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Multiple in vivo studies have characterized the pharmacodynamics of drugs from the triazole and polyene
antifungal drug classes. Fewer studies have investigated these pharmacodynamic relationships for the echi-
nocandin drug class. We used a neutropenic murine model of disseminated Candida albicans, Candida tropicalis,
and Candida glabrata infection to characterize the time course of activity of the new echinocandin anidulafun-
gin. The pharmacokinetic-pharmacodynamic (PK-PD) indices (the percentage of time that the drug concen-
tration was above the MIC, the ratio of the area under the concentration-time curve from 0 to 24 h [AUC0–24]
to the MIC, and the ratio of the maximum serum drug concentration [Cmax] to the MIC) were correlated with
in vivo efficacy, as measured by organism numbers in kidney cultures after 96 h of therapy. The kinetics
following intraperitoneal anidulafungin dosing in neutropenic infected mice were monitored. Peak levels and
AUCs were linear over the 16-fold dose range studied. The drug elimination half-life in serum ranged from 14
to 24 h. Single-dose postantifungal-effect studies demonstrated prolonged suppression of organism regrowth
after serum anidulafungin levels had fallen below the MIC. Of the four dosing intervals studied, treatment with
the more widely spaced dosing regimens was most efficacious, suggesting the Cmax/MIC ratio as the PK-PD
index most predictive of efficacy. Nonlinear regression analysis suggested that both the Cmax/MIC and AUC/
MIC ratios were strongly predictive of treatment success. Studies were then conducted with 13 additional C.
albicans, C. tropicalis, and C. glabrata isolates with various anidulafungin susceptibilities (MICs of anidula-
fungin for these strains, 0.015 to 2.0 �g/ml) to determine if similar Cmax/MIC and AUC0–24/MIC ratios for
these isolates were associated with efficacy. The anidulafungin exposures associated with efficacy were similar
among Candida species.

The incidence of invasive fungal infections continues to rise
(36, 42). Despite advances in antifungal therapy, morbidity and
mortality associated with these infections remain high. The
echinocandins constitute the most recently Food and Drug
Administration-approved antifungal drug class (10, 14, 50).
The three available drugs from this class include anidulafun-
gin, caspofungin, and micafungin. These compounds exhibit
broad-spectrum activity against Candida and Aspergillus spe-
cies, including emerging non-albicans Candida species (10, 14,
20, 40, 41, 54). The present studies were designed to determine
the in vivo pharmacodynamic (PD) characteristics of a new
compound against Candida albicans, C. tropicalis, and C. gla-
brata. We first examined the impact of the anidulafungin con-
centration on in vivo antimicrobial killing activity over time.
Studies were then performed to determine (i) which pharma-
cokinetic (PK) index (the maximum concentration of the drug
in serum [Cmax], the area under the concentration-time curve
[AUC], or the duration of time that levels in serum exceed the
MIC [T�MIC]) best predicts the efficacy of anidulafungin and
(ii) whether the magnitudes of this PK-PD index required for
efficacy against multiple C. albicans and C. glabrata strains,
including several previously characterized caspofungin-resis-
tant organisms, are similar. The results from these studies

provide a PD rationale in support of the current clinical dosing
regimens. Furthermore, the data provide information useful in
the examination of susceptibility breakpoints for this new com-
pound.

MATERIALS AND METHODS

Organisms. Fifteen clinical Candida isolates were used, including 4 C. albicans
(K-1, 580, 98-17, and 98-210), 1 C. tropicalis (98-234), and 10 C. glabrata (570,
513, 5592, 5376, 33609, 32930, 33616, 34341, 35315, and 37661) isolates. Six of the
isolates have been described previously and were kindly provided by J. Knudsen
(28). The organisms were maintained, grown, and quantified on Sabouraud’s
dextrose agar (SDA) plates. Twenty-four hours prior to the study, organisms
were subcultured at 35°C. The isolates were chosen to include strains with
various echinocandin susceptibilities. We also attempted to choose isolates based
upon relatively similar degrees of virulence in this animal model, as determined
by the amount of growth in the kidneys of untreated animals over 48 h (Table 1).

Antifungal agent. Anidulafungin was obtained from Pfizer. Stock solutions of
anidulafungin were prepared in dimethyl sulfoxide. The stock solution was di-
luted in 0.9% NaCl to the desired concentrations.

In vitro susceptibility testing. MICs were determined using the Clinical and
Laboratory Standards Institute (CLSI; formerly NCCLS) M27-A2 method (33,
40, 41). The MIC end points for anidulafungin included both partial growth
inhibition (the CLSI-recommended end point) and complete growth inhibition
relative to the growth in the drug-free control well. Determinations were per-
formed in duplicate on four separate occasions. Final results are expressed as the
means of these results.

Animals. Six-week-old ICR/Swiss specific-pathogen-free female mice (Harlan
Sprague-Dawley, Indianapolis, IN) weighing 23 to 27 g were used for all studies.
Animals were housed in groups of five and allowed access to food and water ad
libitum. Animals were maintained in accordance with the American Association
for Assessment and Accreditation of Laboratory Animal Care criteria. Animal
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studies were approved by the Animal Research Committee of the William S.
Middleton Memorial Veterans Affairs Hospital and the University of Wisconsin.

Infection model. A neutropenic murine disseminated candidiasis model was
used for all studies (2, 4, 5, 6). Mice were rendered neutropenic (polymorpho-
nuclear cell count, �100/mm3) by injecting cyclophosphamide (Mead Johnson
Pharmaceuticals, Evansville, IN) subcutaneously 4 days before infection (150
mg/kg of body weight), 1 day before infection (100 mg/kg), and 2 days after
infection (100 mg/kg). Prior studies have demonstrated that this regimen pro-
duces neutropenia (absolute neutrophil counts remained at or below 100/mm3

throughout the 96-h study). Organisms were subcultured on SDA 24 h prior to
infection. The inoculum was prepared by placing three to five colonies into 5 ml
of sterile pyrogen-free 0.9% saline warmed to 35°C. The final inoculum was
adjusted to a 0.6 transmittance at 530 nm. The fungal count of the inoculum
determined by counting viable colonies on SDA was 6.1 � 0.51 log10 CFU/ml
(mean � standard deviation [SD]).

Disseminated infection with the Candida organisms was achieved by the in-
jection of 0.1 ml of the inoculum via the lateral tail vein 2 h prior to the start of
drug therapy. At the end of the study period, animals were sacrificed by CO2

asphyxiation. After sacrifice, the kidneys of each mouse were immediately re-
moved and placed into sterile 0.9% saline at 4°C. The homogenate was then
serially diluted 1:10, and aliquots were plated onto SDA for counts of viable
fungal colonies after incubation for 24 h at 35°C. The lower limit of detection was
100 CFU/ml. Results were expressed as the mean number of CFU per kidney for
three mice.

Pharmacokinetics. The single-dose pharmacokinetics of anidulafungin in in-
fected neutropenic ICR/Swiss mice were monitored following the intraperitoneal
administration of 80, 20, and 5 mg/kg in 0.2-ml volumes. Blood from groups of
three isoflurane-anesthetized mice was collected at each of six time points (1, 4,
8, 12, 24, and 48 h after drug administration). Serum was collected by centrifu-
gation, and samples were stored at �80°C until the drug assay. Samples were

analyzed by using reverse-phase high-pressure liquid chromatography with fluo-
rescence end point detection. Loratadine was used as the internal standard. The
calibration curve was linear over a range of 10 to 50,000 ng/ml (lower limit of
detection, 10 ng/ml) in plasma (R2 � 0.999). The mean intraday and interday
variations were less than 7 and 10%, respectively.

A noncompartmental model was used in the kinetic analysis. PK parameters
including the elimination half-life and the concentration at time zero were
calculated via nonlinear least-squares techniques. The AUC was calculated by
the trapezoidal rule. For treatment doses for which no kinetics were determined,
PK indices were estimated by linear extrapolation from the highest and lowest
dose levels used in the kinetic studies described above. An accumulation factor
was considered for several of the dosing intervals (every 12 h [q12h], q24h, and
q48h).

Protein binding. Serum protein binding was analyzed using two different
methods. The first study was performed at Pfizer by using equilibrium dialysis.
The second method examined the impact of 95% mouse serum on the activity of
anidulafungin in vitro by using arithmetic dilutions as previously described (3).
Specifically, the anidulafungin MICs for C. albicans K-1 in broth, 95% mouse
serum treated with heat at 65°C for 30 min, and 95% serum ultrafiltrate were
determined by using arithmetic dilutions of 0.02 mg/liter/tube. Reduced potency
(higher MICs) in serum was presumed to be due to drug binding to serum
protein. The difference in potency was used to estimate the percentage of protein
binding by the following equation: (MIC in 95% serum � MIC in serum ultra-
filtrate)/MIC in 95% serum.

In vivo time-kill and PAFE studies. Infection in neutropenic mice was pro-
duced as described above. Two hours after infection with C. albicans K-1 or C.
glabrata 5376, mice were treated with one of three single intraperitoneal doses of
anidulafungin (20, 5, or 1.25 mg/kg). Groups of three treated and three control
mice were sacrificed at sampling intervals ranging from 1 to 24 h over a total
study period of 96 h. Control growth was determined by sampling at five time
points. Samples from anidulafungin-treated animals were collected nine times.
Kidneys were removed at each time point and processed immediately for the
determination of numbers of CFU as outlined above. The T�MIC for the
organism following each of the three doses was calculated from the PK data.
Free-drug concentrations of 1% were utilized for kinetic calculations (B. Damle,
Pfizer Inc., personal communication). Total drug concentrations remained above
the MIC for the entire period of study. The postantifungal effect (PAFE) was
calculated by determining the amount of time it took for the organism burden in
controls to increase by 1 log10 CFU/kidney (c) and subtracting this value from the
amount of time it took organism burdens in the treated animals to increase by 1
log10 CFU/kidney (t) after serum drug levels fell below the MIC for the organism
(PAFE � t � c) (13).

PD index determinations. Neutropenic mice were infected with C. albicans
K-1 or C. glabrata 5376 2 h prior to the start of therapy. Twenty dosing regimens
were chosen to determine the impact of the dose level and the dosing interval on
anidulafungin efficacy. These 20 regimens comprised five total dose levels (1.25,
5, 20, 80, and 320 mg/kg/96 h) divided into one, two, four, or six doses (i.e., doses
were given every 96, 48, 24, or 16 h). The drug doses were administered intra-
peritoneally in 0.2-ml volumes. This wide variety of regimens was used to min-
imize the interdependence among the three PD indices studied and also to
demonstrate the complete dose-response relationship. For each dosing regimen,
groups of three mice were treated over a 4-day study period. Mice were sacrificed
at the end of therapy, and kidneys were removed for CFU determinations as
described above. Untreated control mice were sacrificed just before treatment
and at the end of the 4-day experiment. Efficacy was defined by the change in the
log10 number of CFU per kidney over the study period and was calculated by
subtracting the mean log10 number of CFU per kidney for treated mice from the
mean log10 number of CFU per kidney for three untreated mice at the end of
therapy.

PD index magnitude determinations. Studies similar to those described above
were performed with 13 additional Candida strains, for a total of 15 strains,
including 4 C. albicans (K-1, 98-17, 580, and 98-210), 1 C. tropicalis (98-234), and
10 C. glabrata (5376, 570, 513, 5592, 33609, 32930, 33616, 34341, 35315, and
37661) strains. Dosing studies were designed to vary the magnitudes of the PD
indices. The five total dose levels varied from 0.078 to 20 mg/kg/24 h. Doses were
administered every 24 h for the 4-day study period. Groups of three mice were
used for each dosing regimen. At the end of the study, mice were euthanized and
kidneys were immediately processed for CFU determinations.

Data analysis. A sigmoid dose-effect model was used to measure the in vivo
potency of anidulafungin. The model was derived from the following Hill equa-
tion: E � (Emax � DN)/(ED50

N � DN), where E is the observed effect (the
change in the log10 number of CFU per kidney compared with the number for
untreated controls at the end of the treatment period), D is the total dose, Emax

TABLE 1. In vitro susceptibility of select strains of C. albicans,
C. tropicalis, and C. glabrata to anidulafungin and relative fitness

of these organisms in the disseminated candidiasis modela

Organism MIC1
(�g/ml)

MIC2
(�g/ml)

In vivo growth in
control animals
over 48 h (log10

CFU/kidney)

C. albicans strains
K-1 0.015 0.12 4.00
98-17 0.03 0.12 4.30
98-210 0.015 0.06 3.50
580 0.015 0.03 3.40

C. tropicalis 98–234 0.015 0.12 3.84

Mean � SD for
C. albicans and
C. tropicalis strains

3.81 � 0.33

C. glabrata strains
570 0.03 0.12 2.45
513 0.06 0.12 2.43
33609 0.03 0.12 2.37
32930 0.06 0.12 1.29
33616 1.0 2.0 1.81
34341 0.12 1.0 1.82
35315 0.25 1.0 0.97
5592 0.06 0.12 2.1
5376 0.03 0.06 2.1
37661 2.0 2.0 0.96

Mean � SD for C.
glabrata strains

1.83 � 0.54

Mean � SD for all 2.42 � 1.06
organisms (range) (0.96–4.30)

a MIC1, partial-inhibition end point; MIC2, complete-inhibition end point.
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is the maximum effect, ED50 is the 50% effective dose, or the dose required to
achieve 50% of the Emax, and N is the slope of the line depicting the dose-effect
relationship. The indices Emax, ED50, and N were calculated by using nonlinear
least-squares regression. The correlation between efficacy and each of the three
indices studied was determined by nonlinear least-squares regression analysis
using Sigma Stat (Jandell Scientific Software, San Rafael, CA). The coefficient of
determination (R2) was used to estimate the variance that could be due to
regression with each of the PK-PD indices. Calculations were performed using
both total and free-drug concentrations.

We also calculated the doses required to produce a net static effect and to
reduce the organism burden by 1 log10 CFU/kidney over the treatment period for
each of the dosing intervals. The calculated values for each dosing interval were
compared by analysis of variance using Sigma Stat (Jandell Scientific Software).
If the AUC/MIC ratio was the most predictive of anidulafungin in vivo activity,
then these effective total doses would be similar for each dosing interval. If the
T�MIC was the most predictive index, the effective total doses would be lower
with shorter dosing intervals. And lastly, if the ratio of the peak serum drug level
to the MIC was the most pharmacodynamically important index, the effective
total doses would be lower with longer dosing intervals.

To allow a comparison of the degrees of potency of anidulafungin against a
variety of organisms, we utilized the 24-h static dose and the doses required to
achieve a 1 log reduction in colony counts. The magnitude of the PK-PD index
associated with each end point dose was calculated from the following equation:
log10 D � log10 [E/(Emax � E)]/(N � log10 ED50), where the effect E is the
amount of growth relative to the control for static dose D, E is the amount of
growth relative to the control minus 1 log for a D killing 1 log10 CFU, and N is
the slope of the dose-response curve.

RESULTS

In vitro susceptibility testing and in vivo organism fitness.
The study organisms and the MICs of anidulafungin are listed
in Table 1. The 24-h MICs for the 15 Candida organisms
studied varied more than 100-fold (range, 0.015 to 2.0 �g/ml).
The MICs determined using the partial (50%)-inhibition end
point were one- to eightfold lower (mean difference, 3.8-fold)
than those determined using a complete-inhibition end point.

Each of the Candida strains grew in the kidneys of untreated
control mice over the study period. In general, the C. glabrata
isolates were somewhat less fit based on growth in the kidneys
over 48 h (mean � SD of 1.83 � 0.54 log10 CFU/kidney for C.
glabrata versus 3.81 � 0.33 log10 CFU/kidney for both C. albi-
cans and C. tropicalis). Furthermore, two of the four isolates
for which anidulafungin exhibited the highest MICs in vitro
were the least fit in vivo (Table 1).

Pharmacokinetics. The time courses for anidulafungin in
the sera of infected neutropenic mice following intraperitoneal
doses of 80, 20, and 5 mg/kg are depicted in Fig. 1. Peak serum
drug levels and the AUC increased in a linear fashion with
dose escalation. Peak levels were achieved within 4 h for each
of the doses and ranged from 4.3 � 0.24 to 60 � 3.5 �g/ml. The
elimination half-life of the drug in serum was prolonged and
ranged from 14 to 24 h. The AUC from 0 h to infinity
(AUC0–	), as determined by the trapezoidal rule, ranged from
96 to 1,975 mg � h/liter with the lowest and highest doses,
respectively. Free-drug calculations were based both on pro-
tein binding levels in mice and humans determined previously
by using equilibrium dialysis (99% bound) (B. Damle, Pfizer,
personal communication) and on binding levels determined in
the present study by using the arithmetic MICs in serum and
serum ultrafiltrate (80% bound).

In vivo time-kill and PAFE studies. The effects of single
doses of anidulafungin in the in vivo killing of strains of C.
albicans and C. glabrata over time are shown in Fig. 2. Follow-
ing tail vein inoculation with 105.6 CFU/ml, the C. albicans and

C. glabrata burdens in the kidneys of untreated mice increased
by 4.3 � 0.24 and 3.2 � 0.02 log10 CFU/kidney, respectively,
over 96 h. Control growth of 1 log10 CFU/kidney in untreated
mice was achieved in 10 and 9 h for C. albicans and C. glabrata,
respectively. Each of the dose levels of anidulafungin produced
extensive and rapid killing, reducing organism burdens in kid-
neys to levels below the limit of assay detection for both Can-
dida species. Based upon the pharmacokinetics described
above, the three doses of anidulafungin studied (1.25, 5, and 20
mg/kg) would produce serum drug levels (free drug, 1%) above
the MICs for the C. albicans (0.12 �g/ml) and C. glabrata (0.06
�g/ml) strains for 0, 0, and 12 h and 0, 0, and 32 h, respectively.
All the dose levels produced a net reduction in organisms to
levels below the limit of detection within 1 to 4 h of drug
administration. Anidulafungin at each of the doses studied
suppressed the regrowth of organisms. A prolonged period of
growth suppression was observed, ranging from 56 to �96 h for
C. albicans and from 19 to 67 h for C. glabrata with the different
anidulafungin doses.

PD index determinations. Figure 3 illustrates the anidula-
fungin dose-response curves for the different dosing intervals
for the strains of C. albicans and C. glabrata. At the start of
therapy, kidneys had 3.90 � 0.15 log10 CFU of C. albicans
K-1/kidney and 3.71 � 0.21 log10 CFU of C. glabrata 5376/
kidney. As the dosing interval was shortened from a single dose
over the 96-h study period to q16h administration, the dose-
response curves shifted to the right, indicating greater efficacy
of the regimens in which large doses were administered infre-
quently. Each of the dose-response curves was also mathemat-
ically characterized by using a maximum-effect model. The

FIG. 1. Pharmacokinetics of anidulafungin in sera of neutropenic
infected mice following three single intraperitoneal doses of 5, 20, and
80 mg/kg. Each symbol represents the mean concentration for three
mice and triplicate assays. The error bars represent the standard de-
viations. t1/2, half-life of the drug in serum.
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static dose and the dose associated with 1-log killing for each of
the drug-organism combinations and the various dosing regi-
mens are shown in Table 2. The anidulafungin doses needed to
produce either a net static effect or a 1-log10 reduction in
organism burden in this model were three- to fivefold lower for
the least fractionated regimens than for the other regimens. A
statistical comparison revealed that the differences among all
of the regimens, except that between the q24h and q48h reg-
imens, were significant (P � 0.05). Both visual inspection of
the dose-response curves in Fig. 3 and these statistical com-
parisons suggest that infrequent dosing with large amounts of
anidulafungin was most effective in this model against both
Candida species. This pattern of activity would suggest that
either the AUC0–24/MIC ratio or the Cmax/MIC ratio would be
the most important PD index for describing the activity of this
echinocandin.

The relationships between the antimicrobial effect and each
of the PD indices, the percentage of time that the drug level

was above the MIC, the AUC/MIC ratio, and the ratio of the
peak drug level to the MIC, are shown in Fig. 4. The data
regressed with the AUC and the peak level in relation to the
MIC had the strongest relationships, with R2 values of 89 and
93%, respectively, for C. albicans. The T�MIC had the weak-
est correlation with treatment efficacy, whether total or free-
drug levels (1%) were considered, with R2 values of 61 and
52%, respectively. These PD relationships were the same for
C. glabrata (R2 values for free drug: AUC/MIC ratio, 94%;
Cmax/MIC ratio, 97%; percentage of time above the MIC,
84%).

Magnitude of the PD index associated with efficacy. Both of
the concentration-dependent indices were important predic-
tors of the in vivo efficacy of anidulafungin. Thus, for compar-
isons of the index magnitudes among strains for which the
MICs varied, we examined both the AUC0–24/MIC and Cmax/
MIC ratios. To determine if the index magnitudes among Can-
dida strains were similar, we studied the activities of anidula-

FIG. 2. Results of single-dose time-kill and PAFE studies of anidulafungin against strains of C. albicans and C. glabrata following three
intraperitoneal doses of 1.25, 5, and 20 mg/kg. Each symbol represents the mean organism burden in the kidneys of three mice (six kidneys, plated
in duplicate). The error bars represent the standard deviations. The solid symbols represent organism burdens in saline-treated control mice. The
hollow horizontal bars represent the duration of time that total anidulafungin concentrations remained above the MIC for the organism. The solid
horizontal bars represent the duration of time that free-anidulafungin concentrations remained above the MIC for the organism.

FIG. 3. Impact of dose fractionation on the in vivo efficacy of anidulafungin against a strain of C. albicans (left panel) and a strain of C. glabrata
(right panel). Mice were treated with one of a series of five fourfold-increasing total doses of anidulafungin. The total doses were fractionated into
one, two, four, or six doses over a 96-h treatment period. Each symbol represents the mean organism burden in kidneys from three mice (six
kidneys, plated in duplicate). The dashed horizontal lines represent the burdens of organisms in kidneys at the start of therapy.
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fungin in the q24h dosing regimen against 4 strains of C.
albicans, 1 strain of C. tropicalis, and 10 strains of C. glabrata.
The dose-response curves for anidulafungin against these var-
ious strains are shown in Fig. 5. At the start of therapy, the
mice infected with C. albicans had 3.63 � 0.21 log10 CFU of
Candida/kidney (range, 3.16 to 3.90 log10 CFU/kidney). The
four C. albicans strains and the C. tropicalis strain grew simi-
larly in the animals. However, the growth of the C. glabrata
strains was less than that of the other Candida strains studied.
The mean level of organism growth in control animals was
3.81 � 0.33 log10 CFU/kidney for C. albicans and C. tropicalis
and 1.83 � 0.54 log10 CFU/kidney for C. glabrata. The group of
10 C. glabrata isolates demonstrated relatively equivalent levels
of growth. In general, the shapes of the dose-response curves
were similar for all strains. The location of each dose-response
curve was related to the MIC for the organism. The static
doses, the doses associated with 1-log killing, and the associ-
ated free-drug Cmax/MIC and AUC0–24/MIC ratios are shown
in Tables 3 and 4. The extent of organism killing varied among
the strains and was related to the anidulafungin exposure-MIC
relationship. The majority of strains exhibited an extensive
drop in the numbers of CFU following anidulafungin therapy
over the 4-day study compared to the numbers of CFU in the
untreated controls (mean reduction � SD, 4.13 � 1.9 log10

CFU/kidney). For the anidulafungin regimens with q24h dos-
ing, the free-drug Cmax/MIC ratio associated with a static effect
against the 15 Candida strains was calculated to be 0.26 � 0.22
by using 1% free-drug concentrations and a complete-inhibi-
tion end point for the MIC. The corresponding PD index value
(Cmax/MIC ratio) determined by using a partial-inhibition end
point was 0.91 � 0.76. The free-drug AUC0–24/MIC ratios
associated with the same stasis end point for these organisms
were 5.23 � 5.01 for the complete-inhibition MIC and 18 � 15
for the partial-inhibition MIC end point. The PD index values
determined by using the protein binding value from the arith-
metic MIC studies (80%) are also provided in Tables 3 and 4.
The relationships between the anidulafungin free-drug Cmax/
MIC and AUC0–24/MIC ratios and efficacy for the 15 strains
are displayed in Fig. 6. The relationship among the treatment
groups was strong (R2 values for C. albicans: Cmax/MIC ratio,
76%, and AUC/MIC ratio, 82%; R2 values for C. glabrata:
Cmax/MIC ratio, 70%, and AUC/MIC ratio, 82%). The in vivo
anidulafungin drug exposures associated with a 1-log reduction
in organism burden are shown in Table 4. The mean anidula-
fungin drug exposures, relative to the MIC, that were necessary
to produce a 1-log reduction in the yeast burden were 2.5-fold
greater than those associated with fungal stasis in this model.

DISCUSSION

The study of antimicrobial pharmacodynamics provides in-
sight into the link among drug exposures, in vitro susceptibility,
and treatment efficacy (12, 16). These investigations have been
useful for optimizing dosing regimens and for defining clinical
resistance or guiding the development of susceptibility break-
points (1, 7, 12, 16, 18, 43, 44, 47). The majority of these studies
are undertaken using either in vitro or animal infection mod-
els, and the results are used to predict outcomes in humans.
These types of studies have been useful in the development of
dosing strategies for a variety of antivirals, antibacterials, and
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FIG. 4. (a) Relationship between the anidulafungin PD indices (the Cmax/MIC ratio, the AUC0–24/MIC ratio [24 h AUC/MIC], the percentage of time
that the total drug concentration exceeds the MIC [% T�MIC], and the percentage of time that the free-drug concentration exceeds the MIC [%
fT�MIC]], where the level of free drug is estimated at 1%) and in vivo efficacy against a strain of C. albicans. Mice were treated with one of five total
doses of anidulafungin. The total doses were fractionated into one, two, four, or six doses over a 96-h treatment period. Each symbol represents the mean
organism burden in kidneys from three mice (six kidneys, plated in duplicate). The lines through the data points represent the best-fit curves. R2 is the
coefficient of determination. (b) Relationship between the anidulafungin PD indices (the Cmax/MIC ratio, the AUC0–24/MIC ratio, the percentage of time
that the total drug concentration exceeds the MIC, and the percentage of time that the free-drug concentration exceeds the MIC [free % T�MIC]) and
in vivo efficacy against a strain of C. glabrata. Mice were treated with one of five total doses of anidulafungin. The total doses were fractionated into one,
two, four, or six doses over a 96-h treatment period. Each symbol represents the mean organism burden in kidneys from three mice (six kidneys, plated
in duplicate). The lines plotted through the data represent the best-fit curves. R2 is the coefficient of determination.
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more recently, antifungals (1, 3, 7, 9, 11, 12, 16, 44, 46, 48, 49).
The predictions from these studies have been shown to be
relevant for optimizing treatment efficacy in patients. For ex-
ample, animal studies with triazole antifungals have shown that
the PD index best associated with treatment outcome is an
AUC0–24/MIC ratio near 25 (4). The examination of large
clinical databases has demonstrated the relevance of this PD
target (4, 43, 44, 47). Furthermore, this PD relationship has been
useful for supporting the development of susceptibility break-
points for these compounds and Candida species (43, 44, 47).

Studies have begun to explore these PD relationships for
drugs from the most recently Food and Drug Administration-
approved antifungal drug class, the echinocandins (2, 11, 17,

18, 19, 21, 22, 23, 27, 37, 38, 39, 51, 52, 53). Both in vitro and
in vivo studies have demonstrated that the killing activities of
echinocandin antifungals, such as anidulafungin, are enhanced
by exposure to drug concentrations far exceeding the MICs.
For example, Walsh et al. found that the extent and rate of
killing of Candida in vitro with cilofungin were enhanced with
each increase in concentration over a 50-fold range (51). Ernst
et al. observed similar concentration-dependent activity for
other echinocandins in vitro (17, 18, 19). These studies also
demonstrated a prolonged period of growth suppression fol-
lowing brief echinocandin exposures (i.e., a PAFE). An in vitro
pattern of activity characterized by concentration-dependent
killing and a prolonged PAFE would suggest that large, infre-

FIG. 5. In vivo anidulafungin dose-response curves for multiple strains of C. albicans (5 strains; left panel) and C. glabrata (10 strains; right
panel). Mice received one of a series of five fourfold-increasing doses of anidulafungin every 24 h over a 96-h treatment period. Each symbol
represents the mean organism burden in the kidneys of three mice (six kidneys, plated in duplicate). The error bars represent the standard
deviations. The solid horizontal lines at 0 on the y axis represent the organism burdens at the start of therapy. Symbols below the line represent
organism reduction or killing over the treatment period compared to the burden at the start of therapy. Symbols above the line represent organism
growth.

TABLE 3. Doses and PD indices associated with a net static effect of anidulafungin against multiple Candida organisms in a murine
neutropenic disseminated candidiasis modela

Strain Static dose
(mg/kg/24 h) Cmax/MIC F1 Cmax/MIC F2 Cmax/MIC AUC0–24/MIC F1 AUC0–24/MIC F2 AUC0–24/MIC

C. albicans K-1 1.25 9 (72) 0.09 (0.72) 1.89 (14.4) 200 (1,600) 2.0 (16) 42 (320)
C. albicans 98-17 1.15 42 (165) 0.42 (1.65) 8.66 (33) 184 (736) 1.84 (7.37) 38.6 (147)
C. albicans 98-210 3.37 48 (193) 0.48 (1.93) 10.2 (39) 1,078 (4,313) 10.8 (43.1) 226 (863)
C. albicans 580 0.94 27 (53) 0.27 (0.53) 5.6 (10.7) 600 (1,200) 6.0 (12) 126 (240)
C. tropicals 98-234 3.81 27 (216) 0.27 (2.16) 5.4 (43.2) 610 (4,880) 6.1 (48.8) 122 (976)
C. glabrata 570 1.97 14 (57) 0.14 (0.57) 2.97 (11.3) 315 (1,260) 3.15 (12.6) 66.2 (252)
C. glabrata 513 2.45 18 (35) 0.18 (0.35) 3.69 (7.0) 392 (783) 3.92 (7.83) 82.3 (157)
C. glabrata 33609 2.00 14 (57) 0.14 (0.57) 2.86 (11.5) 317 (1,267) 3.17 (12.7) 63.4 (253)
C. glabrata 32930 1.58 11.3 (23) 0.11 (0.23) 2.26 (4.53) 250 (500) 2.5 (5.0) 50 (100)
C. glabrata 33616 NA NA NA NA NA NA
C. glabrata 34341 6.9 6.9 (58) 0.07 (0.58) 1.38 (11.5) 132 (1,100) 1.32 (11) 26.4 (220)
C. glabrata 37661 NA NA NA NA NA NA
C. glabrata 35315 6.4 6.2 (25) 0.06 (0.25) 1.24 (4.96) 123 (492) 1.23 (4.92) 24.6 (98.4)
C. glabrata 5592 3.57 25 (50) 0.25 (0.50) 5.0 (10) 570 (1,141) 5.7 (11.4) 114 (228)
C. glabrata 5376 6.8 92 (183) 0.92 (1.83) 18.3 (36.7) 2,033 (4,047) 20.3 (40.6) 407 (813)

Mean � SD 26.1 � 22
(91 � 70)

0.26 � 0.22
(0.91 � 0.70)

5.47 � 4.94
(18 � 14)

523 � 521
(1,795 � 1,538)

5.23 � 5.01
(18 � 15)

108 � 110
(359 � 307)

a NA indicates that the end point was not achieved. The static dose is the dose needed to maintain the organism burden at the same level as that at the start of therapy.
F1 and F2 indicate that values were determined using free-drug concentrations of 1 and 20%, respectively. Values in parentheses are those determined using the
partial-inhibition end point; other values were calculated using the complete-inhibition end point.
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quent drug doses may be most efficacious (12). The PD indices
that correlate with this pattern of activity include the Cmax/
MIC and AUC0–24/MIC ratios. A prior animal model PD study
of a new echinocandin, aminocandin, showed that large, infre-
quent doses were the most efficient strategy to reduce the
Candida burden and that the PD index that best described
the dosing relationship was the Cmax/MIC ratio (2). However,
the AUC/MIC ratio was also a strong predictor of efficacy.
Investigators in a similar study of caspofungin in an aspergil-
losis model also observed this relationship (53). A subsequent
study with caspofungin in a candidiasis model confirmed the
importance of this dosing strategy (27). However, an analysis
of PD relationships provided a stronger fit for the AUC/MIC
ratio. Interestingly, the investigators in the latter study exam-
ined the treatment outcome over time. The outcome early in
therapy (up to day 3) appears to be most closely linked to the
Cmax/MIC ratio; however, the outcome later in the treatment
period (day 7) is better predicted by the AUC/MIC ratio,
presumably due to the prolonged tissue distribution of these
compounds. The impact of these subtle differences may not
affect dosing strategies. Both PD relationships support the
administration of large doses of echinocandin infrequently.
However, the possibility that maximizing the Cmax early in
therapy may improve the outcome or shorten treatment
courses should be explored in future studies.

One goal of the present studies was to further examine these
relationships for the echinocandin anidulafungin against C.
albicans and to determine if the relationships were similar for
the treatment of infection with C. glabrata. Similar to the re-
sults of studies of other drugs from this class, the degree of in
vivo killing in our observations was enhanced with higher drug
doses over a 16-fold dose range in single-dose studies and over
a 125-fold dose range in multiple-dose investigations. In post-
antifungal observations, the duration of regrowth suppression
was as long as 4 days. These time course characteristics would
also suggest that one of the concentration-dependent PK-PD

indices would best predict drug efficacy. These observations
were similar for both C. albicans and C. glabrata.

The observations from multiple anidulafungin dosing regi-
mens in these studies further demonstrated that the infrequent
administration of large drug doses was most effective. Three-
to fourfold-lower total drug doses were necessary to produce a
net fungistatic effect and 1-log killing in the q96h dosing reg-
imen than in the q16h dosing regimen. As one would expect,
when these dosing regimen data were regressed with each of
the three PK-PD indices, the strongest relationships were ob-
served when the Cmax/MIC and AUC/MIC ratios were utilized.
Similar to the results of our studies of aminocandin in this
model, the Cmax/MIC ratio regression was slightly stronger;
however, the differences were small. Similar to the findings of
time course studies, the PD relationships were similar for both
C. albicans and C. glabrata. These dose-response relationships
clearly support the use of large, infrequent doses to optimize in
vivo treatment efficacy.

Drugs from the echinocandin class, including caspofungin,
micafungin, and anidulafungin, exert potent activity against
many fungal pathogens, including Candida species (20, 40, 41).
The degrees of potency of this class against C. albicans and C.
glabrata are similar. The most common Candida species for
which echinocandin in vitro potency is reduced is C. parapsi-
losis. Most C. parapsilosis isolates are roughly 50- to 100-fold
less susceptible to echinocandins than are other common Can-
dida species. Clinical trials have demonstrated the effectiveness
of these compounds for the management of both mucosal and
systemic candidiasis (10, 29, 31, 34, 45, 50). In these large trials,
the MICs for the majority of organisms are very low and there
has been no discernible relationship between in vitro suscep-
tibility and treatment efficacy. The only isolates for which the
MICs are elevated are a few C. parapsilosis isolates from cases
of infection in which patients appeared to fare well. However,
case reports describing treatment failure and elevated MICs
for C. albicans and C. glabrata have begun to accumulate (24,

TABLE 4. Doses and PD indices associated with killing of 1 log CFU of various Candida organisms by anidulafungin in a murine
neutropenic disseminated candidiasis modela

Strain Dose (mg/kg/24 h)
killing 1 log CFU Cmax/MIC F1 Cmax/MIC F2 Cmax/MIC AUC0–24/MIC F1 AUC0–24/MIC F2 AUC0–24/MIC

C. albicans K-1 2 14.3 (114) 0.14 (1.2) 2.86 (22.9) 320 (2,560) 3.2 (25.6) 64 (512)
C. albicans 98-17 1.95 14 (56) 0.14 (0.56) 2.80 (11.2) 312 (1,247) 3.12 (12.5) 62.4 (249)
C. albicans 98-210 13 255 (1020) 2.55 (10.2) 51 (204) 4,133 (16,533) 41.3 (165) 824 (3307)
C. albicans 580 2.31 66.3 (132) 0.66 (1.33) 13.3 (26.5) 1,480 (2,960) 14.8 (29.6) 296 (592)
C. tropicals 98-234 NA NA NA NA NA
C. glabrata 570 3.72 26.7 (107) 0.27 (1.07) 5.34 (21.3) 595 (2,380) 6.0 (23.8) 119 (476)
C. glabrata 513 4.13 29.6 (59) 0.30 (0.59) 5.92 (11.8) 658 (1,317) 6.58 (13.2) 132 (263)
C. glabrata 33609 4.21 30.2 (121) 0.30 (1.21) 6.04 (24.1) 673 (2,693) 6.73 (26.9) 135 (539)
C. glabrata 32930 3.31 23.8 (48) 0.24 (0.48) 4.76 (9.50) 530 (1,060) 5.3 (10.6) 106 (212)
C. glabrata 33616 NA NA NA NA NA
C. glabrata 34341 NA NA NA NA NA
C. glabrata 37661 NA NA NA NA NA
C. glabrata 35315 NA NA NA NA NA
C. glabrata 5592 11.8 114 (228) 1.14 (2.28) 22.8 (45.7) 1,875 (3,750) 18.8 (37.5) 375 (750)
C. glabrata 5376 7.5 129 (258) 1.29 (2.58) 25.8 (51.7) 2,383 (4,766) 23.8 (47.7) 477 (953)

Mean � SD 70.3 � 72 0.70 � 0.72 14.1 � 14.5 1,296 � 1,157 13 � 11.7 259 � 231
(214 � 292) (2.14 � 2.92) (42.3 � 58.3) (3,927 � 4,577) (39.3 � 45.8) (785 � 915)

a NA indicates that the end point was not achieved. The static dose is the dose needed to maintain the organism burden at the same level as that at the start of therapy.
F1 and F2 indicate that values were determined using free-drug concentrations of 1 and 20%, respectively. Values in parentheses are those determined using the
partial-inhibition end point; other values were calculated using the complete-inhibition end point.
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FIG. 6. (a) Relationship between the anidulafungin Cmax/MIC ratio (using free-drug concentrations of 1%) and in vivo efficacy against multiple
strains of C. albicans (5 strains; top panels) and C. glabrata (10 strains; bottom panels). Left panels present data obtained using total-inhibition drug
MICs, and right panels present data obtained using partial-inhibition end points. Mice were treated with one of five total doses of anidulafungin.
The total doses were fractionated into four doses (q24h) over a 96-h treatment period. Each symbol represents the mean organism burden in
kidneys from three mice (six kidneys, plated in duplicate). The dashed horizontal lines represent the organism burdens in the kidneys at the start
of therapy. The sigmoid lines represent the best-fit curves. R2 is the coefficient of determination. (b) Relationship between the anidulafungin
AUC0–24/MIC ratio (using free-drug concentrations of 1%) and in vivo efficacy against multiple strains of C. albicans (5 strains; top panels) and
C. glabrata (10 strains; bottom panels). Left panels present data obtained using total-inhibition drug MICs, and right panels present data obtained
using partial-inhibition end points. Mice were treated with one of five total doses of anidulafungin. The total doses were fractionated into four
doses (q24h) over a 96-h treatment period. Each symbol represents the mean organism burden in kidneys from three mice (six kidneys, plated in
duplicate). The dashed horizontal lines represent the organism burdens in the kidneys at the start of therapy. The sigmoid lines represent the
best-fit curves. R2 is the coefficient of determination.
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25, 26, 28, 30, 32). A second goal of the present studies was to
determine the amount of the drug relative to the MIC or the
magnitude of the predictive PD index required for treatment
efficacy. In addition, we wished to discern if the PD targets for
C. albicans and C. glabrata were similar. We attempted to
utilize strains with various anidulafungin in vitro susceptibili-
ties. The less susceptible strains used in these studies have been
clinically characterized previously and were isolated from pa-
tients who received prolonged courses of treatment with an
echinocandin (caspofungin) and experienced treatment failure
or organism persistence. We considered both partial- and com-
plete-inhibition MIC end points. Not surprisingly, the values
for the complete-inhibition end points were higher than those
for the partial-inhibition end points currently recommended by
the CLSI. Similar to the results in previous reports, the re-
sponse to the echinocandin therapy was related to the MIC for
the organism with both end points (11).

One treatment variable that we encountered in the present
study and that can be difficult to account for in modeling is the
impact of organism fitness. Not all strains and species produce
similar degrees of disease in this model or, for that matter, in
cases of clinical disease (36, 42). In the past and in the present
investigations, we considered the level of organism growth in
the kidneys to provide an estimate of fitness. In general, the C.
albicans strains were more fit in this model (the C. albicans
organism burden increased twofold more than the C. glabrata
organism burden). Among the C. glabrata isolates, two of the
four strains for which MICs were higher grew less well than the
other strains, suggesting a fitness cost associated with resis-
tance development, as has been described previously for C.
albicans (8). Despite this fitness cost, the response to anidula-
fungin in the present studies was related to the MIC for all of
the organisms. We had hoped to be able to discern the impact
of higher echinocandin MICs for C. parapsilosis. However, this
species does not grow well in mice, even with significant im-
munosuppression (unpublished observations).

Since both the Cmax/MIC and AUC0–24/MIC ratios were
important in the dosing interval studies, we considered both
indices in the PD target investigations. Previous PD studies
with triazole antifungals have demonstrated the importance of
considering protein binding; thus, we considered both the total
(including protein-bound) and free (unbound)-drug concen-
trations in these analyses (7). We performed the study using an
additional protein binding method, given the variation in the
protein binding values determined by other methods (anidu-
lafungin ultrafiltration, 84% binding, and equilibrium dialysis,
99% binding) (15, 35, 54). We report free-drug values using
results from both methods, as it is not known which, if either,
is relevant in vivo. This information may become important for
PD comparisons as similar data emerge for other drugs from
the echinocandin class.

Because it is not known which echinocandin treatment end
point in this model will correlate with outcomes in patients, we
considered both an inhibitory (static-dose) and a killing (1-log-
reduction) end point. In studies with 13 of the 15 organisms, we
observed an inhibitory effect. For the two organisms for which
we did not observe growth inhibition, the MIC was 2.0 �g/ml.
We observed a 1-log reduction in vivo for 10 of the 15 strains.
For four of the five strains for which we did not observe a
killing effect, the MIC was 1 or 2 �g/ml. Of note, for the

organisms for which the MIC was 1 �g/ml, the calculations
were based on a complete-inhibition end point. These data
suggest a strong relationship between exposure and effect and
further demonstrate the relevance of the MIC.

The pharmacokinetics of anidulafungin in humans demon-
strate that the drug has a long half-life and protein binding
values essentially the same as those observed in mice (15; B.
Damle, Pfizer Inc., personal communication). A dose of 100
mg/day produces a Cmax of 11 �g/ml (free-drug concentration
of 0.11 �g/ml for 1% binding) and a steady-state AUC of 112
mg � h/liter (free-drug value of 1.12 mg � h/liter for 1% of the
total). If one considers the inhibitory PD targets identified in
the present in vivo models, current anidulafungin dosing reg-
imens would give free-drug AUC0–24/MIC ratios exceeding
those for both C. albicans and C. glabrata for more than 99%
of the organisms from large surveillance databases (MIC for C.
albicans at which 90% of the isolates were inhibited [MIC90],
0.06 �g/ml, and MIC90 for C. glabrata, 0.12 �g/ml) (20, 40).
Thus far, there is minimal clinical data to reliably discern the
impact of echinocandin MICs on treatment outcome. The
present in vivo pharmacodynamic studies would suggest that at
least for C. albicans and C. glabrata, the lack of correlation
between MICs and outcomes is related to the very low MIC
distribution observed in these clinical trials.

In summary, the present studies demonstrate that anidula-
fungin has concentration-dependent in vivo efficacy against
both C. albicans and C. glabrata. The Cmax/MIC and AUC0–24/
MIC ratios were very highly associated with in vivo anidulafun-
gin activity. These PD characteristics support the infrequent
administration of large doses. These studies also suggest that
anidulafungin at a dose of 100 mg/day achieves an inhibitory
PD target against C. albicans and C. glabrata organisms for
which MICs are up to 0.12 �g/ml, as determined by using a
partial-inhibition MIC end point, and 0.5 �g/ml, as determined
by using a complete-inhibition MIC end point. This concen-
tration is lower than the MIC90 distribution for C. parapsilosis.
We suspect that the successful treatment of infection with
these reduced-fitness organisms may require a lower PD target
due to the reduced virulence of this Candida species. In the
absence of a large series of echinocandin clinical successes
against C. albicans and C. glabrata infections with organisms
for which MICs are in the same range as those for C. parap-
silosis, the concept of species-specific susceptibility breakpoints
should be explored.
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