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It is important to understand the relationship between antibiotic exposure and the selection of drug resistance in the context of
therapy exposure. We sought to identify the ceftolozane-tazobactam exposure necessary to prevent the amplification of drug-
resistant bacterial subpopulations in a hollow-fiber infection model. Two Pseudomonas aeruginosa challenge isolates were se-
lected for study, a wild-type ATCC strain (ceftolozane-tazobactam MIC, 0.5 mg/liter) and a clinical isolate (ceftolozane-tazobac-
tam MIC, 4 mg/liter). The experiment duration was 10 days, and the ceftolozane-tazobactam dose ratio (2:1) and dosing interval
(every 8 h) were selected to approximate those expected to be used clinically. The studied ceftolozane-tazobactam dosing regi-
mens ranged from 62.5/31.25 to 2,000/1,000 mg per dose in step fold dilutions. Negative-control arms included no treatment and
tazobactam at 500 mg every 8 h. Positive-control arms included ceftolozane at 1 g every 8 h and piperacillin-tazobactam dosed at
4.5 g every 6 h. For the wild-type ATCC strain, resistance was not selected by any ceftolozane-tazobactam regimen evaluated. For
the clinical isolate, an inverted-U-shaped function best described the relationship between the amplification of a drug-resistant
subpopulation and drug exposure. The least (62.5/31.25 mg) and most (2,000/1,000 mg) intensive ceftolozane-tazobactam dosing
regimens did not select for drug resistance. Drug resistance selection was observed with intermediately intensive dosing regi-
mens (125/62.5 through 1,000/500 mg). For the intermediately intensive ceftolozane-tazobactam dosing regimens, the duration
until the selection for drug resistance increased with dose regimen intensity. These data support the selection of ceftolozane-
tazobactam dosing regimens that minimize the potential for on-therapy drug resistance selection.

Antibiotic-resistant Pseudomonas aeruginosa is a serious clini-
cal problem. The risk factors for the recovery of antibiotic-

resistant P. aeruginosa from clinical culture specimens include
hospitalization stays of more than 10 days, immunocompromised
status, cardiopulmonary disease (1), and prior therapy with an
antipseudomonal antibiotic (2).

Suboptimal antibiotic exposure may select antibiotic resis-
tance on therapy. Tam et al. identified the relationship between
garenoxacin exposure and antibiotic resistance amplification of P.
aeruginosa using a hollow-fiber infection model. The identified
relationship took the functional form of an inverted U, where at
low and high garenoxacin exposures, resistance selection was
minimized, while at intermediate exposures, it was higher (3).
Tam et al. also demonstrated that the garenoxacin exposure nec-
essary to prevent resistance amplification increased with duration
of therapy. Similarly, using a hollow-fiber infection model, it was
previously demonstrated for ceftolozane-tazobactam that the re-
lationship between drug exposure and resistance amplification of
CTX-M-15-producing Escherichia coli also took on the form of an
inverted U (15). In these studies, ceftolozane-tazobactam dosing
regimens greater than 750/375 mg every 8 h suppressed amplifi-
cation of antibiotic-resistant bacterial subpopulations.

Ceftolozane-tazobactam is a combination of a novel cephalo-
sporin with a �-lactamase inhibitor. Ceftolozane has potent in
vitro (5) and in vivo (6) activities against many Enterobacteriaceae
and P. aeruginosa. Given the morbidity and mortality associated
with infections associated with antibiotic-resistant P. aeruginosa
(7) and the paucity of currently available antibiotics to treat such
infections, it is critical to understand the conditions under which

selection of ceftolozane-tazobactam resistance can be minimized
using dose ratio, dosing interval, and experimental duration that
approximate those expected to be used clinically. Thus, the over-
arching goal of these studies was to identify the ceftolozane-tazo-
bactam exposure necessary to prevent the selection of drug-resis-
tant P. aeruginosa using an in vitro hollow-fiber infection model.

MATERIALS AND METHODS

Bacteria, antimicrobials, and �-lactamase inhibitor. Ceftolozane and
tazobactam were provided by Cubist Pharmaceuticals (Lexington, MA),
while piperacillin was obtained from Sigma-Aldrich (St. Louis, MO). Two
isolates of the challenge organism, P. aeruginosa, were selected for study
based upon phenotypic characteristics. One was a wild-type strain (PAO1
BAA-47; American Type Culture Collection, Manassas, VA) with a MIC
value that approximated the MIC50 and was piperacillin-tazobactam sus-
ceptible. The other was a clinical isolate (PAE 2638) with a MIC value that
approximated the MIC90 and was piperacillin-tazobactam resistant. Pre-
vious genotypic studies with this isolate indicated that it exhibited ele-
vated transcription levels of AmpC and efflux pump-encoding genes
(mexA and mexX). In addition, this strain produced a narrow-spectrum
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�-lactamase enzyme (PSE-10) (data on file, Cubist Pharmaceuticals, Lex-
ington, MA).

Media and in vitro susceptibility studies. Susceptibility testing stud-
ies were performed using Clinical and Laboratory Standards Institute
guidelines (8) for broth microdilution and agar dilution methods utilizing
cation-adjusted Mueller-Hinton broth and Mueller-Hinton agar media
(BD Laboratories, Franklin Lakes, NJ). Ceftolozane and piperacillin sus-
ceptibility tests were conducted alone and in combination with a fixed
tazobactam concentration (4 mg/liter). All susceptibility studies were per-
formed in triplicate over a 2-day period, and the MIC results presented as
the modal values. Ceftolozane-tazobactam susceptibility tests were also
conducted with and without the presence of 40 mg/liter of a broad-spec-
trum pump inhibitor (Phe-Arg-�-naphthylamide dihydrochloride) ob-
tained from Sigma-Aldrich. P. aeruginosa ATCC 27853 was utilized as an
internal control for all susceptibility testing.

Mutation frequency studies. The frequency of mutation to drug re-
sistance was determined for ceftolozane-tazobactam by plating 4 ml of
log-phase growth suspension onto agar containing ceftolozane at concen-
trations of 1.5, 3, and 5 times the baseline MIC value and tazobactam at 4
mg/liter. Similarly, the frequency of mutation to drug resistance was esti-
mated for piperacillin-tazobactam by plating 4 ml of log-phase growth
suspension onto agar containing piperacillin at concentrations of 3 and 5
times the baseline MIC value and tazobactam at 4 mg/liter. The bacterial
concentration within each suspension was determined by quantitative
culture. The ratio of growth found on the drug-containing plates to that of
the starting inoculum provided an estimate of the drug resistance fre-
quency within a total population. This assay was performed in duplicate
and from each hollow-fiber study. If growth was observed at 48 h, a subset
of isolates were taken from each set of drug-containing plates and tested
for a change in the MIC from the baseline to confirm decreased drug
susceptibility.

Hollow-fiber infection model. The hollow-fiber infection model has
been used extensively for the examination of resistance prevention and
was described previously (9, 10). In brief, this pharmacodynamic system
allows pathogens to grow in a peripheral chamber of the hollow-fiber
cartridge. The peripheral chamber is separated from the central compart-
ment by semipermeable membranes. These membranes have pores with
sizes that are large enough to allow nutrients, drugs, and bacterial metab-
olites to transverse freely into and out of the peripheral compartment but
are too small for bacteria to leave the peripheral compartment. Fresh
medium is pumped in and out of the central compartment using peristal-
tic pumps, while the challenge compounds (i.e., antibiotics) are pumped
into the central compartment under computer control using multiple
infusion pumps to simulate the different compound half-lives. Due to the
high surface area-to-volume ratio, drug concentrations equilibrate rap-
idly in the peripheral compartments. Specimens for quantitative culture
and drug concentration assay can be removed from the peripheral com-
partment through sampling ports. In the experiments described herein,
we utilized cartridges from FiberCell systems Inc. (Frederick, MD) with a
12-ml volume.

Prevention of resistance amplification. Each ceftolozane-tazobactam
resistance amplification study included active and inactive control regi-
mens. Ceftolozane-tazobactam regimens included a range of doses (125/
62.5 to 2,000/1,000 mg) infused over 1 h every 8 h for 10 days, which
varied by study isolate. Active control regimens included piperacillin-
tazobactam at 4.5 g infused over 1 h every 6 h and ceftolozane at 1,000 mg
infused over 1 h every 8 h, each for 10 days. Inactive control regimens
included a no-treatment growth control and tazobactam at 500 mg in-
fused over 1 h every 8 h for 10 days. Studies were conducted in duplicate
for the clinical isolate and singularly for the wild-type strain.

For each study, the initial challenge isolate inoculum was prepared
from an overnight culture in Trypticase soy agar with 5% sheep blood (BD
Laboratories) at a temperature of 35°C. Colonies from each overnight
culture were grown to mid-log phase and then suspended in an Erlen-
meyer flask containing cation-adjusted Mueller-Hinton medium set in a

water shaker bath (125 rotations per minute) at a temperature of 35°C.
The bacterial concentration within the flask of Mueller-Hinton broth was
determined by optical density using a previously confirmed growth curve
for each challenge isolate. Subsequently, 12 ml of the bacterial suspension
was inoculated into the extracapillary space of the hollow-fiber cartridges
(FiberCell Systems) to achieve a final concentration of 1.0 � 108 CFU/ml.

Bacteria were exposed to fluctuating free-drug concentrations within
the hollow-fiber cartridge that simulated the steady-state pharmacokinet-
ics reported for healthy volunteers of 2.5 h for ceftolozane, 1 h for tazo-
bactam, and 1 h for piperacillin (11, 12). Protein binding levels were
assumed to be 20% for ceftolozane (Cubist, data on file) and 30% for
tazobactam and piperacillin (11).

During the course of the 10-day experiment, 1-ml samples were taken
from the extracapillary space at 0 and 5 h and days 1, 2, 3, 4, 6, 8, and 10.
All samples were washed twice with sterile normal saline, serially diluted,
and quantitatively cultured on drug-free Trypticase soy agar with 5%
sheep blood agar plates to determine the effect of treatment on the total
bacterial population. A portion of each sample was plated on Mueller-
Hinton agar plates containing 1.5, 3, and/or 5 times the baseline MIC to
ceftolozane alone or in combination with tazobactam (4 mg/liter) or pip-
eracillin in combination with tazobactam (4 mg/liter) for the enumera-
tion of the resistant subpopulation. Susceptibility studies were conducted
for a subset of isolates found growing on the drug-containing plates on
days 1, 3, 6, and 10 of each study. Susceptibility studies were conducted
with and without the presence of 40 mg/liter of Phe-Arg-�-naphthylam-
ide dihydrochloride.

Pharmacokinetic validation studies. Over the first 48 h of each study,
1-ml specimens for drug assay were collected from the peripheral com-
partment at 1, 3, 5, 7, 9, 23, 25, 29, 31, 33, and 48 h and then immediately
frozen at �80°C until assayed for drug concentration. Ceftolozane, pip-
eracillin, and tazobactam concentrations were measured by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) completed by Mi-
croconstants, San Diego, CA.

Analytical method. All samples were assayed by LC-MS/MS (Waters,
Milford, MA). The standard curve for ceftolozane was linear over a con-
centration range from 0.100 to 500 mg/liter. For tazobactam, the standard
curve was linear over a concentration range from 0.100 to 100 mg/liter.
The standard curve for piperacillin was linear over a concentration range
from 0.500 to 500 mg/liter. The interday coefficient of variation (CV) for
the ceftolozane, tazobactam, and piperacillin quality control samples
ranged from 5.34 to 9.38, 1.93 to 7.42, and 1.15 to 5.55%, respectively. The
lower limit of quantification was 0.1 mg/liter for all three compounds.

Pharmacokinetic-pharmacodynamic analysis. Table 1 shows the
predicted pharmacokinetic parameters and pharmacokinetic-pharmaco-
dynamic measures for each study.

RESULTS
In vitro susceptibility studies. Susceptibility test results are pre-
sented in Table 2. The MIC values for the quality control strain, P.
aeruginosa ATCC 27853, were 2 to 4 mg/liter and 0.5 mg/liter for
piperacillin-tazobactam and ceftolozane-tazobactam, respec-
tively, both within the CLSI quality control range (13). The broth
microdilution MIC values of ceftolozane were 0.5 and 4 mg/liter
for PAO1 BAA-47 and PAE 2638, respectively, and were not po-
tentiated by 4 mg/liter of tazobactam. The broth microdilution
MIC values of piperacillin-tazobactam were 2 and �128 mg/liter
for PAO1 BAA-47 and PAE 2638, respectively. Agar susceptibility
test results were similar to those obtained using the broth microdi-
lution method.

Mutation frequency studies. For PAO1 BAA-47, at 1.5, 3, and
5 times the baseline ceftolozane-tazobactam MIC value, the aver-
age density of the drug-resistant subpopulation was 1 CFU in
7.24 � 107, 1.15 � 108, and 2.69 � 108 CFU/ml of bacterial
growth, respectively. For piperacillin against PAO1 BAA-47, at 3
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and 5 times the baseline piperacillin-tazobactam MIC value, the
average density of the drug-resistant subpopulation was 1 CFU in
1.62 � 107 and 4.26 � 107 CFU/ml of bacterial growth, respec-
tively.

The ceftolozane-tazobactam MIC values of the PAO1 BAA-47
strain taken from the drug-containing plates ranged from 2 to 8
mg/liter, regardless of the concentration of drug found within the
agar plate. The ceftolozane-tazobactam MIC values decreased in
the presence of a broad-spectrum efflux pump inhibitor (Phe-
Arg-�-naphthylamide dihydrochloride), dropping from 2 to 8
mg/liter to 1 to 2 mg/liter. Similarly, the piperacillin-tazobactam
MIC value for the PAO1 BAA-47 strain taken from the drug-
containing plates ranged from 32 to 64 mg/liter, regardless of the
concentration of drug within the agar plate, and decreased to 8 to
16 mg/liter in the presence of the broad-spectrum efflux pump
inhibitor.

For PAE 2638 at 1.5 times the baseline ceftolozane-tazobactam
MIC value, the average density of the drug-resistant subpopula-
tion was 1 CFU in 8.76 log10 of bacteria. At 3 and 5 times the
baseline ceftolozane-tazobactam MIC value, mutation frequency
could not be determined due to the lack of growth on the drug-
containing plates. Thus, the mutation frequency for PAE 2638 at 3
and 5 times the baseline ceftolozane MIC value are less than the
inoculum of 8.76 log10 or 5.75 � 108 CFU/ml. For piperacillin
against PAE 2638, at 3 and 5 times the baseline piperacillin-tazo-
bactam MIC value, mutation frequency studies were not carried
out given that the baseline MIC value was �128 mg/liter.

The ceftolozane-tazobactam MIC value of PAE 2638 isolates
taken from the drug-containing plates was 8 mg/liter, regardless of
the drug concentration found within the agar plate. The ceftolo-

zane-tazobactam MIC value decreased 1- to 2-fold in the presence
of a broad-spectrum efflux pump inhibitor.

Pharmacokinetic validation studies. Figure 1 shows the rela-
tionships between observed and targeted concentrations from all
dosing regimens for ceftolozane, piperacillin, and tazobactam
studied. The r2 values for these relationships were 0.972 for cef-
tolozane, 0.984 for tazobactam, and 0.978 for piperacillin. Thus,
for all dosing regimens, the targeted ceftolozane, piperacillin, and
tazobactam pharmacokinetic profiles were well simulated within
the hollow-fiber infection model. For piperacillin and tazobac-
tam, the line of best fit, through these data, did not differ from the
line of identity (no regions of bias, with good precision). For cef-
tolozane, the precision was good and the intercept did not differ
from zero, but the slope (0.89) differed from 1.0. This suggests that
the actual concentrations achieved were approximately 11% be-
low those expected but well within the variability observed in pa-
tient populations.

Resistance amplification prevention studies. The change in
total and drug-resistant population bacterial density over 10 days
for the PAO1 BAA-47 strain is shown in Fig. 2. The bacteria grew
well in the no-treatment growth control arms, reaching a bacterial
density of 1.0 � 108 to �1.0 � 1010 CFU/ml by day 2 (Fig. 2A).
The bacterial growth in the piperacillin-tazobactam control was
similar to that of the no-treatment growth control arms and
reached an average bacterial density of �1.0 � 1010 CFU/ml by
day 2. The ceftolozane control arm produced a 4-log10 CFU/ml
reduction in bacterial density over 2 days and prevented drug
resistance amplification over the entirety of the 10-day study pe-
riod (Fig. 2A). The range of ceftolozane-tazobactam dosing regi-
mens evaluated proved effective at suppressing the growth of the

TABLE 1 Ceftolozane-tazobactam free pharmacokinetic parameters and percent time above MICs for the wild-type and clinical isolatesa

Parameter/measure

Value for single drug or combination

Ceftolozane at
1,000 mg

Ceftolozane/tazobactam at:

Piperacillin-tazobactam
at 4,000/500 mg

62.5/31.25
mg

125/62.5
mg

250/125
mg

500/250
mg

750/375
mg

1,000/500
mg

2,000/1,000
mg

Cmax
b (mg/liter) 49.2 2.16 5.6 13 27.2 39.7 49.2 111.4 209.3

AUC0–24
c (mg · h/liter) 456.2 20 52.4 120.3 252.2 368.3 456.2 1,032.63 900.92

% time above MIC for the
WTd isolate

100 80 100 100 100 100 100 100 92

% time above MIC for the
clinical isolate

100 0 12.5 64 97.5 100 100 100 Unknown

a The ceftolozane-tazobactam MICs for the wild-type isolate and the clinical isolate are 0.5 and 4 mg/liter, respectively. The piperacillin-tazobactam MIC for the wild-type isolate is
2 mg/liter.
b Cmax, maximum concentration.
c AUC0 –24, area under the concentration-time curve from 0 to 24 h.
d WT, wild type.

TABLE 2 MICs for Pseudomonas aeruginosa isolates utilized in the hollow-fiber infection model studiesa

Isolate

MIC (mg/liter)

Broth microtiter Agar dilution

TOL alone
TOL/TAZ
(4 mg/liter)

PIP/TAZ
(4 mg/liter) TOL alone

TOL/TAZ
(4 mg/liter)

TOL/TAZ (4 mg/liter) �
pump inhibitorb

PIP/TAZ
(4 mg/liter)

PAO1 BAA-47 0.5 0.5 2 0.25 0.25 0.25 2
PAE 2638 4 4 �128 4 4 2 �128
a TOL, ceftolozane; TAZ, tazobactam; PIP, piperacillin.
b Pump inhibitor was 40 mg/liter of Phe-Arg-�-naphthylamide dihydrochloride.
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total population and preventing the emergence of resistance for all
dosing regimens studied (Fig. 2B). The ceftolozane-tazobactam
1,000/500-mg regimen was terminated on day 2 due to contami-
nation of the hollow-fiber system.

The change in total and drug-resistant population bacterial
densities over 10 days for the PAE 2638 isolate are shown in Fig. 3.
The bacteria grew well in the no-treatment growth control arms,
reaching a bacterial density of 1.0 � 1010 CFU/ml by day 2 (Fig.
3A). Similarly, the bacterial growth in the piperacillin-tazobactam
control reached an average bacterial density of 1.0 � 1010 CFU/ml
by day 2.

The ceftolozane-tazobactam dosing regimens investigated
produced a full spectrum of drug effect (Fig. 3B). The least inten-
sive ceftolozane-tazobactam regimen (62.5/31.25 mg) resulted in

essentially no reduction in the total bacterial density over the first
2 days of therapy and emergence of a bacterial subpopulation
displaying low-level resistance that remained present throughout
the remaining 8 days of therapy. The most intensive ceftolozane-
tazobactam regimen (2,000/1,000 mg) resulted in a complete re-
duction of the total bacterial population and prevention of resis-
tance emergence over the entire 10-day study. The intermediately
intensive ceftolozane-tazobactam regimens (125/62.5 to 1,000/
500 mg) resulted in various reductions in total bacterial density
and resistance emergence. The duration of time until the selection
for drug resistance increased with dose regimen intensity. As
shown in Fig. 4, the relationship between the change in bacterial
density of the drug-resistant subpopulation and dose at day 10
took a hormetic or inverted-U form.

MIC values were determined for a number of isolates grown on
drug-containing plates for both isolates tested (data not shown).
The susceptibilities of isolates taken from the no-treatment
growth control ceftolozane-tazobactam drug-containing plates
were found to be slightly lower than baseline MIC values, with
inhibitory concentrations found to be 1 to 2 mg/liter for the PAO1
BAA-47 strain and 4 to 8 mg/liter for the PAE 2638 isolate. The
PAO1 BAA-47 studies produced no resistant strains, as all treat-
ment regimens were proven to be successful. For the PAE 2638
isolate, the intermediate regimens (125/62.5 to 1,000/500 mg) am-
plified an emergent resistant subpopulation whose MIC values
started at 4 to 8 mg/liter on days 2 to 4 and increased to concen-
trations of 64 to �128 mg/liter by day 10. When tested in the
presence of the pump inhibitor, the MIC value decreased 1- to
2-fold in dilution, regardless of the point during therapy at which
they were collected. These small increases in MIC values are con-
sistent with data generated by Hong et al., who determined that
pseudomonal efflux pump overexpression does not affect suscep-
tibility to ceftolozane (14).

DISCUSSION

The goal of these studies was to discriminate ceftolozane-tazobac-
tam drug exposures that prevent the emergence of P. aeruginosa
resistant subpopulations from those that do not in a hollow-fiber
infection model. Dose ratio, dosing interval, and experimental
duration were selected to approximate those expected to be used
clinically. The ceftolozane-tazobactam dose range studies in-
cluded the doses under investigation for complicated urinary tract
infections and intra-abdominal infections (1,000/500 mg) as well
as that for nosocomial pneumonia (2,000/1,000 mg).

For the wild-type ATCC strain, resistance was not selected by
any ceftolozane-tazobactam dosing regimen evaluated. For this
reason, future studies utilizing this strain were halted in favor of
using resources to properly assess the resistance found in a clini-
cally relevant isolate. For the clinical isolate, an inverted-U-shaped
function best described the relationship between emergence of
drug resistance and drug exposure. The least (62.5/31.25 mg) and
most (2,000/1,000 mg) intensive ceftolozane-tazobactam dosing
regimens did not select for drug resistance. Drug resistance selec-
tion was observed with intermediately intensive dosing regimens
(125/62.5 through 1,000/500 mg). For the intermediately inten-
sive ceftolozane-tazobactam dosing regimens, the duration of
time until the selection for drug resistance increased with dose-
regimen intensity.

Piperacillin-tazobactam was selected as a control arm because
it has long been used successfully to treat infections associated

FIG 1 Relationships between the observed and targeted ceftolozane (A), ta-
zobactam (B), and piperacillin (C) concentrations.
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FIG 2 Emergence of resistance during drug administration versus PAO1 BAA-47. Panel A shows the negative-control (no treatment) and active-control
(ceftolozane [TOL] at 1,000 mg every 8 h [Q8h], tazobactam [TAZ] at 500 mg Q8h, and piperacillin-tazobactam [PIP/TAZ] at 4.5 g every 6 h [Q6h]) study arms,
while panel B shows ceftolozane-tazobactam regimens ranging from 500/250 to 2,000/1,000 mg Q8h. The TOL/TAZ treatment regimen of 1,000/500 mg Q8h was
suspended after day 1 due to contamination of the system.
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FIG 3 Emergence of resistance during drug administration versus clinical isolate PAE 2638. Panel A shows the negative-control (no treatment) and active-
control (piperacillin-tazobactam at 4.5 g Q6h) study arms, while panel B shows ceftolozane-tazobactam (TOL/TAZ) regimens ranging from 62.5/31.25 to
2,000/1,000 mg delivered Q8h.
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with P. aeruginosa, such as complicated urinary tract infections
and hospital-acquired bacterial pneumonia. As the piperacillin-
tazobactam MIC of the clinical isolate was nonsusceptible (�128
mg/liter), piperacillin-tazobactam served as a control only for the
studies involving the wild-type PAO1 strain (MIC, 2 mg/liter). In
these studies, the piperacillin-tazobactam clinically used dose (4.5
g every 6 h) failed early in therapy, with the piperacillin-tazobac-
tam-resistant subpopulation replacing the entire population by
day 3 of therapy. These results are consistent with those of Felton
et al. in a study which involved piperacillin-tazobactam, P. aerugi-
nosa, and a high inoculum (1.0 � 108 CFU/ml) (4). The pipera-
cillin-tazobactam MIC increased from a baseline value of 2 to 128
mg/liter on day 3 of therapy and decreased to 4 mg/liter in the
presence of a broad-spectrum efflux pump inhibitor. The latter
finding suggests that at least two resistance determinants (one
being drug efflux) are responsible for the decrease in piperacillin-
tazobactam susceptibility. The results of the current study are sim-
ilar to those of a prior study involving ceftolozane-tazobactam
and E. coli (15). In the prior study, the ceftolozane-tazobactam
dose that suppressed the amplification of resistance was �750/375
mg, and the relationship between the amplification of a drug-
resistant subpopulation and drug exposure took the form of an
inverted U. There is one important difference between the results
of the prior study and the current one that merit comment. While
in both studies, the endpoint was amplification of a preexisting
ceftolozane-tazobactam-resistant bacterial subpopulation, in the
ceftolozane-tazobactam–E. coli studies, resistance amplification
occurred early during therapy (day 1 to 2), while in the ceftolo-
zane-tazobactam–P. aeruginosa study, amplification of the resis-
tant subpopulation to concentrations greater than that found in
the no-treatment control was held at bay until days 4 to 6. This
time to resistance amplification correlates with the findings of
Louie et al., who examined the time to initial resistance emergence
of a resistant Pseudomonas subpopulation treated with the beta-
lactam doripenem (16). In that study, the authors did not examine
the cause of the delay in resistance amplification. In the studies
described herein, the delay in amplification may have been due to

the relatively low frequency of mutation to resistance to ceftolo-
zane-tazobactam of the Pseudomonas isolates compared to that of
the E. coli isolate we previously studied (15). Even though these
two studies utilized the same initial concentration of bacteria,
1.0 � 108 CFU/ml, the relative mutation frequencies were 1 CFU
in every 7 log10 of bacteria for the E. coli strain and 1 CFU in every
8 log10 of bacteria for the Pseudomonas strains. This difference in
the initial concentrations of the drug-resistant subpopulations
may be the key to delayed amplification of the drug-resistant sub-
population.

One limitation of the studies described herein is the limited
number of challenge isolates evaluated. While it is true that the
MIC value of the two challenge isolates approximated the ceftolo-
zane-tazobactam MIC50 and MIC90 for P. aeruginosa, studies with
a larger number of isolates would be required to understand
between-isolate pharmacodynamic variability; however, the ob-
served efficacy and resistance prevention exhibited by ceftolo-
zane-tazobactam relative to that observed for piperacillin-tazo-
bactam is notable.

Finally, we successfully discriminated between the ceftolozane-
tazobactam dosing regimens that prevented resistance emergence
from those that did not. For the wild-type ATCC strain, resistance
was not selected by any ceftolozane-tazobactam dosing regimen
evaluated. For the clinical isolate, an inverted-U-shaped function
best described the relationship between bacterial drug resistance
emergence and drug exposure. Resistance greater than that found
in the control did not develop for the lowest dose studied (62.5/
31.25 mg) or for the two highest doses studied (1,000/500 mg and
2,000/1,000 mg), which are the doses currently being studied in
clinical trials. For the 2,000/1,000-mg ceftolozane-tazobactam
dosing regimen, resistance emergence did not occur and the total
bacterial population was driven toward extinction by day 10.
These results were dissimilar to that for piperacillin-tazobactam
against the susceptible PAO1 strain, for which the drug-resistant
subpopulation replaced the susceptible population by day 3.
These data will be useful in the selection of ceftolozane-tazobac-
tam dosing regimens to minimize the potential for on-therapy
resistance emergence in seriously ill patients with infections asso-
ciated with P. aeruginosa.
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