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The purpose of this study was to define the pulmonary and systemic pharmacokinetics of colistin methanesulfonate (CMS)
and formed colistin following intravenous (i.v.) and inhaled administration in cystic fibrosis (CF) patients. Six CF subjects
were administered nebulized CMS doses of 2 and 4 million IU and an i.v. CMS infusion of 150 mg of colistin base activity.
Blood plasma, sputum, and urine samples were collected for 12 to 24 h postdose. To assess the tolerability of the drug, lung
function tests, blood serum creatinine concentrations, and adverse effect reports were recorded. All doses were well toler-
ated in the subjects. The pharmacokinetic parameters for CMS following i.v. delivery were consistent with previously re-
ported values. Sputum concentrations of formed colistin were maintained at <1.0 mg/liter for 12 h postdose. Nebulization
of CMS resulted in relatively high sputum concentrations of CMS and formed colistin compared to those resulting from
i.v. administration. The systemic availability of CMS was low following nebulization of 2 and 4 million IU (7.93% � 4.26%
and 5.37% � 1.36%, respectively), and the plasma colistin concentrations were below the limit of quantification. Less than
2 to 3% of the nebulized CMS dose was recovered in the urine samples in 24 h. The therapeutic availability and drug target-
ing index for CMS and colistin following inhalation compared to i.v. delivery were significantly greater than 1. Inhalation
of CMS is an effective means of targeting CMS and formed colistin for delivery to the lungs, as high lung exposure and
minimal systemic exposure were achieved in CF subjects.

Cystic fibrosis (CF) is characterized by persistent airway colo-
nization and subsequent chronic airway infections, most

commonly caused by Pseudomonas aeruginosa. (1–3) The estab-
lishment of chronic airway infections results in a vicious cycle of
infection and inflammation that leads to permanent lung damage,
pulmonary insufficiency, and eventual mortality (3–5). There-
fore, the effective management of CF lung infections using antibi-
otic therapy plays a crucial role in reducing the progression of lung
function deterioration (1, 2, 4–6).

As a consequence of the rising rates of resistance to multiple
antibiotics among P. aeruginosa isolates and the lack of new anti-
biotics available, colistin (also known as polymyxin E), which en-
tered into clinical use in late 1950s, is now used increasingly in CF
patients (7, 8). Colistin methanesulfonate (CMS), an inactive pro-
drug that converts to the antibacterial form of colistin (9), is ad-
ministered intravenously (i.v.) or via inhalation to manage vari-
ous stages of pulmonary colonization and infection with P.
aeruginosa (1, 4, 5, 10–12). Intravenous administration of CMS
relies on the achievement of sufficiently high exposure of formed
colistin in the airways in order to elicit the required antibacterial
effect, ideally without precipitating nephrotoxicity, which is the
major dose-limiting adverse effect of systemically administered
CMS (13). Delivery of the antibiotic via inhalation compared to
i.v. administration has the potential to achieve higher concentra-
tions within the respiratory tract while minimizing systemic ex-
posure. Although CMS has been administered i.v. or by inhalation
in CF patients for �2 decades, there is a paucity of comparative
information on the pharmacokinetics of CMS and formed colistin
following these modes of administration. While there are data in

CF patients on the concentrations of colistin in blood plasma
and/or sputum following dry powder inhalation and nebulized
CMS (14–18) and of CMS/colistin in plasma and/or sputum fol-
lowing i.v. CMS, (19, 20), no studies have reported the relative
concentrations of CMS, and in particular formed colistin, in
plasma and sputum following i.v. versus pulmonary administra-
tion of CMS in the same patient. Thus, the targeting advantage
that may be achieved by delivering CMS directly to the airway to
maximize bacterial killing (and potentially reduce bacterial resis-
tance) while minimizing systemic exposure (and the possibility of
nephrotoxicity) has not been explored systematically in CF pa-
tients.

The principal aim of the current study was to examine the
pulmonary and systemic pharmacokinetics of CMS and formed
colistin following the administration of CMS by the i.v. and pul-
monary routes in CF patients. On three separate occasions, each
patient received two single doses of nebulized CMS (two escalat-
ing dose levels) and a single dose of i.v. CMS. The tolerability of
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the respective doses of nebulized and i.v. CMS was also moni-
tored. Our study enabled an assessment of the targeting advantage
that may be achieved by administering CMS directly to the airways
for the treatment of pulmonary infections, which may be used to
facilitate the optimization of dosing regimens in CF patients.

MATERIALS AND METHODS
Clinical setting and subjects. The study population consisted of six inpa-
tients at the CF service at Alfred Hospital (Melbourne, Australia). The
study was approved by the human research ethics committees of Alfred
Hospital and Monash University (Melbourne, Australia), and subjects
provided informed written consent before participating in the study. Sub-
jects were eligible to participate in the study if they (i) were �18 years of
age, (ii) had a documented diagnosis of CF, (iii) had a positive respiratory
culture of P. aeruginosa in the absence of other Gram-negative and/or
Gram-positive organisms, (iv) were willing and able to use nebulized an-
tibiotics, (v) had adequate birth control measures if sexually active while
participating in the study, and (vi) had a baseline forced expiratory vol-
ume in 1 s (FEV1) that was 25 to 75% of the predicted value. Subjects were
excluded if they had a history of allergy to colistin or polymyxin B or had
experienced a recovery of Burkholderia cepacia in respiratory secretions
over the previous 2 years. Inhaled and systemic CMS was not used by
subjects for 1 to 2 weeks prior to commencement of the study. Prior to the
commencement of this pharmacokinetic study, the subjects were stabi-
lized for their lung infection, which was demonstrated by an improve-
ment in clinical symptoms and lung function tests.

Study protocol. (i) Administration of nebulized and intravenous
colistin methanesulfonate. Subjects received each of the following single-
dose treatments in the order indicated: (i) a nebulized CMS dose of 2
million IU (equivalent to 60 mg of colistin base activity [CBA] or 160 mg
sodium CMS), (ii) a nebulized CMS dose of 4 million IU (120 mg of CBA
or 320 mg sodium CMS), and (iii) an i.v. CMS dose of 150 mg of CBA (5
million IU or 400 mg sodium CMS). The dose equivalences of CMS in
regard to IU (in millions) and mg of CBA and sodium CMS were reported
previously (21). The dosing solutions for nebulization were prepared by
reconstituting CMS (Tadim, Phebra Pty Ltd., NSW, Australia) in 4 ml of
sterile 0.9% sodium chloride. The i.v. dose of 150 mg of CBA (Colistin
Link parenteral; Link Pharmaceuticals Ltd., Auckland, New Zealand) was
reconstituted with 2 ml of sterile water for injection and added to 100 ml
of sterile 0.9% sodium chloride solution. There was a minimum 3-day
washout period between each single-dose treatment, and the subsequent
treatment was administered only if the preceding treatment was well tol-
erated.

All subjects received chest physiotherapy and salbutamol (2.5 to 5 mg
via nebulizer) 1 h prior to the administration of inhaled CMS. For nebu-
lization of CMS, a Salter Ultramist nebulizer (no. 8960) attached to an
exhalation filter (no. 8980) connected to an outlet supplying air at a rate of
8 liters/min was utilized, and the mean nebulization time was 14 � 4.0
min. Nebulization was carried out immediately following preparation of
the dosing solution to minimize any potential in vitro CMS conversion to
colistin (22). The subjects sat upright for the duration of the nebulization
period to promote lung inflation. Immediately after preparation, the i.v.
dose of CMS was infused over 45 min via a single-lumen peripherally
inserted central catheter line. Following dose administration, the line was
flushed with 30 ml of 0.9% sodium chloride. During the study period, the
subjects were administered all routine medications for the management of
their CF, including other antibiotics.

(ii) Sampling of blood, sputum, and urine. Blood samples (5 ml) were
collected predose and following nebulization of CMS at 0.5, 1, 2, 4, 8, and
12 h for subjects 1, 2, and 3. A request was made to amend the blood
sampling times to 0.5, 1, 2, 4, 6, and 8 h postdose, and this was approved
by the ethics committee for subjects 4, 5, and 6, as the CMS/colistin
plasma concentrations were below the limit of quantification (LOQ) at 12
h postdose following nebulized CMS in subjects 1 to 3. Blood samples (5
ml) were collected predose and following the completion of i.v. infusion at

0.25, 0.5, 0.75, 1, 2, 4, 8, and 12 h. In all subjects, an additional 15 ml of
blood was collected predose and at 12 h postdose for blood serum creat-
inine quantification and full blood examination. Sputum samples were
obtained in subjects capable of spontaneously expectorating adequate
amounts of sputum, both predose and at 1, 4, and 12 h following nebu-
lized and i.v. administration. Urine samples voided over the 12-h predose
period and 24-h postdose period were collected. To minimize any poten-
tial in vitro conversion of CMS to colistin (23), samples for CMS and
colistin concentration analysis were immediately stored on ice and pro-
cessed at 4°C prior to storage at �80°C, pending high-performance liquid
chromatography (HPLC) analysis. The samples were analyzed for CMS
and colistin concentrations within 4 months of the completion of the
study (23).

(iii)Assessment of tolerability. Following CMS administration, sub-
jects were monitored for signs and symptoms of adverse effects. Lung
function tests were carried out predose and 1 to 2 h following the com-
pletion of inhaled and i.v. CMS administration. The lung function param-
eters monitored were FEV1, forced vital capacity (FVC), minimum in-
spiratory pressure (MIP), and maximal expiratory pressure (MEP).
Measurements of serum creatinine concentrations predose and 12 h fol-
lowing the completion of CMS administration were carried out to enable
an estimation of the glomerular filtration rate (eGFR) for the assessment
of nephrotoxicity (24, 25). Monitoring of blood pressure, heart rate, and
oxygen saturation was conducted at baseline and throughout the 24-h
postdose period. The subjects completed an adverse effect questionnaire
0.5 h following the completion of CMS administration to report any ad-
verse effects and to rate the severity on a scale of 0 (no adverse effects) to
10. The subjects were asked specifically if they experienced any of the
following adverse effects: cough, chest tightness, irritation of the throat,
and wheezing following inhaled CMS delivery, as well as burning/tingling/
numbness or problems with coordination/balance/clumsiness following
i.v. delivery.

Bioanalytical methods. (i) Determination of colistin methanesul-
fonate and colistin in plasma and urine. Concentrations of CMS and
formed colistin in plasma and urine samples were measured using vali-
dated HPLC assays (26, 27), with minor modifications. Briefly, the ana-
lytical methods involved the quantification of colistin before and after
forced in vitro conversion from CMS; the concentration of CMS was cal-
culated as the difference between the two assay results and was adjusted
for molecular weight (26, 27). The calibration standards and quality-con-
trol (QC) samples were from independently prepared stock solutions of
the analytes (colistin sulfate and sodium CMS); the QC samples were used
to assess the accuracy (% deviation from nominal QC concentration) and
precision (coefficient of variation) of the assays. For the plasma assay, two
colistin calibration curves (0.125 to 2 mg/liter and 0.125 to 8 mg/liter)
were prepared in drug-free plasma to cover the range of colistin concen-
trations encountered after pulmonary and i.v. delivery, respectively. The
CMS calibration standards ranged from 0.125 to 2 mg/liter and 0.78 to 50
mg/liter for the pulmonary and i.v. delivery routes, respectively. For the
analysis of urine samples, calibration standards containing colistin and
CMS concentrations ranging from 0.125 to 16 mg/liter were prepared.
The subject urine samples with estimated CMS or colistin concentrations
above the upper end of the respective calibration curve were diluted prior
to reanalysis; the QC samples of 40 mg/liter colistin and 150 mg/liter CMS
were similarly diluted to ensure satisfactory assay performance. The low-
est concentration on the calibration curve was the LOQ. In all cases, the
accuracy and precision were within �15% for non-LOQ QCs and within
�20% for LOQ samples.

(ii) Determination of colistin methanesulfonate and colistin in spu-
tum. For the determination of CMS and formed colistin concentrations in
sputum samples, the assay performed was similar to that described above,
with minor modifications. For the colistin assay, colistin calibration stan-
dard or independently prepared QC working solutions were spiked into
predetermined volumes of homogenized CMS/colistin-free sputum. Fol-
lowing vortexing, an alkaline sodium dodecyl sulfate (SDS) solution (1%

Pulmonary Pharmacokinetics of CMS and Colistin

May 2014 Volume 58 Number 5 aac.asm.org 2571

http://aac.asm.org


SDS, 200 mM sodium hydroxide) (Sigma-Aldrich, MO, USA [28]) was
added in a 1:1 ratio. The tube contents were vortexed and the samples left
to stand in ice water for 5 min. Subsequently, protein was precipitated
with a 1:1 ratio of acetonitrile, and the supernatant was transferred onto
solid-phase extraction (SPE) C18 cartridges (Sep-Pak; Waters, MA, USA).
Calibration standards were prepared containing colistin concentrations
in sputum ranging from 0.125 to 16 mg/liter. As described above, a QC
sample of 40 mg/liter colistin was diluted to ensure satisfactory assay
performance for subject samples that required a similar dilution. For the
CMS assay, two calibration curves (0.125 to 2 mg/liter and 5 to 320 mg/
liter) were required to encompass the CMS sputum concentrations fol-
lowing i.v. and pulmonary delivery, respectively. The two CMS calibra-
tion curves were prepared in a similar manner to that of the colistin
sputum assay except for a 5-fold dilution of sputum calibration standards,
ranging from 5 to 320 mg/liter with blank cation-adjusted Mueller-Hin-
ton broth. A QC sample of 500 mg/liter was diluted to assess the assay
performance for subject samples above the calibration range that required
the same dilution step. The accuracy and precision were within �15% for
non-LOQ QCs and within �20% for the LOQ.

Data analysis. Colistin concentrations in the subject samples were
determined by multiplying the colistin sulfate concentrations obtained
from the assay by the ratio of the molecular weights of colistin base and
colistin sulfate (19). CMS concentrations in the subject samples were cal-
culated as the difference between the measured colistin concentrations
with and without the forced within-assay conversion of CMS to colistin
and by adjusting for the molecular weights of colistin, sodium CMS, and
CMS base, as described previously (19).

A noncompartmental analysis of the pharmacokinetic properties of
CMS and formed colistin was performed using WinNonlin (version 5.3;
Pharsight Corporation, NC, USA). The maximum concentration of colis-
tin (Cmax) and time to reach maximum concentration (Tmax) were deter-
mined from the concentration-versus-time profiles following CMS ad-
ministration. The terminal rate constant (�z) was calculated by linear
least-squares regression analysis using the last three log-transformed con-
centration-versus-time points, while the corresponding half-life (t1/2) was
calculated using 0.693/�z. The area under the concentration-versus-time
profile from the time of initiation of i.v. infusion or nebulization to the last
sampling time (AUC0-tlast) was calculated by the linear trapezoidal rule.
The area under the concentration-versus-time to infinity profile
(AUC0-�) was calculated as the sum of AUC0-tlast and Clast/�z, where Clast

is the concentration in the last sample. Clearance (CL) and the volume of
distribution at steady state (Vss) of CMS following i.v. infusion were cal-
culated using the formulas dosei.v./AUC0-� and dosei.v. � [AUMC0-�/
(AUC0-�)2], respectively, where AUMC0-� is the area under the first-
moment curve to infinite time. The percentage of the CMS dose recovered
in urine in 24 h was calculated from the cumulative molar amount of CMS
and colistin recovered in urine in 24 h divided by the CMS dose expressed
in molar terms; the percentage recovered as colistin was determined in a
corresponding manner. Systemic CMS availability (F) following inhaled
CMS delivery was calculated using plasma data as [(AUC0-�)pulm �
dosei.v.]/[(AUC0-�)i.v. � dosepulm], where dosepulm represents the nomi-
nal CMS dose that was nebulized. The systemic availability of CMS fol-
lowing inhaled CMS delivery was also calculated using urinary recovery
data: [(Ae,0-24)pulm � dosei.v.]/[(Ae,0-24)i.v. � dosepulm] was the formula
used, where Ae,0-24 is the cumulative amount of CMS and formed colistin,
expressed in molar terms, recovered in urine in 24 h. The targeting advan-
tage in terms of airway (sputum) exposure to CMS or formed colistin by
the direct administration of CMS to the respiratory tract via nebulization,
versus that achieved with i.v. administration of CMS, was estimated by
calculations of therapeutic availability (TA) (29) and the drug targeting
index (DTI) (29, 30). The TA was calculated by the ratio of the dose-
normalized AUC in sputum to time t following nebulized and i.v. CMS
administration (equation 1). The DTI was calculated by the ratio of the
dose-normalized AUC in sputum and plasma to time t following nebu-
lized CMS administration divided by the same ratio following i.v. CMS

administration (equation 2). Time t refers to either 12 h or up to the
scheduled 4-h postsampling time, as discussed in Results.

TA �
�Mean sputum AUC0�t ⁄DCMS�Nebulized

�Mean sputum AUC0�t ⁄ DCMS�IV

(1)

DTI �
�Mean sputum AUC0�t ⁄ DCMS

Mean plasma AUC0�t ⁄ DCMS �
Nebulized

�Mean sputum AUC0�t ⁄ DCMS

Mean plasma AUC0�t ⁄ DCMS �
IV

(2)

Statistical analysis was performed using SPSS Statistics (version 20;
IBM, USA). Unless otherwise indicated, the group data are presented as
the average � standard deviation. Differences between the values of Cmax,
Tmax, and the AUC following the two nebulized CMS doses and difference
between the pre- and postdose values of lung function parameters and the
eGFR were evaluated using paired-sample t tests. A P value of �0.05 was
regarded as a statistically significant difference.

RESULTS

Six subjects were included in the study, and the subject demo-
graphic characteristics are summarized in Table 1. All subjects
received all three study doses.

Pharmacokinetics following intravenous administration.
Notwithstanding that i.v. dosing was the third treatment for each
subject, the pharmacokinetic data for this treatment are presented
first because of the pivotal nature of i.v.-administered drugs in
defining key parameters. The plasma concentration-versus-time
profiles for CMS and formed colistin following i.v. CMS infusion
are shown in Fig. 1a. The plasma pharmacokinetic parameters of
CMS and formed colistin are presented in Table 2. The maximum
plasma concentrations of formed colistin were reached within ap-
proximately 5 h following the initiation of i.v. infusion (Table 2
and Fig. 1a). The terminal half-life of CMS was shorter than that of
colistin in each subject for whom the calculation was possible
(Table 2). Of the i.v. dose of CMS, 40.0% � 18.7% was recovered
as CMS and colistin in urine collected over 24 h, with approxi-
mately half of the recovered CMS dose (19.5% � 8.79%) in the
form of colistin (Table 3).

Quantifiable concentrations of CMS (two subjects; 0.66 and
1.07 mg/liter) and formed colistin (five subjects; 0.47 � 0.28 mg/
liter) were present in predose sputum samples prior to i.v. CMS
administration, due to the persistence of CMS and formed colistin
in sputum following nebulized delivery of CMS in the first two
treatment arms. When only limited quantities of sputum were
collected, colistin concentrations were preferentially determined,
since colistin is the antibacterial moiety (9). The sputum CMS
concentrations following i.v. administration of CMS ranged be-
tween 0.14 and 0.70 mg/liter, which were similar to the CMS con-
centrations in the predose sputum samples (Fig. 1a). Colistin spu-
tum concentration-versus-time profiles following i.v. CMS

TABLE 1 Demographic characteristics of enrolled subjects (n 	 6)

Subject
Age
(yr) Sex

Body
wt (kg) Race

eGFR (ml/min/
1.73 m2)

1 29 Male 70 Caucasian 127
2 20 Male 56 Caucasian 130
3 35 Male 71 Caucasian 103
4 31 Male 80 Caucasian 148
5 30 Male 85 Caucasian 116
6 27 Male 65 Caucasian 143
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FIG 1 Plasma (left panels) and sputum (right panels) concentration-versus-time profiles of CMS (open symbols) and formed colistin (closed symbols) for each
patient following i.v. CMS dose of 150 mg CBA (a) and nebulized CMS doses of 2 million IU (b) and 4 million IU (c). Note the different range of concentrations
on the y axis across the panels. The concentrations of CMS and colistin present in predose sputum samples for the nebulized 4 million IU dose (second treatment
arm) and the i.v. dose (third treatment arm) are shown at time zero in the respective panels.
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infusion showed relatively little variability over time within indi-
vidual subjects, and for all six subjects, they were within a narrow
range of 0.12 to 0.72 mg/liter over the postdose sampling period;
again, this is similar to the colistin concentrations present in the
predose sputum (Fig. 1a).

Pharmacokinetics following nebulization. Sputum concen-
tration-versus-time profiles for CMS and formed colistin follow-
ing the nebulization of 2 and 4 million IU of CMS in the subjects
are shown in Fig. 1b and c, respectively. Sputum CMS concentra-
tions of 94 � 55 mg/liter and 315 � 137 mg/liter were observed at
the first sampling time following nebulized CMS doses of 2 and 4
million IU, respectively, with concentrations declining thereafter
(Fig. 1b and c). In two subjects, quantifiable colistin concentra-
tions (0.27 and 1.24 mg/liter) were present in predose sputum
samples prior to nebulization of 4 million IU of CMS (the second
treatment arm), again likely a result of a prolonged presence in the
lung after the earlier nebulized administration of 2 million IU of
CMS. The pharmacokinetic parameters of colistin in sputum fol-
lowing pulmonary CMS delivery are presented in Table 4. Peak
sputum colistin concentrations were reached within 1.3 to 5.2 h
following the initiation of both nebulized CMS doses, with the
exception of subject 2, in whom the Tmax was observed at 12 h after
nebulization of 4 million IU of CMS (Table 4 and Fig. 1b and c).
Limited sputum samples and the assay sensitivity precluded a
characterization of the CMS and colistin terminal phases in spu-
tum. An estimation of CMS dose linearity in sputum was not
possible due to the unavailability of data for CMS at later time
points in some subjects (Fig. 1b and c) because of limited amounts
of sputum, as mentioned above. For colistin, no significant differ-

ence was evident for the dose-normalized areas under the sputum
concentration-versus-time profiles to tlast with doubling of the
CMS dose (Table 4).

The plasma CMS concentrations following pulmonary deliv-
ery of both doses were relatively low (0.11 to 0.48 mg/liter), and
there were no quantifiable concentrations of formed colistin in
plasma, as shown in Fig. 1b and c. The pharmacokinetic parame-
ters of CMS in plasma following pulmonary CMS delivery are
presented in Table 5. The percentages of the CMS dose recovered
in urine as CMS plus colistin following pulmonary delivery of 2
and 4 million IU of CMS were 1.30% � 0.65% and 0.68% �
0.26%, respectively, with approximately half of the recovered
amount in the form of colistin (Table 3). The systemic availability
values of CMS following the nebulization of 2 and 4 million IU of
CMS, calculated from the areas under plasma concentration-ver-
sus-time curves to infinity, were 7.93% � 4.26% and 5.37% �
1.36%, respectively. Using the urine recovery data, the estimated
systemic availability values for CMS were 3.01% � 0.50% and
2.69% � 2.20%, following nebulized CMS doses of 2 and 4 million
IU, respectively.

Given the long residence times of CMS and colistin in sputum
and the fact that following the nebulized CMS dose of 4 million
IU, the predose sputum samples had quantifiable colistin concen-
trations, calculations of the TA and DTI were carried out using the
lower of the two nebulized CMS doses, which was the first treat-
ment arm. Following i.v. administration, the sputum exposure
was calculated, including the CMS and colistin predose concen-
trations. The targeting advantage of delivering CMS via the pul-
monary route compared to the i.v. route was demonstrated by the
TA estimations of 387 and 24 for CMS and formed colistin, re-
spectively. The corresponding respective DTI values for CMS and
formed colistin were 15,952 and 35, respectively. To estimate the
TA values for CMS and colistin, the sputum exposures following
pulmonary and i.v. delivery were calculated from time zero to 12 h
postdose. To estimate the DTI for colistin, as plasma colistin con-
centrations were below the LOQ following pulmonary delivery,
the systemic exposure was calculated using a colistin LOQ con-
centration (0.125 mg/liter) from time zero to 12 h postdose. The
DTI for CMS was estimated up to the scheduled 4-h postdose
sampling time, as the plasma CMS concentrations after that time
were below the LOQ.

Tolerability following nebulized and intravenous adminis-
tration. Inhaled CMS was generally well tolerated by the subjects,
as demonstrated by a lack of change in the lung function param-

TABLE 2 Pharmacokinetic parameters of CMS and formed colistin in plasma following a single i.v. infusion of CMS (150 mg of CBA)

Subject

Colistin methanesulfonate Colistin

AUC0-� (mg · h/liter) CL (liters/h)a Vss (liters)b t1/2 (h)c AUC0-� (mg · h/liter) t1/2 (h)d Cmax (mg/liter) fTmax (h)

1 46.9 8.00 23.5 3.17 4.91 6.04 0.40 4.9
2 71.7 5.23 12.2 1.99 NCe NC 0.77 4.8
3 62.3 6.02 21.4 3.12 8.14 8.42 0.53 5.1
4 75.1 4.99 16.1 3.23 7.28 7.38 0.52 5.1
5 65.2 5.75 16.6 2.55 10.2 9.03 0.62 4.8
6 65.1 5.76 12.0 1.92 5.87 5.84 0.51 4.7
a The mean (SD) of the CL for all 6 subjects was 5.96 liters/h (1.07 liters/h).
b The mean (SD) of the Vss for all 6 subjects was 16.9 liters (4.68 liters).
c The mean (SD) of the t1/2 for colistin methanesulfonate for all 6 subjects was 2.66 h (0.60 h).
d The mean (SD) of the t1/2 for colistin for all 6 subjects was 7.34 h (1.41 h).
e NC, not calculated, the tlast for subject 2 was 8.71 h, as the 12-h sample could not be collected; thus, we were not able to estimate the t½ or AUC0-�.

TABLE 3 Percentage of CMS and colistin recovered in urine following
administration of CMS by nebulization or i.v. infusion

Administration route and dose

% CMS recovered in urine in 24 h
as:

CMS 
 colistin Colistin

i.v. infusion of 150 mg of CBAa 40.0 � 18.7 19.5 � 8.79
Nebulized 2 million IU of CMSb 1.30 � 0.65 0.62 � 0.26
Nebulized 4 million IU of CMSc 0.68 � 0.26 0.29 � 0.13
a Subject 1 urine data excluded from analysis, as urine sample was collected until 12 h
post-i.v. CMS delivery.
b Subject 4 urine data excluded from analysis, as colistin concentrations were below
LOQ of the assay.
c Subject 5 urine data excluded from analysis, as colistin concentrations were below
LOQ of the assay.
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eters and eGFR, as shown in Table 6. Following inhalation of 2
million IU of CMS, subject 5 reported chest tightness, while sub-
ject 6 complained of cough and chest tightness after the higher
CMS nebulized dose. Subject 2 reported the sensation of a lump in
the throat following inhalation of 2 million IU of CMS, and on the
morning of the third treatment arm (i.v. CMS administration),
subject 2 presented with hemoptysis with an uncertain relation-
ship to the earlier inhalational CMS treatments. The abovemen-
tioned adverse effects were minor in severity and transient. There
were no remarkable changes in the lung function parameters in
subjects 2, 5, and 6 following each respective treatment. Following
i.v. CMS, subjects did not report any pulmonary adverse effects,
and no significant changes in lung function parameters were evi-
dent (Table 6). Subject 2 reported transient dizziness 4 h after the
administration of i.v. CMS. A small but statistically significant
difference (P � 0.05) in the pre- and 12-h postdose eGFR was
evident following i.v. CMS administration (Table 6).

DISCUSSION

This study was designed to evaluate the systemic and pulmonary
pharmacokinetics of CMS and formed colistin following the ad-
ministration of inhaled and i.v. CMS in CF subjects. The results
provide the first quantitative description of the targeting advan-

tage that may be achieved by administering CMS by inhalation for
the treatment of a pulmonary infection.

Following i.v. CMS infusion (150 mg of colistin base activity
[CBA]), the CL, Vss, and t1/2 values for CMS were consistent with
previously reported values in CF patients following i.v. infusion of
30 to 60 mg CBA every 8 h (19) and in healthy volunteers follow-
ing i.v. CMS infusion of 30 mg of CBA (31). The estimated termi-
nal t1/2 of formed colistin, 7.34 � 1.41 h, in this study was slightly
longer than in previous reports (19, 31), and peak colistin plasma
concentrations were observed at approximately 5 h following the
initiation of i.v. infusion, compared to �1.3 to 2 h and 1 to 4 h in
the reports by Li et al. (19) and Couet et al. (31), respectively. One
possibility for the variation in the time to achievement of peak
plasma concentrations of formed colistin is brand-to-brand dif-
ferences in the ratio of fully and partially sulfomethylated CMS
entities, which may impact the time course for the formation of
colistin (32). Consistent with the findings by Li et al. (19) and
Couet et al. (31), the colistin terminal half-life was �2.5-fold lon-
ger than that of CMS, which indicates that the disposition of
formed colistin is not rate limited by formation from CMS. Fol-
lowing i.v. CMS infusion, 40.0% � 18.7% of the CMS dose was
recovered in urine in 24 h, with colistin representing approxi-
mately half of the recovered CMS dose (Table 3). As described

TABLE 4 Pharmacokinetic parameters of formed colistin in sputum following nebulization of CMS

Subject

Parameters with nebulized administration of CMS at a dose of:

2 million IUa,b 4 million IU

AUC0-tlast (mg · h/liter) Cmax (mg/liter)c Tmax (h) AUC0-tlast (mg · h/liter)d Cmax (mg/liter)e Tmax (h)

1 30.3 3.63 1.3 61.5 7.63 1.5
2 24.3 3.72 4.3 88.9 15.2 12
3 73.1 11.3 4.3 104 16.4 1.3
4 18.9 2.09 1.4 37.0 4.10 4.4
5 37.5f 7.18 4.5 129f 21.2 2.9
6 62.2 8.15 2.4 122 12.1 5.2
a No statistically significant difference for dose-normalized AUC0-tlast and dose-normalized Cmax and Tmax between the two nebulized CMS doses.
b The mean (SD) of the AUC0-tlast for all 6 subjects was 41.8 mg · h/liter (24.3 mg · h/liter).
c The mean (SD) of the Cmax for all 6 subjects was 6.00 mg/liter (3.45 mg/liter).
d The mean (SD) of the AUC0-tlast for all 6 subjects was 82.6 mg · h/liter (33.7 mg · h/liter).
e The mean (SD) of the Cmax for all 6 subjects was 12.8 mg/liter (6.19 mg/liter).
f Subject 5 tlast following nebulized CMS doses was 8.3 h.

TABLE 5 Pharmacokinetic parameters of CMS in plasma following nebulization of 2 and 4 million IU of CMS

Subject

Parameters with nebulized administration of CMS at dose of:

2 million IU 4 million IU

AUC0-� (mg · h/liter)a Cmax (mg/liter)b Tmax (h)a AUC0-� (mg · h/liter)c Cmax (mg/liter)d Tmax (h)

1 1.39 0.20 1.3 1.67 0.21 2.6
2 1.16 0.22 0.74 2.41 0.32 2.3
3 1.27 0.22 1.3 2.53 0.31 1.3
4 3.53 0.30 1.4 3.53 0.48 1.3
5 3.77 0.13 2.3 4.10 0.27 2.9
6 1.26 0.24 0.82 2.46 0.37 0.8
a No statistically significant difference for dose-normalized AUCo-� and Tmax between the two nebulized CMS doses. The mean (SD) of the AUCo-� for the 2 million IU dose for all
6 subjects was 2.06 mg · h/liter (1.24 mg · h/liter).
b Statistically significant difference for dose-normalized Cmax between the two nebulized CMS doses (P � 0.05). The mean (SD) of the Cmax for the 2 million IU dose for all 6
subjects was 0.22 mg/liter (0.055 mg/liter).
c The mean (SD) of the AUCo-� for the 4 million IU dose for all 6 subjects was 2.78 mg · h/liter (0.88 mg · h/liter).
d The mean (SD) of the Cmax for the 4 million IU dose for all 6 subjects was 0.33 mg/liter (0.092 mg/liter).
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previously, most of the colistin recovered in urine is expected to
result from the conversion of CMS to colistin in the kidneys and
bladder (31, 33).

There is a paucity of information available on the disposi-
tion of CMS and formed colistin in sputum following i.v. ad-
ministration of CMS. In this study, the sputum concentrations
of CMS and colistin after i.v. administration of CMS were rel-
atively low and similar to those observed in the predose sputum
samples; there was no convincing evidence for a time course
that one would expect if there was substantial ingress from the
systemic circulation followed by egress (Fig. 1a). Thus, it is
apparent that the CMS and colistin concentrations observed
were largely the result of carryover from the previously admin-
istered inhalational doses of CMS. Even so, the colistin sputum
concentrations were below the MIC90 of 1.0 mg/liter for P.
aeruginosa (34) across the 12-h postdose sampling period. In CF
patients, intravenous CMS is used to treat acute exacerbations of
lung infections, for which it is typically administered two to three
times per day for several days (5, 10–12). It remains to be deter-
mined whether higher concentrations of formed colistin in spu-
tum would be observed with such multiple-dose regimens. In
critically ill patients, Imberti et al. (35) reported that under steady-
state conditions, formed colistin concentrations were undetect-
able in bronchoalveolar lavage (BAL) fluid samples following i.v.
CMS infusion of 60 mg CBA every 8 h. The authors reported a
limit of detection (LOD) concentration of 0.05 mg/liter in BAL
fluid, with no corresponding LOD concentration for lung epithe-
lial lining fluid (ELF) (35). Referring to the original study that
Imberti and colleagues referenced for their BAL procedure by
Conte et al. (36), and utilizing the percentage of recovered BAL
fluid for a standard BAL procedure (37), we approximated that the
ELF LOD concentration for the assay was �5 mg/liter (i.e., BAL
fluid concentration is �100-fold dilution of ELF concentration).
Therefore, the undetectable BAL fluid concentrations of formed
colistin in the study by Imberti et al. (35) must be interpreted with
caution. The generation of higher concentrations of formed colis-
tin in lung fluids may be achieved by increasing the i.v. dose of
CMS, but this would be associated with a potential for increased
nephrotoxicity, which is the major dose-limiting adverse effect for
the i.v. route (13).

One of the major findings of this study was that pulmonary
administration of 2 and 4 million IU of CMS resulted in much
higher sputum concentrations of CMS and more importantly of
the active antibacterial entity, colistin, than were observed after
i.v. administration of a higher dose of CMS (Fig. 1b and c). With
all subjects, the higher nebulized dose led to a proportional in-
crease in the sputum concentration exposure profile for formed
colistin. In the majority of subjects, the nebulization of 2 million
IU of CMS resulted in colistin sputum concentrations above the
MIC90 of 1.0 mg/liter for P. aeruginosa (34) for up to 12 h. Dou-
bling the nebulized CMS dose resulted in sputum colistin concen-
trations of �3.0 mg/liter up to 12 h postadministration. A multi-
ple-dosing regimen of inhaled CMS would lead to higher sputum
colistin concentrations, due to accumulation of the drug. Ratjen et
al. (16) reported significantly higher colistin concentrations (�5
to 45 mg/liter) in sputum following nebulization of a single dose
of 2 million IU of CMS in CF patients. It should be noted that their
analytical method for quantitating colistin involved treating spu-
tum with a relatively high concentration of trifluoroacetic acid
(�7%) (16). This may promote the conversion of CMS to colistin
during the sample preparation procedures (16). More recently,
Athanassa et al. (38) reported that following the nebulization of 1
million IU of CMS every 8 h in critically ill patients, ELF concen-
trations of colistin were within a similar range (�1.0 to 15 mg/
liter) to the concentrations observed in sputum in the current
single-dose study. The variability in the reported colistin concen-
trations in sputum and ELF across the studies is likely a function of
the efficiency of nebulized delivery, whether a study involved sin-
gle or multiple dosing, the different biological matrices (sputum
versus ELF), analytical issues as discussed above, and variation in
the pathophysiological statuses of the respective patient popula-
tions.

Administration of CMS via the pulmonary route resulted in
the achievement of very high CMS concentrations in sputum
(�50 to 500 mg/liter) approximately 1 h after nebulization (Fig.
1b and c). Over the ensuing hours, CMS in the lungs is expected to
act as a reservoir for the ongoing conversion of CMS to colistin
and in doing so to support the observed persistence of formed
colistin in the lungs (Fig. 1b and c). For the treatment of pseu-
domonal respiratory infections, the prolonged presence of CMS/

TABLE 6 Lung function parameters and glomerular filtration rates following administration of CMS by nebulization or i.v. infusiona

Respiratory parametersb

Effects with nebulized administration of CMS at dose of:
Effects with i.v. infusion of 150
mg of CBAc2 million IU 4 million IU

Predose Postdosed Predose Postdosed Predose Postdosed

FEV1
e 2.0 � 0.65 1.9 � 0.65 2.0 � 0.61 2.1 � 0.64f 2.1 � 0.62 2.1 � 0.62

FVCe 3.6 � 0.85 3.5 � 0.94 3.9 � 0.87 3.8 � 0.93f 3.9 � 0.78 3.9 � 0.88
MIPe 155 � 64 151 � 44 160 � 40 161 � 33 148 � 39 153 � 36
MEPe 157 � 56 157 � 55 158 � 30 166 � 38 152 � 29 164 � 30
eGFRg 127 � 18 121 � 20h 133 � 22 121 � 37 145 � 22 127 � 31h

a Data represented as mean � SD (n 	 6).
b FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; MIP, minimum inspiratory pressure; MEP, maximum expiratory pressure.
c For lung function parameters, n 	 5, as subject 2 did not undergo lung function tests since he presented with hemoptysis.
d One to two hours postadministration for lung function test; 12 h postadministration for eGFR.
e No statistically significant difference between pre- and postdose measurements for FEV1, FVC, MIP, and MEP.
f Due to time constraints in the lung function laboratory, n 	 5, as FEV1 and FVC could not be carried out for subject 2.
g No statistically significant difference was found between pre- and postdose measurements for eGFR following nebulized CMS delivery. A statistically significant difference was
found between pre- and postdose measurements for eGFR following i.v. CMS delivery.
h n 	 4 for nebulized 2 million IU CMS and n 	 5 for i.v. 150 mg of CBA.
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colistin in sputum has significant implications for therapeutic ef-
ficacy and therefore warrants further detailed investigation.

Despite the high and persistent concentrations of CMS and
colistin in sputum following pulmonary delivery of CMS, the sys-
temic exposures to CMS and colistin were minimal (Fig. 1b and c).
Following the inhalation of 2 and 4 million IU of CMS, blood
plasma concentrations of CMS were �0.5 mg/liter and quantifi-
able only up to 8 h postadministration (Fig. 1b and c); the systemic
availability of inhaled CMS was �10%, as assessed by both the
plasma concentration-versus-time and urinary recovery data. Im-
portantly, colistin concentrations in plasma were below the LOQ
of the assay (0.125 mg/liter) for the entire 12-h sampling period
following the nebulization of 2 and 4 million IU CMS. Following
nebulization, the relatively low systemic exposures of CMS and
formed colistin compared to those from i.v. delivery are likely to
result in a reduction of systemic adverse effects, such as nephro-
toxicity.

Overall, these findings highlight the major advantage of pul-
monary over i.v. delivery of CMS, as sputum concentrations of
the active antibacterial entity, colistin, were maintained above
the MIC90 of 1.0 mg/liter for P. aeruginosa (34) while systemic
exposure to CMS and colistin was minimized. Following nebuli-
zation of CMS (doses of 2 or 4 million IU), the colistin sputum
exposure was �10-fold higher than that achieved with i.v. admin-
istration, while colistin concentrations in plasma following pul-
monary administration were below the LOQ of the assay. Calcu-
lations of the therapeutic availability (TA) and drug targeting
index (DTI) provide an opportunity for a quantitative assessment
of the benefits of local (inhalational) delivery over systemic (i.v.)
administration. The TA (equation 1) provides an indication of the
availability of CMS and colistin in sputum. The TA values for
CMS (387) and colistin (24) were far greater than unity, which
indicated that the sputum exposures for CMS and colistin follow-
ing pulmonary administration were substantially higher than after
i.v. administration of the same CMS dose. The effectiveness or
degree of targeting achieved following administration via the pul-
monary route compared to the i.v. route can be estimated by the
DTI ratio (equation 2). For CMS and colistin, the respective DTI
were 15,952 and 35, again values substantially higher than unity,
indicating that a high degree of targeting to the lungs (greater
sputum exposure and minimal plasma exposure) was achieved
after inhalational delivery of CMS compared to i.v. administra-
tion. The targeting values calculated for TA and DTI underesti-
mate the true targeting benefit for CMS and colistin following
pulmonary delivery. In order to calculate the DTI, it is necessary to
have a value for the mean plasma AUC for colistin following in-
halational administration; however, all samples were below the
LOQ (0.125 mg/liter). Therefore, a minimum value for AUC was
calculated assuming that the samples contained 0.125 mg/liter of
colistin at all times. Additionally, for the i.v. treatment, the pre-
dose sputum samples contained residual CMS and colistin from
the prior nebulization treatment arms, and these values were in-
cluded in the calculation of mean sputum AUC, which further
contributes to the underestimation of both TA and DTI. For an
antibiotic, such as colistin, which is a last line of defense against P.
aeruginosa infections, the ability to target the lungs to achieve high
local concentrations while simultaneously minimizing systemic
exposure has a major advantage in terms of maximizing efficacy
and minimizing the potential to develop resistance and nephro-
toxicity. We recognize that both pulmonary exposure and sys-

temic availability will be influenced by the efficiency of the
nebulization equipment and process; nevertheless, the colistin-
targeting advantage of inhalational versus i.v. administration of
CMS is readily apparent.

In contrast to the low systemic availability of CMS and formed
colistin (�2 to 3% of the nebulized CMS dose recovered in urine)
observed in CF subjects in the current study, Marchand et al. (39)
reported that the total dose of CMS administered by intratracheal
nebulization to rats was absorbed into the systemic circulation
either as CMS (systemic availability of �70%) or following CMS
conversion to colistin in the lungs (39% of the nebulized CMS
dose). Following the nebulization of sodium CMS (15 mg/kg of
body weight) in rats, a �4-fold-higher plasma concentration-ver-
sus-time exposure was observed for formed colistin compared to
i.v. administration of the same CMS dose (39). We recently re-
ported similar observations in rats where the intratracheal method
resulted in formed colistin exposure in ELF that was 8,000-fold
higher than that in plasma after i.v. dosing (40). This is in contrast
to CF subjects, in whom colistin concentrations in plasma were
unquantifiable after CMS inhalation. The fraction of the CMS
dose that was converted to colistin following i.v. delivery in rats
was �13%, which suggests that following nebulization, the ab-
sorption of presystemically formed colistin contributes signifi-
cantly to the systemic exposure of colistin (39). Such species dif-
ferences (i.e., between rats and humans) can be attributed to the
efficiency of the different nebulizer devices in delivering the total
dose into the lungs, the physiological size of the rat versus the
human lung, and the healthy versus infected status of the lungs,
which can influence the barriers for absorption and impact clear-
ance mechanisms (i.e., mucocilliary clearance, uptake by macro-
phages, and coughing).

Cystic fibrosis centers worldwide have adopted different in-
haled CMS dosing regimens (dose and dosing interval), with cur-
rent therapies ranging from 1 million IU of CMS twice daily to 2
million IU of CMS three times daily (1, 4, 5, 10). One reason for
the variability in the inhaled dosage regimens is the lack of robust
pharmacokinetic data to inform dosage selection. The inclusion of
two inhaled CMS doses (2 and 4 million IU) in the present study
has enabled a better understanding of the kinetics of CMS and
colistin in sputum and plasma, and it has additionally shown that
CMS inhalation at both dose levels was well tolerated by CF sub-
jects.

In conclusion, we have for the first time demonstrated, in
quantitative terms, the targeting advantage that may be achieved
by nebulized delivery of CMS to the airways. Following pulmo-
nary CMS administration, greater lung exposure and minimal sys-
temic exposure were observed for CMS and importantly for colis-
tin compared to that from i.v. administration, where systemic
exposure was very substantially higher than the lung exposure.
Thus, inhalation of CMS is an effective means of targeting colistin
to the lungs to maximize antibacterial effect while minimizing
systemic exposure and the potential for nephrotoxicity. This study
and future studies will inform the design of inhalational CMS
dosing regimens for CF patients.
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