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CLINICAL RESEARCH ARTICLE

Pharmacokinetics and short-term safety of the selective NOS
inhibitor 2-iminobiotin in asphyxiated neonates treated with
therapeutic hypothermia
Laurent M. A. Favié1,2, Cacha M. P. C. D. Peeters-Scholte3, Anouk Bakker2, Huibert Tjabbes3, Toine C. G. Egberts1,4, Frank van Bel2,5,
Carin M. A. Rademaker1, Peter Vis6 and Floris Groenendaal2,5

BACKGROUND: Neonatal encephalopathy following perinatal asphyxia is a leading cause for neonatal death and disability, despite
treatment with therapeutic hypothermia. 2-Iminobiotin is a promising neuroprotective agent additional to therapeutic hypothermia
to improve the outcome of these neonates.
METHODS: In an open-label study, pharmacokinetics and short-term safety of 2-iminobiotin were investigated in neonates treated
with therapeutic hypothermia. Group A (n= 6) received four doses of 0.16 mg/kg intravenously q6h. Blood sampling for
pharmacokinetic analysis and monitoring of vital signs for short-term safety analysis were performed. Data from group A was used
to determine the dose for group B, aiming at an AUC0–48 h of 4800 ng*h/mL.
RESULTS: Exposure in group A was higher than targeted (median AUC0–48 h 9522 ng*h/mL); subsequently, group B (n= 6) received
eight doses of 0.08 mg/kg q6h (median AUC0–48 h 4465 ng*h/mL). No changes in vital signs were observed and no adverse events
related to 2-iminobiotin occurred.
CONCLUSION: This study indicates that 2-iminobiotin is well tolerated and not associated with any adverse events in neonates
treated with therapeutic hypothermia after perinatal asphyxia. Target exposure was achieved with eight doses of 0.08 mg/kg q6h.
Optimal duration of therapy for clinical efficacy needs to be determined in future clinical trials.

Pediatric Research (2020) 87:689–696; https://doi.org/10.1038/s41390-019-0587-1

BACKGROUND
Neonatal encephalopathy (NE) after perinatal asphyxia remains
one of the leading causes for neonatal death and other adverse
outcomes in term and near-term neonates, affecting between 0.5
and 2 of every 1000 live born children in high-income countries.1–3

Currently, the only established strategy to reduce brain injury
following perinatal asphyxia is therapeutic hypothermia (TH), i.e.,
lowering the core temperature of the infant to 33–34 °C for 72 h
by whole-body cooling.1 TH has reduced the composite adverse
outcome of death and disability such as cerebral palsy, hearing
loss and neurodevelopmental disorders from approximately 60%
to 45%.2,3 Combining TH with additional neuroprotective strate-
gies is, however, urgently needed in order to further improve the
outcome of these neonates.4

Molecular pathways contributing to NE have been partly
unraveled during the past decades.5 An excessive production of
excitatory neurotransmitters promotes the activation of N-methyl
D-aspartate and the opening of voltage-regulated ion channels.
This results in an increase of intracellular calcium in neuronal
cells causing mitochondrial failure, production of pro-radicals,
and accumulation of xanthine. Further steps lead to reaction
of superoxide free radical with nitric oxide (NO) to form

peroxynitrite.4 End products of this process such as nitrotyrosine
have been demonstrated postmortem in brain and spinal cord
tissue of neonates who died after severe NE.6,7

Production of NO is catalyzed by the enzyme nitric oxide synthase
(NOS, enzyme commission number 1.14.13.39). Three isoforms of
NOS have been identified: endothelial (eNOS), neuronal (nNOS), and
inducible NOS (iNOS). All three isoforms are upregulated after NE;
both nNOS and eNOS immediately after reperfusion, iNOS from
approximately 12 h onwards.8 Excessive production of nNOS and
iNOS has shown to be deleterious to the brain in several animal
models for NE.9–11 Selective inhibition of nNOS and iNOS is therefore
a potential target for additional neuroprotection.4,12

2-Iminobiotin is a biotin analog and has been identified as a
selective inhibitor of nNOS and iNOS. 2-Iminobiotin has shown
favorable results in several preclinical studies regarding safety and
efficacy and is available in a stable, inexpensive formulation suitable
for human use. Therefore, it is a likely candidate to advance to
clinical studies.12–17 Based on a piglet model for NE, target exposure
to 2-iminobiotin was determined as an area under the concentra-
tion time curve from 0 to 24 h (AUC0–24 h) of 2400 ng*h/mL as
higher exposure in that study did not result in additional
neuroprotection.18 However, iNOS is assumed to be upregulated
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for up to 48 h after birth, indicating a longer time frame for
potential benefit from treatment with 2-iminobioton.19–21 There-
fore, the desired treatment duration in human neonates was set at
48 h, with a target AUC0–48 h of 4800 ng*h/ml.
A phase I dose-escalating safety and tolerability study in healthy

male volunteers showed mild adverse events (AEs) such as
dizziness and headache at a dose of 12 mg/kg every 4 h (six doses)
that resolved quickly after discontinuation. No difference in AEs
was observed compared to placebo at the lower 2-iminobiotin
doses (0.6–6mg/kg). No serious adverse events (SAEs) have been
reported.22

No studies combining 2-iminobiotin with TH in neonates have
been performed to date. The objective of this study was to
investigate the pharmacokinetics (PKs) and short-term safety of
2-iminobiotin in asphyxiated neonates treated with TH. Results
from this study will be used to determine the dose required in
future clinical trials to achieve the target AUC0–48 h associated with
neuroprotection in animal models for NE.

METHODS
Setting and study design
A single-center, open-label, phase II, prospective study was
conducted at the level III Neonatal Intensive Care Unit of the
University Medical Center Utrecht, the Netherlands. (Near-)term
neonates treated with TH after perinatal asphyxia and with the
ability to receive the first dose of 2-iminobiotin within 12 h after
birth were eligible for inclusion. Exclusion criteria were major
congenital malformations and inability to insert an indwelling
catheter for administration of 2-iminobiotin or blood sampling.
The study enrolled two groups (groups A and B) of six evaluable
patients each.

Dosing regimen
In group A, patients received four intravenous 1-min bolus infusions
of 0.16mg/kg 2-iminobiotin at 6-h intervals. This dose was expected
to yield the target AUC0–48 h of 4800 ng*h/mL when administered
eight times at 6-h intervals, based on simulations using data from
preclinical and clinical studies.18,22 A dose-escalation study in
moderate and severely asphyxiated newborn piglets demonstrated
efficacy using 2-iminobiotin with doses of 0.1, 0.2, and 1.0mg/kg
every 4 h. Although the highest 2-iminobiotin dose was still
significantly neuroprotective compared to placebo, a trend was
seen toward less neuroprotection compared to the dose of
0.2mg/kg, which was selected as the most promising for future
clinical trials.18 When combining PK data obtained from both animal
models and adult humans, clearance appeared to increase linearly
with body weight and a constant mg/kg dose achieved similar
exposure across different species. Therefore, a dose of 0.2mg/kg
every 4 h was predicted to be the optimal dose in normothermic
neonates.23 In a newborn piglet study investigating 2-iminobiotin
during normothermia and hypothermia, clearance during hypother-
mia was estimated to be 2.2-fold lower compared to normothermic
conditions (personal communication H. Tjabbes, Neurophyxia BV).
Using simulations, the dosing regimen of 0.2mg/kg under
normothermic conditions was compared to different dosing regi-
mens under hypothermic conditions, aiming for an equal AUC0–24 h.
The dosing regimen of 0.16mg/kg/dose every 6 h under hypother-
mia was predicted to achieve the desired target AUC0–24 h of
approximately 2400 ng*h/mL (Supplementary Table S1). Upregula-
tion of iNOS can be present for up to 48 h after birth.19–21 Therefore,
the desired dosing period was set to 48 h with an AUC0–24 h of 2400
ng*h/mL for each 24-h period, which translates to an AUC0–48 h for
the entire treatment period of 4800 ng*h/mL. However, owing to
uncertainties regarding PK and safety in this extremely vulnerable
population, 2-iminobiotin administration was limited to four doses in
group A, after which an interim analysis was conducted by an
independent Data and Safety Monitoring Board (DSMB) assessing

both PK and short-term safety (for flowchart, see Fig. 1). In group B,
2-iminobiotin was increased to eight doses at 6-h intervals.
This study was approved by the ethics committee of the

University Medical Center Utrecht (16/471) and was registered
in the European Clinical Trials Database (www.clinicaltrialsregister.
eu: 2014-004265-25) and the Netherlands Trial Register (www.
trialregister.nl: NTR5221). Written informed consent was obtained
from both parents.

Study drug
2-Iminobiotin was supplied as a 0.75 mg/mL solution for infusion
in ready-to-administer vials containing NaCl 0.9% and a citrate
buffer as vehicle to ensure solubility at pH 3.8–4.2 (Neurophyxia
BV, ‘s-Hertogenbosch, the Netherlands).

PK analysis
From each included neonate, five blood samples of 0.5mL were
drawn at the following scheduled times for PK evaluation: one peak
sample 5min after the first administration, two trough samples
(one before the second administration and one before the
last administration) and two samples at 1 and 3 h after the last
administration. 2-Iminobiotin plasma concentrations were measured
using a liquid chromatography tandem mass spectrometry method
validated in compliance with the Organisation for Economic
Co-operation and Development Good Laboratory Practice

Eligible for inclusion (n =14)

Not included (n = 8)

Not included (n = 11)

Included in group A (n = 6)

Included in group B (n = 6)

Final analyses on
pharmacokinetics (n = 12) and

short term safety (n = 12)

Eligible for inclusion (n = 17)

Interim analyses group A for
pharmacokinetics (n = 6) and

short term safety (n = 6),
decision on dose and

continuation for group B

Declined to participate (n = 2)
Other reasons (n = 6)

Declined to participate (n = 3)
Other reasons (n = 8)

Fig. 1 Study flow diagram
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guidelines. The lower limit of quantification (LLQ) was 5 ng/ml and
the calibration curves were linear from 5 to 5000 ng/ml. Between-
run and within-run coefficients of variation were <20%. Samples
were stored at −80 °C until analyses.
A population PK model was developed from 2-iminobiotin

using non-linear mixed-effects modeling (NONMEM, version 7.3.;
ICON, Ellicott City MD). In the interim analyses, PK data from group
A was used to calculate the AUC0–48 h if the current dose were to
be extended to eight administrations at 6-h intervals. Subse-
quently, the dose required to achieve the target AUC0–48 h with a
dosing regimen of eight administrations at 6-h intervals was
determined. Based on the PK data from the interim analyses, the
DSMB advised on the dose for group B.

Short-term safety analysis
Safety was assessed by close monitoring of vital signs such as
heart rate, arterial blood pressure, transcutaneous oxygen satura-
tion, rectal temperature, continuous neuromonitoring using
2-channel amplitude-integrated electroencephalography (aEEG)
and near-infrared spectroscopy (NIRS), and recording of AEs and
SAEs. Safety assessment included trend analysis of vital functions
and an intrapatient comparison of vital functions in the 15min
before compared to the 30min after each administration of 2-
iminobiotin. In group A (n= 6), 4 administration per patient led to
a total of 24 evaluations of each vital sign. In group B (n= 6), 8
administrations yielded a total of 48 evaluations. With this data, a
clinically relevant change of >10% could be detected with a power
of 80% for each variable. For each test, a p value <0.05 was
considered statistically significant. A paired t test was performed
to investigate any difference between the pre- and post-
administration time frames of 2-iminobiotin. When the parameter
was not normally distributed (based on Shapiro–Wilk test),
Wilcoxon rank test was performed. Statistical analyses was
performed using SPSS (version 21.0.0, IBM Corp, Armonk NY). All
SAEs and AEs were recorded and discussed by the study team and
reported to the ethics committee according to national policy.
Based on the short-term safety data from the interim analyses, the
DSMB advised on continuation of the study.

RESULTS
Six patients were included in group A and six in group B. All
patients concluded all study activities. All patients were treated
with TH for 72 h following perinatal asphyxia and ensuing NE
according to the national protocol.2 All administrations of 2-
iminobiotin and all blood sampling took place during TH. Patient
characteristics are presented in Table 1.

Pharmacokinetics
2-Iminobiotin concentrations could be measured in all samples; no
concentrations were below the LLQ. A preliminary population PK
model was developed based on data obtained from patients in
group A. A two-compartment structural PK model was superior to
a one-compartment model (objective function value 559.8 vs
602.3, decrease of 42.5) and provided an adequate fit for the data.
Estimation method was first-order conditional estimation with
interaction option in NONMEM. Interindividual variability (IIV)
could be detected on clearance; residual variability was propor-
tional. Only body weight was considered as a potential covariate,
which was not found to have a significant effect on clearance (p >
0.05) and was therefore excluded from the model. The estimated
clearance was used to compute the model-predicted AUC0–48 h
for group A when treatment would be extended to eight
administrations every 6 h through integration of the predicted
time curve over the 48 h time interval. Consecutively, the dose
required to achieve the target AUC0–48 h with a dosing regimen of
eight administrations at 6-h intervals was determined. The median
AUC0–48 h for group A was 9522 ng*h/mL (range 5176–22615
ng*h/mL), 198% of the target AUC0–48 h of 4800 ng*h/mL.
Simulations using the individual estimates based on this
preliminary model predicted that eight administrations of 0.08
mg/kg every 6 h would result in a median AUC0–48 h of 4772 ng*h/
mL (range 2588–11,307). Therefore, this dosing regimen was
applied in group B. The resulting median AUC0–48 h for group B
was 4465 ng*h/mL (range 2926–13,816 ng*h/mL), close to the
target AUC0–48 h.
Data from both groups was used to expand the preliminary

model into the final population PK model. No structural changes
to the preliminary model were required. The population estimate
for clearance was 0.380 L/h; PK parameter estimates for the final
model are shown in Table 2; Fig. 2 illustrates the poor correlation
between clearance and body weight. Exposure metrics were
determined through high-density simulation of the individual
predictions; individual PK metrics are shown in Table 3. Figure 3
shows that the developed model provides an adequate individual
and population fit for the PK data, albeit with considerable
interpatient variability. Figure 4 shows the goodness-of-fit plots for
the complete dataset and Fig. 5 shows the combined visual
predictive check for both treatment groups where the observa-
tions have been adequately captured by the model predictions.

Safety
The trends of heart rate, mean arterial blood pressure, and rectal
temperature during and after 2-iminobiotin administration are
presented in Fig. 6. No statistically significant or clinically relevant

Table 1. Patient characteristics

Group A (n= 6) Group B (n= 6) Total (n= 12)

Parameter

BW; kg, mean (range) 3.49 (2.32–4.98) 3.18 (2.63–4.00) 3.34 (2.32–4.98)

GA (weeks, mean, range) 39.4 (37.1–41.3) 39.8 (36.9–41.4) 39.6 (36.9–41.4)

Male (n) 3 2 5

First pH (median, range) 6.92 (6.60–7.13) 6.82 (6.80–6.99) 6.85 (6.60–7.13)

Apgar score 5min (median, range) 1.5 (0–5) 3 (2–5) 3 (0–5)

Thompson score 1 h (median, range) 11.5 (7–18) 7 (2–11) 10 (2–18)

aEEG background pattern on admission

Discontinuous normal voltage <5 µV (n) 3 6 9

Burst suppression (n) 2 0 2

Flat trace (n) 1 0 1

BW birth weight, GA gestational age, aEEG amplitude-integrated electroencephalogram
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change in any vital sign (heart rate; blood pressure; ventilation
rate; arterial oxygen saturation; cerebral oxygenation using NIRS;
and mean, minimum, and maximum aEEG background activity)
was observed in the 15min before compared to the 30min after
2-iminobiotin administration in either group.
Two SAEs were reported, both in group A. One patient (A4) died

on day 3 after redirecting of care because of irreversible cerebral
injury, and one patient (A5) had an abnormal magnetic resonance
imaging on day 5 demonstrating injury to the deep gray matter.
Both were considered related to severe perinatal asphyxia and not
to the study medication. AEs reported were hyperkalemia (two
patients), hypokalemia (three patients), elevated serum creatinine
(SCr) and serum urea concentrations (one patient), elevated serum
alanine transaminase and aspartate transaminase concentrations
(eight patients), and elevated C-reactive protein concentrations
(six patients). None were considered to be related to the study
medication. As no concerns regarding short-term safety arose in
group A, no additional safety measures or protocol amendments
were necessary for group B according to DSMB.

DISCUSSION
This is the first study to describe the short-term safety and PK of 2-
iminobiotin in (near-)term neonates treated with TH for moderate-
to-severe NE. 2-Iminobiotin exposure in terms of AUC0–48 h in
group A was much higher than anticipated. The dose for group A

was determined with the best available evidence, using a
predicted clearance in neonates with data derived from adult
human volunteers as well as animal models translational for
NE.18,22 However, the animal models used to study 2-iminobiotin
are considered translational for NE based on brain development
and pattern of hypoxic–ischemic injury but may not accurately
reflect maturation of other organs.24,25 Therefore, immaturity of
renal function in human neonates may not have been captured
adequately in this prediction. The exponent describing the
relationship between body weight and 2-iminobiotin clearance
was estimated to be 1 based on interspecies scaling.23 Using adult
human data alone with a generally more accepted allometric
exponent of 0.75 and accounting for immaturity of renal function
would have predicted a neonatal clearance much closer to the
value estimated in this study.26

Treatment with TH has the potential to influence PK.27 2-
Iminobiotin does not undergo hepatic metabolism and is excreted
renally in unchanged form. Clearance of predominantly renally
excreted drugs were found to be impaired during TH compared to
normothermia, most likely due to diminished kidney perfusion.28

Although a potential effect of TH on 2-iminobiotin clearance was
anticipated when selecting the dose for group A, underestimation
of the effect of TH on 2-iminobiotin clearance may have
contributed to the overexposure in group A. Additionally, renal
clearance in asphyxiated neonates can be lower compared to non-
asphyxiated neonates regardless of TH.29

Neonatal renal function is impaired compared to older children
and adults but increases steadily over the first few weeks after
birth.30 However, as 2-iminobiotin was administered in this study
during the first 2 days after birth only, it is unlikely that maturation
of kidney function will significantly impact 2-iminobiotin clearance
in this time frame. However, impaired kidney function as a result
of perinatal asphyxia could also influence clearance and may

Table 2. Population pharmacokinetic parameters for 2-IB in neonates
based on data from both groups (n= 12)

Estimate (% SE) 95% CI

Parameter

Cl (L/h) 0.380 (25) 0.196–0.565

Vcentral (L) 0.462 (28) 0.212–0.712

Q (L/h) 2.30 (44) 0.324–4.27

Vperipheral (L) 1.23 (9.3) 1.01–1.46

Interindividual variability

Cl, % 36.2 (55) 0–0.752

Residual variability

Proportional 7.10 (26) 0.0350–0.107

Cl clearance, V volume of distribution, SE standard error, CI confidence
interval
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Fig. 2 2-Iminobiotin clearance vs body weight. Black dots represent
the individual predicted clearances; red line indicates the spline

Table 3. Individual PK metrics

Cmax (ng/mL) Tmax (h) T1/2 (h) AUC0–48 h (ng*h/mL)

Group Aa

Patient A1 498 0.17 2.3 10,021

Patient A2 894 0.08 2.8 8839

Patient A3 690 0.08 3.8 11,182

Patient A4 274 0.12 3.2 9068

Patient A5 1000 19.0 8.1 22,615

Patient A6 479 0.10 2.6 5176

Mean 693 3.26 3.8 11,150

Median 594 0.11 3.0 9544

Group Bb

Patient B1 336 0.08 2.1 3741

Patient B2 395 43.0 15 13,816

Patient B3 366 0.13 2.2 2926

Patient B4 239 0.13 3.5 4959

Patient B5 382 0.08 3.3 4361

Patient B6 538 6.15 2.4 4570

Mean 376 8.27 4.7 5729

Median 374 0.13 2.9 4465

Cmax maximum plasma concentration, Tmax time after first dose at which
maximum plasma concentration is reached, T1/2 elimination half-life, AUC48
h area under the concentration time curve for 48 h
aBased on PK parameter estimates from group A only; AUC0–48 h simulated
with eight doses of 0.16mg/kg q6h
bBased on PK parameter estimates from group A and B; AUC0–48 h

determined after eight doses of 0.08 mg/kg q6h
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contribute to the observed variation in clearance.31 Figure 3 shows
accumulation of 2-iminobiotin in patients A5 and B2. Patient
B2 suffered from acute kidney injury (AKI) indicated by low urinary
output, elevated SCr, and urea concentrations until 7 days after
birth. Patient A5 had elevated SCr on day 1 after birth that
normalized within 24 h. The same situation was observed in
patients A2, A3, and B5 who did not show 2-iminobiotin
accumulation. As SCr concentrations during the first few days of
life are confounded by maternal transfer, determination of
individual renal function based on SCr is subject to a high degree
of uncertainty in neonates. Although a 2-iminobiotin dose
reduction might be necessary in patients with renal impairment
to achieve the desired AUC0–48 h, the lack of a robust tool to

accurately predict neonatal renal function on the first day after
birth makes this clinically unfeasible. In addition, data from this
study suggest that other factors besides AKI may be responsible
for 2-iminobiotin accumulation and that elevated SCr concentra-
tion on the first day of life will not always predict impaired 2-
iminobiotin clearance.
Even though the PK analysis was performed in a small group of

neonates with sparse sampling, the population and consequently
individual PK parameters could be determined with an adequate
precision. An exception is the IIV on clearance, which could not be
estimated reliably as the 95% confidence interval of the estimate
includes zero (Table 2). However, addition of this random effect
was necessary to obtain adequate individual fits. In this small
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dataset, no relationship between body weight and clearance was
detected. Current understanding of PKs would imply that
clearance is dependent on body weight and post-conception
age.26 All neonates in this study were term or near term, therefore

having a similar degree of maturation. The main aim of the
population PK analysis was to describe the PKs of 2-iminobiotin in
the individual neonates and to predict the dose required to
achieve the target AUC0–48 h. As this study consists of only 12
neonates, little inference on the absence or presence of a body
weight effect on the PK can be derived on the current data.
Based on the PK analyses of group A, the dose for group B was

reduced to 0.08mg/kg in order to achieve a median AUC0–48 h of
approximately 4800 ng*h/mL. Even though this target was achieved,
three patients in group B had a lower AUC0–48 h due to considerable
interpatient variability in PK parameters. Choosing a higher dose for
group B would have resulted in more patients above the predefined
target AUC0–48 h. Because of the observation of less neuroprotection
at a higher 2-iminobiotin dose in the piglet model, a higher median
AUC0–48 h in neonates was deemed undesirable.
NOS promotes various physiological intracellular activities, such

as vasodilation, long-term synaptic neurotransmission, and smooth
muscle relaxation.32–34 eNOS is believed to be instrumental
following perinatal asphyxia by maintaining pulmonary blood
flow, preventing pulmonary hypertension, and ensuring adequate
cerebral oxygenation.8,10 Inhibition of eNOS could therefore
potentially be neurodegenerative.35 In our study, no effect on
respiratory and cardiovascular parameters was observed after
administration of 2-iminobiotin. Both nNOS and iNOS are
associated with brain damage and are present in excessive
amounts following birth asphyxia.8 Animal data suggest that both
nNOS and iNOS are upregulated during TH after hypoxia–ischemia,
although TH might attenuate NOS expression.36 In addition, in vitro
data indicate that 2-iminobiotin in combination with hypothermia
attenuates hypoxia-induced neuronal cell damage.37

The aim of this study was to investigate the PK and short-term
safety of 2-iminobiotin when combined with TH. We therefore
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allowed a 12-h window between birth and first administration of
2-iminobiotin. As nNOS is upregulated immediately after reperfu-
sion, start of 2-iminobiotin should preferentially be as soon as
possible after birth.8 From animal studies, it has been shown that
iNOS is upregulated until 48 h after hypoxia–ischemia,19–21 there-
fore in part B of the current study 2-iminobiotin was dosed for 48
h. 2-Iminobiotin has not been administered for >24 h in animal
models for NE. The uncertainty regarding the optimal treatment
duration is a limitation of the present study. However, no safety
concerns arose when administration was prolonged to 48 h.
Consequently, no evidence exist that treatment for 48 h is
detrimental compared to treatment for 24 h while preclinical
evidence suggests that it might be beneficial.19–21

All events recorded as AEs or SAEs are common complications
of the underlying disease and did not occur more often in our
group when compared to the overall population of neonates
treated with TH for NE in our hospital.38 None of the complications
were deemed related to 2-iminobiotin by the study team and
DSMB. Although this study was not designed for efficacy, it is
noteworthy that the incidence of SAEs (death and deep gray
matter injury, both 1 out of 12 (8.3%)) is lower compared to the
historical data in this population (around 30% mortality and 15%
neurodevelopmental disorders).1,2,38

Since its introduction in 2008, TH has significantly improved the
outcome of children with NE and has become the standard of care
in western countries.1–3 However, additional neuroprotective
strategies to augment TH have not been established in the past
decade. Several promising pharmacological interventions such as
melatonin, erythropoietin, and darbepoetin have recently made
the transition from preclinical to explorative clinical studies32–34

but their effect has yet to be confirmed in randomized, phase III
clinical trials (NCT02621944, NCT03079167, NCT03071861). Phase
II studies investigating topiramate and allopurinol in addition to
TH are currently underway (NCT01765218, NCT03162653). In
addition, xenon ventilation in neonates is safe and feasible
despite the need of closed-circuit ventilation to minimize the loss
of this expensive noble gas but a recent efficacy study showed
disappointing results.39 Argon, a much more abundant and less
expensive noble gas, has also shown neuroprotective properties in
animal models but has not (yet) progressed to trials in humans.40

Over the past two decades, studies have focused on safety and
efficacy of 2-iminobiotin in cell cultures, animal models for NE, and
humans. In the present study, 2-iminobiotin exposure known to
be effective in animals has been achieved in human neonates with
NE during treatment with TH, although the PK parameters are
derived from a small dataset. An open-label efficacy trial with 2-
iminobiotin in combination with TH is at risk for introducing bias
as the standard of care continues to evolve and patients might not
be adequately matched to historical controls. Therefore, it is our
opinion that a placebo-controlled (phase II) trial in addition to TH
with a 2-iminobiotin dose of 0.08 mg/kg/dose every 6 h is the
logical next step to examine the neuroprotective potential of 2-
iminobiotin. As the optimal duration of treatment has not been
fully elucidated, a dose-escalating design regarding treatment
duration should be incorporated. This trial should also include
collection of PK data to further increase the knowledge of 2-
iminobiotin PK in this vulnerable population. Allometric scaling
and incorporation of maturation should be considered in future
PK models.

CONCLUSION
Administration of 2-iminobiotin in (near-)term neonates treated
with TH for NE is safe regarding short-term clinical parameters and
occurrence of (S)AEs. Estimated clearance of 2-iminobiotin in this
population is 0.380 L/h, and a dose of 0.08 mg/kg every 6 h is
necessary to reach the desired median AUC0–48 h of approximately
4800 ng*h/mL. Optimal duration of therapy for clinical efficacy in

combination with TH needs to be determined in future clinical
trials.
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