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Several investigators have suggested that the 24-h area under the concentration-time curve (AUC)/MIC ratio
(AUC/MIC,, or AUIC,,) can be used to make comparisons of antimicrobial activity between fluoroquinolone
antibiotics. Limited data exist regarding the generic predictive ability of AUC/MIC,, for the antimicrobial
effects of fluoroquinolones. The purposes of the present investigation were to determine if the AUC/MIC,, can
be used as a generic outcome predictor of fluoroquinolone antibacterial activity and to determine if a similar
AUC/MIC,, breakpoint can be established for different fluoroquinolones. Using an in vitro pharmacodynamic
model, 29 duplicate concentration time-kill curve experiments simulated AUC/MIC, s ranging from 52 to 508
SIT™!' - h (inverse serum inhibitory titer integrated over time) with ciprofloxacin or ofloxacin against three
strains of Pseudomonas aeruginosa. Each 24-h experiment was performed in cation-supplemented Mueller-
Hinton broth with a starting inoculum of 10° CFU/ml. At timed intervals cation-supplemented Mueller-Hinton
broth samples were collected for CFU and fluoroquinolone concentration determinations. Transformation of
bacterial counts into the cumulative bacterial effect parameter of the 24-h area under the effect curve (AUEC,,)
was performed for each concentration time-kill curve. Multivariate regression analysis was used to compare
pharmacodynamic predictors (AUC/MIC,,, 24-h AUC, peak concentration [C,,,.] to MIC ratios [C,,, :MIC],
etc.) with In AUEC,,. To identify threshold breakpoint AUC/MIC,,s, AUEC,,s were stratified by the magnitude
of AUC/MIC,, into subgroups, which were analyzed for differences in antibacterial effect. The Kruskal-Wallis
test and subsequent Tukey’s multiple comparison test were used to determine which AUC/MIC subgroups were
significantly different. Multiple regression analysis revealed that only AUC/MIC,, (* = 0.65) and MIC (+* =
0.03) were significantly correlated with antibacterial effect. At similar AUC/MIC,,s, yet different MICs, C,,..s,
or elimination half-lives, the AUEC,,s were similar for both fluoroquinolones. The relationship between
AUC/MIC,, and In AUEC,, was best described by a sigmoidal maximal antimicrobial effect (E,., ) model (*
= 0.72 E,,.. = 9.1; AUC/MICs, = 119 SIT™'- h; § = 2.01 [S is an exponent that reflects the degree of
sigmoidicity]). Ciprofloxacin-bacteria AUC/MIC,, values of <100 SIT™" - h were significantly different (P
<0.05) from the AUC/MIC,, values of >100 SIT™* - h. An ofloxacin AUC/MIC,, of >100 SIT™' - h and an
AUC/MIC,, of <100 SIT™' - h exhibited a trend toward a significant difference (P > 0.05 but < 0.1). The
inverse relationship between drug exposure and MIC increase postexposure was described by a sigmoidal fixed
E,..x model (AUC/MIC,,, r* = 0.40; AUC/MIC5, = 95 SIT™' - h; § = 1.97; C,,,MIC, r* = 0.41; C,,,,:MICs,
= 7.3; § = 2.01). These data suggest that AUC/MIC,, may be the most descriptive measurement of fluoro-
quinolone antimicrobial activity against P. aeruginosa, that ofloxacin and ciprofloxacin have similar AUC/
MIC,, threshold breakpoints at approximately 100 SIT™' - h, that the concentration-dependent selection of
resistant organisms may parallel the threshold breakpoint of the antimicrobial effect, and that AUC/MIC,,
generically describes the antibacterial effects of different fluoroquinolones.

The 24-h area under the concentration-time curve (AUC)/
MIC ratio (AUC/MIC,,) has been suggested as a generic phar-
macodynamic predictor that can be used to make comparisons
of fluoroquinolone activity irrespective of bacterial species (12,
15, 16). Other investigators have suggested that high peak
concentration (C,,,,) to MIC ratios (C,,.<MIC), the AUC
above the MIC (AUC > MIC), and the time of dosage interval
above the MIC (T > MIC) are all associated with favorable
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outcomes in in vitro, animal, and human studies conducted
with fluoroquinolones (2, 3, 9, 13).

In two clinical trials, the ability of AUC/MIC,, to predict a
positive clinical response appeared to be promising (4, 5). For
ciprofloxacin, a AUC/MIC,, of 125 SIT~! - h (inverse serum
inhibitory titer integrated over time) has been shown to be a
significant breakpoint for predicting the probabilities of clini-
cal and microbiologic cure in critically ill patients with noso-
comial pneumonia (5). For OPC 17116, an experimental fluo-
roquinolone, a AUC/MIC,, of >75 SIT~! - h has been shown
to be predictive of clinical and microbiologic cure for patients
with acute exacerbation of chronic bronchitis (4).

Limited data exist regarding the generic predictive ability of
AUC/MIC,, for fluoroquinolones other than ciprofloxacin or
OPC 17116. To date, no comparative trials between fluoro-
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quinolone antibiotics have been conducted to determine if
AUC/MIC,, is the optimal generic predictor of fluoroquin-
olone activity or if a generic breakpoint of antimicrobial effect
exists for fluoroquinolone antibiotics (16).

The purposes of the investigation described here were to (i)
determine the predictive ability of AUC/MIC,, with respect to
other pharmacodynamic parameters as measurements of fluo-
roquinolone activity, (ii) investigate if AUC/MIC,, is a generic
term that predicts interclass fluoroquinolone activity against
different isolates of Pseudomonas aeruginosa, and (iii) to de-
termine if an AUC/MIC,, breakpoint of antimicrobial activity
could be identified for ofloxacin and could be confirmed for
ciprofloxacin.

(This work was presented in part at the 34th Interscience
Conference on Antimicrobial Agents and Chemotherapy [10a].)

MATERIALS AND METHODS

Twenty-nine concentration time-kill curve experiments simulating AUC/
MIC,,s ranging from 52 to 508 SIT~' - h were performed with ciprofloxacin or
ofloxacin against three different strains of P. aeruginosa.

In vitro model. Concentration time-kill curves were conducted by using a
previously described in vitro model (19). At the start of each experiment, an
inoculum of P. aeruginosa was instilled into a chemostat along with a bolus
injection of either ciprofloxacin or ofloxacin appropriate to produce the desired
initial antibiotic concentrations for each experiment. Each experiment was run in
duplicate for 24 h. Antibiotic-free cation-supplemented Mueller-Hinton broth
(CAMHB; Ca?*, 50 mg/liter; Mg?*, 25 mg/liter) was pumped via a peristaltic
pump into a chemostat at a predetermined fixed rate. Simultaneously, an equal
volume of CAMHB was displaced from the chemostat into a waste reservoir,
simulating a monoexponential pharmacokinetic process and the desired half-life
(t,/2) of the antibiotic.

Bacteria. Three strains of P. aeruginosa, ATCC 27853 and two clinical isolates
(PSA 5279 and PSA 9284), were studied. Prior to concentration time-kill curve
experiments, several colonies of the isolate were grown overnight in 50 ml of
CAMHB and were then diluted 1:5 in fresh CAMHB approximately 1 h prior to
the experiment to allow the organisms to attain exponential growth. Bacterial
isolates were grown to a 0.5 McFarland standard in CAMHB. A volume equal to
1:100 of the flask volume was added to each chemostat. The resultant starting
bacterial inoculum was approximately 10° CFU/ml.

Susceptibility testing. Susceptibility testing was performed in triplicate for
each isolate prior to concentration time-kill experiments and on all isolates at 24
h postexposure. Susceptibility testing was performed by a commercial serial
twofold microdilution colorimetric method (Alamar Biosciences, Sacramento,
Calif.) in CAMHB with an inoculum of approximately 5 X 10° CFU/ml. All
isolates were subcultured onto fresh blood agar plates for at least 3 consecutive
days prior to susceptibility testing.

Antibiotics. Stock solutions (5,000 wg/ml) of ofloxacin (R. W. Johnson, Rari-
tan, N.J.) and ciprofloxacin (Miles, New Haven, Conn.) were prepared by using
the appropriate amounts of sterile distilled water and were frozen in aliquots at
—70°C until they were needed for individual experiments. Antibiotics were ad-
ministered as bolus injections at either 8-, 12-, or 24-h intervals.

Pharmacokinetics. Four groups of experiments were performed. In group 1, a
range of AUC/MIC,,s between 52 and 508 SIT~! - h was simulated by allowing
the C,.x to vary (for ofloxacin, 3.5 to 62.0 pg/ml; for ciprofloxacin, 1.1 to 20.0
pg/ml) while maintaining a constant ¢,,, of 4.5 h for ciprofloxacin and 6.0 h for
ofloxacin. All experiments in group 1 were conducted with strain PSA 5729, of
which MICs were typical for MICs of ciprofloxacin and ofloxacin at which 90%
of isolates are inhibited. Dosage intervals of 8, 12, and 24 h were used in group
1 experiments. For group 2, AUC/MIC,,s were held constant at approximately
250 SIT™! - h for the same clinical isolate (PSA 5729), but the ¢, and C,,,,, were
altered to reflect approximately one-half to two times the original pharmacoki-
netic parameters used in group 1. Dosage intervals in group 2 experiments were
all 12 h. In groups 3 and 4, AUC/MIC,,s ranging from approximately 88 to 250
SIT™! - h were simulated by varying the C,,,, while maintaining the #,,, similar
to that for group 1 experiments. However, these experiments were performed
with strains ATCC 27853 and PSA 9284, respectively. The dosage intervals in
group 3 and 4 experiments were all 12 h. The target and observed AUC/MIC,,,
Chax and ), values, as well as microbiologic data, are outlined in Table 1.

The concentrations of ciprofloxacin and ofloxacin were determined by a pre-
viously reported high-pressure liquid chromatography (HPLC) technique (7).
The lower limit of fluoroquinolone detection was 0.1 pg/ml, and the coefficient
of variation was <5% over a range of 0.5 to 10.0 pg/ml.

Cpnax, minimum concentrations (C;,), and ¢, were calculated by standard
monoexponential pharmacokinetics equations (14). The AUC,, was determined
by Equation 1, where 7 is equivalent to the number of dosing intervals in the 24-h
period and K, is equivalent to the monoexponential elimination rate constant.
The AUC/MIC,, was determined by dividing the cumulative 24-h AUC by the
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preexposure MIC (equation 2). In all phases of the comparative analysis, actual
as opposed to target pharmacokinetic data were used. Antibiotic concentrations
were maintained above the preexperiment MIC for the entire 24-h duration.

n

AUCy = { f [(Crad/Ke) = (Crin/Ko) ]} @
0

n

AUCMIC,, = { f [(Conav/Ke) = (Crnin/K)HMIC (@]
0

Pharmacodynamics. At predetermined timed intervals, samples of CAMHB
were removed from the model for quantitation of the bacteria by a saline dilution
technique. The number of predetermined timed intervals was dependent on the
frequency of antibiotic administration; however, a minimum of 16 samples were
removed for each 24-h experiment. Bacterial counts were determined by 1:10
serial dilution of 100 pl of medium into cold saline which was plated onto
Trypticase soy agar supplemented with 5% sheep blood (Dimed, New Brighton,
Minn.).

Antibiotic carryover was prevented by the combination of saline dilution and
an adaptation of the previously published method of Zabinski et al. (18). For all
samples in which the fluoroquinolone concentrations were >5 pg/ml, 2-ml
CAMHB samples removed from the models were first exposed to 1 g of XAD-4
antimicrobial polymeric binding resin (Rohn and Haas, Philadelphia, Pa.). One
milliliter of the previously exposed solution was then exposed a second time to 1
g of antimicrobial polymeric binding resin (Rohn and Haas) preceding serial
plate dilution. For samples in which the fluoroquinolone concentrations were <5
wg/ml, 1-ml CAMHB samples were exposed to 1 g of XAD-4 antimicrobial
polymeric binding resin prior to saline dilution.

After incubation for 18 to 24 h at 37°C, the numbers of CFU on each plate
were counted. The theoretical lower limit of bacterial counting accuracy was 3.0
X 102 CFU/ml. Concentration time-kill curves were constructed by plotting the
log,, CFU per milliliter versus time. Analysis of the antimicrobial effect was
performed by using the 24-h area under the bacterial effect curve (AUEC,,)
(equation 3) (11, 17).

2%

AUEC,, = f(cz - C) (T, - T)/(InC, — InCy) (3)
0

In equation 3, C, and C| represent bacterial concentrations (CFU per milliliter)
of adjacent sampling times, whereas 7, and T, represent respective adjacent
sampling times from the time of initiation of the experiment for C, and C,,
respectively. The parameter AUEC,, was inversely related to the antimicrobial
effect. AUEC,, incorporated regrowth portions of experiments and allowed for
analysis of multiple antibiotic exposures. AUEC,, only incorporated time-con-
centration datum points that were above 3.0 X 10> CFU/ml. To compensate for
differences in the initial starting inoculum, AUEC,, was standardized by dividing
AUEC,, by the numbers of CFU per milliliter at time zero.

AUEC,, and MIC increase post concentration time-kill curve exposure versus
AUC/MIC,, and C,,,:MIC were modeled to an E,,, sigmoidal nonlinear effect
model (equation 4) by using Adapt IT (University of Southern California, Los
Angeles) (equation 4).

AUEC.. — Epnax X AUC/MICS)
* 7 AUC/MICY + AUC/MICY)

“

In this model, AUEC,, was related to AUC/MIC,, by the two parameters E .
and the AUC/MICs,, where E . is equivalent to the maximal antimicrobial
effect, AUC/MICs, is the AUC/MIC associated with E /2, and S is an exponent
that reflects the degree of sigmoidicity. Because In AUEC,, was inversely related
to AUC/MIC,,, the reciprocal of AUEC,, plus a constant were used to fit the
data. Bacterial resistance was also inversely related to antibiotic exposure, so a
transformation of the fold increase in MIC post antibiotic exposure was used to
fit the data to an E,,, sigmoidal model as well: reciprocal MIC fold increase post
antibiotic exposure = 1/(F + 1) (equation 5), where F is the magnitude of fold
increase in MIC post antibiotic exposure.

Statistical analysis. Both univariate and stepwise multiple regression (Num-
bers Crunchers Statistical Software, Kayesville, Utah) analyses were used to
compare the following pharmacodynamic predictors and study variables with In
AUEC,,;: AUC/MIC,,, Cp,,.xMIC, C,.., AUCyy, CrrinMIC, Cyin, ty2, drug,
dosing interval, bacterial isolate, and MIC. Statistical significance was defined as
a P value of =0.05.

To determine if a significant breakpoint of antimicrobial effect existed for
ciprofloxacin, ofloxacin, or both fluoroquinolones, AUEC,, data were stratified
by corresponding AUC/MIC,, magnitude into the following five subgroups:
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TABLE 1. Target and observed pharmacokinetic and pharmacodynamic parameters and microbiologic data®
Observed
Observed C,,.« Observed C,ax
Experimental D Target AU(;/M;C Target Cpax (mean % Target (mean % Time . MIC
group Tug AU(E/IMIC (1_-nedn % (ng/ml) difference ty5 (h) difference interval (h) Isolate (pg/ml)
(SIT"'-h) difference [+ SD]) [+ SD])
[+ SD)) - -
1 Ciprofloxacin ~ 52-507  12.6 (8.9) 1.1-20.0 7.3 (44) 4.5 7.0 (4.2) 8, 12,24 PSA 5729 0.25
Ofloxacin 52-508  18.6 (19.6) 3.5-62.0 6.0 (7.2) 6.0 6.6 (0.8) 8, 12,24 PSA 5729 1.0
2 Ciprofloxacin 250 7.4 (4.1) 12.8-44.0 6.7 (8.0)  2.0/8.0° 6.9 (7.2) 12 PSA 5729 0.25
Ofloxacin 250 11.2 (8.0) 12.5-35.0 122(3.3)  2.5/10.0° 7.9 (6.1) 12 PSA 5729 1.0
3 Ciprofloxacin ~ 88-250 8.8 (5.3) 3.7-7.5 6.2 (5.3) 4.5 6.3 (5.8) 12 PSA 9284 0.5
Ofloxacin 88-250 13.0(11.0) 22.0-35.0 2.0(15) 6.0 10.4 (5.9) 12 PSA 9284 4.0
4 Ciprofloxacin ~ 88-250 79 (5.2) 1.9-5.5 8.8 (3.9) 4.5 10.1 (6.7) 12 ATCC 27853 0.25
Ofloxacin 88-250 3.0 (2.6) 12.0-35.0 58(5.1) 6.0 3.7 (3.6) 12 ATCC 27853 2.0

“n = 58 (29 duplicate experiments).
® Two different ¢, values were simulated.

>400, 301 to 400, 201 to 300, 101 to 200, or <101 SIT~' - h. The Kruskal-Wallis
A test was used to detect a significant difference between all AUC/MIC,, groups.
Tukey’s multiple comparisons test with correction for unequal sample sizes was
used to determine which groups were significantly different (P = 0.05) (20).

RESULTS

Pharmacokinetic parameters calculated from drug concen-
tration-time data determined by HPLC indicated that in >90%
of the experiments, actual values for ¢,,, C,., and AUC/
MIC,, were within £15% of the target values. Measured ver-
sus observed AUC/MIC,,s in ofloxacin experiments generally
had larger variability than those in ciprofloxacin experiments
because of the greater dependence on the MIC (denominator)
in calculating the ofloxacin AUC/MIC,,. A summary of the
differences between predicted and observed AUC/MIC, C,,,,,
and ¢,,, parameters are presented in Table 1.

At like AUC/MIC,,s but different ¢, 5, C,,..s, and MICs, the
cumulative In AUEC,, was similar for both ciprofloxacin and
ofloxacin (Fig. 1). Similarities in cumulative AUC/MIC,,
against PSA 5729 were observed over AUC/MIC,, from ap-
proximately 50 to 500 SIT™' - h, despite differences in ¢,
C v and MIC.

In experiments in which the AUC/MIC,,s were held con-
stant at approximately 250 SIT™" - h against PSA 5729 but 7, ,,
and C,,,, were altered to reflect approximately one-half and
two times the original value, cumulative AUEC,,s were very
similar for both ciprofloxacin and ofloxacin. When high C ..
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FIG. 1. Ciprofloxacin and ofloxacin against PSA 5729 at an AUC/MIC of
~250 SIT™! - h. Results are means of duplicate experiments.

values were combined with a short ¢,,,, a pronounced initial
bacterial kill was followed by rapid regrowth. Conversely, ex-
periments performed with a lower C,,,, and prolonged ¢,,,
demonstrate an attenuated initial bacterial kill followed by a
longer suppression of regrowth. Subsequent redosing of the
fluoroquinolone resulted in a limited initial effect but a longer
suppression of bacterial regrowth. For six sets of duplicate
experiments conducted at an AUC/MIC,, of ~250 SIT"! - h
by using different ¢,,, and C,,,, values against PSA 5729 (cip-
rofloxacin MIC, 0.25 pg/ml; ofloxacin MIC, 1.0 pg/ml) no
significant differences in total AUEC,,s were evident, despite
large fluctuations in pharmacokinetic variables. The results for
three separate pharmacokinetic regimens with similar cumu-
lative AUEC,,s are presented in Fig. 2.

For AUC/MIC,, of <100 SIT ™! - h, a decrease in the initial
antimicrobial effect and elimination of the antimicrobial effect
upon repeat dosing of both agents were evident. The magni-
tude of the antibacterial effect increased with increasing AUC/
MIC,,; however, subsequent redosing of fluoroquinolone
equivalent to an AUC/MIC,, of 90 and 55 SIT~' - h did not
result in an antibacterial effect. Five different bacterial concen-
tration time-kill curves for ofloxacin (12-h dosing interval) with
PSA 5729 at AUC/MIC,,s ranging from 55 to 350 SIT ' - h
are represented in Fig. 3.

Univariate regression analysis of the cumulative In AUEC,,s
generated from the 29 duplicate sets of concentration time-kill
curves versus the pharmacodynamic predictors and pharmaco-
kinetic parameters revealed that AUC/MIC,, (* = 0.58),

=—pr=—=CPmax=17.2 pg/ml ; T1/2= 6.2 Hr
Q== Cpmax= 33.4 pg/ml ; T1/2=2.0 Hr
w0 CPmax= 12.8 pg/ml ; T1/2 9.1 Hr

Log CFUI/mI
-I-Nw-hwmﬂw«)c

12 16
Time (Hr)

FIG. 2. Varied ofloxacin pharmacokinetics against PSA 5729 at an AUC/
MIC of ~250 SIT™! - h. Results are means of duplicate experiments.

20 24
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FIG. 3. Antimicrobial effect of ofloxacin against PSA 5729. AUC/MIC range,
55 to 350 SIT™! - h. Results are means of duplicate experiments.

Croax:MIC (7 = 0.33), Coox (7 = 0.24), AUC,, (* = 0.19),
Cin:MIC (* = 0.28), and dosage interval (+* = 0.12) were all
significantly correlated with antibacterial effect.

In the multiple regression analysis, only AUC/MIC,, (* =
0.65) and MIC (#* = 0.03) were significantly correlated with
antibacterial effect. The addition of other parameters into the
stepwise model did not make a significant contribution to total
variance. Analysis of variance also revealed that there were no
significant differences between antimicrobial agent (indepen-
dent of dose) or P. aeruginosa isolate with regard to antibac-
terial effect.

Pharmacodynamic modeling of In reciprocal AUEC,, trans-
formations versus AUC/MIC,, demonstrated that the data
best fit an E,,,, sigmoidal model with * = 0.72 (P < 0.005).
Parameters fitted by this model were E,,, = 9.1, AUC/MIC;,
= 119 SIT"! - h, and S = 2.01. In reciprocal AUEC,, versus
AUC/MIC,, for 29 duplicate sets of ciprofloxacin and ofloxa-
cin bacterial concentration time-kill curves against three
strains of P. aeruginosa are represented in Fig. 4.

Analysis of the relationship between AUEC,, and AUC/
MIC,, subgroup magnitude by the Kruskal-Wallis test indi-
cated that significant differences in AUEC,, existed between
AUC/MIC,, subgroups. Tukey’s multiple comparisons test in-
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AUC/MIC,, (SIT * Hy)

FIG. 4. Ciprofloxacin and ofloxacin against three strains of P. aeruginosa:
relationship between AUEC and AUC/MIC.
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FIG. 5. Post experiment MIC changes and association with AUC/MIC.

dicated that the antibacterial effect associated with AUC/
MIC,,s of =100 were significantly different from AUC/MIC,,s
of >400, 301 to 400, 201 to 300, and 101 to 200 SIT* - h for
ciprofloxacin or when combined fluoroquinolone data were
analyzed. The antibacterial effect associated with ofloxacin
AUC/MIC,,s of =100 SIT™ "' - h exhibited a trend (P > 0.05
but < 0.1) toward a significant difference when compared with
AUC/MIC,,s of 101 to 200 SIT ! - h. No other comparisons of
antibacterial effect associated with AUC/MIC,, subgroups
demonstrated a significant difference.

Analysis of isolates recovered from the chemostats post an-
tibiotic exposure revealed that an increase in the postexposure
MIC magnitude was inversely related to AUC/MIC,, and
Cmax: MIC. Pharmacodynamic modeling of postexposure MIC
magnitude increase versus AUC/MIC,, and C,,,MIC dem-
onstrated that the data best fit an E,,, sigmoidal model (AUC/
MIC,,, * = 0.40 [P < 0.05]; C,,ax:MIC, 7 = 0.41 [P < 0.05]).
Parameters fitted by this model were E,,,, = 1 (fixed), AUC/
MICs, = 95 SIT ! - h, and § = 1.97 for AUC/MIC,,. Param-

1.0 bk doddokok Mt kM

0.8

0.6

0.4

1/Fold Increase in MIC
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¥
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0 T T 4 T T T 4 ] —r
0 20 40 60 80
CPmax:MIC

FIG. 6. Post experiment MIC changes and association with C,:MIC.
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eters fitted for C,,,,MIC were E ., = 1 (fixed), C,,,,xMICs, =
7.3, and § = 2.01. The association of postexposure MIC mag-
nitude increase and AUC/MIC,, and C,,,:MIC are presented
in Fig. 5 and 6, respectively.

DISCUSSION

A number of in vitro, animal, and human trials have studied
the pharmacodynamic activities of fluoroquinolone antibiotics
(1-5, 8-10, 13, 16). Generally, fluoroquinolones are considered
to act in a concentration-dependent manner (16). However,
most of the pharmacokinetic and pharmacodynamic relation-
ships such as AUC,,/MIC, C,,../MIC, time > MIC, and AUC/
MIC,, that have been used to describe fluoroquinolone phar-
macodynamics are highly covariant, and a definitive outcome
parameter of fluoroquinolone activity is lacking.

These data suggest that AUC/MIC,, is the most descriptive
pharmacodynamic predictor of the antibacterial activities of
both ciprofloxacin and ofloxacin against P. aeruginosa over a
broad range of drug exposure concentrations. In addition,
these data imply that both the magnitude and the duration of
fluoroquinolone exposure may be important for a maximal
antibacterial effect. Both univariate and multivariate regres-
sion analyses indicated that the relationship between AUEC,,
and AUC/MIC,, is more predictive than the relationship be-
tween AUEC,, and C,,:MIC for both ciprofloxacin and
ofloxacin. However, AUC/MIC,, was highly interdependent
with C,,,.MIC because 75% of the variance could be attrib-
uted to C,,,,-MIC. These results are similar to those previously
described by Forrest et al. (5).

In the present investigation, experiments which were con-
ducted with different combinations of ¢, ,,, C,,.,, and MIC to
produce similar AUC/MIC,,s resulted in a similar degree of
antibacterial effect. While a range of ¢#,,, (2.0 to 10.2 h) and
Chax:MIC (12.8 to 33) were simulated at similar AUC/MIC,s,
the degree of variability associated with fluctuations in C,,,, or
t,,, and their contributing effects to an optimal AUC/MIC,,
could not be assessed in these limited experiments. While the
majority of total AUEC,, variance could be explained by
AUC/MIC,,, the MIC was independently a statistically signif-
icant variable in the multivariate analysis. However, the P.
aeruginosa isolate independent of MIC was not a significant
variable. The MICs in the present experiments were calculated
by serial twofold dilutions over a limited range of values, and
extrapolation of the MIC as an independent variable to a
broad range of MICs or other bacterial species merits caution.

Data from the present investigation support the generic ap-
plication of AUC/MIC,, as a pharmacodynamic predictor for
both of the fluoroquinolones ciprofloxacin and ofloxacin
against P. aeruginosa. However, the relationship between an
AUC/MIC,, of <100 SIT™" - h and the loss of antimicrobial
effect was more pronounced for ciprofloxacin than for ofloxa-
cin. The variability in ofloxacin response may be explained by
the greater dependence of AUC/MIC,, upon the larger ofloxa-
cin MIC. The breakpoint of approximately 100 SIT ' - h is
slightly different from those reported previously for ciprofloxa-
cin and OPC 17716 (4, 5). Differences in study design and the
limited number of experiments in our study do not allow for a
more precise breakpoint assessment. In addition, the present
experiments were not designed to assess the effects of protein
binding, tissue penetration, or immune function on the anti-
microbial effects of fluoroquinolones.

Corresponding to the lack of an antimicrobial effect at lower
AUC/MIC,,s, the magnitude and frequency of fluoroquin-
olone-resistant isolates of P. aeruginosa increased. Pharmaco-
dynamic modeling of postexposure magnitude increase in the
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MIC versus AUCMIC,, and C,,,:MIC demonstrated that
one-half of the maximal postexposure increase in the MIC was
attributable to an AUC/MIC,, of 95 SIT ! - h or a C,,,,:MIC
of 7.3. While resistance did develop at higher levels of drug
exposure, resistance did not develop at AUC/MIC,,s of >285
SIT™!'-h or a C,,,:MIC of >24. High peak fluoroquinolone
concentrations have previously been shown to prolong the
duration of time necessary to develop resistance in other in
vitro models, and resistance development associated with sim-
ilar C,,,:MIC values have been described (1, 2, 10). Only one
clinical study has related the incidence of resistance with mi-
crobiologic or clinical failures. Peloquin et al. (13) reported
that 70% of therapeutic failures in patients treated with cip-
rofloxacin and infected with P. aeruginosa developed resis-
tance, with a C,,,,:-MIC of =5, whereas approximately 62% of
isolates from our study for which C, ,:MIC ratios were <10
developed resistance. Perhaps longer fluoroquinolone expo-
sure periods would still result in the development of resistance
at AUC/MIC,,s of >285 SIT~ ! - h in this in vitro system.

Selective pressure cannot completely explain the decrease in
antibacterial effect apparent upon readministration of antibi-
otic, because organisms in experiments in which there were not
postexposure increases in the MIC also exhibited regrowth. In
addition, even at supraphysiologic fluoroquinolone concentra-
tions, no experiments resulted in complete sterilization of the
chemostat. Haag et al. (6) suggested that in vitro model bac-
terial regrowth is due to an adherent bacterial population that
seeds the chemostat as antimicrobial concentrations drop be-
low the MIC:s for the bacteria. In our experiments, fluoroquin-
olone concentrations remained above the preexposure MIC
for the duration of all experiments, including experiments in
which no increase in postexposure MIC was exhibited. Quan-
titative measurements of antibacterial effect (and selective
pressure) in in vitro and other neutropenic models may be
influenced by the inability to remove the remaining bacterial
subpopulations. In addition, the influence of a starting inocu-
lum of >10° CFU/ml on the selection of resistant organisms
and AUEC,, is unknown. The relationships between quanti-
tative measurements of antibacterial effect obtained in this in
vitro system and the variables that we studied should be viewed
as a relative rather than an absolute measurement of antibiotic
effectiveness.

In conclusion, these data support the generic application of
AUC/MIC,, as the most descriptive measurement of fluoro-
quinolone antimicrobial activity against P. aeruginosa. A break-
point of antibacterial effect was demonstrated at fluoroquin-
olone-bacterial AUC/MIC,, of 100 SIT '-h, which is
consistent with data generated in animal models and data
reported from human trials. Furthermore, the development of
subvariant bacterial populations over the course of our in vitro
experiments closely correlated with the breakpoint of antimi-
crobial effect. Trials with additional fluoroquinolones and
pathogens should be undertaken to further explore the value
of AUC/MIC,, as a generic predictor of pharmacodynamic
outcome with fluoroquinolone treatment.
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