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Abstract
Background—Young infants are susceptible to developmental factors influencing the
pharmacokinetics of drugs. Fluconazole is increasingly used to prevent and treat invasive candidiasis
in infants. Dosing guidance remains empiric and variable because limited pharmacokinetic data exist.

Methods—Our population PK model derived from 357 fluconazole plasma concentrations from 55
infants (23–40 week gestation) illustrates expected changes in fluconazole clearance based upon
gestational age, postnatal age, weight, and creatinine. We used a Monte Carlo simulation approach
based on parametric description of a patient population’s pharmacokinetic response to fluconazole
to predict fluconazole exposure (median, 10th and 90th percentile population variability range) after
3, 6 and 12 mg/kg dosing.

Results—For the treatment of invasive candidiasis, a dose of at least 12 mg/kg/day in the 1st 90
days after birth is needed to achieve an AUC of >400 mg*h/L and an AUC/MIC>50 for Candida
species with MIC<8 µg/ml in ≥ 90% of <30 week gestation infants and 80% of 30–40 week gestation
infants. The more preterm infants achieve a higher median AUC (682 mg*hr/L) compared with more
mature infants (520 mg*hr/L). For early prevention of candidiasis in 23–29 week infants, a dose of
3 or 6 mg/kg twice weekly during the first 42 days of life is equivalent to an AUC of 50 and 100
mg*hr/L, respectively, and maintains fluconazole concentrations ≥ 2 or 4 µg/ml, respectively, for
half of the dosing interval. For late prevention, the 6 mg/kg dose every 72 hours provides similar
exposure to 3 mg/kg daily dose. Infants with serum creatinine ≥ 1.3 mg/dl have delayed drug
clearance and dose adjustment is indicated if creatinine does not improve within 96 hours.

Conclusions—A therapeutic concentration of fluconazole in premature infants with invasive
candidiasis requires dosing substantially greater than commonly recommended in most reference
texts. To prevent invasive candidiasis, twice weekly prophylaxis regimens can provide adequate
exposure when unit specific MICs are taken into account.
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MATERIALS AND METHODS
Population pharmacokinetic model

The population PK model of fluconazole in young infants developed from the Open Label PK
study of fluconazole in the Pediatric Pharmacology Research Unit Network has been described
previously13. PK data were analyzed with a non-linear mixed effect modeling approach using
NONMEM (version 5)16. This model was created from 357 fluconazole plasma concentrations
collected from 55 infants who were 23 – 40 weeks gestation and 1 – 90 days of age. All infants
were receiving fluconazole as routine care for the prevention or treatment of invasive
Candida infection in doses of 3 –12 mg/kg. Although post menstrual age was associated with
clearance, it was less informative in the model than postnatal age and gestational age at birth
combined. The final PK model explains the expected changes in fluconazole clearance based
upon the infant’s postnatal age, gestational age at birth, and present body weight. Serum
creatinine factors into the model only when the creatinine is greater than 1.0 mg/dl at least 3
days after birth. Model performance was successfully qualified using an external predictive
check method with a PK dataset from a different study22. The model construction, evaluation
and initial simulations were previously published13.

Assessment of dose-exposure relationship
Monte Carlo simulations using the final population PK model (including population typical
value, inter-individual covariance, and residual variance parameters) were used to explore the
impact of postnatal age, gestational age at birth, and serum creatinine on dose-exposure
relationships. For each dose evaluation, we performed 100 simulated trials within NONMEM
(version VI; ICON Development Solutions, Ellicott City, MD) and R (version 2.5.1; R Core
Development Team; www.r-project.org). We were interested in the central tendency of
concentration time profile and the 80th percentile of variation around this central tendency.
Additional simulations, up to 1000, did not change the predicted central tendency or
surrounding 80th percentile. We used five simulation infant cohorts (Table 1, online only). The
majority of infants in these simulated cohorts had the demographic characteristics of the infants
enrolled in the previous PK study of infants receiving fluconazole for clinical care. Additional
hypothetical infants, such as 30–33 weeks gestation infants or infants with serum creatinine
>1.0 mg/dl, made up the remainder of the simulated cohorts. After simulation, we summarized
the concentration time profiles of the approximately 3000 simulated infants.

We explored simulated exposure after a range of fluconazole dosage from 3–12 mg/kg given
intravenously at intervals of 24–96 hours as suggested in neonatal reference texts14, 15. Infants
in the PK trial used to derive the model received fluconazole in dosages of between 3 and 12
mg/kg. Table 1 summarizes the dosage, dosing interval, and duration of treatment evaluated
for the treatment of systemic candidiasis, and for both early and late prevention of invasive
candidiasis. Simulation cohorts included infants with serum creatinine of <1.3 mg/dl as long
as the creatinine returned to ≤1.0 mg/dl within 96 hours since this clinical scenario was
observed in our prior PK study.

A separate simulation population was generated to evaluate fluconazole exposure in infants
with renal insufficiency as defined as serum creatinine >1.0 beyond 3 days of life. For treatment
strategies, we evaluated simulated exposure in infants who had creatinine values of 1.1 – 2.0
mg/dl that normalized to ≤ 1.0 mg/dl by day 5 of treatment. For prevention strategies, we
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evaluated exposure in infants with creatinine values of 1.1 – 2.0 mg/dl that normalized to ≤1.0
mg/dl by two weeks of therapy.

We evaluated the median and population variability range (10th and 90th percentile) of
simulated fluconazole concentration-time profile for each observation time after dose input
from each 100 simulated trial scenario of groups of approximately 30 infants (3000 infants
total). If an infant in our previous PK trial received the dosing regimen under evaluation then
we plotted the observed fluconazole concentrations within the simulation graphs. Because the
prior PK trial relied on sparse sampling, the observed fluconazole concentrations did not span
the simulated concentration time curve.

We determined the interval median, 10th, and 90th percentile AUC to be the AUC for each 24
hours interval after a given dose. The AUC for each 24 hours of exposure for each simulated
subject was generated using NONMEM based on the final population PK model cited in our
previous publication13 with the median and percentiles derived from the individual predictions
(≈3000 simulated subjects) for each scenario presented in table 1 (on-line only). For calculation
of AUC/MIC we used the Clinical and Laboratory Standards Institute (CLSI) sensitivity
breakpoint MIC of 8 µg/ml for C. albicans and C. parapsilosis. We calculated the percent of
the dosing interval that the fluconazole concentration was above the typical MIC for C.
albicans and parapsilosis species in neonates (MIC90 ≤4 µg/ml)10, 11, 17, 18. Both the
AUC24 and percent T>MIC were calculated by numerical integration using NONMEM’s
differential equation solver (PREDPP ADVAN6).

Therapeutic Exposure Targets
For the treatment of invasive candidiasis we chose to target exposure to a minimum AUC24 of
400 mg*hr/L in at least 90% of infants and a median AUC24 of 600–800 mg*hr/L. The
minimum AUC of 400 mg*hr/L ensures that the PK/PD index of AUC/MIC is ≥50 for
Candida species sensitive to fluconazole based on the CLSI sensitivity breakpoint of a MIC ≤
8 µg/ml for all Candida species3, 6, 7. The median AUC range was chosen to reflect exposure
in critically adults receiving 800 mg/day. Since no PK/PD index has been described for
preventative regimens, we evaluated the concentration time profile, the AUC24, and the T>MIC
in which the fluconazole concentration was above the MIC of the Candida species found in
the NICU, MIC90 ≤ 4 µg/ml. An AUC24 of 100 mg*hr/L was considered to be equivalent to
exposure obtained in adults receiving 100 mg/day 8. The predicted steady state AUC was used
to compare infant daily dose with equivalent adult daily dose.

RESULTS
Our infant population PK model of fluconazole describes the PK of fluconazole in preterm and
term infants who were all receiving fluconazole for the prevention or treatment of invasive
candidiasis in dosages of 3–12 mg/kg13. Monte Carlo simulation of 5 cohorts (Table 1, online
only) was used to predict fluconazole exposure and thus guide dosing for the use of fluconazole
in the care of neonates and young infants.

Treatment of Invasive Candidiasis
We predicted fluconazole exposure achieved after a 12 mg/kg daily dose regimen in 2 groups
of infants with serum creatinine values <1.3 mg/dl: group 1 (BGA 23–29 weeks) and group 2
infants (GA 30–40 weeks) (Table 2, Figure 1). In our previous PK trial, six infants received
10–12 mg/kg dosing and the sparse samples collected from such infants yielded fluconazole
concentrations that were within the predicted variability range of simulated fluconazole
concentrations (closed circles, Figure 1A, B). Given the sparse sampling, the observed infant
values were not dispersed evenly across the concentration-time profile. The two infants with
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concentrations just below the predicted 10th percentile were receiving 10–11 mg/kg
fluconazole if actual weight was used to calculate dose rather than the empiric dosing weight
estimated by clinicians because of fluid overload. Among infants 23–29 weeks gestation, the
simulated steady state median AUC24 was 680 mg*hr/L, and 90% achieved an AUC24 of ≥400
mg*hr/L. Among infants 30–40 weeks gestation, the simulated steady state median AUC24
was lower at 520 mg*hr/L and 80% achieved an AUC24 of ≥400 mg*hr/L. Traditional 6 mg/
kg/day dosing did not reach the therapeutic AUC target (Figure 1C). Since the half life of
fluconazole in young infants is 30–50 hours, these steady state values would not be achieved
until after 5 days of therapy. A loading dose would be needed to achieve the AUC target by
day 2 (Figure 1C).

We predicted the concentration of fluconazole achieved in infants with renal insufficiency
receiving 12 mg/kg/ daily. This renal insufficiency simulation cohort contained infants 23–29
weeks gestation who had serum creatinine values of 1.1 – 2.0 mg/dl for to the first 4 days of
treatment and then had a normalized creatinine value of ≤ 1.0 mg/dl by day 5 of treatment.
Figure 1D shows accumulation of fluconazole and an increase in AUC24 with increasing
creatinine up to 2.0 mg/dL. The median AUC remains in the therapeutic window as long as
the creatinine normalizes to ≤1 mg/dl by day 5 of treatment.

Early Prevention of Invasive Candidiasis
We evaluated simulated exposure in 23–29 week gestation infants who began fluconazole in
the first 5 days of life by comparing fluconazole exposure in infants receiving 3 or 6 mg/kg
twice weekly, for example every Tuesday and Friday (Table 2, Figure 2). All infants used in
this simulation had creatinine values that remained <1.3 mg/dl. Infants receiving 6 mg/kg twice
weekly had a simulated median AUC24 of 101 mg*hr/L with fluconazole concentrations above
4 µg/ml for 47% of the dosing interval. Infants receiving 3 mg/kg twice weekly had a simulated
median AUC24 of 50 mg*hr/L with fluconazole concentrations above 2 µg/ml for 58% of the
dosing interval.

We performed a separate simulation analysis for infants born at 23–29 weeks gestation who
also had significant renal insufficiency. All infants in this simulation cohort had creatinine
values of 1.1 – 2.0 mg/dl for two weeks and then normalization of creatinine to ≤ 1.0 mg/dl by
day 14 of therapy. Infants with creatinine values of 1.1 and 1.2 mg/dl who received 6 mg/kg
twice a week had predicted median fluconazole concentrations < 12 µg/ml (Figure 2B) and a
median AUC24 of <200 mg*hr/L. Infants with creatinine values of 1.3 – 2.0 mg/dl achieved
similar exposure when they were treated with 6 mg/kg once a week. The simulated median
fluconazole concentrations were <12 µg/ml (Figure 2C) and a median AUC24 of 130, 159, and
179 mg*hr/L for infants with creatinine of 1.3, 1.5, and 2.0 mg/dl, respectively.

Late prevention of invasive candidiasis
Infants are at risk for invasive candidiasis during broad spectrum antibiotic exposure,
particularly in the setting of gastrointestinal disease2, 19–21. We explored a fluconazole dose
of 6 mg/kg for the prevention of invasive candidiasis in infants between 8–80 days of age. We
evaluated infants in two groups based upon gestational age at birth, 23 to 29 weeks and 30–40
weeks (Table 2). Infants used in this simulation had creatinine values that remained < 1.3 mg/
dl. For extremely preterm infants born at 23 to 29 week gestation who are < 42 days old, doses
of 3 mg/kg daily or 6 mg/kg every 72 hours (Figure 3A, online only) can achieve a simulated
median AUC24 near 100 mg*hr/L and maintain concentrations above 4 µg/ml for at least 40
% of the dosing interval (Table 2). Once these preterm infants are >42 days old, a dose of 6
mg/kg every 48 hours is needed to maintain these concentrations (Figure 3B, online only). For
more mature infants born at 30–40 week gestation who are < 42 days old, a dose of 6 mg/kg
twice every 48 hours is needed to maintain an AUC near 100 mg*hr/L and maintain
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concentrations above 4 µg/ml for 40% of the dosing interval. Infants with renal insufficiency
with creatinine ≥ 1.3 mg/dl have similar exposure using a weekly dose of 6 mg/kg fluconazole
as previously shown for early prophylaxis. Once the creatinine has normalized to ≤ 1.0 mg/dl
then standard dosing can be resumed.

DISCUSSION
Young infants with invasive candidiasis ideally should receive antifungal medications at
exposures designed to meet PK/PD indices. Current fluconazole dosing guidance has been
primarily empiric and based upon limited PK information22. We used Monte Carlo simulation
to predict fluconazole exposure in infants using a population PK model of fluconazole
disposition derived from preterm and term infants <90 days of age. This model has been
thoroughly qualified and hence its use for dosing considerations in this population is
acceptable13. Simulated exposures revealed the predicted variation and were consistent with
observed fluconazole concentrations from the prior PK study. We have developed fluconazole
dosing guidance for young infants based on PK/PD indices.

For the treatment of invasive candidiasis, the pharmacologic properties of fluconazole offer
many advantages including its minimal metabolism, bioavailability, renal elimination of active
drug, penetration of tissues and cerebral spinal fluid, and excellent safety profile23–27.
However, fluconazole exhibits time dependent fungistatic activity. Optimal treatment of
invasive candidiasis requires fluconazole concentrations and the AUC to be maintained above
the MIC at the site of infection4, 7, 12. Adult dosing regimens of 400–800 mg/day target an
AUC24 of 400–800 mg*hr/L3 to achieve the PK/PD index, AUC/MIC ≥ 50, for Candida species
up to the CLSI susceptibility breakpoint, MIC ≤ 8 µg/ml 6–8. The 800 mg dose is intended for
individuals who are immunocompromised, are critically ill, or have deep seeded fungal
infections.

These simulations suggest that a 12 mg/kg/day dose of fluconazole provides therapeutic
exposure for the treatment of invasive candidiasis in young infants. Plasma concentrations were
2–4 times above the typical MIC (≤ 4 µg/ml) for Candida albicans or parapsilosis species in
infants10, 11, 17, 18, 28. At least 90% of the most preterm infants achieved the minimum
AUC24 of 400 mg*hr/L. The most immature infants have delayed clearance and achieve higher
median exposures than late preterm and term infants. This higher exposure is likely to be
advantageous because infants < 30 weeks gestation have the most immature immune systems
and are at high risk of invasive disease, including meningo-encephalitis20, 29, 30. The higher
median AUC is consistent with higher dose (800mg/day) therapy in critically ill adults with
severe fungal infections 3, 31–35. In the rare clinical situations of treating an extremely preterm
infant in the first few days of life, delay in clearance is expected in those with limited urine
output and elevated creatinine. At least 2 daily doses are needed to achieve therapeutic
concentrations. Subsequent dosing at 24–48 hour intervals in the first week of life would
depend of the clinical scenario and predicted renal function. Prospective trials evaluating PK
and safety of this 12 mg/kg/day dosing regimen and potentially higher doses in more mature
infants are needed.

The high mortality and high rates of neurodevelopmental impairment among surviving infants
suggest that improved treatment strategies are needed20. Loading doses, as used in adults,
would be needed to reach therapeutic exposure in the first 2 days of therapy. Doses of up to
1600 mg/day (approximately 25 mg/kg) have been well tolerated in adults31–39. Clinical
studies to evaluate loading doses in infants are needed.

Clinicians should balance the possibility of subtherapeutic exposure with the unclear risk of
toxicity and monitor liver function tests closely. In adults, doses up to 1600 mg/day, which
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typically yield an AUC24 1600 mg*hr/L and fluconazole concentrations < 80 µg/ml, have been
well tolerated 31–39. The simulated 90th percentile of fluconazole exposure in infants receiving
12 mg/kg/day was maintained below these limits. Although rare but serious hepatic toxicity
has occurred in patients taking fluconazole, this toxicity does not appear to be related to total
drug exposure or duration of therapy36, 40, 41.

Fluconazole has excellent properties for preventative therapies however the PD exposure
targets are not well described for the prevention of candidiasis. Preventative strategies must
consider plasma concentrations, predicted tissue concentrations at sites of potential
colonization, and the MIC of colonizing Candida species. Dosing for preventative strategies,
primarily designed for severely immunocompromised adults, range from 50–200 mg/day with
predicted AUC24 of 50–200 mg*hr/L. Clinical trials of early fluconazole prophylaxis in
preterm infants from birth to 6 weeks of age have found that both 3 mg/kg and 6 mg/kg dosing
are effective at preventing invasive candidiasis in centers with a high burden of Candida
infections10, 11. No change in azole resistance patterns were observed during either study
although the power to detect such a change was low.

Lower exposures achieved in clinical trials with early 3 mg/kg twice weekly regimens may be
sufficient to prevent colonization and infection when initiated shortly after birth because higher
fluconazole concentrations are anticipated at sites of early colonization including the skin,
gastrointestinal mucosa, and urine19. The typical MICs of Candida species in neonates range
from 0.25–4 µg/ml 10, 11, 17, 18. Dosing regimens that maintain T>MIC of at least 40% may
prevent the emergence of more resistant Candida isolates in vitro12. The low dose 3 mg/kg
twice weekly regimen would be expected to prevent the growth of Candida species with an
MIC of ≤ 2 µg/ml; the 6 mg/kg twice weekly regimen would be needed if the targeted MIC
range of Candida species is ≤ 4 µg/ml. Neonatal units may want to consider their unit specific
Candida MICs from surveillance and susceptibility testing of fungal isolates when considering
dosing for prevention. Further studies need to identify the PK-PD target for prevention of
candidiasis and prevention of emerging resistance.

High risk infants who receive fluconazole for prevention of invasive candidiasis after the first
two weeks of age may already be heavily colonized42, 43. Higher fluconazole exposures may
be required to both eradicate colonization and prevent late onset invasive candidiasis.
Randomized controlled trials to evaluate later prevention strategies are needed.

Prophylactic fluconazole exposure has been associated with the development or selection of
drug-resistant microorganisms44, 45. Mechanisms of azole resistance include alteration in
fungal cell drug influx, drug efflux, or the target enzyme lanosterol demethylase. Factors
considered to impact upon emerging resistance include intermittent dosing intervals, the
amount of drug, the length of treatment, and the immune status of the patients. Total NICU
exposure of high doses has been associated with the emergence of some resistance46. It is not
clear what exposure strategies minimize emerging resistance in the NICU environment.
Surveillance and susceptibility testing of fungal isolates is warranted.

This study has important limitations. The fidelity and generalizability of the population PK
model is key to the simulation interpretation and dosing guidance discussed herein. The
strength of the model is derived from the magnitude of the PK dataset and the inclusion of
infants receiving fluconazole for treatment or prevention of candidiasis at doses used for these
simulations. However, longitudinal prediction of clearance changes with postnatal age over
the first two months of life is difficult because infants beyond two weeks of age typically began
fluconazole during a period of clinical deterioration. These dosing guidelines rely on PK/PD
indices derived in adult, animal and in vitro studies3, 4, 7. The safety of fluconazole, potential
drug interactions, and factors contributing to fungal resistance patterns needs further study.
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These limitations reflect a lack of knowledge specific to young infants. The modeling and
simulation framework utilized in this exercise can easily accommodate new knowledge as the
data become available. The extension of the PK/PD index to incorporate safety as well as
efficacy targets would likewise add value to our dosing guidance.

CONCLUSIONS
Infants with invasive candidiasis required a minimum of 12 mg/kg/day of fluconazole to
achieve therapeutic exposure, an AUC of 400 mg*hr/L to meet the PK/PD index of AUC/MIC
≥50 for Candida isolates at the susceptibility breakpoint, MIC 8 µg/ml. For the early prevention
of candidiasis, dosages of 3 or 6 mg/kg twice weekly have demonstrated efficacy in randomized
controlled trials and can maintain the fluconazole concentrations above 2 or 4 µg/ml,
respectively, for >40% of the dosing interval. For the late prevention of candidiasis, dosages
of 6 mg/kg, every 48 to 72 hours based upon gestational age at birth and postnatal age, are
reasonable based upon adult exposures achieved after 100 mg/day dose and the ability to
maintain fluconazole concentration above an MIC of 4 for at least 40% of the dosing interval.
Late prevention strategies have not been subjected to randomized controlled trials. These
results are based on simulated clinical trials. Confirmatory, prospective trials of fluconazole
exposure, safety, and efficacy are needed.
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Figure 1.
Treatment of empiric or proven invasive candidiasis. Predicted median and population
variability range (10th–90th percentile) of fluconazole plasma concentrations from 100
simulated trials of preterm 23–29 week gestation infants (A) and 30–40 week gestation infants
(B) treated with 12 mg/kg/day for 14 days. Closed circles in (A) and (B) represent the observed
fluconazole plasma concentrations in six infants who were receiving 10–12 mg/kg/day in a
previous PK trial. Predicted median fluconazole AUC is shown in (C) for 23–29 week and 30–
40 week infants receiving 6 or 12 mg/kg/day. A loading dose of 25 mg/kg followed by 12 mg/
kg/day is predicted to achieve target AUC by day 2 (C). Predicted median fluconazole AUC
is shown for 23–29 week gestation infants receiving 12 mg/kg/day with renal insufficiency if
creatinine improves to ≤ 1 mg/dl after 4 days (D).

Wade et al. Page 10

Pediatr Infect Dis J. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Early prevention of invasive candidiasis in 23–29 week gestation infants. Predicted median
and population variability range (10th–90th percentile) of fluconazole plasma concentrations
from 100 simulated trials of preterm 23–29 week gestation infants treated with 3 mg/kg (A) or
6 mg/kg (B) twice weekly for 42 days starting in the first 5 days of life. Closed circles in (A)
represent the observed fluconazole plasma concentrations in infants participating in a previous
PK trial who received 3 mg/kgl. Dash line in B represents the median fluconazole concentration
predicted in infants with serum creatinine of 1.2 mg/dl for first two weeks of therapy. (C) shows
the predicted median fluconazole plasma concentrations in 23–29 week infants with renal
insufficiency treated with 6 mg/kg weekly for first two weeks and then twice weekly beginning
on day 14 when creatinine decreases to ≤1.0 mg/dl in simulation.
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Figure 3.
Fluconazole has been used for the late prevention of invasive candidiasis during broad spectrum
antibiotic exposure or necrotizing enterocolitis in infants born at 23–29 weeks gestation.
Predicted fluconazole plasma concentrations in 23–29 week gestation infants treated with 6
mg/kg every 72 hours in infants who are 7–42 days old (A) and every 48 hours if in infants
who are 43–80 days old (B). Closed circles in (A) represent observed fluconazole plasma
concentrations in a preterm infant who participated in a previous PK trial and received 6 mg/
kg every 72 hours.
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