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The purpose of this study was to investigate the pharmacokinetic properties of colistin following intrapulmonary administration
of colistin sulfate in rats. Colistin was infused or delivered in nebulized form at a dose of 0.35 mg/kg of body weight in rats, and
plasma drug concentrations were measured for 4 h after administration. Bronchoalveolar lavages (BAL) were also conducted at
0.5, 2, and 4 h after intravenous (i.v.) administration and administration via nebulized drug to estimate epithelial lining fluid
(ELF) drug concentrations. Unbound colistin plasma concentrations at distribution equilibrium (2 h postdosing) were almost
identical after i.v. infusion and nebulized drug inhalation. ELF drug concentrations were undetectable in BAL samples after i.v.
administration, but they were about 1,800 times higher than unbound plasma drug levels at 2 h and 4 h after administration of
the nebulized drug. Simultaneous pharmacokinetic modeling of plasma and ELF drug concentrations was performed with a
model characterized by a fixed physiological volume of ELF (VELF), a passive diffusion clearance (QELF) between plasma and ELF,
and a nonlinear influx transfer from ELF to the central compartment, which was assessed by reducing the nebulized dose of
colistin by 10-fold (0.035 mg kg�1). The km was estimated to be 133 �g ml�1, and the Vmax, in-to-Km ratio was equal to 2.5 � 10�3

liter h�1 kg�1, which was 37 times higher than the QELF (6.7 � 10�5 liter h�1 kg�1). This study showed that with the higher ELF
drug concentrations after administration via nebulized aerosol than after intravenous administration, for antibiotics with low
permeability such as colistin, nebulization offers a real potential over intravenous administration for the treatment of pulmo-
nary infections.

Treatment of lung infections by administration of antimicrobial
agents using the pulmonary route presents potential clinical

use, since it may afford higher drug concentrations at the site of
infection with a reduction of systemic exposure (1, 2). Conse-
quently, increased use of inhaled antibiotics, such as tobramycin,
aztreonam, or colistin methansulfonate (CMS), has been ob-
served to treat lung infections (3, 4).

CMS is the inactive prodrug of colistin (5), which is a multi-
component cationic polypeptide that belongs to the class of poly-
myxins, comprised mainly of colistin A and colistin B (6). It is an
old antibiotic that was abandoned in the 1970s due to its adverse
effects (7). During the last 15 years, it has occasionally been used as
“salvage” therapy for the treatment of infections engendered by
multidrug-resistant bacteria, due to the lack of new antibiotics (8).
When CMS was developed, controlled clinical trials and deter-
mination of pharmacokinetic and pharmacodynamic (PK/PD)
properties were not required by drug-regulating agencies (6).
However, the understanding of colistin pharmacokinetics after
CMS intravenous (i.v.) administration to critically ill patients is
progressing (9–13). But CMS is also nebulized for the treatment of
pulmonary infections in patients with cystic fibrosis (CF) (3, 4, 14)
and in patients with ventilator-associated nosocomial pneumonia
(VAP) (15, 16) or tracheobronchitis (17) caused by Gram-nega-
tive bacteria (4). Pharmacokinetic studies have been conducted in
rats (18), in piglets (19), and in human patients (15, 20) after CMS
nebulization, and a recent study was conducted after direct ad-
ministration of a nebulized aerosol of colistin in rats (21).

Administration of nebulized colistin sulfate leads to more se-
vere side effects, such as bronchoconstriction, throat irritation,
and cough, than nebulization of CMS (22), which explains why
inhaled colistin therapy in patients is almost always conducted

after nebulization of CMS instead of colistin sulfate (15–17, 20, 23,
24). However, the data interpretation is then relatively complex,
since it is difficult to assess how much of the CMS dose is con-
verted into colistin systemically and presystemically. Therefore,
this new study was conducted after direct administration of neb-
ulized colistin in order to better investigate its pharmacokinetic
properties after nebulization.

MATERIALS AND METHODS

Chemicals. Colistin sulfate salt was purchased from Sigma. The colistin
solutions were prepared in 0.9% NaCl at concentrations of 0.15 mg ml�1

for i.v. administration and at concentrations of 0.15 mg ml�1 and 1.5 mg
ml�1 for administration via nebulized aerosol. The chemicals used in this
study were of analytical grade, and the solvents were of high-performance
liquid chromatography (HPLC) grade.

Animals. This work was performed in agreement with the National
Research Council’s Guide for the Care and Use of Laboratory Animals (25)
under license 86.051. Male Sprague-Dawley rats (n � 56) from Janvier
Laboratories (Le Genest-St.-Isle, France), with weights of 324 � 24 g
(mean � standard deviation), were used for the investigations. Before the
experiment (5 days), the animals were acclimatized as previously de-
scribed (18). During the experiments the animals had free access to food
(A03; Safe, Villemoisson-sur-Orge, France) and water.
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Implantation of femoral vein and artery catheters. The day before
the experiment for the systemic PK study, polyethylene catheters were
implanted into the femoral vein and artery in anesthetized rats as previ-
ously described (18). For the BAL study, catheters were only inserted into
the femoral vein of rats receiving a colistin bolus administration. After
surgery, the animals were placed into individual cages.

Colistin administration and collection of samples for the plasma PK
study. (i) Intravenous infusion administration of colistin (n � 6). The
i.v. infusion administration of 0.35 mg/kg of body weight [base mean
dose]), via the left femoral vein, was performed over 30 min with a flow
rate of 2 ml h�1. Arterial blood samples were collected before administra-
tion and 0.25, 0.5, 1, 2, 3, and 4 h after administration. Plasma was sepa-
rated by centrifugation (1,000 � g, 15 min) and frozen at �80°C until
analysis.

Intratracheal administration of nebulized colistin (n � 6). Follow-
ing a short sedation period with isoflurane (3%; air at 550 ml min�1), a
volume of 100 �l of colistin at a dose of 0.35 mg kg�1 (mean colistin base
dose) was instilled between the vocal cords by using a nebulizer (Penn
Century Inc., Philadelphia, PA) as previously described (18, 26). Arterial
blood samples were then collected before administration and 0.25, 0.5, 1,
2, 3, and 4 h after administration. Plasma was treated as described above.

(ii) Colistin administration and collection of samples for determi-
nation of local concentrations in BAL fluid (n � 44). Rats received colis-
tin (0.35 mg kg�1 [base dose]) by intratracheal administration of nebu-
lized drug under anesthesia (isoflurane at 3%, air at 550 ml min�1) or by
i.v. infusion (30 min) without anesthesia. BAL fluid collection was per-
formed according to methods described in previous studies (18, 26).
Briefly, the animals were anesthetized or reanesthetized by using isoflu-
rane, and a volume of 1 ml of NaCl (0.9%) at 37°C was instilled into the
trachea via a catheter at a 50-mm depth. The highest possible volume was
collected. BAL fluid collection was carried out at 0.5, 2, and 4 h after
administration (4 to 6 rats per group), and colistin and urea concentra-
tions were determined. After collection of BAL fluid, plasma used for
colistin and urea concentration measurements was obtained by centrifu-
gation (1,000 � g, 15 min) of blood obtained via heart puncture.

Extra rats (n � 14) received a 10-fold-lower dose of colistin (0.035 mg
kg�1) via nebulized drug. BAL fluid and plasma samples were collected
from this group as described above.

Analytical assays. (i) Colistin analysis in plasma. Determination of
colistin concentrations in plasma were performed by a liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) method previously de-
scribed (27) with slight adjustments. The system consisted of a Waters
Alliance 2695 separations module, and a Waters Micromass Quattro mi-
cro API tandem mass spectrometer was used. The chromatography of the
reversed phase was performed with a Jupiter 300-Å column (5.0 �m, 50
mm by 2.0-mm inner diameter [ID]; Waters, St.-Quentin en Yvelines,
France) and a mobile phase consisting of 0.1% (vol/vol) formic acid in
acetonitrile– 0.1% formic acid in water (25:75, vol/vol). The mass spec-
trometer was used in the positive/ion mode. The analysis of ions was made
by multiple reactions monitoring (MRM), and their transitions were m/z
585.4/101.1 for colistin A, 578.4/101.1 for colistin B, and 602.4/101.1 for
polymyxin B1, the compound used as an internal standard. The calibra-
tion standard curve was prepared with seven points in rat plasma with
drug concentrations ranging between 0.0097 and 10 �g ml�1. The con-
trols were prepared at the following concentrations: 0.156, 0.625, and 3.75
�g ml�1. A volume of 250 �l of calibration standard, control, or sample
was mixed into 750 �l of phosphate buffer and 25 �l of internal standard
solution (3.12 ng ml�1). The mixture obtained was centrifuged (1,500 �
g for 5 min) and loaded onto an Oasis HLB extraction cartridge (30-�m
filter; Waters, St.-Quentin en Yvelines, France). Analytes were washed
with methanol/water/water (0.5 ml/0.5 ml/0.5 ml) and eluted with 1 ml of
0.5% (vol/vol) formic acid in methanol. A nitrogen stream at 45°C was
used to evaporate the eluates, which were redissolved with 200 �l of water
containing 0.1% formic acid (vol/vol) after evaporation. The precision

and accuracy were less than 15% for the between-day variabilities, which
were characterized at the 3 concentration levels.

(ii) Colistin analysis in BAL fluid. Analysis of colistin in BAL fluid was
performed the same as for plasma, with six-point calibration standard
curves prepared in NaCl (0.9%) with the same range of concentrations
(between 0.0097 and 10 �g ml�1) and three levels of control (0.312, 1.25,
and 5 �g ml�1). A volume of 150 �l of NaCl (0.9%) or BAL sample was
mixed with 100 �l of plasma, 750 �l of phosphate buffer, and 25 �l of
internal standard solution (polymyxin B1; 3.12 ng ml�1). Mixtures were
loaded onto an Oasis HLB extraction cartridge (30 �m; Waters, St.-Quen-
tin en Yvelines, France), and sequential washes were made according to
the protocol described above. Eluates were then similarly evaporated and
harvested in 200 �l of water containing 0.1% (vol/vol) formic acid. The
precision and accuracy were less than 15% for the between-day variabili-
ties characterized for the 3 concentrations.

(iii) Urea analysis in BAL fluid and plasma. The concentrations of
urea were determined in BAL fluid by using LC-MS/MS as previously
described (18, 26) with one modification, corresponding to the addition
of thiourea as an internal standard. The analysis of ions was performed by
MRM, and the mass spectrometer was used in the positive/ion mode. The
transition of ions was m/z 61 to �44. Reversed-phase chromatography
was carried out with a C18 Xterra MS column (5.0 �m, 150 by 4.6-mm ID;
Waters, St.-Quentin en Yvelines, France) and a mobile phase of acetoni-
trile containing formic acid (0.1%, vol/vol) and water containing formic
acid (0.1% vol/vol; 10:90; flow rate, 0.25 ml min�1). The standard curves
were prepared in NaCl (0.9%) with concentrations ranging between 1.25
and 100 �g ml�1 (eight-point calibration). A volume of 190 �l of internal
standard (0.5 �g ml�1of thiourea) was mixed into standard solutions or
BAL samples (10 �l) and directly injected (30 �l). Controls were prepared
at four levels (75, 25, 2.5, and 1.25 �g ml�1). The precision and accuracy
were less than 15% for the between-day variabilities characterized at the 4
concentrations.

The concentrations of urea in plasma were measured by photometric
detection by using an modular automatic analyzer (Roche, France).

Calculation of colistin concentrations in ELF. The volume of ELF
(VELF) was estimated by using urea as a marker of dilution, according to
equation 1 (28).

VELF � VBAL · �UreaBAL ⁄ Ureaplasma� (1)

where UreaBAL and Ureaplasma correspond to the concentrations of urea
determined in BAL fluid and plasma.

Colistin concentrations in ELF (CELF) were derived from measured
concentrations in BAL fluid (CBAL) after correction for dilution, accord-
ing to equation 2.

CELF � CBAL · �Ureaplasma ⁄ UreaBAL� (2)

Simultaneous PK modeling of plasma and ELF concentrations of
colistin. Concentration-versus-time data for colistin in plasma and ELF
were simultaneously analyzed by a nonlinear mixed-effects method with
the S-ADAPT software (version 1.52) and the MC-PEM (Monte-Carlo
parametric expectation maximization) estimation algorithm within the
S-ADAPT TRAN translator (29). Whether the colistin PK in plasma was
mono- or bicompartmental was determined, while the colistin PK in ELF
was assumed to be monocompartmental. Likelihood ratio tests were used
to compare models, with a P value of 0.01 required for statistical signifi-
cance. Only unbound drug in plasma was assumed to distribute in the
plasma and lung compartments, and the colistin unbound fraction in
plasma was fixed at 45% (30).

The structural PK model (Fig. 1.) was derived from an initial generic
hybrid compartment model, with an ELF compartment characterized by a
fixed physiological volume (VELF), estimated at 30 � 10�6 liters kg�1, and
connected to a traditional compartment model by a reversible first-order
process (26). The residual variability was estimated with a combined ad-
ditive plus proportional error model in plasma and a proportional error
model in ELF. Plasma drug concentrations below the limit of quantifica-
tion (LOQ) were handled by using the Beal M3 method (31). Typical
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values and interindividual variabilities of PK parameters are reported
along with the precisions of the estimates, expressed as relative standard
errors (RSE).

The final model consisted of a two-compartment model, characterized
by a central compartment volume (Vc) connected to a peripheral com-
partment volume (Vp) with an equilibrium distribution clearance (Q) and
to an ELF compartment (fixed VELF) by two-way diffusion clearance
(QELF). A nonlinear influx transfer from ELF to the central compartment
was implemented with a rate (Vin) characterized by equation 3.

Vin � �Vmax, in · C � ⁄ Km
� � C �� (3)

where Vmax, in is the maximum influx transfer rate, km corresponds to the
concentration for which Vin � 0.5(Vmax, in), and � is the slope factor.
Elimination from the central compartment was characterized by the total
systemic clearance (CLT). A depot compartment and a systemic bioavail-
ability (Faero) were added to the model after nebulization of the drug.

Areas under the unbound drug plasma concentration-time curve
(AUCplasma) and ELF drug concentration-time curve (AUCELF) were
calculated by using the model for the 0.35 mg · kg�1 i.v. dose
(AUC

plasma, 0.35
), the same high dose that was administered as the nebu-

lized aerosol (AUCELF, 0.35), and the 10-fold-reduced nebulized drug
dose (AUCELF, 0.035).

Statistical analysis. Maximum plasma colistin concentrations ob-
served for the two routes of administration were compared using the
Mann-Whitney, nonparametric test (Prism5; GraphPad, La Jolla, CA).
Differences were considered significant at a P level of 	0.05. Results are
expressed as means � standard deviations (SD).

RESULTS

The peak colistin plasma concentration after nebulization oc-
curred early, with a time to peak concentration (tmax) of 0.5 h. The
maximum plasma concentration (Cmax) was significantly lower
(P 	 0.05) after administration of nebulized drug than after i.v.
infusion, although the difference was relatively modest (0.20 �
0.05 �g ml�1 versus 0.31 � 0.05 �g ml�1) (Table 1). Estimated
unbound colistin plasma concentrations at distribution equi-
librium (2 h postdosing) were almost identical after i.v. admin-
istration and nebulized drug inhalation (0.05 � 0.01 �g ml�1

and 0.06 � 0.02 �g ml�1, respectively) (Table 1). ELF drug
concentrations were too low to be quantified in BAL samples after
i.v. administration, but they were much higher (about 1,700 times
higher) than unbound plasma drug concentrations at 2 h and 4 h
postadministration of the nebulized drug (Table 1). After pooling
data for various doses and routes of administration, the VELF was
estimated at 28.4 � 16.6 � 10�6 1iter kg�1, on average.

PK modeling using the modified hybrid PK compartment
model provided a relatively satisfactory fit of plasma and ELF
colistin concentrations after nebulization and of plasma drug con-
centrations after i.v. administration (Fig. 2 and 3). Estimation of
PK parameters after administration of nebulized drug or i.v. ad-
ministration are presented in Table 2. A nonlinear transfer rate
between the ELF compartment and plasma was characterized,

FIG 1 Simultaneous PK model of plasma and ELF colistin concentrations after i.v. administration or intratracheal administration of nebulized colistin, where
Vc is the volume of the central compartment, VELF is the fixed volume of the ELF compartment (30 �l/kg), and Vp is the volume of the peripheral compartment.
CLT corresponds to total plasma clearance, Q is the equilibrium distribution clearance between the central and peripheral compartments, and QELF is the
diffusion clearance between the central compartment and ELF. Vmax, in is the maximum transfer rate from the ELF to the plasma compartment, km corresponds
to the concentration at which the rate is half the maximum rate, and � is the slope factor. Faero is the systemic bioavailability after aerosol administration.

TABLE 1 Colistin concentrations in ELF and in plasma (unbound) after intratracheal or i.v. administrationa

Time
postadministration (h)

i.v. NEB

CELF (�g/ml)
C(plasma, unbound)

(�g/ml)
CELF/C(plasma, unbound)

ratio
CELF

(�g/ml)
C(plasma, unbound)

(�g/ml)
CELF/C(plasma, unbound)

ratio

0.5 	LOQ 0.31 � 0.05 NA 153 � 49 0.20 � 0.05† 825 � 345
2 	LOQ 0.05 � 0.01 NA 112 � 29 0.06 � 0.02 1,794 � 572
4 ND 	LOQ NA 20 � 14 0.012 � 0.004 1,770 � 611
a Colistin concentrations in ELF and in plasma (unbound) at 0.5, 2, and 4 h after intratracheal administration of the nebulized form (NEB) or i.v. administration (dose, 0.35 mg/
kg). Values are means � standard deviations. C(plasma, unbound) was estimated by multiplying experimental total concentrations by 0.45 (corresponding to the colistin unbound
fraction in plasma) (30). †, significantly different from the unbound drug plasma concentration after i.v. administration; LOQ, limit of quantification; ND, not done; NA, not
available.
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with a km estimate at 133 �g ml�1 (Table 2). The Vmax, in-to-Km

ratio was equal to 2.5 � 10�3 liter h�1 kg�1, that is, 37 times higher
than the QELF (6.7 � 10�5 liters h�1 kg�1). A low residual vari-
ability and accurate estimations were obtained for all parameters,
and the relative standard error ranged from 1 to 18% (Table 2).

AUCELF, 0.35-to-AUCplasma, 0.35 ratios after i.v. administration
and administration of the nebulized drug were equal to 1 and
1,214, respectively.

DISCUSSION

In clinical practice, colistin is aerosolized as CMS, which implies
that this prodrug needs to be converted into the active moiety
within the lung to produce antimicrobial activity. This issue was
first investigated in rats (18), in which it was estimated that about
2/3 of the dose eventually absorbed reached the systemic circula-
tion directly as CMS, whereas approximately 1/3 (
39%) was first
converted into colistin within lungs before being absorbed. This
indicated that in relative terms, CMS was absorbed within the lung
two times more rapidly than it was hydrolyzed into colistin. But it

was also shown that ELF colistin concentrations were much lower
than corresponding CMS concentrations, suggesting that colistin
formation was the rate-limiting step for its absorption. These re-
sults are in agreement with those of Yapa et al., who also reported
higher CMS than colistin concentrations within lungs after ad-
ministration of nebulized prodrug at a dose of 14 mg kg�1 (21).

In order to facilitate the investigation of colistin bidirectional

FIG 2 Predicted concentration-time profiles of colistin (0.35 mg kg�1), administered i.v. and intratracheally in nebulized form, in plasma (solid line) and in ELF
(dashed line) from simultaneous PK modeling. Closed and open symbols represent mean � SD values for experimental concentrations in total plasma and in
ELF, respectively. *, BAL drug concentrations after i.v. administration were below the limit of quantification and ELF concentrations could not be estimated.

FIG 3 Predicted concentration-time profiles of colistin administered intra-
tracheally in nebulized form at a dose of 0.035 mg kg�1 in plasma (solid line)
and in ELF (dashed line) from simultaneous PK modeling. Closed and open
symbols represent mean � SD of experimental concentrations in total plasma
and in ELF, respectively.

TABLE 2 Estimated PK parameters after intratracheal (nebulized form)
or i.v. administration of colistin at 0.35 mg/kg, based on simultaneous
modeling

Parametera (units)
Typical value
(RSEb [%])

% interindividual
variability (RSEb

[%])

Vc (liters/kg) 0.19 (7) 11 (90)
Vp (liters/kg) 0.19 (3)
VELF (liters/kg) 30 � 10�6

(fixed)
Faero (%) 69 (5) 19 (43)
CLT (liters/h/kg) 0.43 (1)
Q (liters/h/kg) 0.29 (2)
QELF (liters/h/kg) 6.7 � 10�5 (2)
ka (h�1) 1.6 (7) 31 (42)
Vmax, in (mg/h/kg) 0.33 (2)
km (�g/ml) 133 (18) 84 (29)
� 3.9 (1)

Residual errors
Plasma

Additive residual error (�g/ml) 0.003
Proportional residual error (%) 15

ELF
Proportional residual error (%) 14

a Vc, volume of distribution in central compartment; Vp, volume of distribution of
peripheral compartment; VELF, volume of distribution in ELF compartment; Faero,
systemic bioavailability after nebulization; CLT, total systemic clearance; Q, clearance of
distribution between central and peripheral compartments; QELF, diffusion clearance
between central compartment and ELF compartment; ka, first-order transfer rate
constant from depot compartment toward ELF compartment; Vmax, in, maximal rate of
transfer from ELF compartment toward central compartment; km, ELF concentration
for which the rate of transfer from the ELF compartment toward the central
compartment is Vmax/2; �, the slope factor.
b RSE, relative standard error, expressed as the coefficient of variation.
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passage through the blood-alveolar barrier in vivo, this active moi-
ety was administered directly at a dose close to 0.35 mg kg�1,
which was selected from preliminary experiments as the highest
well-tolerated dose in rats, both intravenously and for the nebu-
lized drug. As expected, the peak colistin concentration in plasma
appeared earlier (0.5 h) (Fig. 2) after direct nebulization of this
active compound than previously observed after nebulization of
CMS (tmax � 2.72 � 0.68 h [18] or 4 h [21]) under similar exper-
imental conditions. The rapid appearance of colistin in plasma
after its nebulization is also consistent with the findings of Yapa et
al., who observed a maximum plasma concentration of colistin at
0.5 h after its administration in nebulized form (21). The plasma
peak concentration of colistin was about 1/3 lower after adminis-
tration in the nebulized form than after i.v. infusion, but then at
distribution equilibrium (2 h postdosing) plasma drug concentra-
tions were similar after i.v. and nebulized drug exposure (Table 1).
Accordingly, the average bioavailability (Faero) was estimated to
69% after exposure to nebulized drug (Table 2), which for unex-
plained reasons was lower than the almost-complete bioavailabil-
ity estimated when the Penn Century system was used for nebuli-
zation of the drug as CMS and of FQs to rats (18, 26). Noticeably,
Yapa et al. estimated an average bioavailability of 50% after ad-
ministration via nebulized aerosol with the Penn Century system
(21).

The most interesting observation was that colistin ELF concen-
trations were dramatically affected by the route of administration.
Indeed, colistin concentrations at distribution equilibrium (2 and
4 h) were 1,700 times higher in ELF than in plasma (unbound
concentration) after administration in the nebulized form and
were not detectable after i.v. administration (Table 1; Fig. 2).
However, using the ELF colistin concentrations simulated by the
model based on i.v. administration, it was possible to estimate that
the AUCELF, 0.35-to-AUCplasma, 0.35 ratio was 1,214 times higher
after administration of the nebulized form versus i.v. administra-
tion.

At this stage, it is important to remember that, due to dilution,
BAL fluid drug concentrations are much lower (50 times on aver-
age, using our experimental setting in rats) than ELF drug concen-
trations, and therefore in order to detect colistin in BAL fluid
(LOQ, 0.0097 �g ml�1), the ELF drug concentrations should be
around 0.5 �g ml�1. Accordingly, ELF drug concentrations sim-
ulated by the model after intravenous administration of colistin at
a dose of 0.35 mg kg�1 remained just below this value, as illus-
trated in Fig. 2. Li et al. used an intravenous bolus dose of colistin
in rats equal to 1 mg/kg (30), which is 3 times higher than our
dose, and this could have solved this analytical issue. However, in
our hands this higher dose would have been toxic, and this differ-
ence in toxicity could possibly be due to the use of different brands
of CMS resulting in different ratios of CMS and sulfomethylated
CMS derivatives (21).

The PK model used to describe the ELF distribution of colistin
was adapted from a previous PK hybrid model used for FQs (26).
This simple generic model was developed to compare several an-
timicrobial agents used, or potential candidates, for nebulization,
such as colistin and FQs, and presented the characteristic of the
ELF compartment with a fixed volume (VELF) set at 30 � 10�6

liters kg�1 (or 30 �l kg�1). This value was chosen in accordance
with the VELF estimated by the correction for the urea dilution
factor in the present study (28 � 17 �l kg�1), but it has also been

reported in previous studies (29 � 23 �l kg�1 [26]) and 24 � 19 �l
kg�1 [18]).

The addition of an influx clearance from the ELF compartment
to the central compartment was necessary for satisfactory data
fitting, but ELF drug concentrations after nebulization were better
fitted when the initial linear transfer between ELF and plasma was
replaced by a nonlinear transfer factor (Vin). Interestingly, this
nonlinear influx transfer, with a km at 133 �g ml�1, becomes sig-
nificant after administration of nebulized colistin at the 0.35-mg
kg�1 dose, when ELF concentrations reach sufficiently high values
(153 � 49 �g ml�1 at 0.5 h), but not after i.v. administration at the
same dose, when ELF drug concentrations are below the LOQ.
Accordingly, the unbound colistin AUCs in ELF and plasma are
equal after i.v. administration.

The passive QELF for colistin (6.7 � 10�5 liters h�1 kg�1) was
approximately 10 and 100 times lower than values previously es-
timated for CIP (0.634 � 10�3 liters h�1 kg�1) and MXF (6.15 �
10�3 liters h�1 kg�1) (26), suggesting that passive diffusion of
colistin across the broncho-alveolar barrier for this large (average
molecular mass, 1,166 g mol�1) and positively charged molecule is
slower than that of FQs with molecular masses on the order of 350
g mol�1. These in vivo results are in accordance with previous in
vitro results obtained with Calu-3 cells as a model of the blood-
alveolar barrier (18), leading to an apparent permeability value for
colistin (0.042 � 0.020 cm s�1) that is approximately 20- to 200-
fold lower than that of ciprofloxacin and moxifloxacin, which
were used as representative FQs (0.8 � 0.03 cm s�1 and 8.3 � 0.12
cm s�1, respectively) (32). Therefore, these new data suggest that
slow passive diffusion, which can be easily assessed in vitro, may
confer an advantage to administration of the nebulized drug form
compared with intravenous administration for antibiotic treat-
ment of pulmonary infections.

However, the appearance of colistin in plasma after adminis-
tration in the nebulized form is a complex process that cannot be
simply described by a first-order kinetics. Recently, Yapa et al.
used two compartments (BAL fluid 1 and BAL fluid 2) to describe
drugs kinetics in BAL fluid (21). Our model includes a depot com-
partment after administration of nebulized drug to mimic a slow
appearance of colistin within ELF, plus a nonlinear transfer rate
for the drug from the ELF to plasma with a km value estimated at
133 �g ml�1. This km value is far superior to drug concentrations
required for the eradication of sensitive strains in the lung, but it is
close to ELF drug concentrations measured during this experi-
ment (Fig. 2) and is also in the same range of ELF drug concen-
trations estimated in critical care patients under mechanical ven-
tilation and receiving 2 MUI of nebulized CMS over 30 min using
the Aeroneb Pro nebulizer (M. Boisson, M. Jacobs, N. Gregoire, S.
Marchand, O. Mimoz, and W. Couet, presented at the 1st Inter-
national Conference on Polymyxins, 2 to 4 May 2013, Prato, Italy
[unpublished abstract and poster]). Under these conditions, the
V

max, in
-to-km ratio (2.5 � 10�3 liters h�1 kg�1) is 37 times higher

than the QELF (6.7 � 10�5 liters h�1 kg�1), suggesting that this
nonlinear process plays a major role in colistin transfer between
ELF and plasma when administered in the nebulized form.

Reasons for this nonlinearity are unclear. Although passive dif-
fusion was described as the dominant transport mechanism for
drug absorption from rat lungs (33, 34), a number of transporters
have been described in lung tissue that could interfere with the
disposition of inhaled drugs (35). Colistin is probably not a gly-
coprotein P (P-gp) substrate (36), but it may have an affinity for
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organic cation transporters (OCTs) and peptide transporters
(PEPT) (37). Both transporters, which belong to the superfamily
of solute-linked carriers (SLC), have been identified in lung tissues
(35). OCTs are capable of transporting organic cations across the
plasma membrane in both directions (38). Indeed, in vitro studies
across pulmonary cell layers have shown active OCT-mediated
transport in both the absorptive and secretory directions (39, 40).
PEPT would act by decreasing the drug concentration within ELF
by uptake into epithelial cells. Yet, the mechanism describing how
drugs leave pulmonary cells has not been characterized (41, 42).
Further studies are necessary to characterize the functions of
OCTs and PEPT in the transport of colistin at the air-blood barrier
level, since this in vivo study could not address this issue.

Because this nonlinearity was not described by Yapa et al. (21),
it was important to reproduce our experiment with a different
dose in order to challenge our model. Because ELF drug concen-
trations measured during this study were close to 100 �g ml�1 and
therefore close to the km, we decided to assess this nonlinearity by
reducing the nebulized dose of colistin by 10 times (0.035 mg
kg�1), which would still lead to quantifiable colistin concentra-
tions in BAL fluid. A relatively good fit was obtained (Fig. 3). In
accordance with the 10-fold ratio in doses, the AUCplasma, 0.35-to-
AUCplasma, 0.035 ratio was estimated as 10.1. However, the corre-
sponding AUC ratio in ELF (AUCELF, 0.35/AUCELF, 0.035) was only
close to 3. Accordingly, the ELF-to-unbound plasma AUC ratio
was 3.9 times lower after the high dose (1,214 at 0.35 mg kg�1)
compared to the ratio after the low dose (4,735 at 0.035 mg kg�1).

In conclusion, the potential advantage of nebulization of anti-
biotics for the treatment of pulmonary infections is clearly depen-
dent upon their ability to cross biological barriers. For antibiotics
with slow diffusion rates, such as colistin, nebulization should
provide much higher and prolonged ELF drug concentrations
than i.v. administration, offering a real advantage in terms of ef-
ficacy. However, in clinical practice, the fraction of the drug reach-
ing the infection site within the lung after nebulization may vary
widely depending on the nebulizer and is probably much lower
than what could be obtained experimentally with the Penn Cen-
tury system, and this would have consequences not only in terms
of efficacy but also of bioavailability and therefore of systemic
toxicity.
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