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Pseudomonas aeruginosa pneumonia remains a most-difficult-to-treat nosocomial bacterial infection. We used
mathematical modeling to identify drug exposure targets for meropenem in the epithelial lining fluid (ELF) of
mice with Pseudomonas pneumonia driving substantial [2 to 3 log10 (CFU/g)] killing and which suppressed
resistant subpopulation amplification. We bridged to humans to estimate the frequency with which the largest
licensed meropenem dose would achieve these exposure targets. Cell kills of 2 and 3 log10 (CFU/g) and resistant
subpopulation suppression were mediated by achieving time > MIC in ELF of 32%, 50%, and 50%. Substantial
variability in meropenem’s ability to penetrate into ELF of both mice and humans was observed. Penetration
variability and high exposure targets combined to prevent even the largest licensed meropenem dose from
achieving the targets at an acceptable frequency. Even a highly potent agent such as meropenem does not
adequately suppress resistant subpopulation amplification as single-agent therapy administered at maximal
dose and optimal schedule. Combination chemotherapy is likely required in humans if we are to minimize
resistance emergence in Pseudomonas aeruginosa pneumonia. This combination needs evaluation both in the
murine pneumonia model and in humans.

Pseudomonas aeruginosa pneumonia remains one of the
most intractable infections with which the clinician is faced.
Partly this is because of the causative pathogen. Pseudomonas
aeruginosa is heir to a plethora of resistance mechanisms that
allow it to escape the bactericidal effects of many, if not all, of
our antimicrobial agents. The second issue is the sort of patient
that is stricken with Pseudomonas aeruginosa pneumonia. Of-
ten, such patients are not immunity “normal” and also have
insults such as plastic catheters that transgress anatomical
boundaries. All these factors make Pseudomonas pneumonia
among the most challenging infections to successfully treat.

In this evaluation, we will focus on the microbiological issues
as well as the pharmacological issues that have an impact on
the cell kill and ability to suppress resistant subpopulation
amplification seen in a murine model of Pseudomonas aerugi-
nosa pneumonia treated with the carbapenem meropenem.
Specifically, we will examine the penetration of meropenem
into mouse epithelial lining fluid (ELF) and also determine its
variability. We will link this ELF exposure to the ability to kill
the pathogen in the lung and suppress resistant mutant sub-
population amplification. This will allow delineation of expo-
sure targets in murine ELF that will accomplish these aims.

Finally, we will examine meropenem penetration into ELF
in patients being treated for ventilator-associated pneumonia
(VAP). We propose that the variability associated with this
penetration will doom the prospects of treating VAP patients
infected with Pseudomonas aeruginosa with a high likelihood of

success, not because of resistance mechanisms (we have iden-
tified an exposure to suppress amplification of resistant mu-
tants) but, rather, because of the variability of penetration of
meropenem into ELF in VAP patients. As part of this, we will
propose that combination therapy, in this case meropenem
plus tobramycin, will allow patients to be successfully treated,
achieving excellent log kill as well as suppressing emergence of
resistant cell populations.

MATERIALS AND METHODS

Microorganism. Pseudomonas aeruginosa strain PAO1 was a kind gift of Karen
Bush. MIC determination was by CLSI macrobroth methodology for meropenem
(2). Mutational frequency to resistance was estimated by plating 1 ml of serial
dilutions of strain PAO1 cultures grown overnight on agar without antibiotic and
agar containing 3� the baseline MIC of meropenem. The ratio of the two
determinations provided the estimate of the mutational frequency to resistance.
This estimation was performed on at least three occasions.

Murine pneumonia model. All animal experimentation was approved by the
local institutional animal care and use committee (IACUC). The mouse pneu-
monia model previously described by Du et al. (7) was used. Female, 24- to 26-g,
outbred Swiss-Webster mice (Taconic Farms, Taconic, NY) were provided water
and food ad libitum. Mice were rendered transiently neutropenic with 150 mg/kg
body weight cyclophosphamide given intraperitoneally (i.p.) 4 days prior to
infection plus 100 mg/kg given i.p. 1 day before infection. Anesthetized mice
were infected via the intranasal route with a 20-�l volume using 2 � 107 CFU of
P. aeruginosa. The bacterial inoculum density was confirmed by quantitative
cultures. Five hours after bacterial inoculation, and just prior to therapy initia-
tion, five mice were sacrificed for baseline quantitative cultures of lung homog-
enates. Five animal cohorts were administered meropenem i.p. at doses of 50,
100, 150, 200, 300, and 450 mg/kg every 4 h for cell kill and resistance suppression
studies. Twenty-four hours after treatment initiation, all mice were humanely
sacrificed and lungs were aseptically collected. The tissues were homogenized
and washed with normal saline to prevent drug carryover. Homogenates were
then quantitatively cultured on drug-free agar plates. After incubation of the
plates at 35°C for 48 h, colonies were enumerated. For drug-containing plates,
colonies were enumerated at 48 h also. We generally wait for 72 h to evaluate
drug-containing plates. However, preliminary studies demonstrated meropenem
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instability in agar at incubator temperatures. Means and standard deviations for
the quantitative culture samples were calculated. Estimates of resistant organism
numbers were determined by quantitatively plating an aliquot of each homoge-
nate of lung tissue onto plates containing 3� the baseline MIC of meropenem.

Pharmacokinetic studies. To correlate the doses of drug administered to mice
with measures of exposure, single-dose pharmacokinetic studies were conducted
in mice with Pseudomonas aeruginosa pneumonia (it should be noted that the
pharmacokinetic evaluation took place in a different cohort of mice than the
group used for evaluation of microbiological effect). Neutropenic mice were
infected via the intranasal route (see above). Single doses of meropenem (doses
of 2.4 to 150 mg/kg) were given to four groups of mice 5 h after they were
inoculated with P. aeruginosa. Pharmacokinetics in plasma and ELF were deter-
mined with 11 sampling times (2 to 3 mice per time point) between 0 and 5 h
after an i.p. dose. At time points between 0 and 5 h after i.p. dosing of mero-
penem, blood was collected by cardiac puncture and allowed to clot on ice. The
plasma obtained by centrifugation was stored at �80°C. Bronchoalveolar lavage
(BAL) fluid was simultaneously obtained by instilling 0.6 ml of water into lungs
and removing 0.6 ml of water from the lungs twice. Plasma and BAL fluid were
stored at �80°C until they were assayed for drug content by liquid chromatog-
raphy (LC) and dual mass spectrometry (MS-MS). The prediluted concentration
of antibiotic in the BAL fluid was calculated by comparing the difference in
amounts of urea measured in simultaneously collected plasma and BAL fluid.

Meropenem assay. Mouse plasma samples (0.050 ml) were deproteinated with
acetonitrile (0.150 ml). The samples were centrifuged, and an aliquot of the
supernatant (0.050 ml) was transferred into an appropriately labeled autosam-
pler vial containing 1.00 ml of high-pressure liquid chromatography (HPLC)
water. Samples were analyzed by high-pressure liquid chromatography-tandem
mass spectrometry for meropenem concentrations.

Mouse BAL fluid samples (0.050 ml) were diluted with 0.100 ml of HPLC
water and were also analyzed by high-pressure liquid chromatography-tandem
mass spectrometry for meropenem concentrations. The LC/MS-MS system was
comprised of a Shimadzu Prominence HPLC system and an Applied Biosystems/
MDS Sciex API5000 LC/MS-MS.

Chromatographic separation was performed using a Thermo Scientific Hypersil
Gold column (5 �m, 150 by 4.6 mm) and a mobile phase consisting of 85:15 0.1%
formic acid in water:methanol at a flow rate of 0.75 ml/min.

Meropenem concentrations were obtained using LC/MS-MS monitoring the
MS-MS transition m/z 3843 m/z 141. Analysis run time was 4.5 min. The assay
was linear over a range of 0.005 to 10 �g/ml (r2 � 0.993) for meropenem in
mouse plasma and a range of 0.10 to 200 ng/ml (r2 � 0.994) for meropenem in
mouse BAL fluid. The interday coefficients of variation (CVs) for the quality
control samples, containing meropenem analyzed in replicates of three at three
concentrations on each analysis day, ranged from 0.543 to 4.29% for meropenem
in mouse plasma and 1.87 to 5.08% for meropenem in BAL fluid. Accuracies
(%REC) for these same quality control samples ranged between 92.7% and
103% for meropenem in mouse plasma and between 96.9 and 102% for mero-
penem in BAL fluid.

Urea assay. The assay of urea in murine plasma and ELF was performed by
employing the BioAssay Systems QuantiChrom urea assay kit (DIUR-500). The
kit was purchased from BioAssay Systems (Hayward, CA). The standard curve
was linear from 3.1 mg/dl to 50 mg/dl (r2 � 0.999). Within-day CV values were
1.0% at 3.1 mg/dl and 1.1% at 50 mg/dl.

Population modeling approach. For the population modeling approach, the
ELF was its own sampling compartment with its own apparent volume of distri-
bution. It required 17 parameters, five differential equations, and four system
outputs [drug concentration in plasma, drug concentration in ELF, log10 (total
number of organisms in lung) and log10 (number of meropenem-resistant organ-
isms in the lung)] to define this system:

dX1/dt � �X1 � Ka

dX2/dt � X1 � Ka � ��CL/F/Vc/F� � K23	 � X2 � K32 � X3

dX3/dt � K23 � X2 � K32 � X3

dX4/dt � Kgrowth-s � 
�1 � �X4 � X5�	 / POPMAX� � X4

� Kkill-max-S � 
�X3/VELF�H-s/�EC50-S
H-s � �X3/VELF

H-s�	� � X4

dX5/dt � Kgrowth-r � 
�1 � �X4 � X5�	 / POPMAX� � X5

� Kkill-max-r � 
�X3/VELF�H-r/�EC50-r
H-r � �X3/VELF

H-r�	� � X5

The plasma concentration equals X2/(Vc/F), the ELF concentration equals X3/
VELF, total lung colony counts equal log10(X4) and meropenem-resistant lung

colony counts equal log10(X5). Ka is the absorption rate constant, as meropenem
was administered via i.p. injection; CL/F is plasma clearance, where F is the
bioavailability of the i.p. dose; Vc/F is the apparent volume of the central com-
partment, where F is the bioavailability of the i.p. dose; K23 and K32 are first-
order intercompartmental transfer rate constants; VELF is the apparent volume
of the ELF compartment; Kgrowth-s and Kgrowth-r are the first-order growth
constants of sensitive and resistant organisms, respectively; POPMAX is the
maximal organism concentration (CFU/g) at stationary phase; Kkill-max-s and
Kkill-max-r are the maximal kill rate constants for the sensitive and meropenem-
resistant organisms, respectively, and are driven by drug concentration; EC50-s

and EC50-r are the drug concentrations at which the organism kill rate is half-
maximal for sensitive and meropenem-resistant strains, respectively; H-s and H-r

are Hill’s constants for sensitive and meropenem-resistant organisms, respec-
tively. Not shown are two parameters, IC4 and IC5, which are the initial
conditions for the last two differential equations and represent the number of
meropenem-susceptible and meropenem-resistant organisms present at base-
line, respectively.

The BigNPAG program described previously by Leary et al. (10) was em-
ployed for all population modeling. The weighting employed was the inverse of
the between-day assay error variance. Bayesian estimates were obtained for each
mouse using the “population-of-one” utility in BigNPAG. Model evaluation was
performed by predicted-observed plots. The mean error served as the measure of
bias. The bias-adjusted mean squared error served as the measure of precision.
Separate cohorts of animals were studied for pharmacokinetics (plasma and ELF
concentrations) and drug effects (colony counts in lung).

Lung colony counts were linked to the total drug ELF time � MIC through
simulation from the identified system parameters (see above). The ELF time �
MIC driving 2 and 3 log10 (CFU/g) kills from the static exposure as well as the
exposure required to hold the number of resistant colonies at or below the
baseline level was calculated.

Bridging to humans. We generated a 9,999-subject Monte Carlo simulation
for the meropenem concentration-time profile in plasma and ELF using a
2,000-mg dose administered over a 3-h intravenous infusion. The mean param-
eter vector and full covariance matrix from clinical data were embedded in
Subroutine PRIOR of the ADAPT II package of programs described previously
by D’Argenio and Schumitzky (3). Both normal and log-normal distributions
were evaluated and discriminated by the fidelity with which the measures of
central tendency and dispersion were recreated by simulation. From this, the
distribution of the time � MIC in ELF was calculated, and the target attainments
were calculated for 2 and 3 log10 (CFU/g) kills as well as resistance suppression
by employing the program SYSTAT for Windows (version 11.0).

RESULTS

MIC and mutational frequency to resistance of meropenem
for Pseudomonas aeruginosa PAO1. On six different occasions,
broth microdilution was performed, and the MIC of mero-
penem for Pseudomonas aeruginosa ranged from 0.5 to 1.0
mg/liter. The mutational frequency to resistance was 1/(3.72 �
107) at 3� MIC.

Fit of the model to all the data simultaneously. The model
fit the data quite well. For each of the four outputs, the pre-
dicted-observed plots prior to the Bayesian step are displayed
in Fig. 1. These demonstrate that, even with the mean param-
eter vector, the simulations drive through the center mass of
the data. For the post-Bayesian step regressions, the regression
equations are shown in Table 1 and are quite acceptable. The
mean and median parameter estimates and their standard de-
viations are displayed in Table 2. These values, along with the
covariance matrix, were employed to generate a 9,999-subject
Monte Carlo simulation. The mean plasma and ELF curves are
displayed, along with the distribution AUC values and their
ratio (which gives penetration) in Fig. 2. It is important to note
the broad range of penetration, with the 25th-to-75th-percen-
tile range of penetration being 20.8% to 74.2% and the median
penetration being 39.2%.
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Cell kill and emergence of resistance. We employed simu-
lation using the parameter values shown in Table 2 and their
Bayesian posterior estimates to calculate exposure targets in
ELF resulting in 2 log10 (CFU/g) cell kill, 3 log10 (CFU/g) cell
kill, and the exposure required to suppress resistance. These
are shown in Fig. 3A and B. The exposure targets were 31.7%,
49.6%, and 49.8% of the dosing interval in which meropenem
concentrations exceeded the MIC in ELF, respectively, for the
three endpoints. It should be noted that the exposure target for
the 2 log10 (CFU/g) cell kill is lower than the range actually
tested, so that this value must be viewed with some skepticism.

FIG. 1. Fit of the model to the data (pre-Bayesian step) for all four system outputs. (A) Plasma data. (B) ELF data. (C) Total bacterial
population. (D) Meropenem-resistant population.

TABLE 1. Observed-predicted regression equations for the system
outputs after the Bayesian estimation step for the murine model

System output
Regression resulta

Slope Intercept r2

Meropenem plasma concn 0.980 �0.164 0.995
Meropenem ELF concn 0.960 �0.025 0.997
Total bacterial counts 0.883 �0.638 0.914
Meropenem-resistant

bacterial counts
0.776 �0.464 0.801

a Observed � slope � output � intercept, where output is one of meropenem
concentration in plasma or ELF or total bacterial population counts or drug-
resistant population counts.

TABLE 2. Parameter estimates from the population
pharmacokinetic/dynamic analysis from the murine

pneumonia model with Pseudomonas aeruginosa
PAO1 as the infecting pathogen

Parametera Mean Median SD

Vc/F (liters) 0.00879 0.00880 0.00266
CL/F (liters/h) 0.0198 0.0179 0.00549
K12 (h�1) 1.13 0.992 0.443
K21 (h�1) 5.10 5.35 1.46
VELF (liters) 0.00508 0.00541 0.00268
Ka (h�1) 19.5 18.1 7.92
Kgmax-s (h�1) 0.952 0.711 0.478
Kkillmax-s (h�1) 1.86 1.70 0.745
C50k-s (mg/liter) 2.08 1.65 1.25
Hk-s 17.7 19.0 4.50
POPMAX (CFU/g) 1.96 � 109 2.21 � 109 1.30 � 109

Kgmax-r (h�1) 0.307 0.309 0.179
Kkillmax-r (h�1) 0.498 0.605 0.252
C50k-r (mg/liter) 5.38 5.57 2.75
Hk-r 20.9 20.4 5.52
IC4 (CFU/g) 3.46 � 108 4.27 � 108 1.59 � 108

IC5 (CFU/g) 131 244 98

a Vc/F, volume of the central compartment; CL/F, plasma clearance; K12, K21,
first order intercompartmental transfer rate constants; VELF, volume of the ELF
compartment; Ka, first order absorption rate constant; Kgmax-s and Kgmax-r, first
order growth rate constants for the susceptible and resistant subpopulations;
Kkillmax-s and Kkillmax-r, first order kill rate constants for the susceptible and
resistant subpopulations; C50k-s and C50k-r, drug concentration at which the kill
rate is half maximal; Hk-s and Hk-r, Hill’s constants for the susceptible and
resistant subpopulations; POPMAX, maximal population density; IC4 and IC5,
initial densities of total pathogens and resistant pathogens.
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Bridging to humans. In order to optimally bridge to the
therapy of Pseudomonas aeruginosa pneumonia in humans, it is
optimal to examine the penetration of the drug in question into
ELF in infected patients. We employed a data set available to
us previously (12). We conducted a 9,999-subject Monte Carlo
simulation from the parameter values displayed in Table 3.
The penetration, as calculated from the median parameter
vector and its distribution, is displayed in Fig. 4. A 2,000-mg
meropenem dose administered as a 3-h infusion was simulated.

We then employed the targets developed in the murine
model to ascertain how well the largest licensed dose of mero-
penem, administered in a fashion to optimize time � MIC in
ELF, would attain these targets, especially the target of sup-
pression of resistant mutant subpopulation amplification. The
results are displayed in Fig. 5. Even at 0.25 mg/liter, the
achievement of the 3 log10 (CFU/g) cell kill target and resis-
tance suppression target are both below 90% and are less than
75% at an MIC of 1.0 mg/liter. Since most of a Pseudomonas
aeruginosa meropenem MIC distribution is greater than 0.25
mg/liter, this result is suboptimal. We used a previously pub-
lished (12) 6,500-isolate MIC distribution of meropenem for
Pseudomonas aeruginosa to take a target expectation for the 2
log10 (CFU/g) target and the resistance suppression target (the
latter also being the 3 log kill target). These overall target
expectations were 76.2% and 64.5%, respectively.

DISCUSSION

We are in a crisis of resistance in which many pathogens are
untreatable with current antimicrobials. Over the last 5 to 7
years, we have learned a great deal about the relationship of
exposure and microbiological response and, especially, expo-
sure intensity and the likelihood that resistant subpopulation
amplification will or will not occur with single-agent therapy (9,
17, 18).

Part of the puzzle of suppressing amplification of resistant
subpopulations is recognizing that organisms differ in their
mutational frequency to resistance. Indeed, hypermutator pheno-

types have been described (15), where frequencies to resistance
may increase by more than 100-fold.

The other major issue is the site of infection. While some
sites are privileged (e.g., eye, CSF, prostate) because of tight
junctions, rendering drug penetration more difficult, it is also
true that the majority of infections at these sites do not have
large bacterial burdens. In contrast, infections such as VAP
can have very large burdens, particularly in patients with mul-
tilobar involvement. The large bacterial burden means that
whatever the mutational frequency to resistance is for the
infecting pathogen, there will be a substantial burden of less-
susceptible organisms present at baseline. Consequently, it is
not a surprise that studies of hospital-acquired pneumonia
(HAP) and VAP have demonstrated that emergence of resis-
tance with Pseudomonas aeruginosa has occurred during ther-
apy with probabilities of 33 to 50%, even with potent agents,
such as carbapenems and fluoroquinolones such as ciprofloxa-
cin (1, 8).

In these experiments, we wished to examine meropenem as
a single agent against Pseudomonas aeruginosa in a murine
pneumonia model. The goal was to identify the penetration of
meropenem into murine ELF from plasma and to link the drug

FIG. 2. Penetration of meropenem into murine lung infected with
Pseudomonas aeruginosa PAO1.

FIG. 3. Exposure-effect curve for meropenem and Pseudomonas
aeruginosa reconstructed from the model parameters. (A) Cell kill
targets. (B) Resistance suppression target.
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exposure in ELF to both microbiological effect and suppres-
sion of resistance.

We fit a 17-parameter, five-differential-equation system to
all four system outputs (meropenem concentration in plasma
and ELF, total organism burden, less-susceptible organism
burden) simultaneously. As demonstrated in Fig. 1 and Table
1, the fit of the model to the data was quite acceptable. Even
the pre-Bayesian observed-predicted plots demonstrated that
the regressions drove through the center mass of the data.
After the Bayesian step, the observed-predicted regressions
(Table 1) were excellent, with all coefficients of determination
(r2) exceeding 0.8.

The model parameters in Table 2 were employed in a Monte
Carlo simulation. This simulation allowed us to identify the
penetration into ELF and, as importantly, the variability of
meropenem penetration into infected ELF. The meropenem

concentration-time curves for plasma and ELF (Fig. 2) were
derived from the mean parameter vector and demonstrate that
in this circumstance, penetration was approximately 40%, with
the median penetration from the Monte Carlo simulation be-
ing 39%. It is important to note the variability of the penetra-
tion, with the 10th percentile being 12% penetration while the
90th percentile was 131%.

The model parameters were also employed to reconstruct a
traditional exposure-response curve for microbiological effect
and to identify the exposure needed to suppress resistance. It
is important to emphasize that the exposure modeled was that
at the primary infection site, the ELF. Figure 3A shows the
ELF meropenem exposures required for 2 log10 (CFU/g) and
3 log10 (CFU/g) bacterial cell kill. The time � MIC in ELF
associated with these effects is 32% of the dosing interval and

TABLE 3. Parameter estimates from the population pharmacokinetic analysis from 39 patients with ventilator-associated pneumonia

Parametera Vc (liters) CL (liters/h) K12 (h�1) K21 (h�1) K13 (h�1) K31 (h�1) VELF (liters)

Mean 12.6 15.2 8.32 14.1 10.1 14.2 30.4
Median 6.68 13.5 3.15 11.2 8.02 15.4 24.2
SD 13.3 9.71 9.82 11.8 8.63 11.4 25.2

a Vc, volume of the central compartment; CL, plasma clearance; K12, K21, K13, K31, first order intercompartmental transfer rate constants; VELF, volume of the ELF
compartment.

FIG. 4. Penetration of meropenem into epithelial lining fluid (ELF) in 39 patients with ventilator-associated pneumonia. All patient pathogens
were recovered in a bronchoalveolar lavage at baseline with more than 104 CFU/ml. A 9,999-subject Monte Carlo simulation was performed to
examine variability in penetration.
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50% of the dosing interval, respectively. For resistance sup-
pression, the required ELF exposure was 50% (Fig. 3B).

These exposures can then serve as a target for the use of
meropenem in humans in patients with Pseudomonas aerugi-
nosa VAP. This allows direct bridging to humans. We had
previously studied 39 patients with VAP receiving meropenem
(12). Samples of plasma (39 patients) and ELF (17 patients)
were obtained and population modeled with an approach quite
similar to that employed in the mouse model (Table 3). The fit
of the model to the data was quite acceptable for both plasma
and ELF, as shown in Fig. 4, which also demonstrates that the
penetration of meropenem into ELF was quite variable, ex-
actly as seen in the infected mouse. The median penetration
from a 9,999-subject Monte Carlo simulation was 25%, while
the 10th to 90th percentiles ranged from 4% penetration to
178% penetration. The variability of penetration in human is
marginally greater than that in mouse, but it should be noted
that the median murine penetration into infected ELF was
39%, while in humans the 60th percentile of penetration was
37%. Consequently, the penetration into infected ELF
was similar in mouse and human.

The variability of penetration is a central issue regarding the
adequacy of single drug therapy of Pseudomonas aeruginosa
VAP. We employed the cell kill exposure targets in ELF and
performed another Monte Carlo simulation to examine the
rate of target attainment. In this, we employed the largest
licensed dose of meropenem (2 g) and administered it as a
prolonged infusion, as this (prolonged infusion) has been dem-
onstrated to improve outcome in patients seriously infected
with Pseudomonas (6, 11, 13). From Fig. 5, we can see that the
target attainment for a 2 log10 (CFU/g) cell kill is less than 80%
at an MIC value of 2 mg/liter, while the 3 log10 (CFU/g) cell kill

and for resistance suppression, the target attainments are less
than 90% at an MIC value of 0.25 mg/liter and less than 75%
at 1.0 mg/liter. These are clearly suboptimal. Finally, the ex-
pected target attainment over the entire meropenem MIC
distribution for Pseudomonas aeruginosa is slightly less than
two-thirds at 64.5%, which puts the inadequacy of the maximal
regimen into proper perspective.

As part of learning about defining exposures to suppress
resistant subpopulation amplification, we also learned that this
endpoint is different in kind from microbiological effect. For
the latter, the effect curve is monotonic, with more drug expo-
sure mediating a greater cell kill, up to a maximal value. How-
ever, for resistance suppression our laboratory has noted that
the form of the effect curve is nonmonotonic and is, indeed, an
“inverted U” (16). Very low exposures have little effect in
amplifying resistant subpopulations. Intermediate exposures
give the greatest amplification of resistant subpopulations.
Only at very large exposures do we gain control of resistant
subpopulation amplification (9, 17, 18). The inadequacy of
single-agent therapy of Pseudomonas aeruginosa in VAP is
then explained by having a large resistant population at base-
line because of the large bacterial burden overall in VAP,
requiring quite extensive drug exposure in the effect site
(ELF), and finally, the variability. If the variability were small,
our ability to find a nontoxic drug exposure that would sup-
press resistance in a large fraction (�90%) of the population
would be good. Because of the variability, the drug dose has to
get quite large before 90% of the population can have target
attainment for resistance suppression and, for meropenem, as
for all other antipseudomonal agents of which we are aware,
would exceed the highest licensed dose.

Given the inadequacy of single-agent therapy for Pseudo-

FIG. 5. Target attainment of a 2,000-mg meropenem dose administered as a 3-hour infusion for both cell kill targets and resistance suppression
targets. The 3 log10 (CFU/g) cell kill marker lies directly under the resistance suppression target marker.
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monas aeruginosa VAP, it is clear that combination-agent ther-
apy or administration of an agent directly into the lung will be
required to attain the desired outcome of good cell kill accom-
panied by emergence of resistance. We have seen this interac-
tion before in previous publications, with both meropenem
plus tobramycin in vitro in static kill assays (5) as well as
meropenem plus levofloxacin in our hollow-fiber infection
model (14).

As indicated above, HAP/VAP trials with monotherapy with
carbapenems or ciprofloxacin have resulted in 33 to 50% re-
sistance emergence in Pseudomonas aeruginosa during single-
agent therapy. The exception to these observations is found in
the HAP trial of levofloxacin, where recovery of Pseudomonas
caused the addition of a second agent, mostly -lactams (19).
There were 17 patients from whom Pseudomonas aeruginosa
was recovered. None of these isolates emerged as resistant
during therapy. Part of this may be because hospital-acquired
pneumonia (HAP) was studied and not VAP, as patients with
the latter generally have larger bacterial burdens and tend to
be more ill.

There are two other important things to realize. The first is
that the murine model is not as stringent a test of a drug as
actually treating patients with VAP. This only makes the need
to study combinations to suppress resistance even more impor-
tant. The second is that this was a neutropenic animal model.
Granulocytes would definitely improve cell kill. However, it
should be noted that the mouse started with about 8 log10

(CFU/g) of lung tissue. We have recently shown that granulo-
cytes (4) kill, at most, approximately 2.0 log10 (CFU/g) of
Pseudomonas aeruginosa cells per day, depending on the initial
inoculum. Burdens exceeding 6 log10 (CFU/g) saturated the
granulocytes. Since many VAP patients will have burdens even
greater than 8 log10 (CFU/g), attaining a 2 log10 (CFU/g) cell
kill may be inadequate for outcome and the 3 log10 (CFU/g)
resistance suppression exposure target may be needed for
clinical outcome and resistance suppression, again underly-
ing the need to properly study combination regimens, spe-
cifically against difficult-to-treat pathogens such as Pseu-
domonas aeruginosa and Acinetobacter spp.
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