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Three pharmacodynamic models of increasing complexity, designed for two subpopulations of bacteria with
different susceptibilities, were developed to describe and predict the evolution of resistance to ciprofloxacin in
Staphylococcus aureus by using pharmacokinetic, viable count, subpopulation, and resistance mechanism data
obtained from in vitro system experiments. A two-population model with unique growth and Kkilling rate
constants for the ciprofloxacin-susceptible and -resistant subpopulations best described the initial killing and
subsequent regrowth patterns observed. The model correctly described the enrichment of subpopulations with
low-level resistance in the parent cultures but did not identify a relationship between the time ciprofloxacin
concentrations were in the mutant selection window (the interval between the MIC and the mutant prevention
concentration) and the enrichment of these subpopulations. The model confirmed the importance of resistant
variants to the emergence of resistance by successfully predicting that resistant subpopulations would not
emerge when a low-density culture, with a low probability of mutants, was exposed to a clinical dosing regimen
or when a high-density culture, with a higher probability of mutants, was exposed to a transient high initial
concentration designed to rapidly eradicate low-level resistant gri4A mutants. The model, however, did not
predict or explain the origin of variants with higher levels of resistance that appeared and became the
predominant subpopulation during some experiments or the persistence of susceptible bacteria in other
experiments where resistance did not emerge. Continued evaluation of the present two-population pharma-

codynamic model and development of alternative models is warranted.

Mathematical models that are carefully constructed by using
data from in vitro and in vivo studies may provide insights into
the population dynamics underlying the emergence of antimi-
crobial resistance. If such models accurately predict the out-
come of antimicrobial therapy, they could facilitate the design
of dosing regimens to prevent resistance by allowing rapid
analysis of multiple dosing strategies.

A number of pharmacodynamic models have been proposed
to explain the population dynamics leading to antimicrobial
resistance and to predict dosing regimens that may prevent the
emergence of resistance. Some were derived from those mod-
eling the effects of chemotherapeutic agents on eukaryotic cells
(19). Zhi and coworkers proposed a model that successfully
predicted the effects of single and multiple doses of piperacillin
on Pseudomonas aeruginosa infections in neutropenic mice
(36). Others expanded this one-population model by adding
mathematical terms to account for the emergence of resistance
(22, 25), the maximum number of bacteria that can grow in a
given environment (18, 25, 35), or the appearance of resistant
mutants from susceptible bacteria by a stochastic process (23).
Recently, an indirect physiological model has been proposed
where the antimicrobial is assumed to stimulate the natural cell
death rate (24).

In previous work, we evaluated the emergence of resistance
when ciprofloxacin-susceptible Staphylococcus aureus strains
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were exposed to simulated ciprofloxacin regimens in an in vitro
hollow-fiber system. The rate of initial killing approached a
maximum, and the rate of regrowth decreased with increasing
average steady-state concentration (C,,, ). Regimens provid-
ing C,,,  intermediate between the MIC and mutant preven-
tion concentration (MPC) resulted in the strongest selection of
low-level resistant variants in the inoculum and the subsequent
appearance of high-level resistant variants, whereas regimens
providing C,,,  slightly above the MIC or close to the MPC
exerted a weaker selective pressure. A regimen providing cip-
rofloxacin concentrations above the MPC for the whole dosing
interval eradicated low-level resistant variants in the inoculum
and prevented the emergence of bacteria with high-level resis-
tance. These data suggested that dosing should target low-level
resistant variants in the inoculum to prevent the emergence of
bacteria with high-level resistance (8).

To fully characterize the relationship between pharmacoki-
netics and the emergence of resistance, a wide range of con-
centration-time profiles would need to be simulated in the in
vitro system. We postulated that the utility of in vitro system
studies may be enhanced if they were paired with a pharma-
codynamic model. Such a model could then be used to predict
the fate of susceptible and resistant bacterial subpopulations as
a function of antimicrobial concentration. Promising strategies
identified from model simulations could be tested in the in
vitro system.

In this paper, three different pharmacodynamic models of
increasing complexity were developed and evaluated by using
pharmacokinetic, viable count, subpopulation, and resistance
mechanism data from the in vitro system experiments de-
scribed in a companion paper (8) and herein. The simplest
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model had equivalent growth and killing rate constants for the
susceptible majority and resistant minority subpopulations.
This model has been previously proposed by several investiga-
tors (25, 35, 36). The second model had unique growth and
killing rate constants for each subpopulation, consistent with
the concept that resistance imposes a biological cost in fitness
(1). The third model had unique growth and killing rate con-
stants for susceptible and resistant subpopulations, like the
second model, but also allowed for the appearance of resistant
bacteria from the susceptible subpopulation at a fixed rate.
This model allowed for possible adaptation during ciprofloxa-
cin exposure (30). We show that the two-population pharma-
codynamic model with unique growth and killing rate constants
for susceptible and resistant bacterial subpopulations best de-
scribed and predicted the emergence of ciprofloxacin resis-
tance in S. aureus populations exposed to different pharmaco-
kinetic profiles.

MATERIALS AND METHODS

Data for pharmacodynamic modeling. Models were developed by using data
obtained from in vitro hollow-fiber system experiments with two ciprofloxacin-
susceptible (MIC, 0.5 wg/ml) methicillin-resistant S. aureus strains (S. aureus
MRSA 8043 and MRSA 8282) (8). Additional in vitro system experiments were
performed to characterize the growth and killing by ciprofloxacin of the most
resistant grl4 mutants (MRSA 8043C0-1 [S80Y; MIC, 4 ug/ml] and MRSA
8282C0-1 [A116P; MIC, 2 ng/ml]) detected in the parent cultures. The S80Y and
A116P grlA mutants were also chosen because they were the most prevalent
genotypes found among the low-level resistant variants in the starting cultures
and because macrodilution time-kill studies (see Appendix) suggested that more-
resistant bacteria, such as the gri4/gyrA double mutants (MIC, 4 to 16 pg/ml) that
appeared at the end of in vitro system experiments, would have been selected by
all, rather than just some, of the simulated ciprofloxacin dosage regimens had
they been present in the starting cultures.

Killing was assessed by exposing the grl4 mutants to a simulated dosage
regimen of 6,250 mg every 12 h for 24 h. This regimen was designed to achieve
concentrations that produced near-maximal killing rates of each mutant in ma-
crodilution time-kill studies (see Fig. Al). Determination of viable counts and
avoidance of antibiotic carryover was accomplished by using techniques de-
scribed previously (8).

Resistance rates. Resistance rates () for MRSA 8043 and MRSA 8282 at
ciprofloxacin concentrations of 1 and 2 pg/ml were determined by fluctuation
analysis. For each strain, 20 culture tubes containing ~10 cells in Trypticase soy
broth (Difco Laboratories, Detroit, Mich.) were incubated at 37°C for 24 h.
Aliquots were then spread onto Mueller-Hinton agar (Difco) containing cipro-
floxacin, the bacteria were incubated for 48 h, and the colonies were enumerated.
Resistance rates (u) were estimated by using the Ma-Sandri-Sarkar maximum-
likelihood method (31).

Pharmacodynamic modeling. Three different models of increasing complexity
were developed to describe changes in the ciprofloxacin-susceptible majority (S)
and ciprofloxacin-resistant minority (R) subpopulations over time during in vitro
system experiments. Each model incorporated a logistic growth expression to
characterize the competition between the S and R subpopulations for growth in
the in vitro system (21). The killing of bacteria by ciprofloxacin in each model was
assumed to occur according to a maximum effect (E,,,) pharmacodynamic
relationship, where the killing rate is a saturating function of antimicrobial
concentration (14).

The simplest model was one with equivalent growth rate and ciprofloxacin
killing rate constants for S and R (model 1). Changes in S and R over time were
described by the following differential equations:
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where S and R are the sizes of susceptible and resistant subpopulations at time
t, g is the net growth rate constant (g = b — x, where b is the rate of cell division
and x is the death rate due to all causes other than the antimicrobial), N, is the
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carrying capacity of the in vitro system, k is the rate constant for maximal
bacterial killing, ECs, is the ciprofloxacin concentration at which 50% of the
maximal killing occurs, and C is the ciprofloxacin concentration at time ¢.

The second model had unique, rather than equal, growth rate and killing rate
constants for § and R (model 2) (Fig. 1). Changes in S and R over time were
described by the following equations:
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dr —\® Nuax "M CH+ECy, s ®
dR ([ [Npw=S+R] €\, )
dr A& N max " "R C+ ECy, ®

The most complex model featured unique growth rate and killing rate constants
for S and R as in model 2 but, in addition, allowed for the appearance of R from
S at a rate p (model 3). Changes in S and R over time were described by the
following equations:
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The pharmacodynamic models made several simplifying assumptions. First, the
growth of S and R was influenced by the total numbers of S and R in relation to
Ninax Second, there was no postantibiotic effect. Third, antimicrobial concen-
trations were uniform throughout the peripheral compartment (i.e., there was no
spatial heterogeneity in C), and finally, the rate of conversion of S<-R was
negligible compared to S—R.

The size of the susceptible subpopulation at time zero (S,) in all models was
fixed as the actual viable count observed at the start of each in vitro system
experiment. The size of the resistant subpopulation at 0 h (R,) was included as
a parameter in all models because of the difficulty in precisely quantifying the
small numbers of resistant bacteria in the starting cultures by traditional micro-
biological techniques.

For pharmacodynamic modeling, initial estimates of g, k, ECs,, and N, for
the S. aureus strains were obtained by graphical analysis of in vitro system data
(available from the corresponding author upon request). Estimates of R, were
obtained from the observed frequencies of variants resistant to 1 pg of cipro-
floxacin/ml in the starting cultures (8). For model 3, the initial estimates of
used for pharmacodynamic modeling were the resistance rates for MRSA 8043
and MRSA 8282 obtained at ciprofloxacin concentrations of 1 pg/ml.

Predicted ciprofloxacin concentrations (C) from a one-compartment pharma-
cokinetic model were linked to the pharmacodynamic models because of the
rapid equilibration of ciprofloxacin concentrations between the central and pe-
ripheral (bacterial) compartments of the hollow-fiber in vitro system (8). Pre-
dicted central compartment pharmacokinetic profiles for each ciprofloxacin dos-
age regimen were simulated by using mean pharmacokinetic parameter estimates
obtained from nonlinear regression analysis of concentration-time profiles from
all in vitro system experiments. Pharmacodynamic model parameters were fitted
to measured viable counts as a function of time by using a nonlinear regression
program (WinNonlin, version 4.0; Pharsight Corp., Mountain View, Calif.). Sub-
routines were written in which pharmacodynamic model equations were ex-
pressed as simultaneous differential equations. The differential equations were
solved by integration by using the Nelder-Mead algorithm (27). The viable count
data were transformed to their log,, values before the fitting procedure. Each of
the three candidate two-population models was simultaneously fit to viable
count-time data for each parent strain and the corresponding grl4 mutant. For
MRSA 8043 and MRSA 8043C0-1, viable count-time data from all 16 experi-
ments (replicate growth controls and ciprofloxacin simulations for five dosage
regimens with MRSA 8043 plus the replicate growth controls and ciprofloxacin
6,250 mg every 12 h simulations with MRSA 8043C0-1) were used during the
fitting process. However, for MRSA 8282 and MRSA 8282C0-1, the models were
fit to viable count-time data from 15 experiments, with data from one of the
ciprofloxacin 750 mg every 12 h simulations with MRSA 8282 excluded. The
viable count time data from this experiment, in which no bacterial regrowth
occurred, were excluded for several reasons. First, the correlation between viable
counts in the replicate experiments with this simulated regimen was much lower
(r = 0.588) than in all other dosage regimen simulations with either MRSA 8282
or MRSA 8043 (r = 0.914). Second, the excluded data were from the only dosage
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FIG. 1. Schematic of the two-population pharmacodynamic model with unique growth (g) and ciprofloxacin killing rate (k) constants for
susceptible (§) and resistant (R) subpopulations (model 2). The legend for remaining symbols is given in Materials and Methods.

regimen experiment in which low-level variants resistant to ciprofloxacin con-
centrations of =1 pg/ml were not detected in the starting population. The
goodness of the model fits was evaluated by determining correlation coefficients
(r), performing residual analysis, and evaluating the precision of parameter
estimates (11). The runs test was used to determine whether model-fitted curves
deviated systematically from observed viable count data. The pharmacodynamic
model of best fit among the candidate models was discerned by the second-order
Akaike Information Criterion (AIC,) (7).

Stochastic simulations. Simulations were also performed to predict the ap-
pearance of resistant variants from the susceptible subpopulations of MRSA
8043 and MRSA 8282 during each in vitro system experiment. Resistant bacteria
were assumed to arise at a rate w from the susceptible subpopulation. The
expected number of resistant variants (R) that appeared from the susceptible
subpopulation was given by the following equation:

dR Npax — (S + R
Rl ®
where § is the size of the susceptible subpopulation at time ¢ according to
equation 5. Parameter estimates from the model of best fit and w from the
fluctuation analyses (see resistance rates above) were used in equations 5 and 7.
Mathematical simulations were performed with a numerical integration program
(Stella, version 8.0; High Performance Systems, Inc., Hanover, N.H.) to deter-

mine the expected number of variants resistant to ciprofloxacin at 1 and 2 pg/ml
in MRSA 8043 and MRSA 8282 populations at the start of each in vitro system
experiment. During ciprofloxacin exposure, the appearance of R from S over 96 h
or until § subpopulations became extinct (i.e., the population fell below 1 CFU),
whichever occurred first, was also estimated.

The appearance of resistant variants was assumed to follow a Poisson distri-
bution, so the probability of appearance of at least one resistant variant [P (R =
1)] from the susceptible subpopulation was given by the following equation:

PR=1)=1-¢* @®)

Pharmacodynamic model predictive performance. Predictions of the pharma-
codynamic model of best fit were tested in the in vitro system in duplicate. The
methods for pharmacokinetic, pharmacodynamic, resistant subpopulation, and
nucleotide sequence analysis were the same as those reported previously (8).

RESULTS

In vitro system experiments. The net growth rate of MRSA
8043C0-1 and MRSA 8282C0-1 was less than that of the cor-
responding parent strains (Fig. 2). The net killing rate of the
grlA mutants was less than that of the parent strains even
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FIG. 2. Fit of the pharmacodynamic model to experimental data from the in vitro system. Observed viable counts of MRSA 8043 (closed
symbols, top panel), MRSA 8043C0-1 (open symbols, top panel), MRSA 8282 (closed symbols, bottom panel), and MRSA 8282C0-1 (open
symbols, bottom panel) following exposure to pharmacokinetic profiles produced by various simulated ciprofloxacin dosage regimens are indicated.
Observed viable counts for growth control experiments are also depicted. The model-predicted viable count versus time profiles are shown by the
solid (MRSA 8043 and MRSA 8282) and dashed (MRSA 8043C0-1 and MRSA 8282C0-1) curves. The legend for both panels appears in the top

panel.

though the ciprofloxacin exposure was higher (area under the
concentration-time curve from 0 to 24 h [AUC,, ,,]/MIC of the
6,250 mg every 12 h regimen ranged from 139 to 277 h; AUC,_,,/
MIC of the 750 and 2,800 mg every 12 h regimens ranged from
732 to 113 h) (8).

Resistance rates. Resistance rate () estimates (mutations/
cell/generation) at ciprofloxacin concentrations of 1 and 2

pg/ml were 9.1 X 107° and 1.3 X 107 '° for MRSA 8043 and
53 x 107% and 5.2 X 10! for MRSA 8282, respectively.
Pharmacodynamic modeling. All three candidate models
described the patterns of bacterial killing and growth observed
during in vitro system experiments. The correlation (r) be-
tween model-predicted and observed viable counts ranged
from 0.976 to 0.997 for MRSA 8043/8043C0-1 and from 0.933
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TABLE 1. Selection statistics for pharmacodynamic models (7)*

Strain Model g log(r) AIC, A W,
MRSA 8043 1 6 —561.04 1,134.34 18.89  0.00
2 8 —549.51 1,115.45 0.00 0.81

3 9 —549.88 1,118.30 284  0.19

MRSA 8282 1 6 —582.20 1,176.67  20.16  0.00
2 8 —570.02 1,156.51 0.00 0.84

3 9 —570.63 1,159.85 334 0.16

“ K, number of estimated parameters in the model; log(L), maximized log-
likelihood function; AIC, = second-order Akaike selection criterion; A; = simple
AIC., differences; W; = Akaike weights for models in the set.

to 0.999 for MRSA 8282/8282C0-1 in all three models. Ob-
served viable counts were randomly scattered about the fitted
curves of each model with two exceptions (the replicate exper-
iments with 400 mg of ciprofloxacin every 12 h with MRSA
8043 and 400 mg of ciprofloxacin every 8 h with MRSA 8282).
In these instances, there was a systematic deviation (P < 0.05,
runs test) in observed viable counts above or below the fitted
killing and regrowth curves with each model. This deviation
may have been due to differences in the initial size of the
susceptible and resistant subpopulations in replicate experi-
ments. Comparison of the three models by using AIC. showed
that model 2 was best (Table 1).

Model 1 had 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 8043C0-1 and
MRSA 8282C0-1 by ciprofloxacin during the 6,250 mg every
12 h experiments. Model 2 had the least bias and most precise
parameter estimates among the evaluated models (Table 2).
For both strains, the coefficient of variation (CV) of all param-
eter estimates, except R, was =11.2%. Estimates of R, were
less precise (CV of 28.0% for MRSA 8043/8043C0-1 and
35.5% for MRSA 8282/8282C0-1). There was a strong positive
correlation between gg and kg for both MRSA 8043 (r = 0.989)
and MRSA 8282 (r = 0.994). The high interdependence of g
and kg estimates from the initial killing phase was anticipated,
since the model was fit to viable count data that reflected the
net result of growth and killing. All other model parameters,
including g and kg, were less strongly correlated (r = —0.836
to 0.675). The univariate 95% confidence intervals for g, k, and
EC;, estimates for § and R did not coincide. However, the
planar 95% confidence intervals of g and k, but not of ECj, for
S and R, which take into account the correlation among pa-
rameters, overlapped slightly. Model 2 correctly characterized
the trends in bacterial killing and growth observed during in
vitro system experiments (Fig. 2). Model 3 resulted in some
parameter estimates that were as precise as those of model 2
(CV of =10.7% for gg, kg, ECsg, 8r» krs ECsor, and N, ,,..), but
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other estimates that were less precise (CV of up to 43,910% for
R, and p).

Pharmacodynamic model predictions. Predictions of the
model of best fit (model 2) for the growth of parent strains and
their corresponding grl4 mutants were in concordance with
viable counts observed during growth control experiments
(Fig. 2). The model predicted that, in the absence of cipro-
floxacin, S would grow exponentially until the carrying capacity
of the in vitro system was reached. As this occurred, the com-
peting R subpopulation of each strain would also plateau but at
values that were ~7 to 8 log,, lower than the carrying capacity.
In contrast, the model predicted that R grown in the absence of
S would reach the carrying capacity of the in vitro system.

The model suggested that S would be eradicated (i.e., de-
cline to <1 CFU) during all ciprofloxacin regimen simulations,
with the time required for extinction decreasing as the intensity
of ciprofloxacin exposure increased. The model indicated that
51 h (MRSA 8043) to 63 h (MRSA 8282) would be required to
extinguish § exposed to the low ciprofloxacin concentration
produced by the continuous infusion simulation (0.63 pg/ml)
but only 36 h (MRSA 8043) to 46 h (MRSA 8282) would be
necessary to eradicate S exposed to higher concentrations at-
tained with 2,800 mg every 12 h (C,q & 12.1 pg/ml).

The model also correctly predicted that there would be a net
growth of R with all ciprofloxacin regimens except 2,800 mg
every 12 h and that the net growth of R would decrease at
increasing ciprofloxacin exposures, as evidenced by flattening
of the regrowth curves from 24 to 96 h.

The model predicted that enrichment of R relative to S
would occur at 24 h with all in vitro system experiments except
the 2,800 mg every 12 h dosage regimen. It suggested that R
would constitute 63.9 to 87.6% of the total MRSA 8043 pop-
ulation at 24 h with regimens providing C,,,, « of 0.63 to 3.30
pg/ml but only 1.9 to 42.3% of the total MRSA 8282 popula-
tion for the same ciprofloxacin exposures. For all dosage reg-
imen simulations except 2,800 mg every 12 h with both strains,
the model predicted that R subpopulations would constitute
the entire population at 96 h.

The model did not identify a relationship between the time
(Twsw) ciprofloxacin concentrations were in the mutant selec-
tion window (MSW, the interval between the MIC and the
MPC) and the enrichment of R. Constant and fluctuating phar-
macokinetic profiles that failed to eradicate R and that pro-
duced concentrations entirely outside (7,5, = 0%) or within
(0% < Ty = 100%) the window for variable periods of time
were predicted to result in selection of R.

Predictions from stochastic simulations. The stochastic
equations predicted that the probability of variants resistant to
1 pg of ciprofloxacin/ml in the starting populations would
range from 78.0 to 92.6% for MRSA 8043 and from 78.1 to
96.7% for MRSA 8282. The probability of variants resistant to

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

ECS 0S ECS OR

Strain gs (h™ gr (h™h) kg (b1 kg (h™1) (ng/ml) (ng/ml) R, (CFU/ml) Npax (CFU/ml)
MRSA 8043 0.99(0.09)  0.66(0.02) 1.56(0.09) 1.17(0.02) 021(0.02) 5.19(027)  1.06(0.30)  1.10 X 10° (0.08 X 10°)
MRSA 8282 0.93(0.07)  0.70(0.02)  1.39(0.07)  1.10(0.02)  0.18(0.02) 2.72(0.15) 124 (0.44)  1.70 X 10 (0.20 X 10'%)

“ Results are means with standard errors in parentheses.
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FIG. 3. Validation of pharmacodynamic model predictions in the in vitro system. Ciprofloxacin concentrations (left panels) and MRSA 8043
and MRSA 8282 viable count profiles (right panels) for an experimental ciprofloxacin dosage regimen (single 6,250-mg dose followed by 400 mg
every 12 h) designed to prevent the emergence of resistant subpopulations likely to be present in a culture of 107 CFU/ml (top) and for a
conventional ciprofloxacin dosage regimen of 400 mg every 12 h with a culture of 10° CFU/ml not likely to contain resistant subpopulations
(bottom). The concentration-time panels show measured central (closed symbols) and peripheral (open symbols) compartment concentrations,
predicted central compartment pharmacokinetic profiles (lines) from the one-compartment pharmacokinetic model, and MICs (dotted line) and
MPCs for MRSA 8043 (solid line) and MRSA 8282 (dash-dotted line). The viable count-time panels show pharmacodynamic model-predicted
(curves) and observed (symbols) viable counts for MRSA 8043 (squares) and MRSA 8282 (diamonds). The reliable limit of detection in the

experiments was 100 CFU/ml.

2 ng of ciprofloxacin/ml would range from 2.0 to 6.0% for
MRSA 8043 and from 2.6 to 9.0% for MRSA 8282. These
predictions are consistent with results from the 24 in vitro
system experiments where resistant variants were recovered on
agar containing 1 pg of ciprofloxacin/ml in 91.7% of experi-
ments and on agar containing 2 pg of ciprofloxacin/ml in
12.5% of experiments (8).

Pharmacodynamic model predictive performance. We pos-
tulated that eradication of resistant variants of MRSA 8043
and MRSA 8282 likely to be present in starting cultures of
~107 CFU/ml (see stochastic predictions above) may pre-
vent the subsequent emergence of bacteria with higher lev-
els of resistance. Pharmacodynamic parameter estimates
(Table 2) from model 2 were used to design an experimental

regimen that would eradicate low-level resistant variants in
the starting populations. This regimen was tested in the in
vitro system and consisted of a single high ciprofloxacin dose
(6,250 mg) to eradicate R followed, 12 h later, by a standard
dose at conventional intervals (400 mg every 12 h) to elim-
inate the remaining S bacteria (Fig. 3, top left panel). The
regimen produced first dose C,,,/MIC ratios for MRSA
8043 and MRSA 8282 of 86.3 and 82.7 and AUC,,_,,/MIC
ratios of 659 and 652 h, respectively. The corresponding first
dose C,,,/MPC ratios for MRSA 8043 and MRSA 8282
were 13.0 and 14.7, and the AUC,_,,/MPC ratios were 99.3
and 116 h, respectively. Ciprofloxacin concentrations were
above the MPC 99.7% of the time (Ty;gw = 0.3%) during
the first 24 h of the experiments. The C,,,/MIC (MPC) and
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AUC,,/MIC (MPC) indices decreased and the Tyqy in-
creased as concentrations obtained with the initial high dose
declined. The subsequent simulated dose of 400 mg given
every 12 h provided steady-state C,,,/MIC and AUC,,/MIC
ratios of 7.16 and 6.80 and 86.8 and 88.4 h for MRSA 8043
and MRSA 8282, respectively. The Tygw Was 95.3 and
87.2% for MRSA 8043 and MRSA 8282, respectively, during
the last 60 h of the experiments.

The detection of resistant variants in the starting cultures of
these experiments was in agreement with the stochastic pre-
dictions (above). For example, griA mutants (S80Y) were re-
covered from the inocula (geometric mean, 8.3 X 10° CFU/ml)
on agar containing 1 to 2 g of ciprofloxacin/ml in both repli-
cate experiments with MRSA 8043. Variants were recovered
from the starting populations (geometric mean, 1.1 X 107
CFU/ml) on agar containing 0.5 to 1 pg of ciprofloxacin/ml in
both replicate experiments with MRSA 8282, although gri4
mutants (S80Y) were detected in only one of the experiments.
When the cultures were exposed to the experimental cipro-
floxacin regimen, viable counts declined to the reliable lower
limit of detection (10> CFU/ml) and persisted below that level
for the remainder of the experiments (Fig. 3, top right panel).
No subpopulations with increased MICs or MBCs or muta-
tions in the quinolone resistance-determining regions
(QRDRs) of grlA/B or gyrA/B were found in the persisting
bacteria at 96 h. Overall, the observed decrease in viable
counts for both strains was consistent with predictions of the
pharmacodynamic model. However, the model tended to
slightly overpredict the decrease in viable counts during the
initial 12 h and then again as the counts neared the limit of
detection.

Our stochastic simulations predicted that the probability of
MRSA 8043 and MRSA 8282 variants resistant to ciprofloxa-
cin concentrations of 1 and 2 wg/ml in the starting populations
would be =1.0 and <0.1%, respectively, when the density of
the cultures was ~10° CFU/ml. The model also predicted that
the probability that variants resistant to 1 and 2 pg of cipro-
floxacin/ml would arise from the susceptible population during
ciprofloxacin exposure would be =5.8 and <0.1%, respec-
tively. Under lower inoculum conditions, the two-population
pharmacodynamic model effectively collapses to a one-popu-
lation model containing only susceptible bacteria.

These predictions were tested when MRSA 8043 and MRSA
8282 cultures containing ~10° CFU/ml were exposed to a
simulated clinical ciprofloxacin dosage regimen of 400 mg ev-
ery 12 h (Fig. 3, bottom left panel). The pharmacokinetic-
pharmacodynamic indices attained during these experiments
were similar to the values observed in previously reported
experiments with larger inocula (~107 CFU/ml) that resulted
in the emergence of resistance (8). No variants resistant to
ciprofloxacin concentrations of =0.5 pg/ml or with mutations
in the QRDRs of grl4/B and gyrA/B were detected in the
starting cultures (geometric mean, 9.9 X 10* CFU/ml for
MRSA 8043 and 1.2 X 10° CFU/ml for MRSA 8282) during
replicate experiments. When the cultures were exposed to the
400 mg every 12 h regimen in the in vitro system, viable counts
declined at a rate similar to that observed in earlier experi-
ments with larger populations (8). In contrast to these exper-
iments, however, bacterial counts continued to decrease and
fell below the reliable limit of detection (Fig. 3, bottom right
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panel), consistent with predictions of the pharmacodynamic
model. Organisms persisted below the limit of detection for the
remaining time in all experiments, but no subpopulations with
increased ciprofloxacin MICs or MBCs or mutations in the
QRDRs of grlA/B or gyrA/B were detected in replicate exper-
iments with either strain.

DISCUSSION

We hypothesized that a two-population pharmacodynamic
model could be used to predict the emergence of ciprofloxacin
resistance in S. aureus populations. Three candidate models
were constructed by using elements of earlier models (18, 19,
22,23, 25, 35, 36) and pharmacokinetic, viable count, subpopu-
lation, and resistance mechanism data from our in vitro system
experiments (8). All three candidate models described the
patterns of bacterial killing and growth observed during the in
vitro system experiments. The simplest model (model 1), with
equivalent growth and ciprofloxacin killing rate constants, had
the most biased parameter estimates. It underpredicted the
growth rate of the susceptible subpopulations and overpre-
dicted the ciprofloxacin killing rate of the resistant subpopu-
lations. The most complex model (model 3), which included a
parameter (p.) for conversion of susceptible to resistant bacte-
ria, resulted in the least-precise parameter estimates. There
was insufficient information in the viable count data alone for
this model to precisely estimate certain parameters (R, and ).

The model of intermediate complexity (model 2), with
unique growth and killing rate constants for susceptible and
resistant subpopulations, resulted in parameter estimates with
the least bias and greatest precision. All model parameter
estimates seemed realistic. For instance, the estimated net
growth rate constants (including lower and upper univariate
95% confidence intervals) for R were lower than those for S.
The corresponding net doubling times of the MRSA 8043 and
MRSA 8282 grlA mutants calculated by using the growth rate
estimates were 63 and 69 min, and those of the wild-type
parent strains were 42 and 45 min, respectively, which are
consistent with those reported for other S. aureus strains (9, 13,
16, 34). The model-estimated killing rate (k) constants (includ-
ing lower and upper univariate 95% confidence intervals) for R
were also lower than those for S, and the estimated EC,,
(including lower and upper planar 95% confidence intervals)
of the resistant grl4 mutants were higher than the ECys of the
susceptible parent stains. The differences in killing rate con-
stants and EC;, for § and R subpopulations are consistent with
previous observations that the rate of killing of S. aureus griA
mutants is less than that of wild-type bacteria at comparable
ciprofloxacin exposures (16, 28). The wide difference in the
confidence interval estimates for ECy, compared to k suggests
that the disparity in the rate of killing between the two sub-
populations is mainly due to differences in this parameter and,
to a lesser extent, differences in k. Finally, although estimates
of R, were less precise than other parameter estimates, the
estimates seemed to be reasonable. The resistance frequencies
in the starting cultures of our in vitro system experiments
ranged from <3.0 X1077 t0 3.0 X 10~ %and <1.1 X107 to 4.2
X 10”7 when the bacteria were subcultured on agar containing
ciprofloxacin concentrations of 1 and 2 wg/ml, respectively (8).
Since the starting populations of these experiments were ~107
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CFU/ml, the resistance frequencies we observed were consis-
tent with the R, values of ~1 CFU/ml estimated by the model.
The R, value is also consistent with measured resistance fre-
quencies for first-step S. aureus mutants reported by others (12,
15).

The model correctly characterized the growth of wild-type
MRSA 8043 and MRSA 8282 strains and the appearance of
resistant subpopulations during growth control experiments in
the in vitro system. The model predicted that this emerging R
subpopulation would represent a progressively declining pro-
portion of the total over time because of the differential growth
rate between resistant and susceptible bacteria. This was in
agreement with our observations in the in vitro system where
the number of resistant variants recovered on agar containing
0.5, 1, and 2 pg of ciprofloxacin/ml increased, although their
frequency relative to the total population decreased (8). The
model also correctly described the growth of the gri4 mutants,
MRSA 8043C0-1 and MRSA 8282C0-1, in the in vitro system.

The model-predicted enrichment of resistant subpopula-
tions in the presence of ciprofloxacin was consistent with the
results of our in vitro system experiments (8). Increased num-
bers of low-level resistant variants, recovered on agar contain-
ing 0.5 to 2 pg of ciprofloxacin/ml, were observed at 24 h in all
dosage simulations in which resistance emerged. In concor-
dance with model predictions, the enrichment of low-level
resistant subpopulations of MRSA 8043 at 24 h was greater
than that of MRSA 8282. In our in vitro system experiments,
the observed number of variants resistant to ciprofloxacin con-
centrations of at least 0.5 pg/ml comprised 33 to 100% of the
MRSA 8043 population but only 6 to 27% of the MRSA 8282
population at 24 h (8). As predicted by the model, the number
of low-level resistant variants of both strains increased progres-
sively over the next 72 h so that by 96 h these resistant variants
comprised the entire population. The model correctly pre-
dicted that resistant subpopulations would not emerge when
MRSA 8043 and MRSA 8282 cultures were exposed to a
simulated regimen of 2,800 mg every 12 h.

We validated pharmacodynamic model predictions by using
the in vitro system. No resistance emerged when we exposed
MRSA 8043 and MRSA 8282 populations (~10” CFU/ml)
containing small numbers (<100 CFU/ml) of grl4 mutants to a
single large simulated ciprofloxacin dose (6,250 mg) followed
by a clinical dosage regimen (400 mg every 12 h). Although
observed viable counts were higher during the experiment than
predicted by the pharmacodynamic model, it is unclear
whether this deviation represented variability in the concen-
tration-effect asymptote or a paradoxical effect. The latter is a
decrease in bactericidal effect at high ciprofloxacin concentra-
tions, possibly due to partial inhibition of RNA synthesis (33).
Although several researchers have confirmed that high fluoro-
quinolone peak/MIC ratios produced with multiple dosing reg-
imens eradicate bacteria and suppress the emergence of resis-
tance (6, 10, 29), to our knowledge, we are the first to
demonstrate the effectiveness of an approach using a single
high dose followed by standard dosing. Our in vitro system
experiments suggested that pharmacodynamic parameters
(Cmax/MIC and AUC/MIC ratios) associated with the first
dose or during the first 24 h may be more predictive than
steady-state parameters in preventing the selection of gri4
mutants in S. aureus populations.
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We are aware that application of a dosing strategy with a
high dose may not be possible in the clinical setting because of
concentration-related toxicity. However, this approach may be
feasible as newer fluoroquinolones, possessing increased po-
tency against wild-type S. aureus strains and grl4 mutants, are
developed (5, 17, 32).

The importance of subpopulations with low-level resistance
to the emergence of resistance was also shown by our in vitro
system experiments with bacterial cultures of lower density
(~10° CFU/ml). The stochastic simulations predicted that
variants with low-level resistance were unlikely to be present in
the smaller populations, and hence, resistance would not
emerge during exposure to clinically relevant ciprofloxacin
concentrations. Our data clearly show that resistant subpopu-
lations did not emerge with a simulated clinical dosage regi-
men that had previously failed with larger populations contain-
ing resistant variants. When low-level resistant variants are not
present, the two-population pharmacodynamic model effec-
tively collapses to a one-population model. Ciprofloxacin con-
centrations obtained with standard clinical dosage regimens
may be sufficient to kill the susceptible population in these
situations.

The utility of the pharmacodynamic model depends in part
on the precision of parameter estimates. Most model param-
eters, except the initial size of the resistant subpopulation (R,),
were estimated with good precision (CV < 11.2%). In contrast,
R, estimates had CV ranging from 28 to 36%. R, was included
as a model parameter due to the inherent difficulties in detect-
ing small subpopulations of resistant variants in bacterial cul-
tures by using traditional microbiologic methods. To eliminate
R, as a model parameter, new laboratory techniques to pre-
cisely measure small populations of bacteria (<10 CFU/ml)
are needed. One such approach may be the use of molecular
beacons in real-time PCR (P. Chung, M. E. Evans, J. A. Mos-
cow, and P. J. McNamara, Abstr. Am. Assoc. Pharm. Sci.,
abstr. W5253, 2002). Until such methods are available, a pos-
sible alternative is to use artificial cultures of genetically re-
lated S. aureus strains with known resistance mechanisms. The
mixed-culture approach may minimize the error associated
with estimating R, and permit better control of the genetic
composition of the population.

The usefulness of the proposed pharmacodynamic model
also depends on the generality of the parameter estimates. The
parameter estimates developed with the model with grl4 mu-
tants may not be applicable to bacteria with different resistance
mechanisms (e.g., efflux or small colony variants). It is inter-
esting, however, that the model correctly characterized the
emergence of subpopulations with low-level resistance in those
experiments where grl4 mutants were not detected in the start-
ing cultures. This suggests that knowing the susceptibility phe-
notypes of the resistant subpopulations may be sufficient for
designing regimens to prevent the emergence of resistance.
Studies with additional S. aureus strains and resistant variants
with different mechanisms of resistance are necessary to test
this hypothesis and determine realistic model parameter
ranges for susceptible and resistant subpopulations with differ-
ent genotypes and phenotypes.

We and others have speculated that grl4 mutants with low-
level resistance constitute an important subpopulation from
which variants with higher levels of resistance evolve (3, 4, 8).
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Resistance in some of our in vitro system experiments ap-
peared to occur stepwise from low-level resistant variants
through sequential mutations in topoisomerase genes. Al-
though the model described the apparent selection of grid
mutants, it did not explain the origin of variants recovered on
agar containing up to 16 g of ciprofloxacin/ml or the appear-
ance of griA/gyrA double mutants at the end of some experi-
ments.

Alternative models may also mimic the observed total viable
count data and be more consistent with the appearance of
highly resistant variants at the end of our in vitro experiments.
Such models may contain three (or more) subpopulations with
different susceptibility phenotypes (susceptible and low- and
high-level resistant subpopulations) or genotypes (wild-type,
grlA mutant, and gri4/gyrA double mutant subpopulations). In
these models, bacterial subpopulations with higher levels of
ciprofloxacin resistance would arise from subpopulations with
low-level resistance during antimicrobial exposure (phenotypic
model) or by sequential mutations in topoisomerase genes
(genotypic model). Another alternative model may be one in
which bacteria continually adapt to the presence of ciprofloxa-
cin through changes in phenotype (e.g., progressively up-reg-
ulate efflux). However, our experience with model 3 suggests
that successful development of these more complex alterna-
tives is probably not feasible because of difficulties in obtaining
precise estimates from viable count data when additional pa-
rameters are incorporated into the model. Although more
complex models may better characterize the evolution of
higher levels of fluoroquinolone resistance in S. aureus, the
critical factor in preventing the emergence of these highly
resistant variants may be eradication of subpopulations with
low-level resistance. The present model predicts many of the
conditions necessary to successfully eliminate these low-level
variants without the need to invoke more complex models.

The present model also does not explain the persistence of
susceptible bacteria, in numbers below the reliable limit of
detection, in those in vitro system experiments where resis-
tance did not emerge. These bacteria may have been special-
ized survivor cells that comprised a small proportion (<10~>)
of the starting populations and were refractory to the lethal
effect of ciprofloxacin (20). We did not attempt to build per-
sistence into the models, as others have proposed (2). The
inclusion of this additional parameter in the model may have
made it more difficult to estimate other parameters with good
precision.

The two-population pharmacodynamic model we developed
described the conditions under which selection of resistant
variants occurred and correctly predicted ciprofloxacin dosage
regimens that suppressed the emergence of resistant variants
in two S. aureus strains. Although our model was constructed
by using data from only two strains and one antimicrobial in an
in vitro system, we believe our findings have general applica-
bility. The predictive performance of the model attests to the
potential power of this approach in designing dosage regimens
to suppress the emergence of resistance. Additional in vitro
model experiments are necessary to further refine and validate
the model reported in this study. In addition, the utility of
alternative models should be explored. When the model is
optimized and paired with experiments in the in vitro system,
it may be possible to more precisely define the relationship
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between antimicrobial concentrations and the emergence of
fluoroquinolone resistance in S. aureus. Appropriately devel-
oped models may also facilitate and expedite evaluation of
dosage regimens to prevent the emergence of resistance. We
encourage the continued development and testing of pharma-
codynamic models of bacterial resistance.

APPENDIX

Macrodilution time-kill studies. Time-kill experiments, which al-
lowed rapid assessment (compared to in vitro system experiments) of
the growth and killing of bacterial subpopulations at multiple cipro-
floxacin concentrations, were performed to determine which resistant
subpopulation (R) to incorporate into the pharmacodynamic models.
Two R subtypes of each strain with different degrees of ciprofloxacin
resistance were tested based on resistant variants that were recovered
in earlier in vitro system experiments (8). The first R subtype, the gri4
mutants MRSA 8043C0-1 (S80Y) and MRSA 8282C0-1 (A116P),
demonstrated low-level ciprofloxacin resistance. These gri4 mutants
were the most-resistant variants (MIC, 2 to 4 pg/ml) recovered from
the bacterial populations present at the beginning of the in vitro system
experiments. The second R subtype, the grid/gyrA double mutants
MRSA 8043C96-1 (S80Y/S84L) and MRSA 8282C96-1 (A116P/S84L),
exhibited high-level ciprofloxacin resistance. These grl4/gyrA mutants
were the most-resistant variants (MIC, 16 pg/ml) detected in bacterial
populations after 96 h of exposure to a simulated dosage regimen of
400 mg every 8 h in the in vitro system.

The macrodilution time-kill experiments were performed in tripli-
cate according to approved guidelines (26) by using an inoculum of
approximately 107 CFU/ml. Bacterial killing over 24 h was evaluated at
ciprofloxacin concentrations ranging from one to eight times the MIC.
Determination of viable counts and avoidance of antibiotic carryover
was accomplished by using techniques described previously (8). Linear
regression was used to estimate initial (0 to 4 h) growth and apparent
ciprofloxacin-mediated bacterial killing rates. The viable count data
were transformed to their natural logarithm values before performing
linear regression. The actual rate of bacterial killing at each ciprofloxa-
cin concentration was calculated by subtracting the apparent killing
rate from the growth rate.

Growth rates of the grl4 and grid/gyrA mutant derivatives were
significantly lower than those of the wild-type parent strains (Fig. Al).
For grlA mutants MRSA 8043C0-1 and MRSA 8282C0-1, net growth
rates (mean * standard deviation) were 0.51 = 0.05 h™! and 0.47 +
0.04 h™! compared to 0.83 = 0.04 h™' (P = 0.024, analysis of variance
and Fisher’s least significant difference test) and 0.78 = 0.03 h™! (P =
0.035) for MRSA 8043 and MRSA 8282, respectively. The growth rates
of griA/gyrA mutants MRSA 8043C96-1 and MRSA 8282C96-1 were
0.58 = 0.06 h™ " and 0.56 = 0.05 h™!, significantly lower than those of
the parent strains (P = 0.046 for MRSA 8043 and P = 0.048 for MRSA
8282) but not significantly different from those of the grl4 mutants.

The initial rate of killing of the wild-type parent strains and the grl4
mutants from 0 to 4 h increased at higher ciprofloxacin concentrations
(Fig. Al). The rate of killing was near maximal values at four to eight
times the MIC. The decline in viable counts for gri4 mutants was
slower than that for their respective parent strains at comparable
ciprofloxacin exposures relative to the MIC. The grl4 mutants were
killed at significantly slower rates than their respective parent strains.
The killing rates at eight times the MIC were 1.29 = 0.14 h™ ' and 1.23
+ 0.17 h™! for MRSA 8043C0-1 and MRSA 8282C0-1 compared to
1.86 = 0.12h ' and 1.71 * 0.14 h™' for MRSA 8043 (P = 0.039) and
MRSA 8282 (P = 0.047). In contrast, there was no net killing of the
highly ciprofloxacin-resistant griA/gyrA double mutant derivatives with
ciprofloxacin concentrations of up to eight times the MIC. The highest
ciprofloxacin concentration tested in the time-kill studies with the
griA/gyrA double mutants (128 pg/ml) exceeded the average steady-
state concentration simulated during all of the earlier in vitro system
experiments (0.63 to 12.1 pg/ml) (8). The time-kill experiments suggest
that if griA/gyrA double mutants were present in the starting cultures
during in vitro system experiments, they would have been selected with
all rather than just some of the simulated ciprofloxacin dosage regi-
mens (400 mg every 8 and 12 h). These data led us to conclude that the
grlA mutant derivatives of the parent strains instead of grl4/gyrA dou-
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FIG. Al.Time-kill curves for parent strains MRSA 8043 and MRSA 8282 (top), grl4 mutants MRSA 8043C0-1 (S80Y) and MRSA 8282C0-1
(A116P) (middle), and grid/gyrA double mutants MRSA 8043C96-1 (S80Y/S84L) and MRSA 8282C96-1 (A116P/S84L) (bottom) following
exposure to ciprofloxacin at concentrations of 0 (#), 1 (m), 2 (A), 4 (@), and 8 (X) times the corresponding MIC. Results are means * standard

deviations of the results from three separate experiments.

ble mutants should be incorporated into the candidate pharmacody-
namic models as the R subpopulation.
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