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ABSTRACT

Introduction Fluconazole is an important antifungal
in the prevention and treatment of invasive Candida
infections in neonates, even though its use in preterm
infants is still off-label. Here, we performed a population
pharmacokinetic study on fluconazole in preterm
neonates in order to optimise dosing through the
identified predictive patient characteristics.

Methods Fluconazole concentrations obtained

from preterm infants from two studies were pooled
and analysed using NONMEM V.7.3. The developed
model was used to evaluate current dosing practice.
A therapeutic dosing strategy aiming to reach a
minimum target exposure of 400 and 200 mgxhour/L
per 24 hours for fluconazole-susceptible C. albicans
meningitis and other systemic infections, respectively,
was developed.

Results In 41 preterm neonates with median (range)
gestational age 25.3 (24.0-35.1) weeks and median
postnatal age (PNA) at treatment initiation 1.4
(0.2-32.5)days, 146 plasma samples were collected. A
one-compartment model described the data best, with
an estimated clearance of 0.0147 L/hour for a typical
infant of 0.87 kg with a serum creatinine concentration
of 60 umol/L and volume of distribution of 0.844 L.
Clearance was found to increase with 16% per 100g
increase in actual body weight, and to decrease with
12% per 10 pmol/L increase in creatinine concentration
once PNA was above 1week. Dose adjustments based
on serum creatinine and daily dosing are required for
therapeutic target attainment.

Conclusion In preterm neonates, fluconazole clearance
is best predicted by actual body weight and serum
creatinine concentration. Therefore, fluconazole dosing
should not only be based on body weight but also on
creatinine concentration to achieve optimal exposure in
all infants.

Ethics statement The Erasmus MC ethics review
board approved the protocol of the DINO Study (MEC-
2014-067) and the Radboud UMC ethics review board
waived the need for informed consent for cohort 2
(CM0-2021-8302). Written informed consent from
parents/legal guardians was obtained prior to study
initiation.

INTRODUCTION

Fluconazole is an important antifungal in the
prevention and treatment of invasive Candida
infections, affecting 4%—-8% of infants with a birth
weight below 1000 g.

What is already known on this topic?

» Invasive candidiasis in preterm infants requires
immediate and effective treatment.

» Fluconazole is the drug of choice for invasive
candidiasis due to its efficacy and high
tolerability.

» Fluconazole is administered off-label in preterm
infants.
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What this study adds?

» Fluconazole clearance significantly increases
with actual body weight in preterm infants.

» Beside body weight and serum creatinine
concentrations were found to predict
fluconazole clearance.

» A serum creatinine-based and weight-based
dose adjustment is developed to achieve
appropriate exposure in all preterm infants.

With C. albicans still being a common pathogen
for invasive candidiasis, treatment aims to obtain a
target exposure to fluconazole. The pharmacody-
namic index for fluconazole is defined as the area
under the plasma concentration-time curve per
24-hour period (AUC,,,) over minimally inhibitory
concentration (MIC) ratio to be above 100. The
clinical breakpoint for in vitro susceptibility of C.
albicans treated with fluconazole is 2mg/L." This
would translate the need for obtaining a minimal
target AUC,,, of 200mgxhour/L for a systemic
infection in a worst-case scenario. In the case of
Candida meningitis, the target AUC,, is increased
to 400 mgXxhour/L to account for reduced tissue
penetration into the cerebrospinal fluid.?

Currently, there is no licensed dosing regimen for
treatment of invasive candidiasis with fluconazole
in preterm neonates. For term neonates with inva-
sive candidiasis, a maintenance dose of 6-12 mg/kg
is recommended every 72hours for neonates with
a postnatal age (PNA) 0-14days, every 48 hours
for neonates with a PNA 14-28 days and daily for
infants with a PNA above 28 days.’> To ensure a
minimal AUC,,, of 400 on day 1, a loading dose
of 25 mg/kg was suggested by Piper et al.* Recently,
Leroux et al proposed a daily dose adjusted to gesta-
tional age (GA), based on a study with 18 neonates.’
More studies on fluconazole pharmacokinetic (PK)
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in preterm infants are lacking and therefore the regimen designed
for term neonates is frequently applied to preterm infants. It is,
however, not known whether preterm infants receive optimal
exposure to fluconazole when treated as term infants.

In the current study, a population PK model was developed to
evaluate which patient characteristics are predictive of the PK
of fluconazole in preterm infants. This model was then used to
evaluate currently used dosing strategies and develop a thera-
peutic dosing regimen for preterm infants. Fluconazole doses
were selected aiming for a target AUC,, of 400 mgxhour/L
based on a suspected worst-case scenario of Candida meningitis
and aiming for a target AUC,,, of 200 mgxhour/L based on a
systemic invasive candidiasis with a maximum MIC of 2 mg/L.

METHODS

Patients and samples

Data from two cohorts were combined. Patients in cohort 1
were included in the DINO Study (Drug dosage Improvement in
Neonates, NCT02421068) between 2014 and 2017, which was
designed to evaluate the PK and pharmacodynamics of frequently
used off-label drugs in preterm neonates based on opportunistic
sampling. Infants with a GA below 32 weeks and an indica-
tion for one of the nine study drugs were included and treated
according to standard of care. Prophylactic fluconazole therapy
consisted of 3 mg/kg two times per week, and therapeutic doses
were 6-12mg/kg with a loading dose of 12 or 25 mg/kg. Blood
samples of 0.2 mL were collected in EDTA tubes and withdrawn
from an indwelling arterial catheter or with routinely scheduled
samples for clinical purposes.

Cohort 2 consisted of patients submitted to the neonatal
intensive care unit of the Radboud Medical Centre Nijmegen or
University Medical Centre Groningen who required treatment
with fluconazole. Patients received 6-12mg/kg once daily or
every 2 days. Plasma samples were collected opportunistically or
for therapeutic drug monitoring (local target trough concentra-
tion 10-50mg/L).

Bioanalytical analysis

Fluconazole plasma concentrations from both cohorts were
measured in the same laboratory using a validated assay using
liquid chromatography coupled with tandem mass spectrometry
(validated range 0.0302-30.21mg/L, coefficient of variation
intra-assay: 2.8%, interassay: 1.5%0).

Population PK model

The population PK model was developed in NONMEM V.7.3
(ICON Development Solutions, Ellicott City, Maryland, USA)
supported by Perl-speaks-NONMEM V.4.7.0. Model develop-
ment was based on comparison of the objective function value
(OFV) for nested models, along with numerical and graphical
model performance, that is, relative SE of <50% and evaluation
of goodness-of-fit (GOF) plots that included individual-predicted
and population-predicted concentrations versus observed
concentrations, conditional weighted residuals versus times
after dose and observed concentrations. Actual body weight,
GA, PNA, postmenstrual age, gender and being small for GA
were evaluated as covariates, and, where applicable and avail-
able, serum creatinine concentration (S_) and co-administration
with ibuprofen or antibiotics (tobramycin, gentamycin or vanco-
mycin) within 1 week of a fluconazole dose. Covariates were first
selected based on a visual trend with interindividual variability
(ITV) where possible, and/or evaluation of GOF plots split for
the covariate of interest. Selected covariates were examined in a

stepwise manner and added based on significant improvement in
OFV (p<0.01and p<0.001 for forward inclusion and backward
exclusion, respectively), a decrease in IIV and improved (split)
GOF. Body weight was interpolated linearly if not measured
daily and S observations were interpolated in a forward manner.
For patients without any S_ observation (n=15), the median of
the available serum creatinine (60 pmol/L) was imputed. Only
S.. observed from a PNA higher or equal to 8days as used in
the covariate analysis, since during the first week the S_ may
also reflect maternal Scr.6 The final model was evaluated with a
bootstrap and a normalised prediction distribution error analysis
(NPDE), both based on 1000 simulations.”

Evaluations of the current and proposed dosing regimens
Using the final model, exposure to fluconazole was evaluated for
typical preterm infants with a GA of 25.5 weeks whose treat-
ment was initiated at a PNA of 3, 10 or 17 days. Median birth
weight and actual body weight were extracted from https://www.
growthcalculator.org/ based on a male infant, and S_ was set at
60 umol/L once PNA was above 1week. For the evaluation of
the term neonate dosing regimen as advised by the Dutch Paedi-
atric Formulary for term neonates® and the label,’ treatment was
initiated with a loading dose of 25 mg/kg, followed by 12 mg/kg
every 72hours when PNA was below 15 days, 12 mg/kg every
48 hours for PNA 15-28 days and 12 mg/kg daily when PNA was
above 28 days. Loading and maintenance doses were optimised
to achieve 100% target attainment in all patients across the S_
and actual body weight range (30, 50, 80 or 100 umol/L and
700-1500g with 100g increments, respectively). Target attain-
ment after the loading dose was defined as a minimal AUC,,,
of 400 mgxhour/L on day 1 of treatment based on the worst-
case scenario of the infant suffering from Candida meningitis.
Target attainment of the maintenance dose was defined for two
scenarios: the first assumes that the infant does have confirmed
Candida meningitis or is awaiting lab results for this diagnosis
and requires a minimal AUC,,, of 400 mgxhour/L. The second
scenario assumes that a lower exposure suffices because of a
negative lumbar puncture and an MIC <2mg/L, requiring a
minimal AUC,,, of 200 mgxhour/L. To evaluate the exposure to
fluconazole following the optimised dosing regimen, S_ was set
at either 30, 50, 80 or 100 umol/L. The 1000 simulations were
run for each preterm infant of which the median concentrations
were extracted and individual AUC,,, was calculated.

The exposure to fluconazole following prophylactic treatment
of 3 and 6 mg/kg®® two times per week, initiated at the first day
of life, for infants with a GA of 24, 25.5 and 27 weeks, was
simulated over 30 days. S_ was set at 60 pmol/L once PNA was
above 1week and 1000 simulations were run for each preterm
infant. Due to the lack of a PK target, dose optimisation was not
performed for prophylactic treatment.

RESULTS

Population

Data from a total of 41 infants were available, 28 in cohort 1
and 13 in cohort 2, and included 146 plasma samples. Median
GA was 25.3 (range 24.0-35.1) weeks, and median birth weight
was 0.76 (range 0.49-2.00)kg. Population characteristics are
presented in table 1.

Population PK model

Data were best described by a one-compartment model with a
proportional error. Actual body weight was found to be most
predictive of clearance (CL) with a linear relationship (p<0.001
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Table 1

Patient characteristics (median (range)) and dosing information of the two study cohorts, and the total study population

Patient characteristics

Cohort 1

Cohort 2

Prophylactic indication

Therapeutic indication

Therapeutic indication

Total population

Number of neonates

Gender (male/female)

Gestational age (weeks)

Birth weight (kg)

Small for gestational age (n (%))

Current weight during treatment (kg)*
Postnatal age at treatment initiation (days)
Postmenstrual age during treatment (weeks)*

Number of patients with at least one available plasma creatinine
observation (%)

Serum creatinine concentration during treatment (pmol/L)*
Urine output during treatment (mL/hour/kg)*
Co-administration of ibuprofen (number of neonates (%))

Time after last ibuprofen dose at fluconazole plasma sample time
(hours)

Co-administration of antibiotics (number of neonates (%))

Time after last antibiotics dose at fluconazole plasma sample time
(hours)

Number of plasma samples per neonate (n (range))
Duration of fluconazole treatment (days)

Loading dose (mg/kg) (number of patients)

Maintenance dose (mg/kg)

Time of fluconazole plasma sample after last dose (hours)
Fluconazole plasma concentration (mg/L)

24

10/14

25.0 (24.0-27.1)
0.73 (0.49-0.99)
3(13)

0.82 (0.50-1.58)
0.9 (0.2-16.0)
27.4 (24.1-28.4)
23 (96)

61 (22-127)
4.1 (2.8-4.8)
19 (79)

126 (13-1140)

21 (75)
41 (1-409)

6 (1-13)

22 (6-67)

-(0
2.9(1.9-5.8)
29.2 (0.6-270)
2.61 (0.04-13.6)

4
13

25.0 (24.3-26.4)
0.76 (0.54-0.95)
1(25)

0.90 (0.66-1.35)
21.2 (3.9-32.5)
28.2 (25.7-31.3)
3 (75)

58 (32-63)
73(7.3-1.3)
4(100)

173 (1-815)

0(0)

5(2-7)

8(2-19)

18.2 (11.1-27.0) (4)
10.1 (2.5-12.6)

7.7 (0-42.7)

22.00 (4.38-29.60)

13

716

26.1 (24.6-35.1)
0.94 (0.64-2.00)
1(8)

1.00 (0.70-2.20)
10.0 (3.0-18.0)
28.4 (26.0-38.9)
0(0)

Unknown
Unknown
Unknown
Unknown

Unknown
Unknown

1(1-2)

5(2-18)

-(0)

11.1 (5.4-15.1)
23.8(23.0-24.0)
16.05 (10.90-26.00)

4

18/23

25.3 (24.0-35.1)
0.76 (0.49-2.00)
5(12)

0.87 (0.50-2.20)
1.4 (0.2-32.5)
26.7 (24.1-38.9)
26 (63)

60 (22-127)
4.2 (2.8-7.3)
23 (56)

130 (1-1140)

21 (51)
41 (1-409)

5(1-13)

12 (2-67)

18.2 (11.1-27.0) (4)
3.01 (1.9-15.1)
23.8 (0-270)

3.09 (0.04-29.60)

*0f time-varying characteristics (current weight, postnatal age during treatment, postmenstrual age, plasma creatinine concentrations and urine output), the median of the

individual medians is given.

(=65 points in OFV)), explaining 21% of the IIV in CL. Second,
CL was found to decrease with increasing S_ observed from
a PNA of 8days or higher (p<0.001 (—23 points in OFV)),

0.06
s . 4
5 L Serum creatinine
% 204 - concentration
< T (umol/L)
g s -
@ 7
§ 4 -, 100
© .
3 60
= -
2002 - 30
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Figure 1  Clearance of fluconazole versus current body weight with

colour intensity increasing with serum creatinine concentrations. Dots
represent the individual post hoc clearance values and the solid lines
represent the estimated relationship between clearance and actual body
weight for an infant with a serum creatinine concentration of either 30,
60 or 100 pmol/L. Dashed lines represent expected clearance values for
combinations of current weight and serum creatinine concentration not
present in the current study population. This is an original figure with
permission to reuse.

explaining 7.3% of ITV on CL. The relationship between CL and
actual body weight and S _ is visualised in figure 1. Actual body
weight was also found to predict volume of distribution (V) with
a linear relationship (p<0.001 (—17 points in OFV)). Addition
of this relationship decreased IIV on V, from 37% to 9% after
which IV on V, could be removed from the model. The increase
in CL and V, with actual body weight could be described with
one parameter, which was not significantly different to esti-
mating two separate parameters (p>0.05 (+0.3 points in OFV)).
Individual CL and V are estimated by equations 1 and 2, respec-
tively, where CL_, is the individual predicted CL, Weight, , is
the actual body weight, S_ , is the most recent measured S_ and
V, ,is the individual predicted V. Parameter estimates of the final
model and the respective bootstrap estimates are presented in
online supplemental table 1. The GOF plots of the final model
(online supplemental figure 1) and results of the NPDE analysis
(online supplemental figure 2) show that the model describes the
data well across different body weights and S _.

CLipg (L/H) = 0.0147L/H* (1 + 1056 (Weight;,q) — 0.87kg))*

(1 = 0.0118(Sey,jna — 60pmol/L)) (1)
Ving (L) = 0.844 L*(1 + 1.56(Weighty,g — 0.87kg))  (2)

Simulations to evaluate term infant dosing in preterm infants
Figure 2 shows the concentration time plots and exposure to
fluconazole in a preterm neonate with median GA of 25.5 weeks
and median S_ of 60 pmol/L receiving the licensed dose for a
term neonate, that is, 12mg/kg every 72hours when PNA is
below 15 days, 12 mg/kg every 48 hours for PNA 15-28 days and
12 mg/kg daily when PNA is above 28 days,” with a loading dose
of 25 mg/kg as recommended by Piper et al.* Despite varying

402 Engbers AGJ, et al. Arch Dis Child 2022;107:400-406. doi:10.1136/archdischild-2021-322560
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L) Of fluconazole in a typical

infant (gestational age 25.5 weeks and serum creatinine concentration 60 pmol/L) when the dosing interval of the maintenance dose is adjusted

to postnatal age (PNA) as currently advised, that is, every 72 hours if PNA is below 14 days, every 48 hours if PNA is 14-28 days and daily if PNA

is above 28 days. Treatment was initiated at a PNA of 3, 10 or 17 days, presented in the left, middle and right panels, respectively, and consisted

of a loading dose of 25 mg/kg and a maintenance dose of 12 mg/kg. The typical infant has a gestational age of 25.5 weeks and is expected to
follow median growth for a male, resulting in current weights of 738, 771 and 856 g at PNAs 3, 10 and 17 days, respectively. A serum creatinine
concentration of 60 pmol/L was assumed to remain constant throughout the treatment period. (A) Median fluconazole concentration of 1000
simulations versus time since first dose, and (B) AUC,,, of 1000 simulations. The horizontal line in (B) represents a target AUC,,, of 400 mgxhour/L as

24h

target for suspected Candida meningitis. This is an original figure with permission to reuse.

exposure, an AUC,,, of 400mgXhour/L is achieved on the first
day of treatment in all infants due to the loading dose of 25 mg/kg
that is administered independent of PNA. The figure also shows
that the PNA-dependent dosing intervals (ie, 72 hours for PNA
0-14 days, 48 hours for PNA 14-28 days) lead to varying expo-
sure on different PNAs at treatment initiation, and to different
AUCs per 24 hours in one patient. In addition to that, in the
majority of patients, the target AUC,,, of 400 mgxhour/L is not
reached on most of the days (figure 2). Even larger variation in
exposure is observed when variation in S is taken into account
(online supplemental figure 3). Based on these results, a daily
maintenance bodyweight-based dose—independent of PNA—
seems necessary to reach an effective concentration over time.

The designed model also allowed us to demonstrate the expo-
sure to fluconazole upon prophylactic treatment with 3 or 6 mg/
kg two times per week, which is presented in online supple-
mental figure 4.

Optimisation of the dosing regimen

Figure 3 shows the exposure to fluconazole for a model-based
PNA and S_-based dosing regimen, which is presented in
figure 4, based on online supplemental figure 5. This dosing
regimen aims to achieve a target AUC,, of 400 mgXhour/L
immediately after the loading dose and throughout the following
treatment period for a worst-case scenario of suspected Candida

meningitis. The figure shows that the target of 400 mgxhour/L
is achieved immediately after the loading dose. This minimum
AUC is maintained using the newly proposed daily maintenance
doses in a child born at 25.5 weeks (median of the population,
figure 3), 24 or 28 weeks (on online supplemental figure 6). As
presented in figure 4, during the first week of life, a loading
dose of 25 mg/kg and a daily maintenance dose of 12 mg/kg are
advised for all infants, independent of S_. If treatment is initi-
ated above 1week of age, an increased loading dose of 30 mg/
kg is suggested for infants with an S_ below 70 umol/L (figure 4,
left panel). Above 1week of PNA, the maintenance dose should
be adjusted to S_ as follows: 9mg/kg if S is above 100 pmol/L,
12mg/kg is S_ is between 70 and 99 pmol/L, 15 mg/kg if S_ is
between 40 and 69 umol/L and 18 mg/kg if S_ is below 40 pmol/L
(figure 4, middle panel). Once a clean lumbar puncture confirms
the absence of Candida meningitis and the determined MIC
suggests that a lower target AUC,,, of 200 mgXhour/L is suffi-
cient, all maintenance doses can be reduced by 50% (figure 4,
right panel).

DISCUSSION

In this study, we successfully characterised the PK of fluconazole
in a large cohort of preterm infants who received multiple and
varying doses. Using the developed model and in absence of a
dosing regimen for preterm infants in the label, we evaluated the
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Figure 3 Concentration-time profiles (upper panel) and corresponding area under the curve per 24 hours (AUC,, , lower panel) of fluconazole when
the loading and maintenance doses are adjusted to postnatal age (PNA) and serum creatinine concentration as proposed in figure 4, when aiming
for a target AUC,,, of 400 mgxhour/L. (A) The median concentration-time profile of 1000 simulations and (B) the corresponding AUC, . Results are
shown for a typical individual with a gestational age of 25.5 weeks and median birth weight and growth, and treatment was initiated at day 3 (left
panel), 10 (middle panel) or 17 (right panel). Serum creatinine concentration was set at either 30, 50, 80 or 100 pmol/L and was assumed to remain
constant during the treatment period. This is an original figure with permission to reuse.

Maintenance Dose
Target AUC of 200 mg*h/L

Maintenance Dose
Target AUC of 400 mg*h/L

Loading Dose
Target AUC of 400 mg*h/L

8
3
B
8
N
3

9 mg/kg/day 4.5 mg/kg/day

3
3

10

00

00

§10 25 mg/kg

12 mg/kg/day 6 mg/kg/day

Serum Creatinine Concentration (umol/L)
8

Serum Creatinine Concentration (umol/L)
3

Serum Creatinine Concentration (umol/L)
®
3

50 30 mg/kg

28

14 21 14 21 14 21
Postnatal age (days) Postnatal age (days) Postnatal age (days)

Figure 4 Proposed model-based dose adaptation based on postnatal age and serum creatinine concentrations. Left: proposed loading dose aiming
for a target area under the curve per 24 hours (AUC,,,) of 400 mgxhour/L for worst-case scenario of suspected Candida meningitis or an unknown
minimally inhibitory concentration (MIC). Middle panel: proposed maintenance dose when aiming for a target AUC,, of 400 mgxhour/L. Right panel:
proposed maintenance dose when aiming for a target AUC,,, of 200 mgxhour/L that can be used for pathogens with an MIC <2 mg/L. This is an
original figure with permission to reuse.

performance of the recommended current dosing regimen for
term infants, and adapted this to a suggested optimised dosing
regimen for treatment of preterm infants.

Renal function was found to be an important predictor of
fluconazole CL in addition to bodyweight after the first week
of life. Recently, in adults, a dose adaptation based on renal
function was suggested.'® Whereas for adults, renal function is
usually represented by glomerular filtration rate, the best marker
for renal function in preterm infants remains a topic of debate.

In our study, we used absolute S observations’ """ with 63%
of the infants having one or more S_ observations. As during
the first week of life, S_ might reflect maternal creatine, only S
observations taken on or after PNA day 8 were included in the
analysis. Using this approach, the effect of S_ on CL was highly
significant with CL increasing by 12% when S_ decreases from
60 to 50 umol/L. Estimated model parameters and covariate rela-
tionships are well in line with previously published fluconazole
PK reports.*’ ¥ * Momper et al also identified S,, as predictor
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of CL, although with a non-linear relationship where the largest
effect of S_ was predicted for the lowest S_ observations, and
the decrease in CL plateaus at high S_ observations.” It is likely
that this plateau was identified due to a wider range in S_ in
their study (8.8-318 umol/L vs 22-127 umol/L in the current
population). Recently, van Donge et al developed a population
model for S_ to get a better understanding of (gestational) age-
dependent S_ reference values.” Upon further expanding of this
method, such models could be of great value in future investiga-
tions of S_-based renal function as covariate in preterm infants.
Ibuprofen was found as predictor of CL of other renally cleared
drugs but was not more predictive than S_ in our study, probably
becil%s;: the effects of ibuprofen are incorporated in the observed
S..
“In this study, we optimised the therapeutic dosing regimen for
a clinical scenario where the infant is suspected to have invasive
candidiasis or Candida meningitis and requires effective treat-
ment immediately, without time to await microbiological blood
culture results. Therefore, treatment is designed to achieve
optimal exposure for the worst-case scenario, that is, Candida
meningitis caused by a pathogen with an MIC of 2mg/L but
with confirmed susceptibility, corresponding to a target AUC,,,
of 400 mgXxhour/L. We propose a loading dose and daily main-
tenance dose to maintain optimal exposure, which was also the
conclusion of Leroux ef al.’ The Infectious Diseases Society of
America already recommends 12 mg/kg daily for neonatal candi-
diasis but without a loading dose, while our and previous results
strongly advise on a loading dose.” > '® We propose to adjust
both the loading and maintenance dose to S_, while Leroux et
al found GA as best predictor for fluconazole CL and therefore
adjust the maintenance dose to GA.> In the present study, GA
was not found as predictor of CL, but might be represented in S _
since renal function is expected to increase with GA." According
to our model, infants with good renal function (S_ <70 umol/L)
require a loading dose of 30mg/kg to reach an AUC,, of
400 mgxhour/L on day 1 of treatment if treatment is initiated
above 1week of PNA. This increased loading dose has not been
previously studied in preterm infants, but might be comparable
with the loading dose of 25 mg/kg with which no safety concerns
were found.”* Leroux et al increased the maintenance dose to
20 mg/kg for infants with a GA =32 weeks, which did not result
in any fluconazole-associated safety concerns. These results
suggest that no safety concerns are to be expected for the S_-
based dose administered daily (figure 4) that we propose in our
study, which has a maximum of 18 mg/kg, but safety should be
monitored with, for example, liver function tests when applying
the suggested dosing strategy. Most studies, including Leroux
et al, aim for a target AUC,, of 400mgXhour/L usually based
on an MIC of 4 or even 8 mg/L.*> * ' The variety in reported
MICs and target MIC:AUC,,, indicate that consensus is lacking,
and that the future might lie in more individualised therapy
using biomarkers.”” While fluconazole is usually well tolerated,
unnecessary overexposure is considered unwanted. Therefore,
we advise to decrease the maintenance dose once the need for a
lower target AUC,,, is confirmed by the lab results, for example,
as a result of a clean lumbar puncture or an MIC <2mg/L, and
to seek alternative treatment if the MIC is determined to be
>2mg/L (figure 4, right panel). Because no S_ observations were
available from infants weighing more than 1.5 kg, the developed
dosing regimen is applicable for preterm infants with a maximum
actual body weight of 1.5 kg.

The recommendation for prophylactic fluconazole treatment
is dependent on the rate of invasive candidiasis of a medical
centre, since beneficial effects are observed in centres with a high

rate of infections while for centres with low numbers of invasive
candidiasis, the number needed to treat is very high.?! > A meta-
analysis of placebo-controlled studies reported a reduction in
invasive fungal infection upon prophylaxis with fluconazole, but
did not identify a dose effect.”* While large variation in expo-
sure to fluconazole is expected upon different dosing strategies
and patient characteristics (online supplemental figure 6), it is
complicated to determine which strategy is best for all preterm
infants. In conclusion, because fluconazole CL is well predicted
by actual body weight and S_ in preterm infants with a PNA
above 1week, both loading and maintenance doses should be
adjusted to S_ once PNA is above 1week to achieve adequate
exposure.

Author affiliations

"Division of Systems Biomedicine and Pharmacology, LACDR, Leiden, The
Netherlands

“Department of Paediatrics, Division of Neonatology, Erasmus MC Sophia Children’s
Hospital, Rotterdam, The Netherlands

3Department of Hospital Pharmacy, Erasmus Medical Center, Rotterdam, The
Netherlands

“Division of Biotherapeutics, LACDR, Leiden, The Netherlands

>Department of Neonatology, Radboudumc, Nijmegen, The Netherlands
SDepartment of Clinical Pharmacy and Pharmacology, University Medical Centre
Groningen, Groningen, The Netherlands

"Clinical Pharmacy, Saint Anthony Hospital, Nieuwegein, The Netherlands
®Department of Pharmacy, Radboudumc, Nijmegen, The Netherlands
°Radboudumc Center for Infectious Diseases and Center of Expertise in Mycology
Radboudumc/CWZ, Radboud University Medical Center, Nijmegen, The Netherlands

Twitter Robert B Flint @rbflint

Contributors RJB, RBF and SS conceived the presented idea. IR, KDL, J-WCA, DT
and SS collected the data. AGJE, SV, CAJK and RJB analysed the data. AGJE, CAKK
and RJB wrote the manuscript with input from all authors. AGJE is the guarantor.

Funding The DINO Study was funded by ZonMw (grant number: 80-83600-
98-10190).

Competing interests None declared.
Patient consent for publication Not required.

Ethics approval This study involves human participants and was approved by the
Erasmus MC ethics review board (MEC-2014-067) and the Radboud UMC ethics
review board (CMO-2021-8302). Parents/legal guardians gave informed consent to
participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement The data cannot be made available due to privacy
of the participants.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

ORCID iDs
Aline G J Engbers http://orcid.org/0000-0002-7230-0091
Sinno Simons http://orcid.org/0000-0001-5219-5696

REFERENCES

1 Arendrup MC, Friberg N, Mares M, et al. How to interpret MICs of antifungal
compounds according to the revised clinical breakpoints V. 10.0 European
Committee on antimicrobial susceptibility testing (EUCAST). Clin Microbiol Infect
2020;26:1464-72.

2 DIFLUCAN(R) oral tablets, IV injection, oral suspension, fluconazole oral tablets, IV
injection, oral suspension. Patient information. U.S. Food and Drug Administration
2008.

3 Diflucan. Summary of product characteristics. Eur Med Agency.

4 Piper L, Smith PB, Hornik CP, et al. Fluconazole loading dose pharmacokinetics and
safety in infants. Pedliatr Infect Dis / 2011;30:375-8.

Engbers AGJ, et al. Arch Dis Child 2022;107:400-406. doi:10.1136/archdischild-2021-322560 405



https://dx.doi.org/10.1136/archdischild-2021-322560
https://twitter.com/rbflint
http://orcid.org/0000-0002-7230-0091
http://orcid.org/0000-0001-5219-5696
http://dx.doi.org/10.1016/j.cmi.2020.06.007
http://dx.doi.org/10.2307/2213834
http://dx.doi.org/10.1097/INF.0b013e318202cbb3
http://adc.bmj.com/

>
Q.
©
—
3}
=
=)
(=2}
=
fus
o

Original research

5 Leroux S, Jacqz-Aigrain E, Elie V, et al. Pharmacokinetics and safety of fluconazole and 15 van Donge T, Allegaert K, Gotta V, et al. Characterizing dynamics of serum creatinine
micafungin in neonates with systemic candidiasis: a randomized, open-label clinical and creatinine clearance in extremely low birth weight neonates during the first 6
trial. BrJ Clin Pharmacol 2018;84:1989-99. weeks of life. Pediatr Nephrol 2021;36:649-59.

6 KastlJT. Renal function in the fetus and neonate - the creatinine enigma. Semin Fetal 16 Cristea S, Allegaert K, Falcao AC, et al. Larger dose reductions of vancomycin required
Neonatal Med 201 7;22,:83_9' ) ) in neonates with patent ductus arteriosus receiving indomethacin versus ibuprofen.

7 Nguyen THT, Mouksa55| M-S, Holford N, et a_/. Model evaluation of Fontlnuous data Antimicrob Agents Chemother 2019;63:1-8.
pharmacometric models: metrics and graphics. CPT Pharmacometrics Syst Pharmacol 17 De Cock REW Alle K Sherwin CMT et a | amikaci ' del
2017:6:87-109.  Allegaert K, Sherwin CMT, et al. A neonatal amikacin covariate mode

8 Kinde’rformularium - Fluconazol - Doseringen - Systemisch diepe candidiasis, c.an bg US_Ed to predict ontogeny of other drugs eliminated through glomerular
cryptococcen infecties - Intraveneus. Available: https://www.kinderformularium.nl/ filtration in neonates. Pharm Res 2014;31 :75.4T67' o
geneesmiddel/92/fluconazol [Accessed 26 Feb 2021]. 18 Pappas PG, Kauffman CA, Andes DR, et a/. Clinical practice guideline for the

9 Momper JD, Capparelli E V, Wade KC. Population pharmacokinetics of fluconazole in management of candidiasis: 2016 update by the infectious diseases Society of
premature infants less than 750 Grams birth weight. Antimicrob Agents Chemother America. Clin Infect Dis 2016;62:e1-50.
2016;60:5539-45. 19 Watt KM, Gonzalez D, Benjamin DK, et a/. Fluconazole population pharmacokinetics

10 Muilwijk EW, de Lange DW, Schouten JA, et al. Suboptimal dosing of fluconazole and dosing for prevention and treatment of invasive candidiasis in children supported
in critically ill patients: time to rethink dosing. Antimicrob Agents Chemother with extracorporeal membrane oxygenation. Antimicrob Agents Chemother
2020;64:1-6. o o 2015;59:3935-43.

" Muhan_—Stark E, Burckart GJ. Glomerular filtration rate estimation formulas for 20 Autmizguine J, Guptill JT, Cohen-Wolkowiez M, et al. Pharmacokinetics and
pediatric and ngonatal use. / Pediatr Pharmacol Thgr‘ 2018;2,3:,424_31' pharmacodynamics of antifungals in children: clinical implications. Drugs

12 Allegaert K, Smits A, van Donge T, et al. Renal precision medicine in neonates and 2014-74:391-909
acute kidney injury: how to convert a cloud of creatinine observations to support 2 Horni’k C'D Bondi D'S Greene NM. et al. Review of fluconazole treatment and
clinical decisions. Front Pediatr 2020;8:1-10. R s -

13 Watt KM, Benjamin DK, Cheifetz IM, et al. Pharmacokinetics and safety of fluconazole prophylaxis for invasive candidiasis in neonates. J Pediatr Pharmacol Ther
in young infants supported with extracorporeal membrane oxygenation. Pediatr Infect 2021;26:115-22.

Dis ] 2012:31:1042—7. 22 CheD, Zhou H, LiT, et al. Duration and intensity of fluconazole for prophylaxis in

14 Wade KC, Wu D, Kaufman DA, et a/. Population pharmacokinetics of fluconazole in preterm neonates: a meta-analysis of randomized controlled trials. BMC Infect Dis
young infants. Antimicrob Agents Chemother 2008;52:4043-9. 2016;16:312.

406 Engbers AGJ, et al. Arch Dis Child 2022;107:400-406. doi:10.1136/archdischild-2021-322560

WBuAdod Aq ps1osioid "¥90O-TD/ 1919 Snaefem
winnuad Yosipain elsianlun spisT 1e gzog ‘L Jaquisdaq uo /wod fwig-ope//:dny wouy papeojumod "zz0g Arenuer 172 uo 0952zZE-T202-PIYosIpyae/9sTT 0T Se paysiignd 1sii :pliyd SId yoiy


http://dx.doi.org/10.1111/bcp.13628
http://dx.doi.org/10.1016/j.siny.2016.12.002
http://dx.doi.org/10.1016/j.siny.2016.12.002
http://dx.doi.org/10.1002/psp4.12161
https://www.kinderformularium.nl/geneesmiddel/92/fluconazol
https://www.kinderformularium.nl/geneesmiddel/92/fluconazol
http://dx.doi.org/10.1128/AAC.00963-16
http://dx.doi.org/10.1128/AAC.00984-20
http://dx.doi.org/10.5863/1551-6776-23.6.424
http://dx.doi.org/10.3389/fped.2020.00366
http://dx.doi.org/10.1097/INF.0b013e31825d3091
http://dx.doi.org/10.1097/INF.0b013e31825d3091
http://dx.doi.org/10.1128/AAC.00569-08
http://dx.doi.org/10.1007/s00467-020-04749-3
http://dx.doi.org/10.1128/AAC.00853-19
http://dx.doi.org/10.1007/s11095-013-1197-y
http://dx.doi.org/10.1093/cid/civ933
http://dx.doi.org/10.1128/AAC.00102-15
http://dx.doi.org/10.1007/s40265-014-0227-3
http://dx.doi.org/10.5863/1551-6776-26.2.115
http://dx.doi.org/10.1186/s12879-016-1645-5
http://adc.bmj.com/

	Optimisation of fluconazole therapy for the treatment of invasive candidiasis in preterm infants
	Abstract
	Introduction﻿﻿﻿﻿
	Methods
	Patients and samples
	Bioanalytical analysis
	Population PK model
	Evaluations of the current and proposed dosing regimens

	Results
	Population
	Population PK model
	﻿Simulations to evaluate term infant dosing in preterm infants﻿
	Optimisation of the dosing regimen

	Discussion
	References


