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Many Pseudomonas aeruginosa isolates from the airways of patients with cystic fibrosis (CF) are sensitive to antibiotics in
susceptibility testing, but eradication of the infection is difficult. The main reason is the biofilm formation in the airways
of patients with CF. The pharmacokinetics (PKs) and pharmacodynamics (PDs) of antimicrobials can reliably be used to
predict whether antimicrobial regimens will achieve the maximum bactericidal effect against infections. Unfortunately,
however, most PK/PD studies of antimicrobials have been done on planktonic cells and very few PK/PD studies have been
done on biofilms, partly due to the lack of suitable models in vivo. In the present study, a biofilm lung infection model was
developed to provide an objective and quantitative evaluation of the PK/PD profile of antimicrobials. Killing curves were
set up to detect the antimicrobial kinetics on planktonic and biofilm P. aeruginosa cells in vivo. Colistin showed concen-
tration-dependent killing, while imipenem showed time-dependent killing on both planktonic and biofilm P. aeruginosa
cells in vivo. The parameter best correlated to the elimination of bacteria in lung by colistin was the area under the curve
(AUC) versus MIC (AUC/MIC) for planktonic cells or the AUC versus minimal biofilm inhibitory concentration (MBIC;
AUC/MBIC) for biofilm cells. The best-correlated parameter for imipenem was the time that the drug concentration was
above the MIC for planktonic cells (TMIC) or time that the drug concentration was above the MBIC (TMBIC) for biofilm
cells. However, the AUC/MIC of imipenem showed a better correlation with the efficacy of imipenem for biofilm infections
(R2 � 0.89) than planktonic cell infections (R2 � 0.38). The postantibiotic effect (PAE) of colistin and imipenem was
shorter in biofilm infections than planktonic cell infections in this model.

Although progress on biofilm research has been obtained dur-
ing the past decades (48), the treatment of biofilm infections

with antibiotics remains an important clinical challenge. The
pharmacokinetic (PK) and pharmacodynamic (PD) profiles of an
antimicrobial agent provide important information helping to es-
tablish an efficient dosing regimen (49). Therefore, PK and PD
information on the activities of antimicrobial agents against bio-
film-associated bacteria can contribute to better clinical treatment
of biofilm-associated diseases. Unfortunately, most previous
PK/PD studies of antibiotics have been done on planktonic cells,
and extrapolation of the results to biofilm cells is problematic, as
bacterial biofilm cells differ from cells growing in planktonic form
in growth rate (36), gene expression (10, 12), and metabolism
(15, 52).

We have recently shown that colistin has a concentration-de-
pendent killing and imipenem has a time-dependent killing of
Pseudomonas aeruginosa biofilm cells in vitro (30). The rationale
for the present study is to validate the results obtained in vitro with
an in vivo model of P. aeruginosa biofilm infection in neutropenic
mice.

(This in vivo PK/PD study was presented in part at the 110th
General Meeting of the American Society for Microbiology, San
Diego, CA, May 2010 [abstr. A-2973].)

MATERIALS AND METHODS
Strains, chemicals, and susceptibility assay. Wild-type P. aeruginosa
PAO1 (45) was used in this study. Colistin and imipenem were pharma-
ceutical grade. The MIC was detected by Etest (AB Biodisk, Solna, Swe-
den) and by a microtiter method; the minimal bactericidal concentration
(MBC) for planktonic cells was detected by the microtiter method (1).
The MICs and MBCs of colistin for PAO1 were 2 to 4 mg/liter and 8

mg/liter, respectively; the MICs and MBCs of imipenem were 1 mg/liter
and 4 mg/liter, respectively. The minimal biofilm inhibitory concentra-
tion (MBIC) and minimal biofilm eradication concentration (MBEC) of
colistin and imipenem were determined by use of a modified Calgary
biofilm device as previously reported (30). In short, the biofilms are
formed on pegs, treated by antibiotics, and detached by sonication for the
assessment of bacterial killing. The MBIC and MBEC of colistin were 8
mg/liter and 64 mg/liter, respectively; the MBIC and MBEC of imipenem
were 8 mg/liter and 128 mg/liter, respectively (30).

Animals. Ten-week-old female NMRI mice (Taconic, Denmark)
weighing 32 to 34 g were used. The mice were maintained on standard
mouse chow and water ad libitum for 1 week before challenge. All animal
experiments were performed under authorization from the National An-
imal Ethics Committee of Denmark.

Neutropenic mouse model of biofilm lung infection. Mice were ren-
dered neutropenic by injecting three doses of cyclophosphamide (Sen-
doxan; Baxter A/S, Denmark) intraperitoneally on day 1 (150 mg/kg of
body weight), day 3 (100 mg/kg), and day 4 (100 mg/kg) prior to
experimental infection. Optimization of the cyclophosphamide dose
for NMRI mice was performed in pilot studies. Blood was drawn from
the tail, and leukocytes were counted with a NucleoCassette device
(NucleoCounter system; ChemoMetec A/S, Denmark). Blood smears
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were checked for the presence of granulocytes (22). Mice were severely
granulocytopenic (absolute granulocyte count, �50/mm3) by day 4
and remained so through day 5 and day 6 after the first injection of
cyclophosphamide. The bacterial infection was performed on day 5.
The neutropenic mice were raised in a microisolation cage system in a
sterile environment. Mouse operations were performed in a ventilated
cabinet while the mice were under anesthesia (29). Optimization of the
inocula of planktonic and biofilm bacteria was performed in pilot
studies. To prepare the biofilm bacteria, planktonic P. aeruginosa cells
were immobilized in spherical alginate beads, as previously described
(33, 45, 54). The anesthetized mice were tracheostomized, and a
0.04-ml inoculum of planktonic or biofilm bacteria adjusted to yield
approximately 5 � 105 CFU/ml was instilled in the lower left lung
using a curved bead-tipped needle. The incision was sutured.

PKs of colistin and imipenem. While the infected animals were un-
der anesthesia, they were treated intraperitoneally 2 h after infection
with 0.2 ml of different doses of colistin (16 mg/kg, 64 mg/kg, 256
mg/kg; 6 mice/regimen; total, 18 mice) or imipenem (4 mg/kg, 8 mg/
kg, 16 mg/kg, 32 mg/kg, 64 mg/kg; 6 mice/regimen; total, 30 mice) as a
single administration. The control groups received equal volumes of
0.15 M NaCl intraperitoneally. An approximately 0.08-ml blood sam-
ple was collected from the tail (28) at 5 min, 15 min, 30 min, 60 min,
120 min, 180 min, and 240 min after antibiotic administration. At the
end of the experiment, the mice were euthanized with pentobarbital/
lidocaine (29). Blood samples were centrifuged at 3,000 rpm, and se-
rum was collected for measurement of antibiotic concentration by a
biologic method (agar diffusion), as reported previously, employing
Streptococcus sp. strain EB68 (imipenem) or Bordetella bronchiseptica
ATCC 4617 (colistin) (4, 35, 39). The detection limits were 1 �g/ml
(colistin) and 0.2 �g/ml (imipenem). Data about the variability of the
assay are presented in the supplementary material. Time-concentra-
tion curves of colistin and imipenem were established.

Time-kill study of colistin and imipenem in planktonic and biofilm
bacteria and PAE. To establish killing curves of colistin and imipenem,
anesthetized neutropenic mice infected with planktonic bacteria (4 mice/
point; total, 176 mice) or biofilm bacteria (4 mice/point; total, 176 mice)
were treated at 2 h after infection with a single intraperitoneal dose of
colistin or imipenem (4� MIC, 16� MIC, and 64� MIC; 4 to 256 mg/kg).
Control mice received the same volume of saline. The mice were eutha-
nized, and lungs were collected aseptically at �2, 0, 2, 4, 8, 12, and 24 h
after bacterial challenge and homogenized in 5 ml of sterilized saline.
Humane endpoints were applied during the period. The numbers of CFU
were counted for plotting of the killing curves. The duration of the post-
antibiotic effect (PAE) was calculated by the formula T � C (21, 43),
where T is the time required for the mean count of CFU in the lung of
treated mice to increase by 1 log10 unit above its value at the time that the
antibiotic concentration in serum fell below the MIC or MBIC, and C is
the time required for the mean count of CFU in the lungs of control mice
to increase by 1 log unit above the viable count at time zero.

PK/PD indices of colistin and imipenem in planktonic and biofilm
bacteria in vivo. To establish PK/PD indices of colistin and imipenem,
anesthetized neutropenic mice infected with planktonic bacteria (total, 60
mice) or biofilm bacteria (total, 60 mice) were treated from the time point
of 2 h after infection with multiple intraperitoneal doses of colistin (range,
16 to 256 mg/kg, representing 2� MBIC to 32� MBIC/4� MBEC) or
imipenem (range, 8 to 64 mg/kg, representing 1� MBIC to 8� MBIC).
Due to the toxicity of imipenem, it was not possible to administer higher
dosages. The multiple dosages were administered at time intervals ranging
from 2 h to 16 h after infection for periods of 12 h (colistin) and 24 h
(imipenem) (23). The mice were euthanized, and lungs were collected at
the end of the experiment and homogenized in 5 ml of sterilized saline.
The numbers of CFU were counted for each lung and expressed as the
log10 number of CFU per lung. The counts of viable bacteria for each
regimen were plotted with the PK parameters.

Data analysis and statistical methods. The serum concentrations of
colistin and imipenem arising from each single dose were used to generate
the time course and fit the curve. The values of the PK parameters were
calculated with noncompartmental analysis by the Kinetica (version 5.0)
program (Thermo Fisher Scientific/Cypress Software Inc., Langley, WA),
including the maximum concentration (Cmax), time to reach the maxi-
mum concentration (Tmax), total area under the curve (AUCtot), apparent
volume of distribution during the terminal phase (Vz/F), apparent vol-
ume of distribution at steady-state (Vss/F), total clearance (CL/F), half-life
of elimination (t1/2), and mean residence time (MRT); F is the bioavail-
ability. PK parameters for antibiotics were calculated using the following
equations: t1/2 � ln 2/kel, CL/F � dose/AUC, Vz/F � dose/(AUC · kel),
Vss/F � dose · AUMC/AUC2, and MRT � AUMC/AUC. kel is the elimi-
nation rate constant, and AUMC is the partial area under the moment
curve. The superposition principle (23) was applied to the single-dose
serum concentration-time data for generating the corresponding time
course of multiple administrations in the PK/PD studies. The PK/PD
analysis was also performed by using the inhibitory sigmoid dose-effect
model (Origin, version 8.0; OriginLab, Northampton, MA). The formula
is E � E0 � Emax · X�/ (X� � EC50�), where E is the measure of effect (log10

numbers of CFU/lung), X is the value of the relevant PK/PD index (Cmax/
MIC, AUC/MIC, or time that the drug concentration was above the MIC
[TMIC]), E0 is the effect in the absence of drug, Emax is the maximal drug
effect, EC50 is the value of the target PK/PD index required to achieve 50%
of Emax, and � is the Hill coefficient of the PK/PD index-effect curve. The
correlation between the efficacy and each of the three PK/PD indices was
determined by unweighted nonlinear least-squares regression. R2 was
used to evaluate the variance of regression for each of the PK/PD indices;
the goodness of fit was also assessed by visual examination.

RESULTS
PKs of colistin and imipenem. The time-concentration curves of
colistin and imipenem in the serum of neutropenic mice with lung
infection after an intraperitoneal dose of 16 to 256 mg/kg of colis-
tin and 8 to 64 mg/kg of imipenem are presented in Fig. 1, and the
PK parameters are presented in Table 1. The Tmax of colistin was
dependent on the dose administered and ranged from 25 to 35
min. The Tmax of imipenem was 15 to 21 min. t1/2 was 31 to 54 min
for colistin and 43 to 67 min for imipenem. A dose dependency
was observed for the AUCtot value for both colistin and imipenem,
with ranges of from 1,119 to 24,527 mg · min/liter for colistin and
1,470 to 6,037 mg · min/liter for imipenem. The variation of the
PK parameters could be due to the intraperitoneal mode of ad-
ministration.

Time-kill study of colistin and imipenem in planktonic and
biofilm bacteria and PAEs. The killing curves of colistin and imi-
penem in the in vivo lung infection model with P. aeruginosa cells
grown in the planktonic or biofilm form are shown in Fig. 2. The
bactericidal activity of colistin in vivo appeared to be concentra-
tion dependent, while imipenem showed time-dependent killing
of both planktonic and biofilm cells. Treatment for 2 h with 256
mg/liter colistin, representing 64� MIC or 32� MBIC, led to
2-log10-CFU reductions in planktonic bacteria but only a 1-log10-
CFU decrease in biofilm bacteria. The colistin concentration that
inhibited biofilm cell growth was 4 times higher than the concen-
tration needed to inhibit planktonic growth. The killing effect of
imipenem showed a correlation with the treatment time for cells
growing both in planktonic form and as biofilms, but a higher
concentration was required to control the regrowth of biofilm
cells in vivo. One imipenem dose of 16 mg/kg suppressed the
planktonic cell infection for 12 h but suppressed the biofilm infec-
tion for only 2 h. The PAEs of colistin and imipenem on plank-
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tonic and biofilm P. aeruginosa cells are shown in Table 2. The
PAEs of colistin and imipenem were shorter on biofilm cells than
on planktonic cells. On the basis of the parameter of TMIC, the PAE
values of colistin were 0.9 to 1.5 h for planktonic cells versus �0.9
to �2.1 h for biofilm cells; the PAEs of imipenem were �2.8 to 12
h for planktonic cells versus �2.4 to �3 h for biofilm cells. The
PAE of imipenem showed a concentration dependence on plank-
tonic cells, �2.8 h for 4 mg/kg and 12 h for 64 mg/kg, but not on

biofilm P. aeruginosa cells. Based on the parameter TMBIC, the PAE
values of colistin were �0.1 to �2 h for biofilms, and those of
imipenem were �1.2 to �1.5 h for biofilms.

PK/PD index determination. The Cmax/MIC, AUC/MIC, and
TMIC for colistin and imipenem are presented in Fig. 3 and 4,
respectively. The PK/PD indices that best correlated with the in
vivo efficacy were AUC/MIC for colistin (R2 � 0.77 in planktonic
cell infection and 0.85 in biofilm infection) and TMIC for imi-
penem (R2 � 0.94 for planktonic cell infection and 0.98 for bio-
film infection). The planktonic and biofilm bacterial loads in the
lungs of mice were 2.0 � 104 CFU/lung in the beginning and
reached 109 CFU/lung after 24 h in the untreated control mice.
The AUC/MIC of imipenem showed a good correlation with the
efficacy of imipenem treatment of biofilm infections (R2 � 0.89)
but a poor correlation for planktonic cell infections (R2 � 0.38).
The AUC/MBIC and TMBIC of imipenem and colistin are pre-
sented in figures in the supplemental material, which show the
time-dependent killing of imipenem (R2 � 0.98) and the AUC-
dependent killing of colistin (R2 � 0.85).

Relationship between AUC/MIC and TMIC with antibacterial
effect. The influences of PK and PD parameters on the antimicro-
bial effect are presented in Tables 3 and 4. Dose-response data
were analyzed to examine the impact of the PK/PD parameters by
relating the number of bacteria in lung to AUC/MIC (colistin) and
TMIC (imipenem). To determine the PK/PD relationships, the
correlations (Hill’s equation) in both planktonic and biofilm cells
were calculated, and the effect was defined as the decrease in the
number of CFU in the lung after the first treatment compared to
the number of CFU in untreated control mice (at the 2-h time
point). Emax values were estimated to be �4.4 (planktonic cells)
versus �2.2 (biofilms) log CFU for colistin and �6.6 (planktonic
cells) versus �6.6 (biofilms) log CFU for imipenem. The EC50s
(AUC/MIC) were 3,840 (planktonic cells) versus �18,420 (bio-
films) for colistin and 3.4 (planktonic cells) versus 4.6 (biofilms)
for imipenem (TMIC). The depression of the numbers of CFU in
the lung with the PK/PD model parameters of AUC/MIC (colis-
tin) and TMIC (imipenem) is presented in Table 4. The 2-log10-kill
effect of colistin required AUC/MIC ratios of 61,980 for biofilm
cells and 25,980 for planktonic cells and at least 18 h imipenem
treatment for biofilm cells and 10 h for planktonic cells (TMIC).

PK-PD simulation in the biofilm infection model of neutro-
penic mouse. The PK-PD simulation with planktonic and biofilm
cells is presented in Table 5. The colistin doses were 16 to 256

FIG 1 PK studies. Serum concentrations (conc.) of colistin (A) and imipenem
(B) in mice after intraperitoneal treatment with doses from 8 mg/kg to 256
mg/kg are shown. The y axis in both panels is log10. The MICs against P.
aeruginosa PAO1 were 4 mg/liter for colistin and 1 mg/liter for imipenem.

TABLE 1 Values of pharmacokinetic parameters for colistin and imipenem following intraperitoneal administration of a single dose in mice with
biofilm bacterial lung infectiona

Drug and dose
(mg/kg) Cmax (mg/liter)

Tmax

(min)
AUCtot

(mg · min/liter)
Vz/F
(ml/kg) Vss/F (ml/kg)

CL/F
(ml/min/kg)

t1/2

(min)
MRT
(min)

Colistin
16 21 (3.1) 25 (7.8) 1,119 (240) 676 (300) 868 (314) 15 (3.3) 31 (6.6) 58 (10)
64 83 (5.6) 28 (6.1) 5,766 (542) 875 (108) 761 (84) 11 (1) 54 (2.6) 68 (2.3)
256 264 (31) 35 (12) 24,527 (2,679) 803 (189) 871 (84) 11 (1.1) 53 (13) 83 (7.7)

Imipenem
8 15 (7.1) 21 (11) 1,470 (777) 648 (330) 721 (343) 6.7 (3) 67 (11) 108 (12)
16 34 (6) 28 (18) 2,857 (559) 507 (140) 543 (121) 5.8 (1) 60 (9.1) 94 (10)
32 54 (11) 18 (6.1) 4,895 (635) 516 (75) 566 (83) 6.6 (0.8) 54 (6.5) 86 (11)
64 69 (37) 15 (9.5) 6,037 (2,976) 547 (274) 617 (308) 7.4 (3.6) 43 (22) 70 (35)

a The doses are 16 to 256 mg/kg of colistin and 8 to 64 mg/kg of imipenem. Data in parentheses are the standard deviation (SD).
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mg/kg, and the imipenem doses were 8 to 64 mg/kg. The Cmax/
MIC values were 5.4 to 66 for colistin and 15 to 69 for imipenem,
but the Cmax/MBEC values were 0.3 to 4.1 for colistin and 0.12 to
0.54 for imipenem. The AUC/MIC values of colistin were 280 to
6,132, while the AUC/MBEC values were 18 to 383. The time that
the drug concentration was above the MBEC (TMBEC) was 0 when
imipenem was administered at doses of 16 mg/kg to 64 mg/kg.

DISCUSSION

The majority of PK/PD antibiotic studies have been described
with planktonic cells (2, 17, 19, 51, 53). As the PK/PD results

obtained from cells growing in planktonic form cannot be extrap-
olated to biofilm cells, we proposed to conduct a study of PKs/PDs
with biofilm cells. Few in vivo models of biofilms have been devel-
oped to test the PKs and PDs of antimicrobials. Blaser et al. de-
scribed an animal model of device-related infection, but they
found that pharmacodynamic ratios Cmax/MIC and AUC/MIC
and also TMIC were not predictive of the therapeutic outcome in
that model (7). To investigate the PK/PD profile of antimicrobials
on biofilm P. aeruginosa, a biofilm lung infection model was de-
veloped in the neutropenic mouse. We demonstrated in this
model the impact of doses and dosing schedules on the time
course of the pharmacologic response to two antipseudomonas
drugs and determined the magnitude of reduction of planktonic
and biofilm cell CFU counts. To dissociate between the effect of
antibiotics and those of the immune system, the PK/PD studies of
antimicrobials are traditionally conducted in neutropenic mice
(22). Although we appreciate the role played by the host response
in the eradication of biofilm cells, it was beyond the purpose of this
study to investigate the killing dynamics of antibiotics in animals
with immune systems with normal function. Knowledge of both
the kinetics of antimicrobial activity and the kinetics of drug con-
centrations in serum and tissues allows us to establish dosage reg-
imens for most drugs that might be used for therapy (13, 14).

This study presents the pharmacodynamics of antibiotics on
biofilm infection in vivo and shows for the first time the concen-
tration-dependent killing of colistin and time-dependent killing
of imipenem in vivo (Fig. 2), confirming our previous findings on
in vitro biofilm cells. However, higher concentrations and longer
treatment times are required to eradicate biofilm cells than plank-

FIG 2 Growth curves of control and antibiotic-exposed planktonic and biofilm P. aeruginosa PAO1 cells in the neutropenic mouse lung after a single
intraperitoneal dose of colistin and imipenem. MIC of colistin, 4 �g/ml; MIC of imipenem, 1 �g/ml. Color bars denote the interval that serum levels of antibiotic
concentrations exceeded the MIC (TMIC). (A) Colistin versus planktonic bacteria; (B) colistin versus biofilms; (C) imipenem versus planktonic bacteria; (D)
imipenem versus biofilms.

TABLE 2 PAEs of colistin and imipenem after single-dose therapy
against P. aeruginosa PAO1 in the lung infection model of neutropenic
mice

Drug and dose
(mg/kg) TMIC (h) TMBIC (h)

PAE (h)a

Planktonic
cells (TMIC)

Biofilm cells

TMIC TMBIC

Colistin
16 1.6 0.9 0.9 �0.9 �0.1
64 3 2 1 �1.5 �1.2
256 5 4 1.5 �2.1 �2

Imipenem
4 5 0 �2.8 �3
16 5.7 2 6.8 �2.7 �1.5
64 5.9 3 12 �2.4 �1.2

a The indicated parameters (TMIC and TMBIC) were involved in the PAE calculation.
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tonic cells. As a difference in colistin concentrations that inhibit
biofilm and planktonic cell growth of four times was seen and as
we have previously shown that both MBIC and MBC are four
times the MIC, we propose that the MBC might be used as the
concentration that temporarily inhibits the growth of biofilm
cells. However, our in vivo data show that biofilm cell eradication
is not possible in our model, even with a concentration of 4�
MBEC (Fig. 2B). We are also presenting for the first time the PAEs
of antimicrobials on biofilm cells in vivo (Fig. 2; Table 2) and show
that the PAE is shorter for biofilm cells than planktonic cells. The
mechanisms of the PAE on biofilm cells are still unknown. PAE
provides a rationale for modification of the dosing interval of
antimicrobials and could be significant for optimization of the
treatment regimen and minimization of drug-induced adverse ef-
fects (46).

As imipenem treatment of biofilm cells requires a longer treat-
ment in terms of the TMIC than imipenem treatment of planktonic
cells and as the PAE of imipenem on biofilm cells was shorter than

that on planktonic cells, it can be proposed that the best effect of
imipenem (and �-lactams in general) on biofilm cells could be
achieved by continuous administration. The continuous admin-
istration of �-lactams may contribute to the decrease in the devel-
opment of resistant cells of P. aeruginosa (41, 42). For a better
therapeutic outcome in biofilms, development of antibiotics with
longer half-life profiles or the use of controlled-reagent-release
technology is proposed.

As colistin treatment of biofilm cells requires high drug con-
centrations, the level of 16 mg/liter of colistin, representing the
MBIC of mature biofilm cells (30), is possible to reach in the lung
by inhalation, as sputum concentrations of polymyxin E were
measured to be almost 40 mg/liter after 1 h of a single inhalation of
2 million units (47). However, the very high concentration of 128
mg/liter, representing the MBEC of colistin on mature biofilm
cells (30), is impossible to reach. Therefore, the treatment princi-
ple for established biofilm infection is to repeatedly decrease the
bacterial load, with a subsequent decreased inflammatory re-

FIG 3 Relationships for P. aeruginosa between the log10 numbers of CFU per
lung and PK/PD indices AUC/MIC, Cmax/MIC, and TMIC of colistin. Each
symbol represents the data from a single lung. The horizontal dotted lines
represent the mean bacterial burden in the lungs at the start of treatment.

FIG 4 Relationships for P. aeruginosa between the log10 numbers of CFU per
lung and PK/PD indices AUC/MIC, Cmax/MIC, and TMIC of imipenem. Each
symbol represents the data from a single lung. The horizontal dotted lines
represent the mean bacterial burden in the lungs at the start of treatment.
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sponse, but a total eradication of mature biofilm cells in one ad-
ministration is not possible.

Another treatment strategy is to take advantage of the syner-
gistic effect of combination therapy, which has been proven to be
useful in the control of biofilm infections (31, 50). In addition, in
planktonic cell infections, the PAE was shown to be prolonged by
combining antibiotics (24), and this finding is also probably to be
expected in biofilm infections.

The important antimicrobial strategy in CF patients is to pre-
vent biofilm formation and the progression of biofilm infections
to chronic infections in the lung. We have shown that colistin
inhalation and oral ciprofloxacin are successful in postponing or
preventing chronic P. aeruginosa infection in CF patients (20). A
synergistic effect of these two antipseudomonal drugs in the treat-
ment of biofilm cells was observed in vitro and was also observed
for tobramycin and colistin in animal experiments (31, 44).

In the present study, we were also able to investigate the PK/PD
indices that were the most predictive of activity against planktonic
and biofilm P. aeruginosa cells with multiple-dose administration
(Fig. 3. and 4). Although the PK/PD index that showed the best
correlation was similar in planktonic and biofilm cells (Fig. 3 and
4)—AUC/MIC for colistin (R2 � 0.85 in biofilms and 0.77 in
planktonic cells) and TMIC for imipenem (R2 � 0.98 in biofilms
and 0.94 in planktonic cells)—the tolerance of biofilm cells to
colistin and imipenem is shown in Tables 3 to 5. Higher colistin
concentrations and a longer treatment period with imipenem
were therefore required to treat biofilm infections than planktonic
cell infections. So, we proposed to use the MBIC or MBEC as the
parameters for biofilm infections in vivo (Table 5). In Fig. 3A, the
colistin killing profiles of planktonic or biofilm cells show a par-
allel pattern with AUC/MIC. This finding is not surprising, taking
into account the heterogeneity of biofilms (52) and the fact that
metabolically active cells in biofilms might respond to antibiotics
similarly to planktonic cells. Interestingly, the same PK/PD index
for colistin treatment of planktonic cell infection was reported in
other animal models of P. aeruginosa infection, and AUC/MIC
correlated the best with elimination efficacy in both the thigh in-
fection model and the lung infection model of planktonic P.
aeruginosa infection (18).

In particular, the AUC/MIC of imipenem correlated much bet-

ter with the efficacy of killing biofilm infections than the efficacy of
killing planktonic cell infections (Fig. 4). One of the mechanisms
may be the induction of �-lactamase production in P. aeruginosa
growing as a biofilm after exposure to imipenem (3–5). As a strong
inducer of �-lactamase production, imipenem could induce pas-
sage of the �-lactamase through all the bacterial layers of biofilms
(4, 34). This result may explain the dose-dependent killing profile
of imipenem in P. aeruginosa biofilm infections. This suggests that
stable �-lactamase compounds, such as meropenem (9), or com-
binations of �-lactams with �-lactamase inhibitors (37) could be
more effective in the treatment of biofilm cell infections than
other compounds containing the �-lactam ring (11). Studies in-
vestigating this hypothesis are in progress in our labs.

The advantage of determining PK parameters in an in vivo
model is that the whole-body system and the dynamic nature of
infection are taken into account (8). After establishing the best
correlation index for PKs/PDs, a precise calculation was per-
formed in the inhibitory sigmoid dose-effect model (Table 3).
Colistin showed a high tolerance to biofilm cells in vivo, with an
EC50 of �18,420 (AUC/MIC). These data showed that eradication
of P. aeruginosa biofilm cells is difficult to obtain in vivo. Both
higher-dose and longer-term treatments are also required to reach
the clinical target for biofilm infections compared with planktonic
cell infections (30). Tolerance to colistin on biofilms was proposed
to be linked to induced lipopolysaccharide modification after sur-
face attachment and to subpopulation-associated tolerance (25).
The possible mechanisms of biofilm resistance to antimicrobials
might correlate with slow growth and stationary-phase physiology
(27, 32), low oxygen concentration (26), matrix components and
chromosomal �-lactamase (4, 27), mutators (16, 40), quorum
sensing (6, 38, 54), and efflux pumps (44). Furthermore, the PK
and PD profiles of antimicrobials on biofilms can be applied to
minimize selective pressure for developing antimicrobial resis-
tance in biofilms and determine an ideal dosing regimen for bio-
film infections.

In conclusion, the kinetics of colistin and imipenem in vivo
showed concentration-dependent and time-dependent killing, re-
spectively, on P. aeruginosa cells growing as a biofilm, and the
elimination of the biofilm bacteria in the lung was best correlated
to the AUC/MIC (AUC/MBIC) of colistin and TMBIC of imi-
penem. Imipenem showed more relationships to the AUC/MIC
parameter in biofilm infection than planktonic cell infection,
which implied the dose-dependent killing profile of imipenem in
the P. aeruginosa biofilm infections. PK/PD studies of �-lactams

TABLE 3 PK/PD model parameter estimates for prediction of viable
counts for AUC/MIC, MBIC index for colistin, and TMIC and TMBIC for
imipenem against P. aeruginosa PAO1 in the lung infection model of
neutropenic mice

Antibiotic and cell type
(parameter)

Emax (log10

no. of
CFU/lung)

E0 (log10

no. of
CFU/lung) EC50 �

Colistina

Planktonic (AUC/MIC) �4.4 (28)b 6.2 (2.8) 3,840 (17) 4.1 (57)
Biofilm (AUC/MIC) �2.2 (61) 8.3 (1.7) �18,420 1.7 (60)
Biofilm (AUC/MBIC) �2.2 (61) 8.3 (1.7) �9,180 1.7 (42)

Imipenemc

Planktonic (TMIC) �6.6 (0.3) 8.6 (0.1) 3.4 (0.3) 2 (0.5)
Biofilm (TMIC) �6.6 (0.3) 9 (0.1) 4.6 (0.2) 1.2 (0.9)
Biofilm (TMBIC) �6.8 (0.2) 9 (0.1) 2.4 (0.1) 2 (0.2)

a AUC, mg · min/liter.
b Data in parentheses are percent relative standard error.
c In hours.

TABLE 4 Target values of colistin (AUC/MIC, MBIC) and imipenem
(TMIC, TMBIC) for stasis and 1- and 2-log10-unit kill against P.
aeruginosa PAO1 in the lung infection model of neutropenic mice

Kill effect

Target value of antibiotics

Colistina Imipenemb

Planktonic
(AUC/MIC)

Biofilms

Planktonic
(TMIC)

Biofilms

AUC/
MIC

AUC/
MBIC TMIC TMBIC

Static 10,020 30,000 3,780 5.5 7.5 3.2
1 log10 17,820 52,020 11,100 7.5 11 5.2
2 log10 25,980 61,980 13,080 10 18 8
a AUC, mg · min/liter.
b In hours.
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in biofilms formed by �-lactamase hyperproducer strains as well
as combination therapies are in progress in our lab. PAEs of colis-
tin and imipenem are shorter on biofilm cells than on planktonic
P. aeruginosa cells in the in vivo model. The results of this PK/PD
study can probably be used to improve the antibiotic dose regimen
for P. aeruginosa biofilm infections.
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