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Candida glabrata is a leading cause of disseminated candidiasis. The echinocandins are increasingly used as
first-line agents for the treatment of patients with this syndrome, although the optimal regimen for the
treatment of invasive Candida glabrata infections in neutropenic patients is not known. We studied the
pharmacokinetics (PK) and pharmacodynamics (PD) of micafungin, anidulafungin, and caspofungin in a
neutropenic murine model of disseminated Candida glabrata infection to gain further insight into optimal
therapeutic options for patients with this syndrome. A mathematical model was fitted to the data and used to
bridge the experimental results to humans. The intravenous inoculation of Candida glabrata in mice was
followed by logarithmic growth throughout the experimental period (101 h). A dose-dependent decline in fungal
burden was observed following the administration of 0.1 to 20 mg/kg of body weight every 24 h for all three
agents. The exposure-response relationships for each drug partitioned into distinct fungistatic and fungicidal
components of activity. Surprisingly, the average human drug exposures following currently licensed regimens
were predicted to result in a fungistatic antifungal effect. Higher human dosages of all three echinocandins are
required to induce fungicidal effects in neutropenic hosts.

Candida glabrata is a leading cause of disseminated candi-
diasis in most national surveillance studies (5, 31). The overall
mortality rate is approximately 40% (6, 18) and in some series
is associated with worse outcomes than are other Candida spp.
(33). Candida glabrata is frequently resistant to fluconazole (6).
Invasive infections due to Candida glabrata in neutropenic
patients are a serious but relatively uncommon clinical syn-
drome, accounting for approximately 5% of the overall num-
ber of invasive cases (18). Importantly, there are no prospec-
tive clinical trial data that address the optimal therapy of this
opportunistic pathogen in profoundly immunocompromised
patients.

The echinocandins are increasingly used as first-line agents
for the treatment of patients with candidemia and invasive
candidiasis. These agents have demonstrated efficacy against
Candida spp. in laboratory animal models (1, 27, 28) and ran-
domized clinical trials (20, 23, 25). The echinocandins gener-
ally are well tolerated, have few clinically significant drug-drug
interactions, and can be safely used in patients with renal and
hepatic dysfunction (9). The Infectious Diseases Society of
America (IDSA) recommends echinocandins as first-line
agents for the treatment of Candida glabrata infections in neu-
tropenic patients but also recognizes the paucity of evidence
supporting this position (24).

Here, we investigate the pharmacokinetics (PK) and phar-

macodynamics (PD) of micafungin, anidulafungin, and caspo-
fungin against Candida glabrata. We described the drug expo-
sure-response relationships for each of these agents using a
neutropenic model of disseminated Candida glabrata infection.
We use a linked PK-PD mathematical model to explore the
clinical implications of our experimental data. Our results sug-
gest that higher human echinocandin dosages than those cur-
rently licensed are required to achieve fungicidal activity and
near-maximal antifungal activity.

(This work was presented in part at the 21st European
Congress of Clinical Microbiology and Infectious Diseases
[ECCMID]/ 27th International Congress of Chemotherapy
[ICC], Milan, May 2011.)

MATERIALS AND METHODS

Organisms and MICs. Candida glabrata ATCC 2001 was used as the challenge
strain for all experiments. MICs of micafungin, anidulafungin, and caspofungin
were determined using both European Committee for Antimicrobial Suscepti-
bility Testing (EUCAST) and Clinical and Laboratory Standards Institute
(CLSI) methodologies (7, 11). MICs were determined in three separate inde-
pendent experiments, and the modal EUCAST value was used for the subse-
quent PK-PD analyses. The Candida FKS1, FKS2, and FKS3 genes were se-
quenced in the hot-spot regions by the Sanger methodology using a CEQ 8000
Beckman Coulter genetic analysis system as previously described (26).

Intravenous neutropenic murine model of Candida glabrata. All animal exper-
iments during this study were performed under United Kingdom Home Office
project license PPL40/3101. Male CD1 mice (Charles River Ltd., Kent, United
Kingdom) weighing approximately 25 g were housed in vented HEPA-filtered
cages with free access to food and water. Mice were rendered profoundly neu-
tropenic 3 days prior to the beginning of the study with 200 mg/kg of body weight
intraperitoneal (i.p.) cyclophosphamide (Sigma) and 200 mg/kg subcutaneous
cortisone acetate (Sigma). A Candida glabrata suspension containing 1.6 � 106

CFU per ml was prepared in phosphate-buffered saline (Invitrogen, Paisley,
United Kingdom) from 1-day-old shaking cultures in Sabouraud glucose broth
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(Scientific Laboratory Supplies, Wilford, United Kingdom). The desired inocu-
lum was confirmed by quantitative cultures. Disseminated infection was estab-
lished via the tail vein with 0.2 ml of this suspension to deliver an absolute
inoculum of 3 � 105 organisms per mouse. Cortisone acetate was readministered
on day �1.

The clinical formulations of anidulafungin (Pfizer, Sandwich, United King-
dom) and micafungin (Astellas Pharma Ltd., Staines, United Kingdom) were
diluted to the final desired concentration in saline. The clinical formulation of
caspofungin (Merck Sharp & Dohme Corp., Hoddesdon, United Kingdom) was
diluted in water. All three drugs were administered i.p. 5 h postinoculation and
every subsequent 24 h for a total of four doses (i.e., drug was administered at 5,
29, 53, and 77 h). Mice were sacrificed throughout the study period for both
pharmacokinetic and pharmacodynamic analyses, with the last time point being
101 h postinoculation.

Pharmacokinetic and pharmacodynamic studies. Mice received 0.1, 1, 5, and
20 mg/kg of each echinocandin every 24 h. These dosages were based on pre-
liminary dose-finding experiments. For pharmacokinetic studies, groups of mice
(n � 3) were sacrificed throughout the second and fourth dosing intervals at 1,
3, 6, and 24 h postdose. Plasma samples were obtained by cardiac puncture
following terminal anesthesia with 5% isoflurane (Baxter, Newbury, United
Kingdom), and tissue drug levels were determined in the kidney. For the phar-
macodynamic studies, kidney cultures (n � 4 mice) were determined between 0
and 101 h postinoculation by plating serial 10-fold dilutions of homogenate to
Sabouraud agar (Oxoid, Basingstoke, United Kingdom).

Measurement of echinocandin concentrations. Micafungin, anidulafungin,
and caspofungin concentrations in mouse plasma and kidney were measured
using high-performance liquid chromatography (HPLC) with a Shimadzu Prom-
inence (Shimadzu, Milton Keynes, United Kingdom) by the following methods
adapted from several sources (13, 14, 29).

Micafungin and anidulafungin were measured using a hypersil BDS C18 5-�m
column (250 by 4.6 mm; Fisher Scientific, Loughborough, United Kingdom)
following an injection volume of 10 �l. A standard curve encompassing 0.05 to 25
mg/liter was constructed in the respective matrix from stock solutions of 1,000
mg/liter micafungin or anidulafungin in ethanol (Fisher Scientific). The internal
standard was micafungin or anidulafungin for the measurement of anidulafungin
and micafungin, respectively. The mobile phase was 70% 0.02 M potassium
dihydrogen phosphate, 30% (vol/vol) acetonitrile, with a gradient profile chang-
ing to 30 and 70% during 12 min and with an overall run time of 16 min. The flow
rate was 1 ml/min. Micafungin and anidulafungin were detected using fluores-
cence at an excitation wavelength of 273 nm and an emission wavelength of 464
nm; they eluted after 10 and 13.4 min, respectively. For micafungin in plasma and
kidney, the percent coefficient of variation (CV%) was �10% for the concen-
tration range 0.05 to 25 mg/liter, the limit of detection was 0.05 mg/liter, and the
intra- and interday variation was �10%. For anidulafungin in plasma and kidney,
the CV% was �8% for the concentration range 0.05 to 25 mg/liter, the limit of
detection was 0.05 mg/liter, and the intra- and interday variation was �8%.

Caspofungin was measured with a new Kinetex 2.6u C18 column (75 by 4.6
mm; Phenomenex, Macclesfield, United Kingdom) using a 30-�l injection vol-
ume. A standard curve encompassing 0.125 to 10 mg/liter was constructed in the
respective matrix from stock solutions of 1,000 mg/liter caspofungin in a 62:28
mixture of 0.1% trifluoroacetic acid (TFA) in water-acetonitrile (Fisher Scien-
tific). The internal standard was 4-hexylresourcinol (Sigma, Dorset, United King-
dom). The mobile phase was 70% (vol/vol) 0.1% TFA in water and 30% (vol/vol)
acetonitrile with a gradient profile changing to 40 and 60% during 5 min, with an
overall run time of 7.5 min and flow rate of 1.4 ml/min. Caspofungin was detected
using fluorescence with an excitation wavelength of 224 nm and emission wave-
length of 304 nm; they eluted after 3.6 and 5.5 min, respectively. In plasma and
kidney the CV% was �8% for the concentration range 0.125 to 10 mg/liter, the
limit of detection was 0.125 mg/liter, and the intra- and interday variation
was �7%.

Mathematical modeling. A pharmacokinetic-pharmacodynamic mathematical
model was used to link drug concentrations with the antifungal effect and to
define the drug exposure that produced near-maximal fungicidal activity. All
PK-PD data obtained from each drug were simultaneously comodeled using a
population methodology with the Big version of the program nonparametric
adaptive grid (BIG NPAG) (21). The structural mathematical model used for
these analyses consisted of the following five ordinary differential equations and
have been recently used by us to model disseminated infections due to Candida
albicans (30).

dX1/dt � R�1� � ka � X1 (1)

dX2/dt � � �kcp � kck � CLS/Vc� � X2 � ka � X1 � kpc � X4 � kkc � X3 (2)

dX3 /dt � kck � X2 � kkc � X3 (3)

dX4 /dt � kcp � X2 � kpc � X4 (4)

dN/dt � Kgmax � �1 � �N/POPmax�	 � N (5)

� �1 � �X3/Vkidney�
Hg/�X3/Vkidney�

Hg � C50gHg�]

� �Kkmax � �X3/Vkidney�
Hk/�X3/Vkidney�

Hk � C50kHk� � N]

Where X1, X2, X3, and X4 are the amounts of echinocandin (in milligrams) in the
peritoneum, serum, kidney, and peripheral compartment, respectively. R(1) is
the amount of drug administered to the peritoneum; CLS is the clearance; Vc and
Vkidney are the volumes of the central compartment and kidney, respectively; ka,
kcp, kpc, kck, and kkc are the first-order rate constants that connect the respective
compartments; N is the burden (organisms/gram kidney) of Candida glabrata;
Kgmax is the maximal rate of growth; POPmax is the theoretical maximal density
within the kidney; Hg is the slope function for the suppression of growth; C50g is
the amount of drug in the kidney where there is half-maximal suppression of
growth; Kkmax is the maximal rate of kill; Hk is the slope functions for the fungal
kill; C50k is the concentration of drug in the kidney where the fungal kill is half
maximal.

Equation 1 describes the flux of drug out of the peritoneum (where it has been
injected). Equation 2 describes the rate of change of drug in the central com-
partment (plasma). Equation 3 describes the rate of change of drug in the kidney.
Equation 4 describes the rate of change of drug in the peripheral compartment
(i.e., everything other than the blood and the kidney). Equation 5 describes the
rate of change of fungal burden in the kidney that contains terms describing the
capacity-limited growth of Candida glabrata (5), the drug-associated suppression
of growth (fungistatic effect), and the drug-associated fungal kill (fungicidal
effect).

The weighting functions were obtained by fitting the structural mathematical
model (shown above) to the data using the maximum-likelihood estimator in
ADAPT 5, as previously described by us and others (19, 34). The fit of the model
to the data was assessed using the log likelihood value, visual inspection, the
coefficient of determination (r2) of the observed-predicted plot after the Bayes-
ian step, and by respective measures of bias and precision. Both the mean and
median parameter values were explored and distinguished using these parame-
ters. The area under the concentration-time curve (AUC0-24) in plasma and
kidney was calculated using integration after the implementation of the mathe-
matical model in the simulation module of the program ADAPT 5 (8).

The definitions and concepts for the terms fungistatic and fungicidal are depicted
in Fig. 1. The term stasis refers to the maintenance of fungal burden at the (esti-
mated) density at the time drug therapy was initiated. Kidney burdens above this line
were classified as fungistatic, while those beneath the line were fungicidal.

Simulation and humanization of murine pharmacokinetics. The mean con-
centration-time profile for humans receiving micafungin at 100, 200, 400, and 800
mg/day was determined using the mean parameter values from a population
pharmacokinetic model. These values were inserted into ADAPT 5 (8). Mica-
fungin then was administered to mice in silico to approximate the shape of a
human concentration-time curve. The mathematical model then was used to
obtain a predicted pharmacodynamic readout from this humanized regimen.

The AUC0-24 following a variety of echinocandin dosages was estimated using
the integration of the plasma concentration-time profile (i.e., integration with re-
spect to the time of equation 2 of the mathematical model). The modal EUCAST
MIC then was used to calculate the AUC/MIC ratio (Table 1). The fungal burden
in the kidney following each echinocandin regimen also was determined using the
mathematical model and then related to the AUC/MIC ratios.

FIG. 1. Definitions for fungicidal and fungistatic activity used in
this study.
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To help place the AUC/MIC ratios from the experimental model in a clinical
context, mean human values also were estimated. For micafungin and anidula-
fungin, the AUC at steady state was calculated using total dose (mg)/clearance
(liter/h). The point estimates for clearance were obtained from the population
pharmacokinetic models of Gumbo et al. (15) and Dowell et al. (10). For
caspofungin, the AUC at steady state in healthy volunteers was obtained from
the publication of Stone et al. (32).

RESULTS

MICs. The modal MICs for C. glabrata ATCC 2001 for each
compound are shown in Table 1. The MICs were comparable
when determined using EUCAST or CLSI methodology. The
organism was determined to be wild type with no amino acid
substitutions in Fks1, Fks2, and Fks3 that have been associated
with echinocandin resistance.

Murine pharmacodynamics. The fungal burden in the kid-
ney at 1 h postinoculation determined from eight separate
experiments was 4.04 
 0.42 log10 CFU/g kidney (means 

standard deviations). In Fig. 2 to 4 the means 
 standard
deviations from each experiment (n � 4 mice) are shown.
There was logarithmic growth throughout the experimental
period, with an increase of approximately 2 log units by the end
of the experiment. The pooled data from these control exper-
iments (obtained from each compound) are shown in of Fig.
2A to 4A. The stasis point (i.e., the fungal density at the time
treatment commenced at 5 h postinoculation) estimated from
the mathematical model (Fig. 1 and see below) was 3.83, 3.86,
and 3.52 log10 CFU/g kidney for micafungin, anidulafungin,
and caspofungin, respectively.

The effect of the administration of 1, 5, and 20 mg/kg of
micafungin, anidulafungin, and caspofungin on the density of
C. glabrata in the kidney is shown in Fig. 2 to 4. The antifungal
effect was comparable on a mg/kg basis for each of the three
agents. A predominantly fungistatic effect was apparent fol-
lowing the administration of 1 mg/kg micafungin and caspo-
fungin (Fig. 2 and 4) and 5 mg/kg anidulafungin (Fig. 3).
Progressively higher dosages resulted in a net decline in the
fungal burden, even though the effect was relatively small and
sterilization was not achieved. The effect of 0.1 mg/kg also was
studied, but it did not result in any appreciable antifungal effect

TABLE 1. Micafungin, anidulafungin, and caspofungin MICs
against Candida glabrata ATCC 2001

Drug

Modal MIC (mg/liter)
(n � 3) according to:

EUCAST CLSI

Micafungin 0.06 0.06
Anidulafungin 0.015 0.03
Caspofungin 0.25 0.5

FIG. 2. Pharmacodynamics of 0, 1, 5, and 20 mg/kg micafungin administered 5, 29, 53, and 77 h postinoculation. Data are means 
 standard
deviations, and the solid line is the fit of the mathematical model.
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for any compound (these data were mathematically modeled,
and therefore contributed to the overall fit of the model to the
data, but are not shown). The administration of 20 mg/kg of
each echinocandin resulted in a fungicidal effect, even though
this antifungal effect was relatively small (ca. 1 to 2 log units
beyond stasis) (Fig. 2D to 4D).

Humanization of micafungin pharmacokinetics. To further
place the experimental findings in a clinical context, the murine
pharmacokinetics were humanized in silico. Human-like con-
centration-time profiles were simulated by the administration
of micafungin (in silico) every 12 h (Fig. 5). Humanized serum
profiles were constructed to mimic the concentration-time pro-
file of an average patient receiving 100, 200, 400, and 800
mg/day. The predicted time course of echinocandin concentra-
tions and fungal density in the kidney then was determined
from the mathematical model. As shown in Fig. 5, the admin-
istration of the currently licensed regimen resulted in a fungi-
static effect. The administration of 200 mg similarly resulted in
a comparable fungistatic effect. A clear fungicidal effect was
apparent following the administration of 400 and 800 mg/day,
even though the rate of kill was relatively slow.

Simulations and bridging to humans. To further study the
patterns of antifungal effect, the mathematical model was used
to calculate the fungal burden in the kidney at the end of the

experimental period. In these simulations, drug exposure was
quantified in terms of the AUC/MIC ratio. A unique and
common pattern of activity was observed for these agents that
was characterized by distinct fungistatic and fungicidal compo-
nents of the drug exposure-response relationship. All three
agents showed a “shoulder” as the antifungal activity transi-
tioned from a fungistatic to a fungicidal pattern of action (Fig.
6). This quite distinct partitioning of antifungal effect was also
apparent from the disparate estimates for C50g (the concen-
tration of drug in the kidney required to induce half-maximal
reduction in growth) versus C50k (the concentration of drug in
the kidney required to induce half-maximal kill) (see Table 2).
For each compound, the estimate for C50g was substantially
lower than C50k, reflecting the fact that increases in concen-
trations well beyond C50g were required before a fungicidal
effect was apparent. This shoulder was most apparent for
micafungin but also was present for anidulafungin and caspo-
fungin (see Fig. 6). The average human AUC/MIC ratio for
patients receiving micafungin at 100 mg/day, anidulafungin at
100 mg/day, and caspofungin at 50 mg/day corresponds to the
shoulder on the stasis line (arrows in Fig. 6). As is clear from
Fig. 5 and 6, higher drug exposures than those experienced by
an average patient receiving a standard regimen are required
to induce fungicidal activity.

FIG. 3. Pharmacodynamics of 0, 1, 5, and 20 mg/kg anidulafungin administered 5, 29, 53, and 77 h postinoculation. Data are means 
 standard
deviations, and the solid line is the fit of the mathematical model.
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DISCUSSION

Candida glabrata is a leading cause of candidemia and inva-
sive candidiasis, accounting for 26% in some surveillance series
(18). There are relatively few data that specifically address the
epidemiology, prognosis, and treatment of invasive candidiasis
in neutropenic hosts. There are fewer data that describe the
specific outcomes of Candida glabrata infections in this setting.
The echinocandins are increasingly considered to be first-line
agents for the treatment of Candida glabrata in neutropenic
hosts, despite the absence of definitive evidence from random-
ized clinical trials for this recommendation.

One frequently cited advantage of the echinocandins is their
presumed fungicidal activity (12). While the terms fungistatic
and fungicidal are widely used to characterize antimicrobial
activity, there are no standardized definitions, and the ultimate
relevance for humans is not known (22). Our study provides
some further insights into these issues. (i) The echinocandin
concentrations required to suppress growth are substantially
different from those required to achieve microbial killing. In
our study, for example, the echinocandin effect was predomi-
nantly fungistatic at relatively low drug exposures, with fungi-
cidal activity being observed only at much higher drug expo-
sures. (ii) The wide separation of fungistatic versus fungicidal
effects is responsible for a shoulder or hump in the exposure-

response relationships. (iii) Fungicidal activity was observed
only at exposures substantially in excess of those that are cur-
rently recommended and/or licensed.

The pharmacodynamic targets associated with stasis and var-
ious orders of logarithmic killing for the echinocandins against
C. glabrata are largely comparable between this study and
others (2–4, 14). The total drug AUC/MIC ratios associated
with stasis for micafungin and caspofungin are �1,500 to 3,000
and 100 to 400, respectively. Our estimate for anidulafungin
AUC/MIC ratios associated with stasis (�6,000) is higher than
those in other studies (3), and this discrepancy may be ex-
plained by strain-to-strain variability in response to echinocan-
dins.

Our study suggests that dosage escalation is required to
achieve maximal antifungal effect in neutropenic hosts with
disseminated Candida glabrata infection. The simulations
shown in Fig. 6 suggest that an average neutropenic patient
receiving a licensed echinocandin regimen could control dis-
seminated infection—the drug would prevent progressive fun-
gal growth. Importantly, however, infection may not be elimi-
nated because concentrations are not high enough to induce
fungal killing. Therefore, one potential therapeutic strategy for
the use of echinocandins in neutropenic patients is the use of
higher dosages. Such a strategy is viable because of the wide

FIG. 4. Pharmacodynamics of 0, 1, 5, and 20 mg/kg caspofungin administered 5, 29, 53, and 77 h postinoculation. Data are means 
 standard
deviations, and the solid line is the fit of the mathematical model.
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FIG. 5. In silico humanization of the murine pharmacokinetics and predicted pharmacodynamic response obtained from the mathematical
model. The administration of 100, 200, 400, and 800 mg micafungin to a so-called average human results in a micafungin concentration-time profile
represented by the solid line. For the pharmacodynamics, the fungal burden without therapy is shown by the dotted line, and the predicted response
with each dosage is shown by the solid line.
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therapeutic index that is characteristic of each of these agents.
Further clinical studies are warranted to investigate the utility
of dosage escalation.

We acknowledge a number of potential limitations of this
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.FIG. 6. Predictions from the mathematical model for each echino-
candin. Each point represents the predicted fungal burden at the end
of the experiment (i.e., 101 h postinoculation and following four doses
of drug administered at 5, 29, 53, and 77 h postinoculation) for a given
AUC/MIC ratio. The dotted line is the stasis line, which represents the
fungal burden in the kidney at the time therapy is initiated 5 h post-
inoculation. The arrows represent the AUC/MIC ratio in an average
patient receiving micafungin at 100 mg/day, anidulafungin at 100/day,
and caspofungin at 50 mg/day. The exposure-response relationships
show a shoulder as antifungal activity transitions from a fungistatic to
fungicidal pattern.
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study. We have studied a single strain of Candida glabrata in
considerable detail. Ideally, our findings should be confirmed
with additional strains. Nevertheless, the exposure-response
relationships in this study are consistent with those described
by other investigators (2, 14). Second, the implications of our
study findings should be restricted to neutropenic patients. The
outcome of disseminated Candida glabrata infections treated
with echinocandins in nonneutropenic patients is likely to be
different because of the additional fungicidal effect of neutro-
phils as previously demonstrated by us (17, 34). Third, the
PK-PD modeling and bridging studies from mice to humans
explicitly assumes that the rate and extent of trafficking of drug
from the plasma into the kidney in mice and humans are
comparable (16).

Despite potential limitations, this study provides an experi-
mental basis for innovative treatment regimens for neutro-
penic hosts with disseminated infection caused by Candida
glabrata. Dosage escalation may be required to achieve maxi-
mal fungal killing and thereby optimize clinical responses.
PK-PD modeling with bridging from mice to humans provides
a way in which potential therapeutic strategies can be identi-
fied. Additional preclinical and clinical studies are warranted
to further investigate this possibility.
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