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Antibiotic pharmacodynamic modeling allows variations in pathogen susceptibility and human pharmaco-
kinetics to be accounted for when considering antibiotic doses, potential bacterial pathogen targets for therapy,
and clinical susceptibility breakpoints. Variation in the pharmacodynamic index (area-under-the-concentra-
tion curve to 24 h [AUC24]/MIC; maximum serum concentration of drug in the serum/MIC; time the serum
concentration remains higher than the MIC [T > MIC]) is not usually considered. In an in vitro pharmaco-
kinetic model of infection using a dose-ranging design, we established the relationship between AUC24/MIC
and the antibacterial effect for moxifloxacin against 10 strains of Staphylococcus aureus. The distributions of
AUC24/MIC targets for 24-h bacteriostatic effect and 1-log, 2-log, and 3-log drops in bacterial counts were used
to calculate potential clinical breakpoint values, and these were compared with those obtained by the more
conventional approach of taking a single AUC24/MIC target. Consideration of the AUC24/MIC as a distribution
rather than a single value resulted in a lower clinical breakpoint.

The present antibacterial pharmacodynamic paradigm to es-
tablish antibiotic dosing, target pathogens for treatment, and
establish possible clinical susceptibility breakpoints (S) was
established by Drusano et al. (6). It depends, first, on using
preclinical data from infection models to determine the dom-
inant pharmacodynamic index (area under the concentration-
time curve [AUC]/MIC; maximum concentration of drug in
serum/MIC; time � MIC) for an agent. Second, knowledge of
the relationship between this index and pathogen killing and/or
animal survival, together with data on the MIC distribution of
potential pathogens and the pharmacokinetics of the drug in
healthy human volunteers or infected patients, is used in math-
ematical simulations. Mathematical modeling techniques are
used to incorporate variations in the drug pharmacokinetics so
that the proportion of a simulated cohort of patients who reach
a predefined pharmacodynamic index target can be deter-
mined for each MIC of a potential infecting pathogen. The
pharmacodynamic index target chosen is critical to this pro-
cess, and for fluoroquinolones, a free-drug AUC24/MIC ratio
of around 30 is associated with a 1- to 2-log reduction in
bacterial counts of Streptococcus pneumoniae after 24-h expo-
sure in animal models and an 80% animal survival rate. In
humans, a similar free-drug 24-h AUC (AUC24)/MIC ratio has
been associated with improved microbiological responses in
pneumococcal infection (1, 2). Although mathematical tools
such as Monte Carlo simulations have been employed to model
pharmacokinetic variability, it is also clear that there is vari-

ability in the pharmacodynamic index target—some variability
is related to differences between species (10), some to differ-
ences between different bacterial strains within species (9), and
some to experimental variation.

We used an in vitro pharmacokinetic model to determine
strain-to-strain differences in the relationship between AUC24/
MIC and antibacterial effect for an exemplar fluoroquinolone-
moxifloxacin treatment against Staphylococcus aureus strains.
We then, for the first time, modeled the effects of strain-to-
strain variation and experimental variation in the pharmaco-
dynamic index on determination of a clinical susceptibility
breakpoint for an antimicrobial.

(These data were presented at the 48th Interscience Con-
ference on Antimicrobial Agents and Chemotherapy/46th An-
nual Meeting of the Infectious Diseases Society of America,
Washington, DC, 25 to 28 October 2008 [11].)

MATERIALS AND METHODS

Microorganisms. Ten clinical strains of Staphylococcus aureus isolated in 2007
in the Department of Medical Microbiology, Southmead Hospital, Bristol,
United Kingdom, were used. The strains were selected to include a range of
MICs but with a bias toward strains having MICs close to the MIC50 of the
wild-type population for moxifloxacin, which is 0.03 to 0.06 mg/liter. Testing of
susceptibility to moxifloxacin was determined by broth dilution methods as de-
scribed by the Clinical and Laboratory Standards Institute (CLSI) (5), except
that intermediate concentrations (between those of the standard doubling dilu-
tion series) were tested.

In vitro pharmacokinetic model. A New Brunswick (Hatfield, Hertfordshire,
England) Bioflo 1000 in vitro pharmacokinetic model was used to simulate serum
free-drug concentrations of moxifloxacin when administered orally. The appara-
tus, which has been described before, consists of a single central chamber con-
nected to a dosing chamber, which is in turn attached to a reservoir containing
broth. The central chamber (360 ml) is connected to a collecting vessel for
overflow. The contents of the dosing chamber and central chamber were diluted
with broth by using a peristaltic pump (Ismatec, Cole Palmer, England) at a flow
rate of 66 ml/h. The temperature was maintained at 37°C, and the broth in the
dosing and central chambers was agitated by a magnetic stirrer. Ten percent
Muller-Hinton broth was used (10).
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Exposure-response studies. Experiments were performed with an initial inoc-
ulum density of 10 CFU/ml (6). A total of 720 �l of a 10-CFU/ml (10) bacterial
suspension from a 24-h plate was added to the central chamber 45 min before
dosing. Samples were taken throughout a 48-h period for determination of viable
counts. Bacteria were quantified using a spiral plater (Don Whitley Spiral Sys-
tems, Shipley, West Yorkshire, United Kingdom). Bacteria were recovered onto
nutrient agar plates. The minimum level of detection was 100 CFU/ml. Addi-
tional aliquots were also stored at �70°C for measurement of moxifloxacin using
a modified bioassay method (4). The moxifloxacin regimens were based on
healthy volunteer pharmacokinetic data, dosed once per day (terminal half-life,
12 h) (13). Dose-ranging simulations were performed for each strain to achieve
AUC24/MIC ratios ranging up to 1,586, which is 7 to 12 experiments per bacterial
strain. The AUC24/MIC ratios simulated were as follows: AUC/MIC � 1.0 (n �
10), 1.0 � AUC/MIC � 10 (n � 10), 10 � AUC/MIC � 20 (n � 8), 20 �

AUC/MIC � 30 (n � 6), 30 � AUC/MIC � 50 (n � 9), 50 � AUC/MIC � 100
(n � 10), 100 � AUC/MIC � 200 (n � 10), and 200 � AUC/MIC (n � 14).

Modeling methods. The antibacterial effect, as measured by the log reduction
in viable bacteria count at 24 h, was related to the antibiotic exposure as mea-
sured by AUC24/MIC using a Sigmoid Emax model (GraphPad Prism; GraphPad
Software Incorporated, San Diego, CA), and the AUC24/MIC required for 24-h
bacteriostatic effect and 1-, 2-, and 3-log drops was established for each strain. A
similar analysis was performed combining all the data from all 10 strains (pooled
analysis) to derive a single AUC24/MIC for each measurement of antibacterial
effect.

The percentage of patients reaching each pharmacodynamic target (for 24-h
bacteriostatic effect and 1-, 2-, and 3-log drops) was estimated by simulation for
a range of pathogen MICs using Stata version 10 (StataCorp LP, College Station,
TX). In each run, 10,000 patients were simulated. An AUC was simulated for
each patient by first randomly allocating an AUC range of 286 subjects receiving
400 mg oral moxifloxacin, according to the distribution described in Stass and
Proeve’s study (14), and then drawing the AUC randomly from a uniform
distribution within that range.

The distribution described by Stass and Proeve (14) was as follows: AUC � 15
mg � h/liter (n � 0), 15 � AUC � 20 mg � h/liter (n � 4), 20 � AUC � 25
mg � h/liter (n � 18), 25 � AUC � 30 mg � h/liter (n � 58), 30 � AUC �
35 mg � h/liter (n � 62), 35 � AUC � 40 mg � h/liter (n � 65), 40 � AUC � 45
mg � h/liter (n � 34), 45 � AUC � 50 mg � h/liter (n � 23), 50 � AUC � 55
mg � h/liter (n � 15), 55 � AUC � 60 mg � h/liter (n � 3), 60 � AUC �
65 mg � h/liter (n � 2), 65 � AUC � 70 mg � h/liter (n � 1), 70 � AUC � 75
mg � h/liter (n � 0), and 75 � AUC � 80 mg � h/liter (n � 1).

AUC24/MIC targets (free drug) for 24-h bacteriostatic effect and 1-, 2-, and
3-log drops in CFU/ml were simulated for each patient in the following three
ways: (i) empirically, using the results for the 10 strains tested, with each patient
having an equal probability of being allocated the AUC24/MIC for each of the 10
strains; (ii) assuming a normal distribution of AUC24/MICs, with the means and
standard deviations estimated from the 10 test strains; and (iii) using the AUC24/
MIC target calculated from the data from all 10 strains pooled, i.e., a single-point
analysis. Protein binding was assumed to be 40%, so free-drug AUC was 60% of

total simulated AUC. Therefore, a patient was calculated to have attained the
AUC24/MIC target if AUC � 0.6/MIC � target. The calculation was repeated
for each MIC of 0.06 to 4 mg/liter. The percentage of patients attaining the target
was determined for each combination of target calculation method, the log
change in count of viable bacteria required, and the pathogen MIC (mg/liter).
Thus, the percentage of patients reaching the pharmacokinetic-pharmacody-
namic target for each endpoint (24-h bacteriostatic effect and 1-, 2-, and 3-log
drops) and pathogen MIC was assessed in three different ways.

RESULTS

MICs for moxifloxacin. The moxifloxacin MICs for the 10 S.
aureus strains used were as follows: for strain SMH 36633, a
MIC of 0.03 mg/liter; SMH 37099, a MIC of 0.03 mg/liter;
SMH 37312, a MIC of 0.03 mg/liter; SMH 37390, a MIC of 0.04
mg/liter; SMH 37503, a MIC of 0.05 mg/liter; SMH 38002, a
MIC of 0.05 mg/liter; SMH 38004, a MIC of 0.09 mg/liter;
SMH 37276, a MIC of 0.7 mg/liter; SMD 36742, a MIC of 1.0
mg/liter; and SMD 36945, a MIC of 2.0 mg/liter.

Impact of escalating exposures of moxifloxacin on total bac-
terial populations. The free-drug moxifloxacin AUC24/MIC
required to produce a bacteriostatic effect at 24 h and 1-, 2-,
and 3-log reductions in bacterial count for each strain are
shown in Table 1, together with the mean � the standard
deviation for the 10 strains and the single-point AUC24/MICs
from the pooled analysis. There was variation between strains
in the AUC24/MIC ratio to produce a similar log reduction in
count of viable bacteria at 24 h. The mean AUC24/MICs of the
10 individual strains were similar to the estimates from the
pooled data single-point analysis.

Achieving the targeted AUC24/MICs. The percentage of sim-
ulated patients achieving the target AUC24/MIC ratio for each
pathogen MIC is shown in Table 2. The empirical and normal-
based methods of accounting for variation in the AUC24/MIC
target gave generally similar results, although the distribution
of AUC24/MIC targets for the 10 strains was skewed to the
right (that is, having a tail of strains with high AUC24/MIC
targets). Use of a single pooled estimate of the AUC24/MIC
target, compared with estimates accounting for variation in
the target, gave higher target attainment rates for lower
MICs and lower rates for higher MICs. Assuming the sus-

TABLE 1. AUC24/MIC ratios required for 24-h bacteriostatic effect and 1-, 2-, and 3-log reductions in bacterial count

Strain or analysis MIC
(mg/liter)

AUC24/MIC required for:

24-h
bacteriostatic

effect
1-log drop 2-log drop 3-log drop

Strain
36633 0.03 53.7 61.7 70.8 83.2
37099 0.03 41.7 49.0 56.2 67.6
37312 0.03 18.6 22.4 26.3 30.9
37390 0.04 12.0 15.1 18.6 25.1
37503 0.05 20.4 30.2 45.7 85.1
38002 0.05 16.6 19.1 21.4 25.1
38004 0.09 8.7 19.5 41.7 95.5
37276 0.7 30.2 43.7 64.6 120.0
36742 1 19.5 20.9 23.4 25.4
36945 2 42.7 52.7 89.1

Mean � SD 26.4 � 15.0 33.4 � 16.8 45.8 � 24.0 62.0 � 36.3

Pooled single-point analysis 18.6 26.9 38.9 69.2
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ceptibility breakpoint for moxifloxacin is the highest MIC
for which the target attainment rate is �90% using a bac-
teriostatic effect target (3), then the clinical breakpoint is
based on the following factors: (i) the empirical estimation
of the target distribution is S (sensitive) � 0.25 mg/liter; (ii)
the normal-based estimation of the target distribution is S �
0.25 mg/liter; and (iii) the single-point estimate of the target
is S � 0.5 mg/liter.

DISCUSSION

At present, variation in pathogen MICs, variation in the
pharmacodynamic index size related to cross-species differ-
ences, and variation in human drug pharmacokinetics are in-
cluded in the mathematical modeling, often Monte Carlo anal-
ysis, when establishing antibiotic dosing regimens and clinical
susceptibility breakpoints (8). However, until now, a single
pharmacodynamic index magnitude has been used as the phar-
macodynamic target, for example, with moxifloxacin and
anaerobes (12). It has been recognized that variation in the
pharmacodynamic target could be important, and this was em-
bedded in the process of setting clinical breakpoints for dap-
tomycin against S. aureus in Europe. In this instance, as well as
in establishing a mean AUC/MIC target, worse case (minus
standard deviation) and best case (plus standard deviation)
analyses were performed (7).

In the analysis performed here, for the first time, we in-
cluded variation in the pharmacodynamic index (AUC24/MIC)
in the mathematical modeling performed to suggest a possible
clinical breakpoint for moxifloxacin against S. aureus. This was
compared to a single-point AUC24/MIC target analysis, such as
that usually performed. The single-point analysis of the pooled
experimental data from all 10 S. aureus strains indicated a
clinical breakpoint for susceptibility of �0.5 mg/liter; this is the
present European Committee on Antimicrobial Susceptibility

Testing (EUCAST) breakpoint in Europe and one dilution
lower than the CLSI moxifloxacin clinical breakpoint for S.
aureus (S � 1 mg/liter) (5). Introduction of variation in the
pharmacodynamic index target, either based on the right-
skewed distribution observed in the 10 strains or a parametric
(normal) distribution based on the means and standard devi-
ations from the 10 tested strains, resulted in a lower clinical
susceptibility breakpoint (S � 0.25 mg/liter). Although the use
of an actual AUC24/MIC target distribution is preferable, the
parametric approach produced similar results. However, a log-
normal distribution might have advantages compared to a nor-
mal one, as it is right skewed. Following either approach,
incorporating AUC24/MIC target variability into the mathe-
matical models resulted in the lowering of high target attain-
ment rates and an increase in low attainment rates, as would be
expected.

In conclusion, mathematical modeling of the effects of
strain-to-strain within-species and experimental variability
in the relationship between antibacterial effect and pharma-
codynamic index has an impact on determining likely sus-
ceptibility breakpoints. Such variability should be incorpo-
rated into future mathematical modeling concerning antibiotic
dosing, potential target pathogens, and clinical susceptibility
breakpoints.
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