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Abstract

Critically ill patients generally receive moxifloxacin intravenously to achieve rapid bacterial killing. An early switch from
intravenous to enteral moxifloxacin may be considered because of its good oral bioavailability in healthy volunteers. Since
bioavailability may be altered in critically ill patients due to pathophysiological changes, this study aimed to investigate
whether enteral moxifloxacin is bioequivalent to intravenous moxifloxacin in such patients. Blood samples were obtained
from 4 critically ill patients before and at serial time-points after intravenous and enteral administration. In all patients,
lower maximum plasma concentration (C_ ) and area under the plasma concentration-time curve during the 24-h obser-
vation period (AUC,,,) values were observed after enteral administration compared to those after intravenous administra-
tion. This resulted in lower C_ /minimum inhibitory concentration (MIC) and AUC,,, /MIC values, which are 2 indices
predicting the antibacterial efficacy of moxifloxacin. Despite the limited number of subjects, we conclude that a switch
from intravenous to enteral moxifloxacin is not recommended in these patients, because the 2 administration forms are

not bioequivalent.
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Introduction

Moxifloxacin is a fluoroquinolone antibiotic, charac-
terized by a rapid bactericidal action, with a broad
spectrum of activity against both Gram-negative and
Gram-positive microorganisms. It is mainly used for
the treatment of serious respiratory tract infections,
such as severe community-acquired pneumonia (CAP)
and acute exacerbations of chronic obstructive pul-
monary disease (COPD) [1]. In the intensive care
unit (ICU), moxifloxacin is usually administered
intravenously (IV). However, a switch from IV to
enteral or oral administration is considered as early
as possible, not only for pharmacoeconomic reasons
(reducing drug and drug-administration costs), but
also because of the benefits for the patient (i.e.,
reducing the incidence of infusion-related complica-
tions such as phlebitis, local and systemic infections,
and excess fluid administration) [2,3]. In ICU

patients who are not able to swallow, a switch to
enteral administration through a feeding tube is often
performed. In clinical practice, the same standard
dose of 400 mg moxifloxacin is used in the switch
from IV to enteral administration. Consequently,
such a switch without dose adjustments is only justi-
fied if the 2 administration forms show equivalent
systemic exposure. However, no pharmacokinetic/
pharmacodynamic (PK/PD) data in ICU patients are
available to guarantee adequate antibiotic plasma
levels after such a switch.

Although moxifloxacin has demonstrated a good
oral bioavailability in healthy volunteers [4,5], criti-
cally ill patients frequently exhibit pathophysiological
alterations that can affect the pharmacokinetic pro-
cesses and, consequently, the efficacy of drugs. As well
as these pathophysiological changes (e.g., organ dys-
function, modified intestinal permeability, decreased
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gastrointestinal blood flow), the simultaneous use of
a variety of drugs can result in disturbed absorption
of a drug [6-8]. This study therefore aimed to inves-
tigate whether enteral administration of 400 mg mox-
ifloxacin is bioequivalent to IV administration in
critically ill patients and to evaluate whether dose
adjustments are needed to achieve equivalent systemic
exposure.

Materials and methods

This single-centre, prospective, open-label bioequiv-
alence study involved 4 critically ill patients in the
ICU of Ghent University Hospital. Between June
2007 and December 2009, all patients who had
received monotherapy with 400 mg of IV moxifloxa-
cin once daily for at least 3 days and who were eli-
gible for a switch to enteral administration of
moxifloxacin were included in the study. Patients
were routinely regarded as eligible for a switch when
they were haemodynamically stable and capable of
receiving normal enteral feeding without using pro-
kinetics, and when the treating physician agreed to
the switch. Exclusion criteria were the use of vaso-
pressors, use of prokinetic agents such as metoclopr-
amide or erythromycin, severe renal impairment
(creatinine clearance <30 ml/min or haemodialysis),
and severe hepatic impairment (transaminase levels
more than 5 times the upper limit of normal). Writ-
ten informed consent was obtained from the patient
or a legal representative. The study protocol was
approved by the local ethics committee of Ghent
University Hospital (Belgium), and the study was
performed in accordance with the Declaration of
Helsinki and the Good Clinical Practice Guidelines
of the European Commission.

In protocol I, the plasma concentration—time pro-
files were determined after the last IV administration
(as a 1-h infusion of 400 mg Avelox® IV; Bayer
Healthcare, Diegem, Belgium) and after the first
enteral administration (Avelox® Oral 400 mg tablet,
suspended in 20 ml water and flushed through the
feeding catheter over 2 min; Bayer Healthcare,
Diegem, Belgium). For both profiles, all blood
samples were drawn from the arterial catheter at 13
time-points (pre-dose, and at 20 and 40 min, 1, 1.5,
2,3,4,6,8,10, 12, and 24 h post-dose). In order to
evaluate the influence of the switch on steady-state
conditions, protocol II involved blood sampling (pre-
dose and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 h post-
dose) after the last IV administration and after the
fourth enteral administration, with trough samples
being collected on the intervening days.

The blood samples were centrifuged (5 min,
1500 rpm, 15°C) to prepare plasma samples, which

were stored at —80°C prior to analysis. The moxifloxacin
plasma levels were determined by a validated high
performance liquid chromatography (HPLC) method
with fluorescence detection, as described elsewhere
[9]. For each patient, creatinine clearance (Cl) was
measured on each blood sampling day, using serum
creatinine and the 2-h urine output.

Non-compartmental analysis was performed for
pharmacokinetic evaluations using PKSolver [10].
The maximum plasma concentration (C_, ) and
time to reach C_, (7 ) values were taken directly
from the plasma concentration—time curves. The area
under the plasma concentration—time curve during
the 24-h observation period (AUC,, ) was deter-
mined using the log-linear trapezoidal method, and
the terminal half-life (7,) was calculated by linear
regression analysis of the last data points after log-
transformation of the data. We estimated the efficacy
of moxifloxacin by its 2 most relevant PK/PD indi-
ces:C_, /MICand AUC,,,/MIC, using the EUCAST
(European Committee on Antimicrobial Susceptibil-
ity Testing) clinical breakpoints for susceptibility of
Enterobacteriaceae, Staphylococcus sp., Streptococ-
cus sp., and Haemophilus influenzae against a
specific antibiotic as MIC (minimum inhibitory con-
centration). All these microorganisms have the same
MIC breakpoint, namely=0.5 ug/ml (http://www.
eucast.org).

Results

Four critically ill patients (age range 41-64 years, 2
females) treated with moxifloxacin because of pneu-
monia (patient 1, left pneumonia with empyema;
patient 2, pneumonia and aspergillosis; patient 3,
pleuropneumonia; patient 4, pneumonia (Enter-
obacter)) were included in this study. For patients 2
and 3, inflammatory parameters decreased during
moxifloxacin therapy. Data on the outcomes of
patients 1 and 4 could not be registered because of
loss to follow-up. The PK/PD indices are summa-
rized in Table I and the individual plasma concentra-
tion—time curves are shown in Figure 1. Importantly,
patient 3 received 600 mg moxifloxacin instead of
400 mg due to morbid obesity with a body mass
index (BMI) of 62 kg/m?.

Protocol I was used to determine the plasma
concentration—time profiles during the switch from
IV to enteral administration for patients 1-3. For
patient 4, protocol II was used to evaluate the PK
profiles at steady-state conditions for both IV and
enteral administration.

For all patients, C___and AUC,,,, and conse-
quently C__ /MIC and AUC,,/MIC, were lower
after enteral administration than after IV administration:
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Table I. Creatinine clearance and PK/PD indices per patient.

Switch from intravenous to enteral moxifloxacin

Co.x Y reduced AUC,, % reduced

Patient Protocol Therapy CI  (ml/min) 7, (h) 7,, (h) (ug/ml) Cax (h*ug/ml) AUC,, C_./MIC AUC/MIC

1 I v 143 1.00 13.35 4.78 - 47.57 - 9.56 95.14
Enteral 135 2.00 10.43 3.16 33.9 43.66 8.2 6.32 87.32

2 I v 109 1.00 7.66 8.48 - 60.89 - 16.96 121.78
Enteral 68 0.67 6.79 5.95 29.8 51.51 15.4 11.90 103.02

3 I v 112 0.67 10.34 11.34 - 72.90 22.68 145.80
Enteral 172 1.50 10.90 4.32 61.9 48.53 33.4 8.64 97.06

4 I v 2902 1.00 5.03 4.47 - 23.46 - 8.94 46.92
Enteral 332 1.00 6.15 2.86 36.0 16.80 28.4 5.72 33.60

PK/PD, pharmacokinetic/pharmacodynamic; Cl_, creatinine clearance; 7,

T

, time to reach C U2

max » terminal half-life; C_ ., maximum

max:

concentration; AUC,,, area under the plasma concentration-time curve during the 24-h observation period; MIC, minimum inhibitory

concentration; IV, intravenous.

a mean reduction of approximately 40% was observed
in C_, and a mean reduction of approximately 21%
in AUC, .. It should also be noted that, compared
to the other 3 patients, patient 4 had a markedly
lower AUC,,, and AUC,,, /MIC after enteral as well
as after IV administration. This was also evident in
the lower trough plasma concentrations (Ctmugh)
after the switch. In patients 1, 2, and 3, Ctmugh levels
of 0.79, 0.54, and 0.90 pg/ml, respectively, were
obtained directly after the first enteral administra-
tion. However, patient 4 had a mean Ctrough of 0.09

ug/ml (standard deviation 0.01 pg/ml, » = 4) deter-
mined on the intervening days.
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Discussion

In healthy volunteers, it has been demonstrated that
the pharmacokinetics of a single 400 mg moxifloxa-
cin oral dose are similar to those of an IV dose
(AUC,,, for oral administration 39.00 * 2.16 h*ug/
ml vs 39.13 £ 5.80 h*ug/ml for IV administration,
and C___ for oral administration 4.98 = 1.01 pg/ml
vs 5.09 = 1.11 pg/ml for IV administration) [11].
This high bioavailability of the oral formulation
suggests that a switch from IV to oral administration
could be justified and, moreover, could be recom-
mended because of benefits to patients and for phar-
macoeconomic reasons (the drug cost for oral
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Figure 1. Individual plasma concentration-time curves of moxifloxacin after intravenous (J) and enteral (®) administration.
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moxifloxacin therapy is approximately 10 times lower
than that for IV therapy). In contrast, our data
showed alower C___and AUC,,, after enteral admin-
istration compared to IV administration in 4 ICU
patients. There was, however, great inter-individual
variability in this small study population. Our limited
data suggest that enteral administration of moxiflox-
acin may not be bioequivalent to IV administration
in critically ill patients.

Although this study was not designed to provide
data on clinical outcome, the efficacy of enteral mox-
ifloxacin therapy may, as a consequence, also be
reduced, which increases the risk of clinical failure.
In order to estimate the efficacy, we used the cut-off
levels for the PK/PD indices AUC,,,/MIC and C__ /
MIC suggested by Schentag et al. [12] and by Pres-
ton et al. [13], respectively.

Depending on the Gram staining of the patho-
gens, 2 different cut-off levels for the AUC,,,/MIC
ratio have been proposed: AUC,,,/MIC >25-35 for
Gram-positive pathogens and AUC,,, /MIC >100-125
for Gram-negative pathogens [14]. According to
Schentag et al., AUC,,,/MIC values > 125 but <250
produce slow bacterial killing of Gram-negative
pathogens, usually by day 7 of treatment. However,
in critically ill patients, AUC,,,/MIC values >250
should be preferred, since these values represent
rapid bacterial killing, regardless of whether the
organism is Gram-negative or Gram-positive, and
bacterial eradication occurs within 24 h [12]. How-
ever, none of the patients in our study exhibited an
AUC,,,/MIC > 250; nor were the AUC,,,/MIC val-
ues > 125 after enteral administration. In fact, this
also applied to the AUC,, /MIC values after IV
administration, except in patient 3. Even optimal
C,.../MIC ratios of 10:1, recommended by Preston
et al. [13], were not obtained in most patients in our
study. Not only do these findings indicate that a
switch from IV to enteral moxifloxacin is not optimal
in critically ill patients, they also raise the question
of whether the standard dosage regimen (400 mg
moxifloxacin once daily) is suitable for critically ill
patients.

Our data should be interpreted with caution
because the MIC values in the treated patients were
not determined in this study; the most recently pub-
lished EUCAST MIC breakpoints were used instead.
Therefore, the efficacy could be underestimated in
our study. Nevertheless, due to an increasing resis-
tance of pathogens against moxifloxacin during the
last 10 years, the MIC values have been increased in
comparison with previous studies [15,16]. In addi-
tion, infections with resistant pathogens, which
require higher plasma concentrations, occur more
often in a critical care unit. Also total plasma con-
centrations have been used to estimate efficacy, even

though only unbound drug is responsible for the
clinical effect (moxifloxacin exhibits 40% protein
binding [5]) and critically ill patients frequently suf-
fer from hypoalbuminaemia [17], which may increase
the unbound fraction of the drug. However, the free
plasma concentration is always a fraction of the total
plasma concentration and could therefore never be
higher. Since our results suggest that the estimated
PK/PD indices, based on total plasma concentra-
tions, may not be sufficient to meet the pre-specified
ones, using the free plasma concentrations to esti-
mate efficacy would not have changed our findings.

Furthermore, restrictive inclusion and exclusion
criteria were used for the safety of the ICU patients.
Extremely critically ill patients were excluded because
the use of vasopressors and gastroprokinetics could
lead to a reduced absorption of enterally adminis-
tered drugs and, consequently, to ineffective antibi-
otic therapy. The limited number of patients in our
study is explained by these restrictive criteria. Nev-
ertheless, all patients included shared the trend
towards a reduced AUC,,,/MIC after enteral admin-
istration. Increasing the number of patients would
probably not have changed the conclusions of this
study. Moreover, if the same study was performed in
extremely critically ill patients, the systemic exposure
to moxifloxacin after enteral administration and the
efficacy, expressed as AUC,,,/MIC, would probably
have been lower.

In patient 4, remarkably low AUC,,, values were
obtained for both formulations. One would expect
higher plasma concentrations in patient 4 compared
to patients 1-3, since all measures were taken under
steady-state conditions for patient 4. However,
steady-state assumptions may not hold in patient 4
as the terminal half-life of approximately 5-6 h
obtained in this patient suggests almost complete
washout of the drug for a once-daily dosage regimen,
which is in agreement with the low observed trough
value of 0.09 ug/ml. In addition, this patient had an
increased creatinine clearance, which may have
resulted in a higher plasma clearance of the drug and
consequently in a lower drug exposure. Although this
renal hyperfiltration occurred in only 1 out of 4 cases
in this study, it has been described with increasing
regularity in ICU patients [18,19].

Clearly, our results necessitate further investiga-
tion of the efficacy of both IV and enteral moxiflox-
acin therapy in a larger number of critically ill
patients. Particular attention should be given to the
impact of hyperfiltration on the pharmacokinetics of
moxifloxacin and to the dosage regimen. The low
AUC,,,/MIC values obtained in our study suggest
that higher doses may be required in ICU patients.
Stass et al. demonstrated that a dose of 600 mg oral
moxifloxacin once daily had a good tolerability

24h’
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profile in healthy men [20]; however, there are no
safety data on higher doses in ICU patients. Therapeu-
tic drug monitoring (TDM) may be of value for dose
personalization of moxifloxacin in ICU patients [21].

Notwithstanding its preliminary character, this
study reveals 3 major issues. Firstly, it demonstrates
that in critically ill patients, enteral administration of
moxifloxacin is not bioequivalent to IV administra-
tion, and therefore a switch from IV to enteral mox-
ifloxacin administration is contraindicated in this
patient population. Secondly, the low AUC,,,/MIC
values (< 125) imply that one cannot be certain that
therapeutic efficacy will be reliable. Finally, aug-
mented renal clearance occurred in 1 out of 4 patients
in this study, resulting in very low and probably inef-
fective moxifloxacin plasma levels.

Taking these 3 issues into account, further studies
are required to optimize moxifloxacin dosing in ICU
patients.
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