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In an open, randomized, six-period crossover study, the pharmacokinetics of ciprofloxacin, gatifloxacin,
grepafloxacin, levofloxacin, moxifloxacin, and trovafloxacin were compared after a single oral dose in 12
healthy volunteers (6 men and 6 women). The volunteers received 250 mg of ciprofloxacin, 400 mg of
gatifloxacin, 600 mg of grepafloxacin, 500 mg of levofloxacin, 400 mg of moxifloxacin, and 200 mg of trova-
floxacin. The concentrations of the six fluoroquinolones in serum and urine were measured by a validated
high-performance liquid chromatography method. Blood and urine samples were collected before and at
different time points up to 48 h after medication. Levofloxacin had the highest peak concentration (C,,,,, in
micrograms per milliliter) (6.21 = 1.34), followed by moxifloxacin (4.34 = 1.61) and gatifloxacin (3.42 = 0.74).
Elimination half-lives ranged from 12.12 = 3.93 h (grepafloxacin) to 5.37 = 0.82 h (ciprofloxacin). The total
areas under the curve (AUC,,,, in microgram-hours per milliliter) for levofloxacin (44.8 = 4.4), moxifloxacin
(39.3 = 5.35), and gatifloxacin (30 = 3.8) were significantly higher than that for ciprofloxacin (5.75 = 1.25).
Calculated from a normalized dose of 200 mg, the highest C,, . s (in micrograms per milliliter) were observed
for levofloxacin (2.48 *= 0.53), followed by moxifloxacin (2.17 = 0.81) and trovafloxacin (2.09 = 0.58). The
highest AUC,,, (in microgram-hours per milliliter) for a 200-mg dose were observed for moxifloxacin (19.7 =
2.67) and trovafloxacin (19.5 = 3.1); the lowest was observed for ciprofloxacin (4.6 = 1.0). No serious adverse
event was observed during the study period. The five recently developed fluoroquinolones (gatifloxacin,
grepafloxacin, levofloxacin, moxifloxacin, and trovafloxacin) showed greater bioavailability, longer half-lives,
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and higher C,,,.s than ciprofloxacin.

max!

Fluoroquinolones are widely used alternatives to (-lactam
agents in the treatment of many bacterial infections. Their
antimicrobial activity results from a selective antagonism be-
tween host DNA and bacterial DNA without interfering with
eucaryotic topoisomerases. The early fluoroquinolones, from
the early 1960s, had a limited spectrum of antibacterial activity,
mainly against gram-negative pathogens. Further observations
of structure-related increases in activity, changes in pharma-
cokinetic characteristics, and reduced toxicity were followed by
numerous chemical modifications of the quinolone molecule.
The resulting new fluoroquinolone antimicrobial agents have
enhanced activity against gram-positive organisms and anaer-
obes (1, 2) and improved pharmacokinetic parameters in com-
parison to previous derivatives. However, only reports on sin-
gle-drug kinetics have been published so far, and there have
been no direct comparisons between the new drugs and the
standard drug, ciprofloxacin (1-3).

We therefore evaluated and compared the pharmacokinetics
of six fluoroquinolones after a single oral dose in the same
volunteers.

(This work was presented in part at the 39th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Francisco, Calif., 26 to 29 September 1999 [I. Keller et al.,
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Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 1190, 1999].)

MATERIALS AND METHODS

Volunteers. Six male and six female young healthy Caucasians between 21 and
35 years old (mean, 28.4 * 4.3 years) and with an average weight of 67.4 = 10.6
kg and an average body surface of 1.81 = 0.16 m? participated in the study. All
had normal renal and hepatic functions; the mean creatinine clearance was
113 = 19.5 ml/min/1.73 m>. The volunteers were included in the study protocol
after normal findings from physical examination, electrocardiogram (ECG), and
laboratory tests (including hematological and biochemical parameters, hepatitis
and human immunodeficiency virus serological tests, tests for drug abuse, uri-
nalysis, and pregnancy test). Exclusion criteria were regular use of medications;
abuse of alcoholic beverages; symptoms of significant illness within 3 months
before the study period; history of gastrointestinal, liver, or kidney disease
potentially interfering with absorption, metabolism, or excretion of drugs; history
of central nervous system (CNS) disorders; allergy or hypersensitivity to the
study drugs; blood donation of more than 500 ml during the previous 3 months;
participation in a clinical trial within 3 months before the study period; and
pregnancy. Written informed consent was obtained from all volunteers prior to
inclusion in the study protocol. The study was approved by the Ethics Committee
of Benjamin Franklin Hospital, Free University of Berlin, Berlin, Germany.

Study design. The study was performed in an open, randomized, six-period
crossover design. Each volunteer received each drug once, followed by a 2-week
washout period. The tablets were administered with 240 ml of water after an
overnight fasting period of 12 h and contained the following dosages: 250 mg of
ciprofloxacin (Bayer AG, Leverkusen, Germany), 400 mg of gatifloxacin
(Griinenthal GmbH, Aachen, Germany), 600 mg of grepafloxacin (Glaxo Well-
come, Hamburg, Germany), 500 mg of levofloxacin (Hoechst Marion Roussel
GmbH, Bad Soden am Taunus, Germany), 400 mg of moxifloxacin (Bayer AG),
and 200 mg of trovafloxacin (Pfizer GmbH, Karlsruhe, Germany). These dosages
were based on the most frequent and recommended oral dosages for outpatient
treatment.

Strenuous physical activity, smoking, alcohol, and stimulating beverages con-
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FIG. 1. Mean concentrations in serum of all six fluoroquinolones calculated for the original doses and normalized doses. Cipro, ciprofloxacin; Gati, gatifloxacin;

Grepa, grepafloxacin; Levo, levofloxacin; Moxi, moxifloxacin; Trova, trovafloxacin.

taining xanthine derivatives (tea, coffee, and soft drinks containing caffeine) were
prohibited from 24 h before until 48 h after drug administration.

ECG. ECG for controlling the Q-T interval was done before and 12 h after
each medication.

Side effects. Side effects were noted by spontaneous reporting and by ques-
tioning during examinations 12, 24, and 48 h after medication.

Sampling. Blood samples were collected before and 0.5, 1, 1.5, 2, 4, 6, 8, 12, 24,
36, and 48 h after medication through an indwelling cannula. Five milliliters of
blood was taken for high-performance liquid chromatography (HPLC) analyses
of all fluoroquinolones. After blood collection to obtain serum, the samples were
stored at room temperature for about 30 min. All samples were centrifuged for
10 min at 1,000 X g and 21°C to separate the serum, which was then shock frozen
at —20°C.

Urine samples were collected predose and at 0 to 3, 3 to 6, 6 to 12, 12 to 24,
and 24 to 48 h after medication. Urine volumes were measured at these intervals,
and two 5-ml aliquots for HPLC measurements were transferred to sterile tubes
and shock frozen at —20°C. All samples (serum and urine) were protected
against light during processing and storage.

HPLC. Concentrations of ciprofloxacin, gatifloxacin, grepafloxacin, levofloxa-
cin, moxifloxacin, and trovafloxacin in serum and urine were determined by a
validated HPLC method involving protein precipitation. For the analysis of
gatifloxacin, grepafloxacin, and moxifloxacin, trovafloxacin was added as an in-
ternal standard. The extract was then chromatographed and quantified by fluo-
rimetric detection. Urine samples were diluted only for the mobile phase. Details
of the analysis of ciprofloxacin, levofloxacin, and trovafloxacin have been de-
scribed previously (4, 5, 7). HPLC measurements for gatifloxacin, moxifloxacin,
and grepafloxacin were similar to those for ciprofloxacin. Each method was
validated. The detection limits were between 0.02 and 0.06 mg/liter in serum and
0.99 and 9.0 mg/liter in urine. The limits of quantitation ranged between 0.03 and
0.11 mg/liter in serum and 1.5 and 18.1 mg/liter in urine. Levels of precision
within series were between 1.0 to 2.2% and 5.4 to 7.9% for serum and 1.1 to 2.0%
and 2.2 to 4.8% for urine. Levels of precision between series ranged from 4.1 to
5.2% and 1.6 to 12.8% in serum and from 1.7 to 2.9% and 5.0 to 11.2% in urine.

Pharmacokinetic analysis. The serum and urine data were analyzed with an
open two-compartment model (peak concentration [C,,,,], time to peak concen-
tration [T,,,], time between drug administration and beginning of absorption
[T1ag], and terminal half-life) chosen according to the Schwarz criterion (12, 13,
15). All other parameters were analyzed noncompartmentally (total areas under
the curve [AUC,,,], volume of distribution at steady state [V], mean residence
time [MRT], and urinary recovery). The dose-dependent parameters (AUC,,,
and C,,,,) were based on a dose per 70 kg of body weight. The main pharma-
cokinetic parameters (C,,,, and AUC,,) of the different fluoroquinolones were
additionally calculated for an average dose of 200 mg per 70 kg.

The calculations were elaborated using REVOL (14) for nonlinear regression
analysis and Microsoft Excel for pharmacokinetic analysis.

Statistical analysis. All fluoroquinolones were compared by variance analysis
with the Student-Newman-Keuls procedure for multiple comparisons of sample
means. P values of <0.05 were considered significant; P values of <0.01 were
considered highly significant.

RESULTS

Pharmacokinetics. The pharmacokinetic data for all six fluo-
roquinolones, determined by HPLC, are shown in Fig. 1 and
listed in Table 1. Levofloxacin showed the highest C, .., 6.1 =
1.3 pg/ml/70 kg, at 0.8 = 0.4 h (7,,,,) after medication, fol-
lowed by moxifloxacin (C,,,,, 4.3 = 1.6 pg/ml; T,,,,, 1.0 =
0.7 h) and gatifloxacin (C,,, 3.4 = 0.7 pg/ml; T, 1.5 =
0.6 h). The lowest concentration in serum was observed for
ciprofloxacin, 1.5 = 0.4 pg/ml, after 0.8 = 0.3 h. The AUC,,
for ciprofloxacin (5.8 = 1.2 pg - h/ml) was also significantly
lower than those for the newer fluoroquinolones (P < 0.01).
The longest half-life was observed for grepafloxacin (12.1 =
3.9 h), followed by trovafloxacin (10.3 = 3.4 h). The T,, ranged
between 0.12 = 0.16 h (trovafloxacin) and 0.34 = 0.06 h
(grepafloxacin). Total urinary recovery, defined as the percent-
age of the administered dose over 48 h, was highest for gati-
floxacin (77% = 6%) and levofloxacin (76% = 12%) and
lowest for trovafloxacin (9.3% = 2.5%).

A comparison of C,, . and AUC,,, calculated for an average
dose of 200 mg is given in Table 1; mean concentrations in
serum are shown in Fig. 1. The highest C,,.s (in micrograms
per milliliter per 70 kg) for an average 200-mg dose were 2.5 *
0.5 for levofloxacin, 2.2 = 0.8 for moxifloxacin, and 2.1 * 0.6
for trovafloxacin. The AUC,,, (in microgram-hours per milli-
liter per 70 kg) for moxifloxacin (19.5 = 2.7), trovafloxacin
(19.5 = 3.1), and levofloxacin (17.9 * 1.8) were significantly
higher (P < 0.01) than that for ciprofloxacin (4.6 = 1.0).

Side effects. The overall tolerance of the six fluoroquino-
lones was good. Most side effects were registered with trova-
floxacin. Nine volunteers (six women and three men) com-
plained of mild to moderate CNS effects (dizziness, headache,
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and lack of concentration), three complained of gastrointesti-
nal side effects (nausea and flatulence), and one complained of
dry nasal mucosa. The main side effects with the other fluoro-
quinolones (n = 9) were headache and gastrointestinal distur-
bances (flatulence and diarrhea). The side effects were mild to
moderate, in no case severe, and no volunteer had to be with-
drawn from the study. No changes in ECG (Q-T interval),
clinical examination, or vital and laboratory parameters (clin-
ical chemistry, hematology, and urinalysis) were observed.

(liters/70 kg)
231 £61.8
110 = 20
306 = 54.3
88 £ 9.92
122 = 19.6
129 = 58

266 * 40.6
153 =21
124 +19.1
30.5 = 6.18
142 =35

(ml/min/1.73 m?)
352 +6.9

DISCUSSION

Most of our pharmacokinetic results for all six fluoroquino-
lones were in reasonable concurrence with published studies
(6-11, 14, 16-18), except in the following parameters. For
ciprofloxacin we found a higher AUC,, (5.75 £ 1.25 versus
4.23 = 1.1) (6), and for gatifloxacin we found a shorter half-life
(6.52 = 0.87 versus 8.6 = 1.4 h) (14). In our study, grepafloxa-
cin had a higher C,,, (1.98 = 0.52 versus 1.41 * 0.28 pg/ml)
than was described earlier (9, 10). Our findings for moxifloxa-
cin were similar to those of Wise et al. (18) but differed from
those of Stass et al. (16). For trovafloxacin, we noted a remark-
ably lower AUC,,,, (19.5 = 3.1 versus 30.4 = 8.1 pg/ml) (11,
17); also, the T,,,, Was significantly shorter (0.95 = 0.61 versus
23 = 1.0 h) (17).

Compared to data for ciprofloxacin as a standard fluoro-
quinolone, the peak C,,,s of gatifloxacin, levofloxacin, and
moxifloxacin were significantly higher (P < 0.01) and the
AUC,, for all newer fluoroquinolones were significantly higher
(P < 0.01).

Based on an average dose of 200 mg, levofloxacin had the
highest C,,.. (2.48 £ 0.534 pg/ml), followed by moxifloxacin
(2.17 = 0.805 pg/ml) and trovafloxacin (2.09 = 0.58 pg/ml),
but the highest AUC,,, were found for moxifloxacin (19.7 =
2.67 pg - h/ml/70 kg) and trovafloxacin (19.5 = 3.1 pg - h/ml/70
kg). The C,,,.s of levofloxacin, moxifloxacin, and trovafloxacin
were significantly higher than that of ciprofloxacin (P < 0.01),
and the AUC,,, for all newer fluoroquinolones were signifi-
cantly higher (P < 0.01).

As is well known, longer elimination half-lives afford once-
daily dosing of trovafloxacin, moxifloxacin, grepafloxacin, and
gatifloxacin while maintaining levels in serum above the MICs
for dominant pathogens. The urinary recovery of the un-
changed drug (percentage of the administered dose) ranged
between 9.27% = 2.47% for trovafloxacin and 76.9% * 5.6%
for gatifloxacin, depending on the different elimination routes
(renal versus hepatic routes).

The overall tolerance of the fluoroquinolones administered
in our study was good. Most of the adverse effects were ob-
served for trovafloxacin (mainly affecting the CNS). No volun-
teer had to be withdrawn from the study. No changes in vital
signs, clinical chemistry, hematology, or urinalysis were ob-
served in relation to the study medication. Also, no changes in
Q-T interval or other changes in ECG were noted after a single
oral administration of each of the six fluoroquinolones.

In conclusion, our results demonstrate that the newer fluo-
roquinolones gatifloxacin, moxifloxacin, grepafloxacin, trova-
floxacin, and levofloxacin offer more favorable pharmacoki-
netic parameters (significantly higher AUC,, and C,,,s and
longer elimination half-lives) than the standard fluoroquino-
lone ciprofloxacin.

Total urinary Renal clearance
recovery

(% of dose)

40.8 + 7.48

769 = 5.6

9.36 = 2.91

759 = 11.6

19.9 = 4.55

9.27 +2.47

AUC,,

(pg + h/ml/70 kg),
dose normalized
4.6 1.0
15 £ 1.9*
7.85 + 1.58*
17.9 = 1.76*
19.7 + 2.67*
19.5 = 3.1*

AUC
(rg * h/ml/70 kg)

575 +1.25

30 £ 3.8
23.5 = 4.73*
44.8 = 4.4*
39.3 = 5.35%
19.5 = 3.1*

MRT (h)
5.8 +0.94
9.28 = 1.12*
14.15 + 2.67%
8.65 = 0.8%*
12.5 = 2.03*
13.2 = 5.37*

Half-life (h)
537 =0.82
6.52 = 0.87
12.12 + 3.92*
6.95 = 0.81
9.15 = 1.62*
10.3 = 3.4*

Tiog (h)
0.34 = 0.06
0.12 = 0.16

Tnax (h)
0.8 =038 0.33=*0.15

1.02+0.72 0.18 £0.16

1.49 = 0.65 0.21 = 0.19
0.95 = 0.61

277 = 1.11

TABLE 1. Pharmacokinetic parameters for six fluoroquinolones tested in 12 volunteers each”
0.78 £0.33 0.27 = 0.17

Crnax
(ng/mi/70 ke),
dose
normalized
1.2 +0.34
1.71 = 0.37
0.66 = 0.17
2.48 +(0.53*
2.17 = 0.81*
2.09 + (0.58*

Crnax
(rg/ml/70 kg)
1.5 +043
3.42 = 0.74*
1.98 + 0.52*%
6.21 + 1.34*
434 = 1.61*
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