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Previously, we demonstrated the importance of low-level-resistant variants to the evolution of resistance in
Staphylococcus aureus exposed to ciprofloxacin in an in vitro system and developed a pharmacodynamic model
which predicted the emergence of resistance. Here, we examine and model the evolution of resistance to
levofloxacin in S. aureus exposed to simulated levofloxacin pharmacokinetic profiles. Enrichment of subpopu-
lations with mutations in gri4 and low-level resistance varied with levofloxacin exposure. A regimen producing
average steady-state concentrations (C,,, ;) just above the MIC selected grl4 mutants with up to 16-fold
increases in the MIC and often additional mutations in gri4/grlB and gyrA. A regimen providing C,,,,, . between
the MIC and the mutant prevention concentration (MPC) suppressed bacterial numbers to the limit of
detection and prevented the appearance of bacteria with additional mutations or high-level resistance. Regi-
mens producing C,,, ., above the MPC appeared to eradicate low-level-resistant variants in the cultures and
prevent the emergence of resistance. There was no relationship between the time concentrations remained
between the MIC and the MPC and the degree of resistance or the presence or type of mutations that appeared
in grld/B or gyrA. Our pharmacodynamic model described the growth and levofloxacin Kkilling of the parent
strains and the most resistant grl4 mutants in the starting cultures and correctly predicted conditions that
enrich subpopulations with low-level resistance. These findings suggest that the pharmacodynamic model has
general applicability for describing fluoroquinolone resistance in S. aureus and further demonstrate the

importance of low-level-resistant variants to the evolution of resistance.

In previous work, we examined the evolution of resistance
when ciprofloxacin-susceptible (S) Staphylococcus aureus strains
were exposed in an in vitro hollow-fiber system to simulated
clinical and experimental ciprofloxacin pharmacokinetic pro-
files (4). We found that with increasing average steady-state
concentrations (C,y, ), the rate of initial killing approached a
maximum, and the rate of regrowth decreased. Enrichment of
subpopulations with mutations in grl4 and low-level resistance
also varied depending on the pharmacokinetic environment. A
regimen producing C,,,  slightly above the MIC selected re-
sistant (R) variants with grl4 mutations that did not evolve to
higher levels of resistance. Clinical regimens which provided
C,. s Intermediate between the MIC and mutant prevention
concentration (MPC) resulted in the emergence of subpopu-
lations with gyrA mutations and higher levels of resistance and
a regimen producing C,,,, . greater than or equal to the MPC
selected grlA mutants, but the appearance of subpopulations
with higher levels of resistance was delayed. A regimen de-
signed to maintain ciprofloxacin concentrations entirely above
the MPC appeared to eradicate low-level-resistant variants in
the inoculum and prevent the emergence of high-level-resis-
tant variants. There was no relationship between the time
ciprofloxacin concentrations remained in the mutant selection
window (Tsw; the interval between the MIC and the MPC)
and the degree of resistance or the presence or type of muta-
tions that appeared in grl4 or gyrA.
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We fit three pharmacodynamic models to the data generated
from our experiments and found that a two-population model
with unique growth (g) and killing (k) rate constants for the
ciprofloxacin-susceptible (g¢ and kg, respectively) and -resis-
tant (g and kg, respectively) subpopulations best described
the initial killing and subsequent regrowth patterns observed in
the in vitro system (5). The model correctly described the en-
richment of subpopulations with low-level resistance in the
parent cultures. It confirmed the experimental observations
that there was no clear relationship between the T\,sw and the
enrichment of resistant subpopulations. The model indicated
that resistance depended upon the selection of low-level-resis-
tant minor subpopulations in bacterial cultures. It predicted
that resistant subpopulations would not emerge when a low-
density culture with a low probability of mutants was exposed
to a simulated clinical dosing regimen (400 mg every 12 h) or
when a high-density culture with a higher probability of mu-
tants was exposed to the high concentrations of an experimen-
tal regimen designed to rapidly eradicate grl4 mutants, followed
by the lower concentrations of the clinical regimen. The validity of
these predictions was confirmed with in vitro system experiments.

In this study we extend our observations to levofloxacin,
which has been shown to select resistant S. aureus variants less
frequently than ciprofloxacin (10, 14, 24, 34). This was done by
modeling the effect of simulated clinical and experimental
levofloxacin regimens on two S. aureus strains and their grid
mutants in the in vitro system. The experiments provided ad-
ditional information about the succession of mutations that
occur in resistance loci as bacteria evolve and allowed us to test
the robustness of our previously developed pharmacodynamic
model.
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MATERIALS AND METHODS

Bacterial strains. Two methicillin-resistant S. aureus clinical isolates (MRSA
8043 and MRSA 8282) were used as parent strains for the in vitro system
experiments and have been described previously (4). S. aureus SA1199 (levo-
floxacin broth microdilution MIC of 0.125 pg/ml) and SA1199B (a strain that
constitutively expresses high levels of the NorA efflux protein and has a levo-
floxacin MIC of 1 pg/ml) served as controls in efflux screening experiments (19).

Antimicrobial agent. Analytical-grade levofloxacin (R. W. Johnson Pharma-
ceutical Research Institute, Raritan, N.J.) was used to prepare stock solutions
according to established guidelines (30). The stock solutions were frozen (—80°C) in
aliquots and used within 30 days.

Susceptibility tests. Levofloxacin MICs and minimal bactericidal concentra-
tions (MBCs) were determined by the broth microdilution method (29, 30) in
triplicate for each organism before exposure to levofloxacin and for organisms
recovered at 0, 24, 48, and 96 h during in vitro system experiments. MICs were
also measured in the presence of 20 pg/ml reserpine (Sigma, St. Louis, Mo.), a
competitive inhibitor of NorA, to screen for potential efflux of levofloxacin (20).

Mutant prevention concentration determinations. Levofloxacin MPCs for
MRSA 8043 and MRSA 8282 were determined using a previously described agar
dilution method (4). Concentrated bacterial suspensions (~10'° CFU/ml) were
prepared, and 200 pl samples were applied to Mueller-Hinton agar (Difco
Laboratories, Detroit, Mich.) containing levofloxacin concentrations of 0, 0.25,
0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, and 2.5 pg/ml. The MPC for each strain was
defined as the lowest concentration at which no bacteria were detected following
48 h of incubation at 37°C. Nucleotide sequence analysis of the quinolone
resistance-determining regions of grl4/B and gyrA/B (see below) was performed
using DNA extracted from the most-resistant variants that appeared.

In vitro system experiments. A two-compartment hollow-fiber in vitro system
that allowed the study strains to be exposed to fluctuating concentrations of
levofloxacin was used. The main features and general operation of the system
and the method for preparing standardized inocula for the experiments have
been described previously (4). Log-phase cultures (~107 CFU/ml) were exposed
to a series of monoexponential levofloxacin pharmacokinetic profiles for 96 h.
Three simulations were designed to reproduce the concentration-time profiles of
clinical levofloxacin doses of 750 mg, 500 mg, and 250 mg administered as
intermittent 1-hour infusions every 24 h. The simulated central and peripheral
compartment concentrations were intended to mimic the total levofloxacin con-
centrations observed in plasma and skin blister fluid, respectively, of adult pa-
tients with normal renal function (6-9). An additional experimental regimen
(125 mg every 24 h) was simulated to produce levofloxacin concentrations below
the MPCs of the study strains for the entire duration of the experiment. Growth
control experiments for each strain were conducted over 36 h. Every in vitro
system experiment was performed in duplicate.

Pharmacokinetic analysis. Samples collected from the central and peripheral
compartments of the in vitro system during each dosing regimen experiment were
analyzed for levofloxacin concentrations using a previously validated ion pair high-
performance liquid chromatography method (4). Standard curves were linear (R* >
0.999) over the concentration range tested (0.1 to 50 pg/ml). The within-run relative
standard deviations (SD) (n = 5) for levofloxacin quality control concentrations of
25, 2.5, and 0.25 ng/ml were 1.51%, 1.38%, and 0.97%. Between-run relative SD
(n = 16) for the same quality control concentrations were 1.88%, 1.82%, and
1.23%. The reliable lower limit of quantification (defined as percent relative SD and
percent deviation from nominal concentration that was <15%) was 0.06 pg/ml.

Central and peripheral compartment concentration-time data for levofloxacin
were analyzed by compartmental and noncompartmental methods (5, 13). A
one-compartment pharmacokinetic model, with first-order elimination from the
central compartment, was fitted to levofloxacin concentrations in the central
compartment using a nonlinear regression program (WinNonlin version 4.0;
Pharsight Corporation, Mountain View, Calif.). All pharmacokinetic data were
weighted by the inverse of squared predicted concentrations based on the pre-
cision of the high-performance liquid chromatography assay.

Pharmacodynamic analysis. Viable counts were determined for samples col-
lected from the peripheral compartment of the in vitro system using previously
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described drop and membrane filter count methods (4). Experiments performed
to assess the effect of levofloxacin carryover indicated that dilutions of at least
100-fold were necessary to prevent a significant (P < 0.05, paired ¢ test) lowering
of colony counts in samples containing levofloxacin concentrations of 0.5 to 16
pg/ml compared to those of drug-free controls. When bacterial counts were
unreliable because of levofloxacin carryover, the membrane filter count method
was used. Previous experiments established reliable lower limits of detection
(coefficients of variation < 20%) of 3.0 X 102, 1.0 X 10% and 7.0 X 10' CFU/ml
for filtered samples of 100, 250, and 500 wl, respectively (4).

Resistant subpopulation analysis. Viable cells were counted to quantify resis-
tant bacterial subpopulations in samples removed from the peripheral compart-
ment of the in vitro system at 0, 24, and 36 h (growth control experiments) and
at 0, 24, 48, and 96 h (levofloxacin experiments). The frequency of resistant
bacteria in the starting cultures at each levofloxacin concentration was calculated
by dividing the number of colonies that appeared by the inoculum applied to
each plate. For the purposes of this paper, we defined levofloxacin-susceptible
bacteria as those recovered only on drug-free agar. Bacteria with low-level levo-
floxacin resistance were defined as those recovered only on agar containing a levo-
floxacin concentration of 0.5 pwg/ml. Bacteria with high-level resistance were defined
as those recovered on agar containing levofloxacin concentrations of =1 pg/ml.

Nucleotide sequence analysis of gri4/B and gyrA/B. Colonies appearing on
levofloxacin-containing Mueller-Hinton agar in the MPC studies and the starting
cultures during in vitro system experiments were analyzed for nucleotide changes
within the griA/B and gyrA/B genes as described previously (4). Colonies recov-
ered on drug-free agar at the end of the in vitro system experiments were replica
plated onto agar containing increasing levofloxacin concentrations, and colonies
that appeared on plates with the highest concentrations were selected for se-
quence analysis. All colonies were examined when three or fewer colonies were
present on a plate. Three colonies were randomly chosen for sequence analysis
when more than three colonies were present. Genomic DNA was isolated using
lysostaphin (Sigma) and the DNeasy tissue kit (QIAGEN, Valencia, Calif.).
Primers, PCR conditions, the sequencing procedure, and interpretation of results
were identical to those reported previously (4).

Pharmacodynamic modeling. The candidate two-population pharmacody-
namic models and their equations were presented in an earlier paper (5). The
model equations were simultaneously fit to viable-cell count data obtained from
the in vitro system experiments with the two levofloxacin-susceptible parent
strains (MRSA 8043 and MRSA 8282) and from additional in vitro system
studies that characterized the growth and killing of the most prevalent grid
mutants detected in the parent cultures (MRSA 8043L0-1 and MRSA 8282L0-1).
Two-population pharmacodynamic models with equivalent (model 1) and dif-
ferent (model 2) net growth (g) and levofloxacin killing (k) rate constants for
levofloxacin-susceptible (S) and -resistant (R) subpopulations were evaluated.
The initial equation conditions and the approach for deriving initial parameter
estimates were the same as previously described (5).

Pharmacodynamic model equations were fitted to equally weighted log-trans-
formed viable counts as a function of time using a nonlinear regression program
(WinNonlin). The goodness of fit was evaluated by determining correlation
coefficients (r), performing residual analysis, and assessing the precision of pa-
rameter estimates (12). The runs test was used to determine whether model-
fitted curves deviated systematically from observed viable-cell count data. The
pharmacodynamic model of best fit was determined by the second-order Akaike
information criterion (AIC,) (3). Mathematical simulations were performed,
using mean parameter estimates from the model of best fit, to explore the relation-
ship between the levofloxacin Ty,syw and the emergence of resistant subpopulations.

RESULTS

Susceptibilities and MPCs. The levofloxacin MICs of MRSA
8043 and MRSA 8282 were 0.5 pg/ml, and the MBCs were 1
pg/ml. Reserpine decreased the levofloxacin MICs of MRSA
8043 (n = 10) by twofold or less (Fig. 1) and had no effect on

FIG. 1. Total MRSA 8043 (left) and MRSA 8282 (right) bacterial counts (levofloxacin, 0 pwg/ml) and subpopulations resistant to levofloxacin
at 0.5 to 16 pg/ml in samples collected from the in vitro system at the indicated times during growth control and simulated levofloxacin dosage
regimen experiments. Asterisks above the subpopulation bars indicate that bacteria were recovered in numbers below the reliable limit of detection
(100 CFU/ml); no symbol above the bars denotes that no bacteria were recovered at the indicated concentration. Broth microdilution MICs of the
total bacterial population in the absence (presence) of reserpine are indicated within the population profiles. Results are expressed as means of
results of two separate experiments. The key for all panels appears in the top left panel.
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TABLE 1. Point mutations detected in the grl4, grlB, gyrA, and gyrB genes for colonies recovered on agar containing the indicated
levofloxacin concentration at the indicated times during in vitro system experiments with MRSA 8043 and MRSA 8282¢

LVX Point mutation detected at 0 h in: LVX Point mutation detected at 24 or 96 h in”:
Strain Experiment® concn concn
(pg/ml) griA griB grA B (pg/ml) griA griB grA grB
MRSA 8043 Growth control #1 0.5 None (3) None (3) None (3) None (3) 0.5  S80F (3) None (3) None (3) None (3)
Growth control #2 0.5 S80Y (2) None (3) None (3) None (3) 1 S80Y (3) None (3) None (3) None (3)
None (1)
LVX, 125 mg every 24 h, #1 0.5  E84K (1) None (3) None (3) None 3) 1 E84K (3) None (3) None (3) None (3)
None (2)
LVX, 125 mgevery 24 h, #2 0.5  None (3) None (3) None (3) None (3) 2 None (3) N4701 (3) S84A (1) None (3)
None (2)
LVX, 250 mg every 24 h, #1 0.5  None (3) None (3) None (3) None 3) 0 None (3) None (3) None (3) None (3)
LVX, 250 mg every 24 h, #2 0.5  S80F (2) None (2) None (2) None (2) 0.5  S80F (1) None (3) None (3) None (3)
None (2)
LVX, 500 mg every 24 h, #1 0.5 E84K (2) None (2) None (2) None (2) 0 None (3) None (3) None (3) None (3)
LVX, 500 mg every 24 h, #2 0.5  S80F (3) None (3) None (3) None 3) 0 None (3) None (3) None (3) None (3)
LVX, 750 mg every 24 h, #1 0.5  None (1) None (1) None (1) None (1) 0 None (3) None (3) None (3) None (3)
LVX, 750 mg every 24 h, #2 0.5  S80Y (2) None (2) None (2) None (2) 0 None (3) None (3) None (3) None (3)
MRSA 8282 Growth control #1 0.5 S80Y (2) None (2) None (2) None (2) 1 S80Y (3) None (3) None (3) None (3)
Growth control #2 0.5  S80F (3) None (3) None (3) None (3) 0.5  S80F (3) None (3) None (3) None (3)
LVX, 125 mg every 24 h, #1 0.5  P144S (3) [E422D (3) None (3) None (3) 4 S80F (3) E422D (3) S84L (2) None (3)
P144S (3) None (1)
LVX, 125 mg every 24 h, #2 0.5  S80F (1)  E422D (3) None (3) None (3) 8 S80F (3) E422D (3) S84L (3) None (3)
Al16P (1) P144S (3)
P144S (3)
LVX, 250 mg every 24 h, #1 0.5  None (1) None (1) None (1) None (1) 0 None (3) None (3) None (3) None (3)
LVX, 250 mg every 24 h, #2 0.5  S80Y (2) None (2) None (2) None (2) 0.5  S80Y (2) None (3) None (3) None (3)
None (1)
LVX, 500 mg every 24 h, #1 0.5  S80F (3) None (3) None (3) None 3) 0 None (3) None (3) None (3) None (3)
LVX, 500 mg every 24 h, #2 0.5  S80Y (1) None (1) None (1) None (1) 0 None (3) None (3) None (3) None (3)
LVX, 750 mg every 24 h, #1 0.5 None (3) None (3) None (3) None (3) 0 None (3) None (3) None (3) None (3)
LVX, 750 mg every 24 h, #2 0.5 S80F (3) None (3) None (3) None 3) 0 None (3) None (3) None (3) None (3)

“ DNA sequence analysis was performed (i) on all colonies when three or fewer colonies were recovered or (ii) on three colonies when more than three colonies were
recovered at a given levofloxacin concentration. Numbers in parentheses represent the number of colonies with the corresponding mutation.
® Colonies were recovered at 24 h during growth control experiments and at 96 h during simulated levofloxacin dosage regimen experiments.

¢ Results are presented for the initial (#1) and repeat (#2) experiments.

MRSA 8282 MICs (n = 10). Reserpine lowered the levofloxa-
cin MIC of SA1199B (n = 3) by twofold but did not decrease
the MIC of SA1199 (n = 3). The levofloxacin MPCs of MRSA
8043 ranged from 1.50 to 1.75 pg/ml (geometric mean, 1.66
pg/ml; n = 3) and of MRSA 8282 from 1.75 to 2.00 pg/ml
(geometric mean, 1.83 wg/ml; n = 3). The most-resistant vari-
ants had the S80F, S80Y, or E84K mutation in gri4.
Resistant variant subpopulations in the starting cultures
during in vitro system experiments. The majority (>99.9%) of
cells in the starting populations were susceptible to levofloxa-
cin concentrations of <0.5 pg/ml (Fig. 1). Resistant subpopu-
lations were detected in the starting cultures of all 10 experi-
ments with both strains at frequencies ranging from 5.7 X 10~%
to 1.5 X 10~° when the bacteria were subcultured on agar

containing levofloxacin concentrations of 0.5 pg/ml. No bacte-
ria were recovered on agar containing more than 0.5 pg/ml of
levofloxacin.

Sequencing of DNA from 30 MRSA 8043 and 30 MRSA
8282 colonies recovered on drug-free agar showed silent mu-
tations or wild-type grlA/B and gyrA/B in all instances. Sequenc-
ing of 25 MRSA 8043 and 24 MRSA 8282 colonies recovered
on agar containing 0.5 pg/ml of levofloxacin revealed no mu-
tations, silent mutations, or point mutations ingrl4 and griB (Ta-
ble 1). Point mutations in grl4 were found in 48% of MRSA
8043 and 83% of MRSA 8282 variants with low-level resis-
tance. The grlB mutations were detected in all three low-level-
resistant MRSA 8282 colonies sequenced from the starting
population during experiments with the regimen of 125 mg
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FIG. 2. Measured central (filled symbols) and peripheral (open symbols) compartment concentrations for simulated levofloxacin dosage
regimens. The fitted curves from the one-compartment pharmacokinetic model are superimposed on the symbols. The levofloxacin MICs for
MRSA 8043 and MRSA 8282 are depicted by the lower dot-and-dash horizontal line. The levofloxacin MPCs for MRSA 8043 (solid line) and

MRSA 8282 (dashed line) are also shown.

every 24 h. No bacteria with point mutations in gyr4/B were
found in the starting cultures of either strain during any ex-
periment.

Levofloxacin pharmacokinetics. Desired levofloxacin phar-
macokinetic profiles for all regimens were accurately and re-
producibly simulated in the in vitro system (Fig. 2). Peak levo-
floxacin concentrations in the peripheral compartment,
attained 15 to 30 min after the end of the 1-hour intermittent
infusions, were 86 to 97% of the corresponding central com-
partment concentrations. The extent of levofloxacin penetra-
tion into the peripheral compartment, estimated by the ratio of
the area under the concentration-time curve (AUC) in the
peripheral and central compartments, was between 97 and
104% for all experiments.

A one-compartment pharmacokinetic model accurately de-
scribed observed central compartment levofloxacin concentra-
tion-time profiles. The correlation (r) between measured and
model-predicted central compartment concentrations ranged
from 0.981 to 0.998 for all dosage regimen simulations. No
systematic deviation in the residuals between observed and
model-predicted concentrations was observed. The mean
(= standard error) central compartment estimates for elimi-
nation rate constant (k,), half-life, and volume of distribution,
obtained by compartmental analysis using pooled pharmaco-

kinetic data from all dosage regimen simulations, were 0.099 +
0.002h™*,7.03 = 0.03 h, and 162.4 * 0.8 ml, respectively. The
model-predicted central compartment pharmacokinetic pro-
files mimicked pharmacokinetics in the peripheral compart-
ment (Fig. 2). The one-compartment pharmacokinetic model
slightly over- and underpredicted the measured maximum con-
centrations of the drug in serum (C,,,,,) and minimum concen-
trations of the drug in serum in the peripheral compartment by
a mean of 5.6% (range, 1.9 to 8.7%) and 4.9% (range, 0.8 to
8.9%), respectively, but the extents of drug exposure were
similar, with a mean difference in AUCs at 24 h (AUC,,) of
only —0.2% (range, —4.6 to 3.3%).

Bacterial population dynamics. Bacteria were in log-phase
growth at the start of each experiment. In the absence of levo-
floxacin, the bacteria continued to grow at an exponential rate
until the carrying capacity of the in vitro system was reached
(~10° CFU/ml for MRSA 8043 and ~10"° CFU/ml for MRSA
8282), and counts remained near this plateau for the remain-
der of each experiment (Fig. 3).

During levofloxacin dosage regimen simulations, densities of
the starting cultures ranged from 7.6 X 10° to 2.6 X 10”7 CFU/
ml for MRSA 8043 and from 9.7 X 10° to 2.0 X 10’ CFU/ml
for MRSA 8282. This corresponded to a total population of
~1.5 X 10® to 5.2 X 10® CFU in the 20-ml peripheral com-
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FIG. 3. Observed viable counts of MRSA 8043 (filled symbols, top panel), MRSA 8043L0-1 (open symbols, top panel), MRSA 8282 (filled sym-
bols, bottom panel), and MRSA 8282L.0-1 (open symbols, bottom panel) during growth control experiments and following exposure to simulated levo-
floxacin pharmacokinetic profiles. Viable counts are plotted as the means and ranges from two separate experiments. The reliable limit of detection
for these experiments was 70 CFU/ml. The pharmacodynamic model-predicted viable count-versus-time profiles are shown by the solid (MRSA 8043
and MRSA 8282) and dashed (MRSA 8043L0-1 and MRSA 8282L0-1) curves. The key for both panels appears in the top panel. The slopes of the
killing and regrowth portions of the viable-cell count curves were similar for replicate dosage regimen simulations with a given strain (error bars).
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TABLE 2. Levofloxacin pharmacokinetic parameters relative to MRSA 8043 and MRSA 8282 MICs and
MPCs during in vitro system experiments”
X Parameter during first 24 h Steady-state parameter
Simulation MRSA
(Cavg o’ strain Conaxi AUCy 4 Crnaxt AUC T 24 msw Conax, AUCy, Conax, AUC,,, Toy Misw
MIC MIC (h) MPC MPC (h) MIC MIC (h) MPC MPC (h)
125 mg every 24 h (0.68 pg/ml) 8043 2.66 28.1 0.80 8.46 475 3.22 329 0.97 9.90 53.1
8282 2.64 282 0.72 7.70 46.1 3.05 324 0.83 8.84 57.5
250 mg every 24 h (1.33 pg/ml) 8043 5.48 56.8 1.65 17.1 55.7 6.17 63.3 1.86 19.1 56.0
8282 5.33 56.6 1.46 15.5 58.9 5.99 64.1 1.64 17.5 62.2
500 mg every 24 h (2.62 pg/ml) 8043 10.7 113 322 34.0 41.9 12.1 127 3.64 382 37.0
8282 10.6 114 2.89 31.1 459 11.8 125 322 342 41.7
750 mg every 24 h (3.93 pg/ml) 8043 16.1 164 4.85 49.5 222 18.9 188 5.69 56.8 19.6
8282 16.2 167 4.43 45.7 28.3 18.5 188 5.05 515 244

“ Expressed as the means of results of two separate experiments. C,..1, Crnax attained with the first dose; Cay ss» Crnax at steady state; Ty o4 msws the percentage
of time levofloxacin was in the MSW during the first 24-h period; 75, msws the percentage of time levofloxacin was in the MSW during a 24-h period at steady state.

bcC

partment for both bacteria. Exposure of cultures to the simu-
lated regimens of 750 and 500 mg every 24 h resulted in a
decline in viable counts to below the reliable limit of detection
(70 CFU/ml). Small numbers of viable bacteria persisted below
this limit for the remainder of the experiments. When the
bacteria were exposed to the regimen of 250 mg every 24 h,
viable counts decreased to the limit of detection and then
increased to slightly above this limit toward the end of the
experiments. When the cultures were exposed to a regimen of
125 mg every 24 h, viable counts declined initially but then
increased and approached the carrying capacity of the system.
The slopes of the killing and regrowth portions of the viable-
cell count curves were similar for replicate dosage regimen
simulations with a given strain (Fig. 3).

Changes in susceptibilities of bacterial populations. No
change in levofloxacin MICs (Fig. 1) was observed during
growth control experiments with MRSA 8043 and MRSA 8282
or when the cultures were exposed to simulated levofloxacin
regimens of 750 mg, 500 mg, and 250 mg every 24 h. In con-
trast, the MICs increased 2- to 16-fold when the bacteria were
exposed to the levofloxacin regimen of 125 mg every 24 h.
Reserpine did not decrease the MIC for resistant MRSA 8282
bacteria recovered from the latter experiments but lowered the
MIC for resistant MRSA 8043 in one of the replicate experi-
ments by twofold.

Changes in resistant subpopulations and gri4/B and gyrA/B
genotypes. During growth control experiments, the number of
low-level-resistant variants with or without mutations in gri4
increased (Fig. 1 and Table 1). Resistant subpopulations did
not emerge when the cultures were exposed to the 750 and 500
mg every 24 h levofloxacin regimens. Bacteria that persisted at
the ends of these experiments did not have mutations in grl4/B
or gyrA/B. The grlA mutants that were present in some of the
starting cultures were still detected at 96 h after exposure to
the regimen of 250 mg every 24 h, but no additional mutations
were found. In contrast, when the cultures were exposed to the
regimen of 125 mg every 24 h, subpopulations with high-level
resistance and mutations in grl4, griB, and gyr4 emerged. Dif-
ferent patterns of nucleotide sequence changes in grl4/B and
grA/B were observed during the latter experiments. In some
cases, no mutants were detected in the starting cultures, and

ave ss fOT the simulated dosage regimens are expressed as the means of results of two separate experiments.

resistant bacteria were recovered at 96 h with mutations in grlB
and gyrA. In other cases, grlA mutants were present in the
starting populations, and resistant bacteria were recovered at
96 h with no additional mutations. In yet other experiments,
grlA and grlB mutants were present in the starting populations,
and resistant bacteria were recovered at 96 h with additional
grA mutations. The pattern of nucleotide sequence changes
varied with different dosage regimen simulations and between
replicate experiments of the same simulation (Table 1).

Pharmacokinetic-pharmacodynamic values and the emer-
gence of resistance. The simulated levofloxacin dosage regi-
mens of 500 mg and 750 mg every 24 h, which provided C,,,,./
MIC ratios between 10.6 and 18.9 and AUC,,/MIC ratios
between 113 h and 188 h (Table 2), did not result in the
emergence of resistance to levofloxacin. The Ty,qyw for a 24-h
period ranged from 19.6 to 45.9% during these experiments.
The regimen of 250 mg every 24 h, which produced C,,,/MIC
ratios between 5.33 and 6.17 and AUC,,/MIC ratios between
56.6 h and 64.1 h, failed to eradicate grlA mutants that were
detected in the starting cultures (Table 1) but did not result in
a change in levofloxacin MICs at 96 h (Fig. 1). The T\gw Was
between 55.7 and 62.2% in these experiments. The regimen of
125 mg every 24 h, which produced the lowest C,,,./MIC (2.64
to 3.22) and AUC,,/MIC (28.1 h to 32.9 h) ratios resulted in
the emergence of subpopulations with mutations in gyr4 and
high-level resistance (Fig. 1 and Table 1). The Ty,qw ranged
between 46.1 and 57.5% in these experiments.

In vitro system experiments with grl4 mutants. Additional
in vitro system studies were performed to characterize the
growth and levofloxacin killing rates of the most-prevalent gri4
mutants (MRSA 8043L0-1 and MRSA 8282L0-1) detected in
the parent cultures. Both variants had the same grl4 mutation
(S80F) and a levofloxacin MIC of 1 pg/ml. Reserpine did not
decrease the MIC for either bacterium. The net growth rate of
these bacteria in the absence of levofloxacin was lower than
that of the corresponding parent strains (Fig. 3), and the net
killing rate of these mutants when exposed to a levofloxacin
regimen of 1,000 mg every 24 h (C,,,, attained with the first
dose [C,.xq /MIC of 11.0 to 11.3 and AUC,,,,/MIC of 111 h to
113 h) was lower than that of the parent strains exposed to a
regimen of 500 mg every 24 h, which provided a similar drug



2196 CAMPION ET AL.

TABLE 3. Selection statistics for the two
pharmacodynamic models”

Strain Model K log(L) AIC, A w;
MRSA 8043 1 6 —379.43 771.26 90.70 0.00
2 8 —331.93 680.56 0.00 1.00
MRSA 8282 1 6 —342.84 698.06 134.75 0.00
2 8 —273.32 563.31 0.00 1.00

“ K, number of estimated parameters in the model; log(L), maximized log-
likelihood function; A;, simple AIC, differences; w;, Akaike weights for models in
the set. See also reference 5.

exposure (C,,..,/MIC of 10.6 to 10.7 and AUC,,,,/MIC of 113
h to 114 h).

Pharmacodynamic modeling. The AIC, and other model
selection statistics indicated that model 2 best described the
trends in the viable-cell count data (Table 3). Model 1 was
associated with significant bias (P < 0.05, runs test) in model-
predicted versus observed viable counts, with the model un-
derpredicting the growth rate of MRSA 8043 and MRSA 8282
and overpredicting the killing rate of MRSA 8043L0-1 and
MRSA 8282L.CO-1 during the levofloxacin simulations with
1,000 mg every 24 h. There was also a systematic deviation
(P < 0.05) in observed viable counts above or below the fitted
regrowth curves for replicate experiments with regimens of 250
mg and 125 mg every 24 h. Model 2 better characterized the
trends in bacterial killing and growth observed during in vitro
system experiments (Fig. 3) and had less bias and more-precise
parameter estimates than model 1. The coefficient of variation
(CV) of all model parameter estimates, except R,, (the initial
size of the R subpopulation), for both strains was =13.8%
(Table 4). Estimates of R, were less precise than the other
estimates (CVs, 66.4% for MRSA 8043/MRSA 8043L0-1 and
46.1% for MRSA 8282/MRSA 8282L0-1). There was a strong
positive correlation between gg and kg values for both MRSA
8043 (r = 0.990) and MRSA 8282 (r = 0.984). The high inter-
dependence of these parameter estimates was anticipated
since the model was fit to viable count data that reflected the
net result of growth and killing. The univariate 95% confidence
intervals for g and k estimates for S and R subpopulations did
not coincide for MRSA 8282/MRSA 8282L0-1, but the confi-
dence intervals of g¢ and gy estimates overlapped for MRSA
8043/MRSA 8043L0-1. The univariate and planar 95% confi-
dence intervals of the ECs,, the concentration that results in
50% of the maximal k, for susceptible and resistant isolates did
not coincide.

Pharmacodynamic model predictions. Model 2 predicted
that, in the absence of levofloxacin, the majority S subpopula-
tion would grow exponentially until the carrying capacity of the
in vitro system was reached (Fig. 3). The competing R sub-
population would also increase exponentially but was pre-
dicted to plateau at numbers that were ~7 to 8 log;, lower than
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those for the S subpopulation. In contrast, the model predicted
that R populations grown in the absence of S populations
would reach the carrying capacity of the in vitro system. Model
predictions for the growth of parent strains and their corre-
sponding grlA mutants were in concordance with total and
resistant subpopulation profiles observed during growth con-
trol experiments (Fig. 1 and 3).

The model predicted that the S subpopulation would be
eradicated (i.e., decline to < 1 CFU) during all levofloxacin
dosage simulations, with the time required for extinction de-
creasing as the intensity of levofloxacin exposure increased.
For instance, 82 h (MRSA 8043) to 98 h (MRSA 8282) would
be required to extinguish S populations at the lowest levofloxa-
cin exposure (125 mg every 24 h) but only 36 h (MRSA 8043)
to 39 h (MRSA 8282) would be necessary to eradicate S pop-
ulations at the highest exposure (750 mg every 24 h).

The model predicted that the levofloxacin regimens of 125
mg and 250 mg every 24 h would result in enrichment of the R
subpopulation, with the R populations constituting 0.62% and
0.55% of the total MRSA 8043 population at 24 h for each of
the regimens, respectively. The observed percentage of the
total MRSA 8043 population resistant to levofloxacin at =0.5
pg/ml for the two regimens was 3.3% and <8.1% (Fig. 1). The
model predicted that R would comprise 0.21 and 0.26% of the
total MRSA 8282 population by 24 h for the same levofloxacin
exposures. The observed percentages were 0.4% and <1.6%.
The model predicted that the R population would constitute
the entire population by 96 h with both regimens. The ob-
served percentage of bacteria resistant to levofloxacin concen-
trations of =0.5 pg/ml at 96 h with the regimen of 125 mg every
24 h ranged from 96 to 101%, but the percentage for the
regimen of 250 mg every 24 h ranged from <1.6 to 39%.

Mathematical simulations with the pharmacodynamic model
identified no clear relationship between Ty,qw and the enrich-
ment of the R subpopulation. Constant and fluctuating phar-
macokinetic profiles that failed to eradicate the R subpopula-
tion and that produced concentrations entirely outside the
mutant selection window (7w, 0%) or within the window for
variable periods (0% < Tysw = 100%) were predicted to
result in the selection of R populations.

DISCUSSION

In this study, we examined the relationship between phar-
macokinetics and the evolution of resistance when S. aureus
was exposed to simulated levofloxacin regimens in an in vitro
system. We fit several two-population pharmacodynamic mod-
els, previously developed for ciprofloxacin (5), to the viable-
cell count data to determine if they described the killing and
regrowth seen in the in vitro system.

The starting cultures of all in vitro system experiments con-
sisted mainly of levofloxacin-susceptible bacteria, although mi-

TABLE 4. Parameter estimates for the two-population pharmacodynamic model (model 2)¢

Strain gs (h) g (W) ks (h") ke (h1) ECys (ng/ml)  ECsoq (ug/ml) Ry (CFU/mI) Ny, (CEU/m)
MRSA 8043 0.87(0.09)  0.72(0.04)  153(0.09)  1.12(0.04) 0.20 (0.02) 0.72 (0.09) 1.14 (0.76) 1.1 (0.2) x 10°
MRSA 8282  0.87(0.05)  0.66(0.02)  147(0.05)  1.02(0.02) 0.20 (0.01) 0.75 (0.06) 1.32 (0.61) 7.5 (0.8) X 10°

“ Values are means * standard errors. ECs, ¢ and ECsq g, ECsq of the S and R subpopulations, respectively; N,

carrying capacity of the in vitro system.

nax»
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nor subpopulations with low-level resistance (MIC, 1 pg/ml)
were reproducibly detected at low frequencies (5.7 X 1078 to
1.5 X 107°). Resistance may have been due to efflux, although
our assays with reserpine suggested that this played a minor
role. Genotyping of the levofloxacin-resistant variants in the
starting cultures revealed a variety of mutations in gri4/B.
The S80Y, S8OF, E84K, and A116P grlA mutations observed
have been associated with phenotypic levofloxacin resistance in
S. aureus (15, 22, 35), but the P144S gri4 and the E422D griB
mutations do not appear to contribute to resistance (16, 26,
33). Other resistant subpopulations did not have mutations in
the sequenced regions of grlA/B or gyrA/B. Resistance may
have been due to mutations in other regions of these genes.
The presence of minor subpopulations of low-level-resistant
variants in the starting cultures and the variety of mutations
among these bacteria are consistent with the concept that
mutations arise randomly from wild-type cells during nonse-
lective growth, and these findings are similar to our experience
with ciprofloxacin (4).

Different patterns of killing and regrowth were observed in
the in vitro system during the levofloxacin simulations. The
initial rate of bacterial killing approached a maximum, and the
rate of regrowth decreased with increasing C,,, .. The emer-
gence of levofloxacin resistance also varied in the different
pharmacokinetic environments. The greatest increases in MICs
were observed with the simulated experimental dosing regimen
of 125 mg every 24 h, providing C,,  that were just above the
MIC but within the mutant selection windows of both strains.
In these experiments, low-level-resistant variants present in the
starting cultures became a greater proportion of the popula-
tion within 24 h. During the remainder of the experiment, their
numbers increased and bacteria with a variety of mutations in
grlA/B or gyrA and high-level resistance appeared. With the
simulated clinical regimen of 250 mg given every 24 h, which
also produced a C,,,, ., Within the MSW but closer to the MPC,
bacterial numbers initially fell to the limit of detection but then
slowly increased. Bacteria recovered at 96 h did not have an
increased MIC measured by broth microdilution, although a
slight increase (less than twofold) was detected when the MIC
was measured by the Etest (AB Biodisk, Piscataway, N.J.). No
additional mutations in grl4/B or gyrA/B were detected. Resis-
tance did not develop when the C,,  exceeded the MPC.
With these clinical regimens (500 and 750 mg every 24 h),
viable counts declined to the limit of detection within 24 h, and
the minor subpopulations of grl4 mutants that were present in
the starting populations appeared to be eliminated. These find-
ings are consistent with our ciprofloxacin experience (4) and
the suggestion of others that the key to successful antimicrobial
therapy is eradication of minor low-level-resistant subpopula-
tions present in the inoculum (1, 2).

A variety of different grlA/B and gyrA/B genotypes that
emerged with exposure to levofloxacin were seen in resistant
bacteria, and there was no apparent pattern to the presence or
type of mutations that appeared. Genotypic differences oc-
curred in several cases, even though the bacteria had been
exposed to the same simulated levofloxacin regimen, and bac-
teria with the same MIC often had different mutations. As with
ciprofloxacin (4), these data suggest that bacteria follow het-
erogeneous pathways of evolution and that the sequence of
resistance determinants is not predetermined.
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Our work supports the concept that resistant subpopulations
of S. aureus are selectively enriched when levofloxacin concen-
trations fall within the MSW, although we could not find a
relationship between the T\,gw and the degree of resistance as
reported by others (11). In our in vitro system, high-level-
resistant variants did not appear with the regimen of 250 mg
every 24 h, producing a T\,sw that was slightly higher than that
of the regimen of 125 mg every 24 h, with which resistant
variants appeared. It is also of note that the 7\,qw for the
regimens of 125 mg every 24 h and 500 mg every 24 h were very
similar, and yet resistance did not appear with the latter regi-
men. Drug concentrations outside the MSW were below the
MIC in the former regimen but above the MPC in the latter
regimen. These findings are consistent with those of our pre-
vious work with ciprofloxacin (4) and again suggest that phar-
macokinetic parameters other than T),g are important for
the selection of resistant variants.

Our data showed that resistance did not occur with the
Chax/MIC ratios above 5.33 and AUC,,/MIC ratios above
56.6 h afforded by the dosing simulations of 250, 500, and 750
mg every 24 h but occurred with C,,,/MICs up to 3.22 and
AUC,,/MICs up to 32.9 h provided by the regimen of 125 mg
every 24 h. These findings are consistent with there being a
relationship between antimicrobial exposure and the selection
of resistant variants. Additional experiments using a wider
range of concentrations and incremental changes in C,,,,/MIC
or AUC,,/MIC would be useful to fully evaluate these phar-
macodynamic concepts and determine optimal values for levo-
floxacin in the in vitro system. The C,,,/MIC or AUC,,/MICs
obtained in the in vitro system represent free (unbound) drug
exposures. We acknowledge that our experimental design may
have overestimated the killing activity for a given levofloxacin
regimen because the pharmacokinetic profiles simulated may
not reflect the free-drug exposures in normal volunteers or
infected patients if protein binding (~30%) is considered.

Our findings are consistent with an earlier study where no
resistance occurred when S. aureus was exposed to levofloxacin
daily doses of 400 to 800 mg in an in vitro glass infection model
(21). Our results are similar to those of another study where a
levofloxacin-susceptible (MIC, 0.5 pg/ml) S. aureus strain was
exposed to a simulated levofloxacin regimen of 500 mg every
24 h in a hollow-fiber in vitro system (25). Viable counts for
this susceptible strain declined to below the lower limit of
detection when cells were exposed to this dosage regimen
simulation as in our experiments. In the same study, when
strains with reduced susceptibility to levofloxacin (MICs of 2 to
4 pg/ml) were exposed to the identical regimen, viable counts
decreased but then increased. These results are similar to ours
with the levofloxacin simulation of 125 mg every 12 h, perhaps
because the fluoroquinolone exposures relative to the MIC
were similar. A different relationship between levofloxacin ex-
posure and increases in MIC was reported by others (11).
Increases in MICs of up to 2.5-fold occurred with simulated
regimens producing C,,../MIC and AUC,,/MIC ratios closely
approximating those of our 125-mg, 250-mg, and 500-mg levo-
floxacin simulations. The emergence of resistance within 72 h
with the 250-mg and the 500-mg simulations in this study may
have been due to the larger inocula used (10- to 40-fold higher
than ours). This would increase the likelihood that more spon-
taneously occurring low-level-resistant variants would be
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present at the outset of the experiments. Our pharmacody-
namic model predicted that if R, for MRSA 8043 and MRSA
8282 was increased by 40-fold, resistant subpopulations would
emerge within 72 h with a levofloxacin regimen of 500 mg every
24 h.

The two-population pharmacodynamic models of this study
were developed using an approach similar to that used to
model the evolution of ciprofloxacin resistance (5). Other in-
vestigators have published similar analyses of multipopulation
responses to antimicrobial pressure both in animals (17) and in
an in vitro system (18). Low-level-resistant grl4 mutants of
each strain were incorporated into our models as the resistant
subpopulation because they represented the most prevalent
resistant phenotype and genotype detected in the starting cul-
tures. This approach differed from that of other investigations
where model parameter estimates for the resistant subpopula-
tion were derived solely from the regrowth phase of the total
viable count-time curves and not from additional independent
experiments using resistant bacteria (23, 28, 36). Although
both of our candidate pharmacodynamic models described the
patterns of bacterial growth and killing observed in the in vitro
system, the simpler model (model 1), with equivalent growth
and levofloxacin killing rate constants, had more biased pa-
rameter estimates. It underpredicted the growth of the suscep-
tible population and overpredicted the killing rate of the re-
sistant subpopulation by levofloxacin. The alternate model,
with unique growth and killing rate constants for susceptible
and resistant subpopulations (model 2), resulted in parameter
estimates with less bias and greater precision. We did not
consider more-complex pharmacodynamic models (e.g., ones
that allowed for adaptive resistance during levofloxacin expo-
sure or that had more than two subpopulations with different
susceptibility phenotypes or genotypes) because our previous
experience with ciprofloxacin suggested that it would be diffi-
cult to obtain precise estimates for the additional parameters
from the viable count data (5).

The net growth and levofloxacin killing rate constants of the
resistant subpopulation were lower, and the ECs, estimates
were higher than the respective parameters of the susceptible
subpopulation. This was similar to our findings with ciprofloxa-
cin (5). The planar confidence intervals for ECss of the sus-
ceptible and resistant subpopulations did not overlap, unlike
those for g and k, suggesting that the lower rate of killing of the
resistant bacteria at comparable levofloxacin exposures was
mainly due to differences in ECs,s. Estimates of R,s were less
precise than other parameter estimates, as was the case when
we applied the model to ciprofloxacin pharmacodynamics. The
R, estimates were consistent with the observed resistance fre-
quencies in our starting cultures and with measured resistance
frequencies reported by others (10, 14, 24, 34).

The parameter estimates developed with the model using
grlA mutants may not be applicable to bacteria with different
resistance mechanisms (e.g., efflux or small-colony variants).
As with ciprofloxacin (5), however, the model correctly char-
acterized the emergence of subpopulations with low-level re-
sistance even though grlA mutants were not detected in all of
the starting cultures. This suggests that knowing the suscepti-
bility phenotypes of the resistant subpopulations may be suf-
ficient for designing regimens to prevent the emergence of
resistance.
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Predictions of the two-population model were often correct,
but limitations were evident. For instance, the model correctly
predicted that resistance would not occur with the regimens of
750 mg and 500 mg every 24 h, but it failed to predict the
persistence of low numbers of susceptible bacteria. The model
correctly predicted the elimination of susceptible bacteria and
the enrichment of low-level-resistant variants during exposure
to 125 mg every 24 h exposures but did not explain the origin
or appearance of additional subpopulations with high-level
resistance and mutations in gyr4. The model also predicted
that low-level-resistant variants would be enriched with the
regimen of 250 mg every 24 h. Bacterial numbers did increase
toward the end of the 96-h experiment (Fig. 3), but the number
of grlA mutants and other resistant variants present in the
starting cultures did not increase above the reliable limit of
detection (Fig. 1). It is possible that the bacteria with slightly
increased MICs (detected by the Etest but not broth microdi-
lution) detected at the end of the experiment may have become
the predominant subpopulation if the experiments had been
continued beyond 96 h.

The ability of the model to describe the population dynamics
of bacteria exposed to both levofloxacin and ciprofloxacin sug-
gests that the model is robust and may have general applica-
bility to describing and predicting the relationship between
fluoroquinolone exposure and the evolution of resistance in S.
aureus. The model may even be applicable to other antimicro-
bials, such as rifampin or linezolid, where resistance occurs by
point mutations (27, 31, 32).

Resistance did not emerge with simulated levofloxacin phar-
macokinetic profiles that provided lower C,,,/MIC and
AUC,,/MIC ratios than those of the ciprofloxacin profiles that
resulted in the selection of resistant variants (4). This finding
suggests that the pharmacokinetic-pharmacodynamic ratios re-
quired to prevent the emergence of resistance in S. aureus vary
for different fluoroquinolones. Our robust pharmacodynamic
model provides a theoretical framework for understanding the
bacterial strain and antimicrobial characteristics that influence
the emergence of resistance in S. aureus populations. Mathe-
matical simulations with the model are warranted to examine
strain and fluoroquinolone factors that influence the pharma-
cokinetic-pharmacodynamic indices that are required to pre-
vent the evolution of resistance in S. aureus.
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