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Colistin plays a key role in treatment of serious infections by Pseudomonas aeruginosa. The aims of this study
were to (i) identify the pharmacokinetic/pharmacodynamic (PK/PD) index (i.e., the area under the unbound
concentration-time curve to MIC ratio [fAUC/MIC], the unbound maximal concentration to MIC ratio
[fC,,.,/MIC], or the cumulative percentage of a 24-h period that unbound concentrations exceed the MIC
[fT.wucl) that best predicts colistin efficacy and (ii) determine the values for the predictive PK/PD index
required to achieve various magnitudes of killing effect. Studies were conducted in a one-compartment in vitro
PK/PD model for 24 h using P. aeruginosa ATCC 27853, PAO1, and the multidrug-resistant mucoid clinical
isolate 19056 muc. Six intermittent dosing intervals, with a range of fC,,,, colistin concentrations, and two
continuous infusion regimens were examined. PK/PD indices varied from 0.06 to 18 for targeted fC,,, /MIC,
0.36 to 312 for FAUC/MIC, and 0 to 100% for fT_ \4c- A Hill-type model was fit to killing effect data, which were
expressed as the log,, ratio of the area under the CFU/ml curve for treated regimens versus control. With fC,, ..
values equal to or above the MIC, rapid killing was observed following the first dose; substantial regrowth
occurred by 24 h with most regimens. The overall killing effect was best correlated with FAUC/MIC (R = 0.931)
compared to fC,,,,/MIC (R* = 0.868) and fT. ;e (R* = 0.785). The magnitudes of fAUC/MIC required for
1- and 2-log,, reductions in the area under the CFU/ml curve relative to growth control were 22.6 and 30.4, 27.1
and 35.7, and 5.04 and 6.81 for ATCC 27853, PAO1, and 19056 muc, respectively. The PK/PD targets identified
will assist in designing optimal dosing strategies for colistin.

Globally there is a growing threat from the emergence of
multidrug-resistant (MDR) microorganisms (38), especially
among a number of important Gram-negative bacterial
pathogens (16, 29, 38). Colistin (polymyxin E) still retains
significant activity against many of these MDR Gram-neg-
ative pathogens, including Pseudomonas aeruginosa, Acin-
etobacter baumannii, and Klebsiella pneumoniae, which often
leaves it as the only therapeutic option available (19, 26).
With very few new chemical entities against Gram-negative
infections in the drug development pipeline (29, 30, 38),
particularly against P. aeruginosa (38), the use of colistin, a
once-neglected antibiotic, has increased dramatically over
the last 5 years (11, 26).

Colistin is available commercially as colistin sulfate (hereaf-
ter referred to as colistin) and sodium colistin methanesulfon-
ate (CMS), which is administered parenterally. CMS is an
inactive prodrug of colistin (3) and, after parenteral adminis-
tration, colistin is formed in vivo (21, 27, 33). Despite its new-
found importance in therapy, there is a dearth of information
on the pharmacokinetic (PK) and pharmacodynamic (PD)
properties of colistin, a situation of significant concern given
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that resistance to colistin is beginning to emerge (1, 15, 18, 26,
28). Thus, the aims of the present study were to utilize an in
vitro PK/PD model to (i) identify the PK/PD index (i.e., the
area under the unbound concentration-time curve to MIC ra-
tio [fAUC/MIC], the unbound maximal concentration to MIC
ratio [fC,,./MIC], or the cumulative percentage of a 24-h
period that unbound concentrations exceed the MIC
[fT-uc]) that best predicts colistin efficacy and (ii) determine
the magnitude of the predictive PK/PD index required to
achieve various magnitudes of killing effect.

(Parts of the present study were presented at the 48th An-
nual Interscience Conference on Antimicrobial Agents and
Chemotherapy [ICAAC], Washington, DC, 25 to 28 October
2008, and at the Second American Conference on Pharmaco-
metrics, Mashantucket, CT, 4 to 7 October 2009.)

MATERIALS AND METHODS

Bacterial strains and media. Three strains of P. aeruginosa were used in the
present study: two reference strains, ATCC 27853 and PAO1 (American Type
Culture Collection, Rockville, MD), and an MDR mucoid clinical isolate, 19056
muc. The MICs of colistin, as determined by broth microdilution (6), were 1
wg/ml for ATCC 27853 and PAO1 and 0.5 pg/ml for 19056 muc. All MIC
determinations were performed in three replicates on separate days. Storage was
in tryptone soy broth (Oxoid, Basingstoke, Hampshire, England) with 20%
glycerol (Ajax Finechem, Seven Hills, New South Wales, Australia) at —80°C in
cryovials (Simport Plastics, Boloeil, Quebec, Canada).

Chemicals and reagents. Colistin sulfate was purchased from Sigma-Aldrich
(lot 095K1048, 20,195 U/mg; St. Louis, MO). Immediately prior to each exper-
iment, colistin stock solutions were prepared by using Milli-Q water (Millipore
Australia, North Ryde, New South Wales, Australia), sterilized by filtration with
a 0.22-pm-pore-size Millex-GP filter (Millipore, Bedford, MA), and then stored
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TABLE 1. Colistin dosage regimens and sampling times in the in vitro PK/PD model”

Dosage regimen”

Parameter
3h 4h 8h 12 h 24 h CI
Target fCpqy (pg/ml)
ATCC 27853 0.50, 1.5 1.0, 2.0, 3.5, 3.0% 2.0, 4.5%,9.0 0.20, 0.25, 0.30, 0.50, 1.0, 1.0, 4.5
9.0, 18 1.5, 3.5, 9.0%, 18
PAO1 3.0 3.0, 9.0, 18 0.06, 0.13, 0.25, 0.50, 1.0
1.0, 2.0
19056 muc® 3.0% 0.06, 0.13, 0.15, 0.30, 0.03, 0.06, 0.13, 0.15,
1.0, 1.5, 4.5* 0.25, 0.35, 0.50, 1.0,
1.5, 2.0, 9.0*

Sampling times (h) for 0,1,2,3,4,6,7, 0,1,2,4,5,6, 0,1,2,4,6,8, 0,1,2,4,6,8, 12, 0,1,2,4,6,8, 24 0,1,2,4,6,8,
microbiological 9, 10, 12, 13, 8,9, 12, 13, 9, 16, 17, 2 13, 24 12,24
measurements 15, 16, 18, 19, 16, 17, 20,

21, 22,24 21, 24

“ Dosage regimens involved intermittent administration at the dosage intervals indicated (3 to 24 h) to achieve target fC,,,, or constant concentrations simulating

continuous infusion (CI).
b %, results taken from the first 24 h of a previous study (2).

¢ For this strain, an additional 6-hourly regimen with an fC,,,, of 1 ug/ml was performed.

at 4°C before use; colistin is stable under these conditions (22). All other chem-
icals were from suppliers previously described (23).

Binding of colistin in growth medium. The binding of colistin in cation-
adjusted Mueller-Hinton broth (CAMHB; Ca®* at 23.0 pg/ml and Mg>* at 12.2
pg/ml; Oxoid, Hampshire, England) was measured by equilibrium dialysis using
a Perspex dialysis cell unit containing two chambers (1 ml in each chamber)
separated by a semipermeable membrane (Spectra/Por-2, lot 29300; Spectrum
Laboratories, Rancho Dominguez, CA). Colistin (sulfate) was spiked into
CAMHB (donor chamber) to achieve concentrations of 10 and 30 pg/ml and
dialyzed at 37°C against the same volume of isotonic phosphate buffer (0.067 M,
pH 7.3) (acceptor chamber); samples were prepared in triplicate. Samples of
CAMHB and buffer were removed from each reservoir after 24 h (shown in
preliminary studies to be the time required for equilibration) and stored at
—80°C until analyzed as described below. The fraction of colistin unbound in
CAMHB (f,,) was calculated as follows: (acceptor colistin concentration)/(donor
colistin concentration).

In vitro PK/PD model and colistin dosing regimens. Experiments to examine
the PK/PD indices driving the microbiological response to colistin were con-
ducted over 24 h using a one-compartment in vitro PK/PD model (2). Briefly, the
system consisted of four sealed containers (compartments), each containing 100
ml of CAMHB at 37°C and a magnetic stir bar to ensure adequate mixing. One
compartment acted as a control to define growth dynamics in the absence of
colistin, whereas colistin was delivered into the remaining compartments to
achieve the desired intermittent injection or continuous infusion regimens (see
below).

Prior to each experiment, strains were subcultured onto horse blood agar
(Media Preparation Unit, The University of Melbourne, Parkville, Australia)
and incubated at 35°C overnight. One colony was then selected and grown
overnight in 10 ml of CAMHB, from which early-log-phase growth was obtained.
A 1.0-ml aliquot of this early-log-phase bacterial suspension was inoculated into
each compartment at the commencement of each experiment to yield approxi-
mately 10° CFU/ml.

Both intermittent and continuous infusion dosage regimens of colistin were
examined. For dosage regimens involving intermittent administration of colistin,
sterile drug-free CAMHB from a central reservoir was pumped through the
system at a predetermined rate, displacing CAMHB from each compartment,
thus simulating colistin elimination (half-life [¢,,] = 4 h) in healthy volunteers
(12) and people with cystic fibrosis (21, 34, 35). Flow rates were calibrated prior
to experiments and monitored throughout to ensure the system was performing
optimally. The appropriate loading dose of colistin (sulfate) was injected into
each treatment compartment following bacterial inoculation to achieve the de-
sired steady-state Cp,, (=fCha see Results); intermittent maintenance doses
were given at appropriate intervals to achieve the same fC,,, as after the
respective loading dose. This simulated steady-state PK with intermittent dosing.
For the continuous-infusion regimens, colistin was spiked into the CAMHB
within the central reservoir prior to initiation of the experiment such that all
media flowing through the system (with the exception of the growth control
compartment) contained a constant concentration of colistin. For both intermit-
tent and continuous regimens, serial samples were collected aseptically, as shown

in Table 1, for viable counting and determination of colistin concentrations.
Viable counting was performed by using a Whitley automatic spiral plater
(WASP; Don Whitley Scientific, West Yorkshire, United Kingdom) and a Pro-
toCOL colony counter (Synbiosis, Cambridge, United Kingdom); the limits of
counting and quantification of the procedure were 20 and 400 CFU/ml, respec-
tively, as specified in the ProtoCOL manual.

Dosing regimens were selected to maximally differentiate among the PK/PD
indices under investigation (fAUC/MIC, fC,,./MIC, and fT- ;). Overall, six
intermittent dosing intervals (every 3, 4, 6, 8, 12, and 24 h) were examined with
fCrnax varied across each schedule; two continuous infusion (CI) regimens were
also examined (Table 1). In all, 85 treatments across 37 different combinations of
dosage frequency and fC,,,, were examined for the three strains. PK/PD indices
varied from 0.06 to 18 for targeted fC,,,/MIC, from 0.36 to 312 for fAUC/MIC,
and from 0 to 100% for fT- s c. The range of fC,,,, used extended to greater
than that seen in humans (21) to explore the complete dose-response relation-
ship from essentially no effect to maximum effect.

Quantification of colistin in CAMHB and buffer. Samples (250 pl) collected
from the in vitro PK/PD model and equilibrium dialysis experiments were ana-
lyzed as previously described (2). Concentrations of colistin were measured by
using HPLC with derivatization and fluorescence detection (24) with an assay
range for colistin sulfate of 0.10 to 6.00 wg/ml; samples were diluted when the
expected colistin concentrations were higher than the upper limit of quantifica-
tion. Analysis of quality control (QC) samples with nominal concentrations of
0.40, 4.00, 9.00, and 18.00 pg/ml (the latter two QC samples required dilution)
demonstrated that the accuracy and coefficients of variation were within 15%.

Determination of predictive PK/PD index. The following PK/PD indices were
determined for each dosage regimen: fAUC/MIC, fC,,,../MIC, and fT- ;. The
area under the unbound colistin concentration-versus-time curves over 24 h
(fAUC; pg - h/ml) was determined by equation 1 (see below), where 7 is the
number of dosing intervals in the 24-h period, and k is the elimination rate
constant (0.17 h™!, corresponding to a 4-h half-life). The percentage of time that
unbound concentrations exceeded the MIC (f7- ) was determined by equa-
tion 2. Targeted fC, trough (fC,,;,), and k values were used for all calcula-
tions.

max>

JAUC =n+ (fCpax — fCrin)lk (1)
FTonnie = 1+ In(fCre/ MIC) /K24 - 100% 2)

The area under the curve (AUCcpy) of the time course profile of bacterial
numbers (CFU/ml from 0 to 24 h) was calculated by using the linear trapezoidal
rule. The killing effect (drug effect) chosen as the measure of efficacy (E) was
quantified by the log ratio area method, which compensates for bacterial loss
from our model (14):

E= lOg AUCCFU(trcatmem) (3)
lOAUCCFU(gmwm control)

The relationship between killing effect (E) and each of the three PK/PD indices
was analyzed by using the Hill equation with a baseline and an inhibitory effect:
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Epax XY
E=E,— ELy+0 4)
where E is the observed effect, E, is the baseline effect in the absence of colistin,
E .« is the maximal effect, x is the PK/PD index under investigation, Els, is the
magnitude of the PK/PD index producing 50% of E, and v is the sigmoidicity
coefficient (Hill’s constant).

The parameters of equation 4 were estimated by three different approaches:
(i) uniformly weighted least-squares estimation in WinNonlin Professional (ver-
sion 5.2.1; Pharsight Corp., Mountain View, CA), (ii) a pooled fitting approach
based on maximum-likelihood estimation in NONMEM VI (level 1.2), and (iii)
nonlinear mixed-effects modeling in NONMEM VI using the first-order condi-
tional estimation method. An additive error model on a log scale was used for
approaches ii and iii. The data for all regimens were fit separately for each of the
nine combinations of strains and PK/PD indices for approaches i and ii. The data
for all regimens and all three strains were comodeled for approach iii for each of
the PK/PD indices. Median estimates and 90% nonparametric confidence inter-
vals (5 to 95% percentile) were determined via nonparametric bootstrapping as
described previously using 1,000 replicates for each analysis of approaches ii and
iii (4). For each bootstrap data set, 44 regimens were randomly chosen for strain
ATCC 27853, 26 regimens were randomly chosen for 19056 muc and 15 regimens
were randomly chosen for PAO1. The P values for two-sided nonparametric
comparisons between PK/PD indices were computed based on the pairwise
differences in objective function values between two PK/PD indices for each of
the 1,000 bootstrap replicates. Determination of the PK/PD index best charac-
terizing killing effect was assessed by the coefficient of determination (R?),
NONMEM’s objective function (—2 - log-likelihood), and visual inspection of
the observed versus fitted effect plots.

The drug exposure (Xup 10g10 cffect) T€quired for 1- or 2-logy, reduction in the
area under the CFU/ml curve relative to growth control (equation 5) and the
drug exposure (Ely) causing 90% of maximal effect (equation 6) were calculated
as follows:

max>

B Els,
Xnn logio reduction — — T (5)

<Emz.x >§
e
nn

EI
Ely = — (6)

T
1 1?
0o

The desired extent of the log;, reduction (nn) enters equation 5 as a positive
number. Equation 5 yields exposure targets only if E,,, is larger than nn.

max

RESULTS

Binding of colistin in CAMHB. The fractions of colistin
unbound in CAMHB (f,,) at equilibrium, with initial concen-
trations for colistin sulfate of 10 and 30 pg/ml, were 0.96 and
0.95, respectively, indicating practical equivalence of total and
unbound concentrations.

PK validation. The mean * the standard deviation (SD; n =
58) of the absolute percentage relative differences between
targeted and achieved colistin fC,,,, concentrations as deter-
mined by high-pressure liquid chromatography (HPLC) was
9.76 = 14.2, and the mean of the percentage relative differ-
ences was —4.64 = 16.7. The observed mean ¢,,, for the sim-
ulated intermittent dosage regimens was 4.06 = 0.46 h (n = 47)
for the targeted value of 4 h; since the fC,,;, for some dosage
regimens was below the lower limit of quantification of the
HPLC assay (0.10 pg/ml), t,,, was not directly measured in all
experiments.

Bacterial killing of P. aeruginosa in the in vitro PK/PD
model. Representative killing profiles for each strain are shown
in Fig. 1. The initial inocula in control and treatment compart-
ments (mean * the SD) were 6.21 + 0.09 (n = 15) and 6.18 =
0.14 (n = 44) log,, CFU/ml for ATCC 27853, 6.39 (n = 2) and
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6.29 = 0.13 (n = 15) log,, CFU/ml for PAO1, and 5.88 = 0.41
(n =4) and 6.08 = 0.32 (n = 26) log,, CFU/ml for 19056 muc.
After 24 h, bacterial numbers in control compartments had
increased to 8.06 = 0.20 (n = 15) log,, CFU/ml for ATCC
27853, 8.21 (n = 2) log,;, CFU/ml for PAO1, and 7.74 = 0.07
(n = 4) log,, CFU/ml for 19056 muc. For all strains there was
early dosage-dependent killing, followed by regrowth to vari-
ous extents (Fig. 1).

Relationships between killing effect and PK/PD indices.
Since the differences in the initial inocula were small (see
above), we elected not to standardize AUCgy, by dividing by
initial inoculum when calculating the killing effect. Parameter
estimates for modeling approaches i, ii, and iii were consistent
for all three PK/PD indices and robust for fAUC/MIC and
fCax/MIC; approach iii yielded the most robust estimates for
fT-ync- Modeling by approach iii (Table 2) indicated that
between-strain variability was largest for El5, and negligible
for the other parameters. The confidence intervals for Els,
indicated significantly lower values for strain 19056 muc. The
relationships between killing effect and fAUC/MIC, fC,,../
MIC, or fT-\uc are shown in Fig. 2. Of the three indices,
FAUC/MIC best described the killing effect (R* = 0.931; Fig.
2A); the relationship between the killing effect and fC,,,,/MIC
had a lower R? of 0.868 (Fig. 2B). A poorer relationship existed
between the killing effect and f7- 4, where a high degree of
scatter and systematic deviations from the curve fit was ob-
served (R* = 0.785; Fig. 2C). Median (nonparametric 90%
confidence interval) objective function values from modeling
approach iii were as follows: —79.6 (—111 to —54.4) for fAUC/
MIC, —28.3 (—72.1 to 2.9) for fC,,,/MIC, and 16.4 (—35.9 to
47.5) for fT- \p;c- The objective function was significantly lower
for fAUC/MIC compared to fC,,,/MIC (P = 0.050, two-sided
testing; from 1,000 nonparametric bootstrap replicates) and
for fAUC/MIC compared to fT- ;e (P < 0.01). Differences
between fC,,,./MIC and fT_ 4 were not significant (P = 0.2).

The magnitudes of the fAUC/MIC index required for 1- and
2-log,, reduction in the area under the CFU/ml curve relative
to growth control for each strain are shown in Table 3. Near-
maximal killing was achieved with fAUC/MIC ratios of ap-
proximately 40, 50, and 9 for ATCC 27853, PAO1, and 19056
muc, respectively (Table 3 and Fig. 2A).

DISCUSSION

Colistin, which first became clinically available more than 50
years ago, was never subjected to many of the drug develop-
ment procedures required of new drugs today. As a conse-
quence, current dosage regimens for CMS/colistin are chosen
empirically, and much is still to be learned about the PK, PD,
and the PK/PD index that best correlates with antibacterial
activity of colistin (26). Such information is important for ra-
tional design of optimal dosing strategies.

Previous animal or in vitro pharmacodynamic studies have
reported regrowth of P. aeruginosa with a range of colistin (2,
17) or polymyxin B (39) dosage regimens. Similarly, this was
generally observed in the present study despite unbound colis-
tin concentrations far in excess of clinically achievable concen-
trations in some experiments. Even for the regimens that
achieved very extensive bacterial killing after the first dose,
substantially less net killing occurred after subsequent doses
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FIG. 1. Typical microbiological responses observed in the in vitro PK/PD model simulating the colistin pharmacokinetics of different dosage
regimens using ATCC 27853 (MIC = 1 pg/ml) (A), PAO1 (MIC = 1 pg/ml) (B), and the MDR clinical isolate 19056 muc (MIC = 0.5 pg/ml) (C).
The y axis starts from the limit of counting, and the limit of quantification is indicated by the horizontal broken line.
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TABLE 2. Median parameter estimates from 1,000 bootstrap replicates for each of the three PK/PD indices®

Median parameter estimates (90% nonparametric confidence intervals)

PK/PD index Strain
E, Emax Elso Y
FfAUC/MIC ATCC 27853 -0.232 (-0.349 to —0.139) 3.05 (2.88-3.21) 26.4 (23.8-28.9) 4.77 (3.20-7.27)
PAOI 31.2(28.6-35.4)
19056 muc 5.91 (4.60-12.5)
SCrax/MIC ATCC 27853 -0.110 (-0.319 to 0.025) 3.12 (2.81-3.38) 1.82 (1.54-2.25) 3.13 (2.08-12.2)
PAOI 2.48 (1.74-3.27)
19056 muc 0.834 (0.645-1.27)
fTo e ATCC 27853 -0.365 (-0.558 to —0.212) 3.07 (2.68-3.39) 39.6 (31.9-47.1) 2.13 (1.26-4.30)
PAOI 68.4 (41.0-135)
19056 muc 13.6 (9.90-21.7)

“ Data for all three strains were comodeled for each PK/PD index (approach iii, see Materials and Methods). Initial models with between-strain variability for all
four parameters showed that the variability in E, E,,,., and y was negligible. Since exclusion of the variability for these three parameters did not affect the objective
function significantly, the final model only included between-strain variability for El,.

(Fig. 1). We have shown previously the presence of resistant
subpopulations after a 72-h exposure to colistin in the same in
vitro PK/PD model (2). We are currently developing a mech-
anism-based mathematical model that can describe and predict
the time course of bacterial growth and killing and which
incorporates the emergence of multiple bacterial populations
with various colistin susceptibilities.

Three previous studies have addressed issues around the
exposure-response relationships for polymyxins. Using a lim-
ited dose fractionation design, Tam et al. (39) investigated the
PD of polymyxin B against P. aeruginosa in an in vitro PK/PD
hollow-fiber model and suggested that activity was most likely
linked to AUC/MIC. The study by Tam et al. (39), however,
was not specifically designed to examine the relationship be-
tween efficacy and each PK/PD index. In a study of colistin
against P. aeruginosa in a neutropenic mouse infection model,
Ketthireddy et al. (17) concluded that once-daily dosing was
most effective and that the data were consistent with C,,, /MIC
being the PK/PD index most predictive of efficacy; PK data,
however, were not included in that study. In neutropenic
mouse thigh and lung infection models, Dudhani et al. (10)
found that fAUC/MIC was the index most predictive of effi-
cacy. In the present study, we used a much larger dose frac-
tionation design in an in vitro dynamic model to distinguish
between PK/PD indices determining colistin efficacy. A Hill-
type model was fit to the data using an area-based method
whereby all CFU/ml versus time data for each regimen were
taken into account. This approach allowed for a measure of the
time-averaged drug effect and has been implemented in a pre-
vious investigation with vancomycin against Staphylococcus au-
reus (14). The analysis demonstrated that fAUC/MIC was
most closely correlated with bacterial killing (Fig. 2). Estimates
of PD parameters were precise and consistent between all
three estimation approaches.

In order to design dosage regimens rationally, it is necessary
to know not only which PK/PD index is most predictive of
bacterial killing but also the magnitude of that index needed to
achieve various extents of kill (7). In the present study, respec-
tive values of fAUC/MIC of ~25 and 35 for the reference
strains were required to achieve 1- and 2-log reductions in the
area under the CFU/ml curve relative to growth control (Table
3). These results are in extremely good agreement with those

obtained by Dudhani et al. (10) in the neutropenic mouse thigh
infection model against the same two strains (fAUC/MIC val-
ues of ~23 and 34 for 1- and 2-log reductions, respectively).
Interestingly, the corresponding fAUC/MIC values for the
MDR clinical isolate were somewhat lower in our in vitro
model compared to the neutropenic mouse thigh infection
model (~6 and 7 in vitro compared to ~16 and 28 in vivo for
1- and 2-log reductions, respectively). The explanation for this
difference is not known but may relate to differences in growth
dynamics of this mucoid strain between in vitro and in vivo
systems. We acknowledge the presence of a washout effect on
bacteria with the use of open one-compartment PK/PD sys-
tems such as in our study; however, the generally good level of
agreement across all strains between the present in vitro study
and infection models involving neutropenic mice (10) is very
reassuring in relation to future clinical applications of the
FAUC/MIC targets for colistin.

Unfortunately, it is currently not possible to compare the
FAUC/MIC targets from the present and other (10) preclinical
studies with the fAUC/MIC values achieved in infected pa-
tients receiving currently recommended CMS dosage regi-
mens. The inability to undertake this comparison arises be-
cause recent studies have shown that colistin binding in plasma
involves the acute-phase reactant al-acid glycoprotein (AAG),
and the unbound fraction of colistin is influenced by the con-
centrations of both colistin and AAG (9). Since plasma AAG
concentrations are influenced by pathophysiological stresses
including infection (31, 40), the f, of colistin in patients is
likely to vary depending on the severity and stage of infection
and magnitude of plasma colistin concentration. Although the
knowledge of total plasma colistin concentrations achieved in
patients is increasing (21, 25, 27, 33), there is no information
on unbound plasma concentrations. As such information is
forthcoming it will be possible to not only assess the ability of
current CMS dosage regimens to meet the above-mentioned
FAUC/MIC targets but also to design optimized dosage regi-
mens.

The use of once-daily doses of CMS has recently been re-
ported (13, 36), presumably based upon the concentration-
dependent killing of colistin observed in vitro (28). However,
we suggest caution with this approach. First, in vitro data sug-
gest that the toxicity of colistin is concentration and time de-
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FIG. 2. Relationship between killing effect (log area ratio) against
P. aeruginosa ATCC 27853 (solid line and open circles), PAO1 (dashed
line and solid triangles), and 19056 muc (dotted line and crosses) as a
function of three PK/PD indices: fAUC/MIC (A), fC,,./MIC (B), and
fT-wuc (C). Each data point represents the result from a single treat-
ment run. Lines represent model-generated fits using modeling ap-
proach iii (see Materials and Methods and Table 2).

=

>MIC

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 3. Median target values from 1,000 bootstrap replicates
of colistin fAUC/MIC for 1- and 2-log,, reductions in the area
under the CFU/ml curve relative to growth control and for
90% (Ely,) of maximal effect

Median target values (90% nonparametric confidence

Killing effect intervals)

ATCC 27853 PAO1 19056 muc

1-log,, reduction  22.6 (19.9-25.7) 27.1 (23.6-29.9) 5.04 (3.93-10.5)
2-log,, reduction 304 (27.2-33.0) 35.7 (32.6-41.7) 6.81 (5.21-14.3)
El,, 42.0 (35.3-52.1) 49.3 (40.8-68.5) 9.78 (6.71-20.3)

pendent (20). Moreover, greater nephrotoxicity was observed
in rats with a dosage regimen mimicking once-daily dosing of
CMS in humans compared to a twice-daily regimen that deliv-
ered the same daily dose (41). Second, for both colistin and
polymyxin B larger, infrequent doses in in vitro models led to
greater emergence of resistance in P. aeruginosa compared to
lower-dose/higher-frequency regimens (2, 39). Third, colistin
lacks a significant postantibiotic effect in vitro (28, 32), al-
though in a brief report such a phenomenon has been sug-
gested to occur in vivo (17); additional studies are needed.
Given the recent emergence of resistance to colistin (1, 15, 18,
26, 28), the ability to choose regimens which not only maximize
killing but also suppress or minimize the development of re-
sistance may prove crucial in preventing this trend.

In the present study, we simulated a 4-h colistin half-life as
observed in healthy volunteers (12) and people with cystic
fibrosis (21, 34, 35); a longer half-life has been reported in
critically ill patients (27, 33, 37). The PK/PD indices described
here are specific for P. aeruginosa and may differ for other
Gram-negative pathogens; species specific differences in the
magnitude of a particular index required to achieve certain
levels of killing have been demonstrated for other anti-infec-
tives (8). In addition, in vitro PK/PD models lack the defense
mechanisms present in patients with intact immune systems;
however, they may more adequately reflect drug-related anti-
microbial activity in an immunocompromised host. Finally,
higher PK/PD target values (e.g., for fAUC/MIC) may be re-
quired for infections with a high initial inoculum (5).

To our knowledge, this is the first in vitro investigation spe-
cifically designed to elucidate the relationship between bacte-
rial killing and PK/PD indices for colistin against any organism.
We have demonstrated that for colistin fAUC/MIC is the
PK/PD index most closely correlated with the killing of P.
aeruginosa. Our findings are in good agreement with those
from recent studies in neutropenic mouse infection models. As
information on the pharmacokinetics of unbound colistin in
patients is obtained, the PK/PD targets reported here will
assist in designing optimal dosing strategies for this increas-
ingly important therapeutic option.
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