epithelial lining fluid (ELF), and 1-6 in sputum following
a single oral dose of 500 mg levofloxacin at the fasting state
in patients with LRTI undergoing bronchoalveolar lavage (2).
The AUC,,,,/MIC,, of levofloxacin reached 35-138 and 9-38,
respectively. Compared with the plasma concentration at the
same time-point, the concentration ratio of levofloxacin in ELF
was high (~1.04 at 24 h after dosing), but the concentration
ratio in sputum was low (0.09) (2). The results of the present
study demonstrated that the permeability of levofloxacin is
more prominent in lung tissue and bronchial mucosa following
an oral dose of 500 mg, and is higher compared with that in
ELF and sputum.
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The V, of levofloxacin decreased significantly by 47.8%
in patients undergoing pulmonary operation (1.0 vs. 1.9 1/kg),
T,,, decreased by 34.8% (6.1 vs. 9.4 h) and C,,, decreased by
23.1% (5.4 vs. 7.0 mg/1), while the AUC, ,, and AUC,_., of levo-
floxacin increased by 35.3% (65.2 mg h/l vs. 48.2 mg h/l) and
26.7% (69.4 mg h/l vs. 54.8 mg h/l), respectively, compared
with that in healthy subjects (43). These results indicated that
a decreased distribution volume of levofloxacin may be the
reason for the higher drug exposure in patients undergoing
pulmonary operation.

During the development of the compartment model, the
levofloxacin concentration data in plasma and lung tissue
was fit using a two-compartment model, where the peripheral
compartment represents lung tissue. The results indicated
that the inter-compartment clearance of levofloxacin was
close to zero. Subsequently, a model was developed where
drug elimination from the peripheral compartment was intro-
duced. Although the model fittings improved, the simulated
concentration of levofloxacin in plasma was higher than the
actual values at all time-points. A three-compartment model
was also used to analyze the PK data of levofloxacin, where
the two peripheral compartments represented lung tissue and
bronchial mucosa and the simulation results were not satisfac-
tory. The final PK model was obtained by simplification of
this model and by introducing an elimination pathway from
peripheral compartments (Fig. 1). For instance, the elimination
of levofloxacin from the lung compartment represented the
process of drug efflux from lung tissue to blood. The structure
of the final PK model was similar to that of the PK model of
moxifloxacin in patients with bronchopneumonia (44). The CL
of levofloxacin was close to the non-compartment parameter
CL/F and the distribution volume in the central compartment
V,/F was similar to V/F. The results of most PK parameters
derived from the bootstrap method were close to the results
calculated from original dataset, and this was supported by the
standard deviation for PK parameters. This suggested that the
estimation of the results of the final PK model were reliable.

The PK/PD parameters of levofloxacin determined in the
present study were similar to the literature reports following
the adjustment by dose and drug unbound fraction. For
S.pneumoniae,the C,,,,/MICy, and AUC/MIC,, of levofloxacin
in plasma were similar to those in patients with bronchitis or
obstructive pulmonary disease (32). The results of the present
study were also similar to a PK study of levofloxacin in elderly
adults receiving diagnostic bronchoscopy (45). The C,,,,,/MIC,,
and AUC/MIC,, of levofloxacin in lung tissue against
P. aeruginosa and K. pneumoniae exhibited the same orders
of magnitude to the parameter values in patients undergoing
off-pump coronary artery bypass grafting (46).

The results indicated that the fAUC,,,/MIC,, of levo-
floxacin was only 3.7 in lung tissue against P. aeruginosa. This
result indicated that levofloxacin cannot be recommended as a
first-line therapy of LRTIs where P. aeruginosa is isolated or is
suspected to be the causative pathogen. This result is similar to
a PK/PD report of levofloxacin in acutely hospitalized elderly
patients (27). A previous study demonstrated that a PK/PD
model predicted that 500 mg levofloxacin was not effective for
treating multidrug- and drug-resistant tuberculosis (47-49). By
contrast, the fAUC,_,,/MIC of levofloxacin reached 60 in lung
tissue against S. pneumoniae. The Monte Carlo simulation
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Table VII. Pharmacokinetic/pharmacodynamic parameters of levofloxacin in patients undergoing pulmonary operation following

single oral administration of a 500-mg levofloxacin tablet.

FAUC, ,,/MIC,,

fC max/ MIC 90

Bacteria (no. of strains) MIC,, (mg/l) Plasma Lung tissue Bronchial mucosa Plasma Lung tissue Bronchial mucosa

MSSA (21) 0.25 182.5 239.8
S. pneumoniae (28) 1 45.6 60.0
H. influenzae (45) 0.5 91.3 119.9
K. pneumoniae (87) 1 45.6 60.0
P. aeruginosa (18) 16 29 3.7
Acinetobacter spp. (22) 0.25 182.5 239.8

384.5 15.1 19.7 26.3
96.1 38 49 6.6
1923 7.6 9.8 13.2
96.1 3.8 49 6.6
6.0 0.2 03 04
384.5 15.1 19.7 26.3

MIC,, was obtained from a previous study (29). f, unbound fraction of levofloxacin (0.7); MSSA, methicillin-susceptible S. aureus; MIC,
minimum inhibitory concentration; AUC,,,, area under the concentration-time curve between 0 and 24 h; C,_,,, peak serum concentration.
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Figure 3. PTA of levofloxacin fAUC,,,/MIC (target=30) and fC,,, /MIC (target=5) against S. pneumoniae in patients undergoing pulmonary operation
following single oral administration of a 500-mg tablet. The horizontal line indicates the PTA value of 90% and f is the unbound fraction of levoflox-
acin (0.7). MIC, minimal inhibitory concentration; AUC0-24, area under the concentration-time curve between 0 and 24 h; C_,,, peak serum concentration;

PTA, probability target attainment.

revealed that the PTA of levofloxacin fAUC,,,/MIC in lung
tissue and bronchial mucosa was maintained at 100% when
MIC =<1 mg/1 and the CFR of fAUC,,,/MIC was also >90%
in these two tissues. These results are supported by a popu-
lation PK (PPK) study of levofloxacin (26), which indicated
an AUC,,, of 66.19+1.30 mg h/l and the predicted CFR for a
target AUC,,,/MIC ratio of 30 was 83.12% for S. aureus and
92.63% for S. pneumoniae. Due to the MIC,, of levofloxacin
against S. pneumoniae being 1 mg/l, it may be suggested
that a levofloxacin 500 mg dosing regimen has good clinical
and microbiological efficacy in the treatment of pulmonary
infections that are caused by S. pneumoniae.

In the present study, it was not possible to develop a
PPK model of levofloxacin due to the small number of lung

tissue and bronchial mucosa samples. It was impossible to
estimate inter-subject variation due to there only being one
data-point for each tissue sample type that was collected
in one subject. Therefore, a compartment model was devel-
oped to analyze the PK data of levofloxacin in plasma, lung
tissue and bronchial mucosa simultaneously. This provides
more details about drug ADME compared with general
non-compartment PK parameters. Treatment-emergent
adverse events were not monitored, but the record of data
did not indicate any significant or outstanding adverse
events in the present study. The body mass index was also
not calculated as patient height was not recorded. The
standard error is particularly high for levofloxacin concen-
tration in bronchial samples as compared with that in the
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other types of samples. This may be due to fewer number of
samples at the time point of sampling and inter-individual
variation. The bootstrap simulation in this study may offset
this limitation to some extent.

To the best of our knowledge, the present study was the
first to characterize the penetration of levofloxacin in bronchial
mucosa. An integrated model was developed describing dispo-
sition and elimination of levofloxacin in plasma, lung tissue
and bronchial mucosa, and PK/PD indices of levofloxacin in
patients' bronchial mucosa were provided. The results indi-
cated that levofloxacin is able to distribute to bronchi and lung
tissues to reach an effective antimicrobial concentration after
a single oral dose of 500 mg. The permeability of levofloxacin
was demonstrated to be higher in bronchial mucosa compared
with that in lung tissue. The PK/PD profiles of levofloxacin
in lung tissues support the favorable efficacy of levofloxacin
500 mg regimen for managing the community-acquired LRTIs
that are caused by S. pneumoniae.
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